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Abstract 

In this era, the world is still hinged upon fossil fuels for energy production & power 

generation. However, stringent regulations are imposed upon industries by regulatory 

bodies. The highly efficient combustor systems are designed along with cleaner fuel 

usage to provide a sustainable source of energy with fewer pollutants emissions (NOx, 

CO). The major process that dominates the liquid fuel combustors is the atomization 

quality of the spray. In marine systems, LNG tankers use inert gas generators (IGG) to 

inert the surroundings around the combustible cargo. For economic purposes, it is 

advantageous to couple the IGG and combustion units such that liquid fuel such as diesel 

will burn according to the loadings (in terms of flow rates). Thus, the combined system 

must produce as little CO, NOx etc in low or high fuel flow rates such that it cause less 

damage to the tanks. For this, twin-fluid atomizers were studied for sheet breakup and 

spray characterization in terms of macroscopic and microscopic parameters.  

 

In this experimental work, the annular sheet breakup dynamics study was performed for 

the simpler atomizer designs with two distinct configurations— converging and 

converging-diverging (CD). Different breakup regimes were observed at different fluid 

flow rates combination. The bursting phenomenon was also observed at higher ALR 

values. The breakup length and spray angle was quantified for the 3.0 mm diameter 

atomizers with 280 µm sheet thickness. It was found that the airflow (shock waves) 

pattern affects the sheet breakup mechanism for both types of atomizers. The spray 

dynamics study was conducted with different airjet diameters atomizers. The mean drop 

size (SMD) was found to be smaller in the case of CD atomizers than converging 

atomizers for the same working conditions. The droplet size distribution (DSD) was 

found to be narrower for CD atomizers with more uniform DSD at higher ALR values. The 

sheet breakup regimes and spray characteristics were predicted according to the non-

dimensional numbers which correspond to different fluid flow rates using the acoustic 

chemometrics approach employing sensors data and multivariate analysis (PCA, PLS-R).  
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The spray was also characterized by utilizing bluff body atomizers with variations in the 

bluff body (cone) distances (Lc) and air-jet diameters (D) for various fluid flow rates. SMD 

increases radially away from the spray centreline due to milder aerodynamic interaction 

and spray-bluff body impact with a large fraction of low excentricity (near-spherical) 

droplets.  The relative span factor (Δ) follows a reverse trend with decreasing value as 

we move radially away from the spray centreline due to low droplet number density at 

far-radial locations. The drop size distribution (DSD) becomes less narrow as we move 

towards the spray periphery. DSD broadens with the increase in air-jet diameters 

atomizer due to the low-pressure airflow, even though airflow rates are higher.   

 

Keywords: Sheet breakup, breakup modes, twin-fluid atomizers, industrial sprays, flow 

classification, mean drop size (SMD), acoustics chemometrics, spray characteristics 

prediction, bluff-body atomizers   
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Nomenclature 
 

d                Air orifice (throat) diameter [mm]                                    Greek symbols                                                                  

t                 Sheet thickness [µm]                                        µ           viscosity [Ns·m-2]                                            

Rel             Liquid Reynolds number                                   ρ           density [kg·m-3] 

Reg            Air Reynolds number                                        σ            surface tension [N·m1]                                               

Wel             Liquid Weber number                                      Δ            relative span factor 

ALR            Air-to-liquid mass ratio                                     λ         disturbance wavelength [m] 

U                       Sheet  velocity [m·s-1] 

LB               Breakup length  

f                 Bursting frequency 

St               Strouhal number 

Lc                        Cone distance [mm] 

Lch              Characteristic dimension [mm] 

Mdesign         Design Mach number  

A/A*          Nozzle exit-to-throat area  

P0               Operational pressure [bar(g)] 
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Subscript  

l                    Liquid phase 

g                   Gas phase 

B                  Breakup  

c                  Cone 

ch               Characteristic 

design        Optimum   

O                Stagnation  

 

Superscript  

 *                throat  
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1 Introduction 

1.1 Introduction  

In today’s world, rigid emission regulations are enforced in various industries. The 

burners are selected that meet emission targets by providing uniform and complete 

combustion, therefore providing high combustion efficiency [1]. The combustion of fuels 

(gas or liquid) provides NOx and CO emission as a by-product of a chemical reaction 

between air and fuel. The burner design is crucial to minimize emissions, and thus 

dictates the combustion quality. The gas burners are relatively more efficient and less 

hazardous due to the better fuel-air mixture formation. On the contrary, liquid fuel 

burners have comparatively higher pollutants emissions, especially in harsh high-

temperature environments. The prime factor that decides the combustion grade is the 

atomization quality (an ensemble of micron-scale droplet formation). The atomization 

is achieved with a component known as an atomizer. The design of atomizers depends 

upon the application requirements and energy type used for atomization. For instance, 

the inert gas generators (IGG) in marine tankers employ atomizers with air as atomizing 

medium. 

1.2 Requirements for Inert gas generator (IGG)  

The company Wärtsilä Moss AS. supplies combined inert gas generators (IGG) and gas 

combustion units for LNG marine tankers (Topping [2]). There is a requirement to inert 

their tanks; to put oxygen concentration below the flammable limit (10%) as LNG tankers 

carry highly combustible cargo. Also, they need to have a combustion unit for boil-off 

gas (BOG). Wärtsilä Moss AS. developed the concept of combining the two systems with 

the aim in terms of significant investment savings. In the combined inert gas generator 

/gas combustion unit, a large diesel flame with high flow rates is burnt in a diesel burner 

for producing inert gas; the inert gas generated is to be circulated back to the tanks. The 

combined inert gas generator/gas combustion unit must produce as little CO, NOx, and 

soot at both full loading and off-loading condition since these may cause damage to the 

tanks due to potentially toxic inert gas. Therefore, there is a need to investigate factors 

for the complete combustion process inside this combustion unit. Thus, spray 
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characterization needs to be performed for the twin-fluid atomizer (utilizing water 

instead of diesel fuel as the latter has handling difficulty due to very high viscosity and 

also due to economic consideration as large amount of liquid flow rates are to be 

incorporated) in terms of macroscopic parameters such as spray formation, spray angle, 

spray pattern and actual mass flux as well as microscopic parameters such as mean 

droplet size as Sauter mean diameter (SMD) and droplet size distribution (DSD). Major 

requirements for the spray atomizer:  

• Robust mechanical design  

• Low-pressure requirement for atomizing air (< 16 bar (g)) 

• High turn-down ratio (fine atomization even when flow rate varied between minimum 

and maximum) 

1.2.1 Design for a new nozzle  

The principle behind atomization is to increase the surface area so that homogeneous 

combustion can take place. Mostly, atomization is done using conventional mechanical-

based (pressure/ high relative velocity) methods. An extensive list of standard nozzle 

designs (Nasr et al. [3]) has been studied to find an atomization nozzle for the diesel fuel 

burner used for the generation of inert gases for the inert gas generator (IGG) installed 

at Wärtsilä Moss AS. Due to the inherent disadvantage of the low turn-down ratio 

(ability to reduce mass flow and still get atomized spray) with most conventional 

atomizers, there is a need for a novel atomizer design. One variant of the Y-jet atomizer 

(see Figure 1 a) was tested for the preliminary study, which has additional disadvantages 

a)                      b)   

Figure 1. a) Y-jet atomizer design(Barreras et al. [4])  b) Model of liquid atomization in a Y-type atomizer (Bayvel & 
Orzechowski [5]). 
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regarding non-uniformity in spray distribution, larger size atomizer required, liquid flow 

rate dependency on airflow rate (internal-mixing) etc. To mitigate the demerits of the 

Y-jet atomizer, a novel atomizer (WML2) was designed, fabricated, and tested to 

perform an expounded study for spray characterization. This way, the behaviour of the 

novel spray atomizer needs to be studied experimentally from a broader perspective. 

a)    b)  

Figure 2. a) Novel atomizer design   b) Schematic adapted from Lindlov [6] 

 

1.3 Research objectives and Scope of thesis 

This research work was performed to explore the spray characteristics of the newly 

designed twin-fluid atomizer (Figure 2) for the combined inert gas generator (IGG) and 

gas combustion unit conceptualized and implemented by Wärtsilä Moss AS. The results 

obtained in this experimental study will be directly utilized and will propagate further 

into the development of CFD models for the comparative study. The main objective of 

the novel spray atomizer is to provide stable monodisperse spray over a large range of 

liquid fuel (diesel) flow rates. The whole study was performed firstly using a simpler 

atomizer design (without bluff body attachment) with two distinct variants: converging 

and converging-diverging core air channel, the later study includes a novel atomizer 

design (with bluff body attachment) as shown in Figure 2 b.  

Firstly, the project work consists of investigating numerous concepts which include:  

• Describing the basic mechanism of sheet breakup   

• Identifying various sheet breakup regimes  

• Demonstrating sheet breakup modes using vibrations based chemometrics approach.  
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• Determining spray dynamics for the spray (Figure 3) in terms of droplet parameters such 

as SMD, DSD etc. 

 

 

Figure 3. Raw spray image 

 
In the latter part, the work was done to examine the concepts related to bluff-body 

atomizers:   

• Spray dynamics with a focus on the bluff-body atomizer design. 

• Droplet size measurements correlation employing the PAT-based acoustics 

chemometrics approach. 

• Spray/droplet dynamics and spray distribution pattern & flux measurements using the 

Patternation technique.  

The journal articles and proceeding papers discussed the above-mentioned objectives.  

1.4 Outline of the thesis  

The thesis comprises two parts: In Part 1, this introductory chapter is followed by the 

literature survey in Chapter 2. This chapter briefly discusses the atomization principle 

including jets and sheets with a focus on twin-fluid atomization behaviour. The air-

assisting mechanisms related to twin-fluid atomizers are also discussed.  In Chapter 3, 

the experimental setup, and methods used for spray characterization are presented. The 

summary and conclusion part which briefly discuss the journal papers is concisely 

outlined in Chapter 4. In Part 2, the description of each article is prepended to each 

published or submitted article attached.   
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2 Literature Survey 

This chapter constitutes the methods employed in carrying out the research work. It 

depicts the details for the air only study in section 2.1. In the next section 2.2, methods 

adopted for the primary breakup study such as backlight imaging was described. The 

secondary atomization resulting in the spray formation was mentioned in section 2.3.   

2.1 The breakup of liquid jets and sheets  

The mechanism of liquid jet/sheet breakup is difficult to understand fully due to the 

multi-scale nature of the phenomenon (Lefebvre & Mcdonell [7]). There are various 

kinds of forces such as surface tension, viscous forces, aerodynamic force, and inertial 

forces that govern the jet/sheet breakup dynamics. The turbulence and the cavitation 

also play a crucial role in jet/sheet disintegration. We will discuss briefly jet breakup and 

sheet breakup in separate sub-sections.  

2.1.1 Liquid jet  

Jet disintegration was studied extensively in the last century due to the canonical nature 

of the problem. The first simplified model was given by Rayleigh [8] in 1878. It was 

concluded that the small disturbances grow exponentially on the liquid surface when 

the wavelength is equal to the jet circumference. The later studies consider the viscosity 

forces and aerodynamic forces predicting the 

 

Figure 4. Illustration of liquid jet breakup regimes adapted from (Chigier [9]) 
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jet disintegration in an extensive framework (Chigier [10]). The four regimes such as 

Rayleigh breakup, first wind-induced, second wind-induced and atomization were 

classified with different fluid properties dominating distinct regimes as shown in Figure 

4.  The jet breakup is due to the instabilities formed in the form of two kinds of waves− 

dilational and sinuous waves. The wave formation depends on the relative velocity and 

fluid properties. Eroglu & Chigier [11] showed that jet breakups are like sheets breaking 

up, where half-waves are torn off the sheet when disturbances reach the threshold. 

Chigier & Farago [12] classified the jet disintegration in co-axial airstream into four 

breakup regimes such as Axisymmetric Rayleigh, Non- Axisymmetric Rayleigh, 

membrane-type ligaments and fibre-type ligaments with further subdivisions into 

pulsating and superpulsating modes (see figure 5). The atomization is always a pulsating 

process, even if liquid or atomizing air are pulsations-free. 

 
Figure 5. Illustration of liquid jet disintegration regimes adapted from (Chigier & Farago [12]) 

 



Sikka: Characterization of the Spray for Twin-Fluid Atomizer for Inert Gas Generator     

(IGG) (IGG)   

  

___ 

7 

 

2.1.2 Liquid sheet  

The first classical paper on planar liquid sheet instability is given by Squire [13]. He 

pointed out that the sinuous wave mode may lead to sheet breakup due to faster growth 

than dilatational waves also proposed by Hagerty & Shea [14]. Dombrowski & Johns [15] 

through instability analysis found that the waves which disintegrate the sheet have the 

same wavenumber as waves of maximum growth rate. Matsuuchi [16] using weakly 

non-linear waves theory conjectured that wave energy which was initially distributed 

uniformly may get concentrated into a narrow zone leading to ‘burst instability’.   

In the case of annular sheets, Lee & Ghen [17] studied inner and outer air configurations 

using inviscid liquid assumption and found that sinuous disturbances yield a higher 

growth with more prominent growth when applied at the inner surface. The growth rate 

increases with a decrease in sheet thickness also supported by Meyer & Weihs [18], 

whereas Panchagnula et al. [19] observed the opposite effect. Hashimoto [20] studied 

wave characteristics of the annular liquid jet and observed two kinds of the breakup− 

film/ligament at relatively low velocity with regular structure, and liquid lumps at larger 

relative velocity with convoluted structure.  Shen & Li [21], [22] through instability 

analysis found that the surrounding air is beneficial for sheet disintegration with more 

effective when a gas stream is applied to the inner surface. Annular sheets break up 

faster than planar sheets as curvature effects increase the disturbance growth rates. Gas 

compressibility also plays a crucial role in enhancing sheet instability as mentioned in 

Cao [23]. For non-swirling liquid sheets, the axial inner air stream is more effective in 

promoting instability (Ibrahim & Jog [24]). The non-linear theory predicts (sheet with 

 

Figure 6. Schematic of the annular sheet with coflow air adapted from (Ibrahim & Jog [25]) 
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co-air flow shown in Figure 6) the annular sheet breakup length accurately including 

sheet thinning and pinches off effects. The inner stream is more effective in sheet 

disintegration due to the maximum disturbance growth rate as discussed in Ibrahim & 

Jog [25].  

2.2 Liquid sheet breakup: Experimental approach 

2.2.1 Sheet breakup dynamics 

Dombrowski & Fraser [26] did a photographic study investigating liquid sheet 

disintegration. The fluid properties play an important role in sheet disintegration. Low 

surface tension and low viscosity liquid sheets can disintegrate easily. Turbulence level 

can significantly affect the disturbances which lead to an increase in the number of holes 

in the sheet. The effect of the shape of the passage is evident based on the spray 

distribution pattern (Figure 7). Crapper et al. [27] found that the kelvin-Helmholtz (K- H)  

      

Figure 7. The planar liquid sheet breakup regimes adapted from Dombrowski & Fraser [26] 
 

instability waves of sinuous type, when imposed on a thin sheet, produces maximum 

growth rate with controlled frequency and amplitude. They showed that surface tension 

solely can maintain large amplitude waves without large pressure variations in the 

surrounding air.  
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2.2.2 Planar sheet breakup 

Mansour &Chigier [28,29] proposed two modes of the breakup− ‘mechanical mode’ 

where the sheet breaks up due to liquid pressure inside the nozzle and ‘aerodynamic 

mode’ where the sheet breaks up due to air friction. Stapper [30] found that based on 

the air-liquid relative velocity, sheet breakup forms two distinct patterns- Cellular 

breakup and Stretched streamwise breakup which finds some similarity to the sheet 

breakup in annular sheet configuration. Carvalho et al. [31] showed that the liquid sheet 

disintegration is a periodic process, which is mainly dependent on absolute air velocity 

and air-liquid momentum ratio (Figure 8). The breakup length and breakup frequencies 

are strongly dependent on the air-liquid relative velocity/ momentum.  

 

Figure 8. The planar liquid sheet breakup with gas (Ug) and liquid velocities (UL) adapted from Carvalho [31] 

2.2.3 Annular sheet breakup 

Choi [32], Choi & Lee [33] photographically studied the annular sheet and observed 

three breakup modes- Rayleigh, Bubble-breakup and pure-pulsating depending on the 

fluid flow rates. It was found that the thicker sheets produce larger droplet sizes than 

thinner sheets due to less atomizing energy consumed by the former. Berthoumieu & 

Lavergne [34] investigated the sheet thickness effect on the breakup mechanism. It was 

discerned that the thicker sheets have lower oscillation frequencies and wider ligament 
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spacing. For a given oscillation frequency, ligament spacing is smaller for the annular 

sheet. Li & Shen [35] proposed three regimes for annular sheet breakup− bubble 

formation (characterized by air entrapment at low airflow rates also observed in Kendall 

[36]), annular jet and atomization (Figure 9). The wave disturbance growth rate dictates 

the sheet breakup in terms of breakup length (LB). The model is not in accord with 

experiments as non-linearity tends to slacken the disturbance growth rate. The annular 

sheets when subjected to inner air rather than outer air provide a shorter 

 

Figure 9. Annular water jet breakup process– a) bubble formation b) annular regime c) atomization  (Shen [37]). 

 
sheet breakup length (Fu et al. [38]). Adzic et al. [39] proposed the classification of liquid 

sheet disintegration such that Kelvin-Helmholtz, and the cellular and atomization regime 

were found. The Kelvin-Helmholtz regime is sub-classified into three regimes- the 

bubble, ‘Christmas tree’ (also found in Leboucher et al. [40]) and kelvin-Helmholtz 

cellular mode. Kawano et al. [41] through wave motion investigation found out that 

liquid sheet breaks up either into liquid lumps or liquid films/ligaments based on the gas 

velocity greater than or less than the critical value, respectively.  Leboucher et al. [42,43] 

analysed the annular sheet breakup subjected to inner & outer air streams and found 

that more effective atomization is achieved with inner air configuration. They proposed 

a ‘Christmas tree’ pattern found to be most effective for breaking the annular liquid 

sheet into smaller droplets. The pulsating flow aids in the spray uniformity radially 

through an increase in spray angle. Table 1 is given below.  
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Table 1.  Breakup Modes & Regimes of Annular Sheet Atomization 

      Authors        Modes /Regimes of Annular Sheet Breakup 

Kawano et al. [41] Two modes based on the relative velocity of surrounding air-liquid lump 
and -liquid film/ligament 

Choi [32] Three modes are found based on the inner gas velocity -Rayleigh mode - 
Bubble breakup - Pure-pulsating mode 

Carvalho & Heitor 
[44] 

Several atomization regimes were observed based on gas velocity 
-Rayleigh  -Bubble formation –Film/ligament – Ligament shattered – 
Prompt Atomization 

Adzic et al. [39] Three modes were observed depending on the inner air velocity 
-Kelvin-Helmholtz – Cellular – Atomization 
In Kelvin-Helmholtz, there is a new disintegration regime – the “Christmas 
tree” 

Li & Shen [35] Three flow regimes were identified for an annular jet based on the inner 
gas core 
-Bubble formation – Annular jet formation - Atomization 

Leboucher et al. 
[42] [43] 

Four modes were identified depending on the relative air-liquid momentum 
ratio 
-Rayleigh – Bubble breakup – Christmas tree – Pure pulsating 

Lavergne et al. [45] For the annular sheet, three regimes were identified depending on the 
inner air velocity conditions 
-Bubble regime  – Sheet instability (Stretched streamwise ligament and 
Cellular breakup) – Atomization 

Duke et al. [46] Two types of instabilities which lead to annular sheet breakup-  
- Shear layer (sinusoidal) 
- Rupturing instability (sawtooth form) 

Zhao et al. [47] Classified into three regimes depending on the central gas flow 
-Bubble (shell) breakup  - Christmas tree(cellular) - Fiber breakup 

Chung et al. [48] Proposed three breakup regimes 
-Rayleigh, -Bubble breakup – self-pulsation  

2.3 Twin-fluid atomization   

2.3.1 Air-assist atomizers 

The different kinds of atomizers incorporated are given in detail in the review by Hede 

et al. [49]. There are mainly two types of twin-fluid atomizers that have been in use for 

decades – air-assist and airblast atomizers, depending upon the amount and velocity of 
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air employed in the atomization process, as the former employs a small amount of high-

speed airflow, whereas the latter uses a larger amount of low-speed airflow. The major 

classification in the twin-fluid atomizers is based on the mixing pattern of the two phases 

– liquid and gas phases such that if the mixing occurs inside the nozzle, it is termed as 

an internal-mixing atomizer, whereas if mixing happens after it exits the nozzle outlet, 

then it is termed as external-mixing atomizer.  

2.3.1.1 Internal mixing atomizers  

 

Figure 10. Schematic of internal mixing atomizer adapted from Zaremba et al. [50] 

 

The internal mix has the advantage of obtaining desired smaller drop sizes for low-

pressure by efficient utilization of the airflow at the expense of backflow or clogging 

because both liquid and gas have to pass through the same orifice, which may hinder 

the atomization process. Using Y-jet atomizers, high operating pressures are needed to 

achieve a fine spray (uniform drop size distribution). Nevertheless, internal-mix 

atomizers can be tailored to influence the atomization process by controlling the flow 

rate and spray characteristics such as spray cone angle or spray pattern (Gad et al. [51]), 

Sauter mean diameter (SMD) (Karnawat & Kushari [52]), etc. They can be of various 

designs such as pressure swirl (Jedelsky et al. [53], air swirl (Gad et al. [51], (OIL, OIG, Y-

Jet, effervescent (Mlkvik et al. [54]),  ACLR (Wittner et al. [55]) etc. (see Figure 10).  

2.3.1.2 External mixing atomizers  

External-mix atomizers have the characteristics of mixing both liquid and gas phases 

outside of the nozzle exit. This allows it to have greater controllability for the spray angle 

overall liquid flow rates but at the expense of more atomizing energy. Also, there is less 
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chance of backflow of the liquid as both phases have separate outlets. They are mainly 

of two categories- first, where the liquid core jet is surrounded by an annular air jet 

(Lasheras & Hopfinger [56]), and second,  where the air core is surrounded by an annular 

liquid jet (Li & Shen [35]), the latter is better for atomization as mentioned in Leboucher 

et al. [40]. An increase in the air pressure results in finer atomization, but normally the 

spray droplet size is slightly larger than the internal mix atomizer. Two-stage atomizers 

have a pintle structure where spray hits to form secondary atomized droplets (see Figure 

11). The deflector ring serves two purposes- spray angle control and secondary 

atomization due to the deflector plate. 

 

Figure 11. Schematic of external mixing atomizer a) adapted from Wahono et al. [57] b) adapted from Hoffman et al. 
[58] c) configuration taken from (Carvalho & Heitor [44]) d) Delavan nozzle (Lefebvre & Mcdonell [59]). 

2.3.2 Air atomization mechanism  

2.3.2.1 Low-speed air atomization  

External mixing atomization mechanisms are mainly studied with a focus on 

axisymmetric sheet configurations. The annular sheet breakup was examined through 

various breakup regimes or modes based on both fluid flow rates (as discussed before). 

The dynamic pressure caused due to the airflow and shear layer prompts liquid sheet 

instabilities, which led to the sheet breakup. The air-liquid interaction between the 

annular sheet and inner airflow is the main mechanism for atomization (see Figure 12). 
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The turbulent transition of the liquid sheet (at high velocity/flow rate) does not seem to 

affect the breakup dynamics when compared to airflow velocities (Fu et al. [38]).  

 

 

Figure 12. Schematic of the annular liquid sheet with co-flow air adapted from Fu et al. [38] 

 

The sheet disintegration mechanism is a periodic process mainly dependent on the inner 

air velocity and liquid sheet turbulence characteristics with a strong dependence of 

breakup characteristics on the liquid flow rate, inner air velocity and sheet thickness 

(Carvahlo & Heitor [44]). The liquid sheet atomization is dominated by two modes- 

aerodynamic and hydrodynamics dominant at low and high liquid flow rates, 

respectively. The aerodynamic mode and the hydrodynamic mode are characterized by 

streamwise ligaments only and streamwise & spanwise ligaments, respectively (Choi & 

Lee [33]). The high-speed airflow actuates the Rayleigh – Taylor (R-T) instability 

producing streamwise cellular structures, whose sizes were found to be correlated with 

the Weber number (We) as reported in Zhao et al. [47].  Air swirl promotes primary 

atomization and homogenization of droplet velocities through spray angle enlargement 

(Leboucher et al. [40]). Swirling of sheets does not influence significantly the sheet 

breakup, thus atomization characteristics (Kulkarni et al. [60]). However, the liquid sheet 

swirl increases the interaction time between air and liquid sheet along with reducing the 

breakup length by amplifying the Rayleigh-Taylor sheet instability (Siddharth et al. [61]).  

2.3.2.2 Sonic air atomization 

The liquid jet/sheet breakup in a supersonic gas stream was studied in Sherman & Schet 

[62]. The drop formation takes place through the shedding of waves on the liquid surface 
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such that droplet size is proportional to disturbance wavelength (λ). The high-speed flow 

affects the sheet in such a way that at the low Re regime, supersonic pressure 

perturbations dominate which led to K-H instability and shear perturbation instability 

mechanism (Saric & Marshall [63]). The effect of a supersonic air jet (Mach 1.5) on the 

liquid jet was studied in Issac et al. [64]. The shock waves induced irregular pressure 

distribution dictates the air-liquid interaction boundary causing higher spray angle at 

high liquid-to-air pressure ratios resulting in finer atomization. Kihm & co-workers [65], 

[66] studied the effect of shock dynamics in imperfect expansion flows on the 2-D liquid 

sheet. There was a decrement in the Sauter mean diameter (SMD) with the introduction 

of the shock waves pattern, which still leads to probing the supersonic atomization. The 

contact strength of the overexpanded (converging-diverging (C-D)) and underexpanded 

(converging) jets play an important role in atomization and spray characteristics (see 

Figure 13). 

 

Figure 13. Schematic of High-speed gas jets atomizers a) underexpanded sonic jet b) overexpanded supersonic jet 
adapted from Kihm & co-workers [67] 

 

Mates & Settles [68,69] investigated the atomization characteristics of converging and 

CD closed-couple nozzles with a focus on the high stagnation pressure and longer 

supersonic jet length. It was found that the former contributed to narrower particle 

distribution, whereas the latter provides finer droplet size. The drop size and drop size 

distribution (DSD) are affected by the air-jet expansion behaviour as high atomization 

efficiency (η) results in finer drop sizes owing to relatively perfect expansion in the CD 

atomizer (Heck et al. [70]). The DSD is broader in the converging-diverging air-jet 

atomizer due to the shear-layer induced turbulence behind the normal shock affecting 

the energy transfer for atomization. Gullberg & Marklund [71] studied the air-assisting 

mechanism effect in tailoring the DSD as a large fraction of larger droplets are found in 
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the converging atomizer, which emphasized the crucial role of air-liquid interaction in 

shaping the DSD (Marklund & Engstrom [72]). 

2.4 Secondary atomization  

2.4.1 Secondary droplets breakup  

In combustion application, the droplets fragmentation can enhance the mixing and 

combustion of liquid fuel droplets leading to homogenous combustion. The 

fragmentation from primary to secondary breakup continues until the droplet reaches  

 

Figure 14. Drop breakup morphology adapted from Guildenbecher et al. [73] 

 

critical drop size (equilibrium state). The drop equilibrium size depends on the air-liquid 

relatively velocities based on the droplets exposed to steady acceleration or sudden 

high-speed airflow (Liu & Altan [74]). There is a similarity in the primary and secondary 

atomization of a sheet/jet as both atomizations are dominated by shear instabilities 

such as K-H or R-T instability. Though, both Kelvin-Helmholtz and Rayleigh-Taylor (R-T) 

instability exists, the latter form on the leading surface of the deformed droplet (disk-

like) results in the most dominant disturbance wave. The aerodynamic drag intensifies 

the instability, leading to breakup modes as mentioned in Guildenbecher et al. [73] (see 

Figure 14). At the highest air-liquid relative velocities, sheet thinning, and catastrophic 
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breakup are the dominant modes. The catastrophic breakup occurs not just at the drop 

periphery like in sheet thinning, the disruptive waves grow rapidly with time and 

penetrate the droplets resulting in the formation of a large number of smaller drops. 

2.4.2 Secondary droplets formation due to spray-wall interaction 

 

Figure 15. Schematic of primary and secondary droplets hitting on an inclined wall (Batarseh [75]). 

 

The spray impacting a rigid inclined body (see Figure 15) such as a cone bluff body leads 

to many complex secondary spray phenomena (splashing, corona formation etc) caused 

due to the transverse instabilities (Roisman et al. [76]), which results in the variation in 

the secondary droplets shape and secondary drop size distribution and at different 

spatial locations downstream. The drop impact dynamics on the liquid film also affect 

the secondary drop formation through the shift in the phenomena from splashing to 

crown-drop collisions (Yarin & co-workers [77,78]). The splashing results in large 

variation in the size distribution of the droplets based on the liquid film thickness 

through film surface fluctuations, crown-crown interactions etc (Sivakumar & Tropea 

[79]). The air cushioning effect due to the air entrapped in the form of a thin disk 

promotes the corona splash by lifting the lamella away from the solid (Josserand & 

Thoroddsen [80]) leading to complex variation in the secondary drop dynamics (droplet 

shape & droplet trajectory). 
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2.5 Spray characterization   

2.5.1 Spray parameters  

The liquid atomization involves primary sheet disintegration forming ligaments/globules 

which further break up into smaller droplets through aerodynamic interaction or 

mechanical interaction. This is known as secondary atomization. The resultant spray 

secondary droplets can be characterized by the following parameters such as mean drop 

size, drop size distribution, droplet number density etc.  

2.5.1.1  Mean droplet size (SMD) 

The mean drop size, such as Sauter mean diameter (SMD) calculation, is done by 

considering the volume and surface area of the droplet. It is defined as surface-volume 

mean diameter or D32 such that it gives the estimate in terms of volume to area ratio for 

the whole spray (Kowalczuk & Dryzmala [81]). It is calculated using equation (1)  

                                                     𝐷32 =  
∑ 𝑛𝑖∗𝑑𝑖

3𝑛
𝑖=1

∑ 𝑛𝑖∗𝑑𝑖
2𝑛

𝑖=1

                                                              (1) 

Where ni and di are the number and diameter, respectively, of a given droplet in given 

bin size.                                                                      

2.5.1.2 Droplet size distribution (DSD)  

a) b)   

Figure 16. a) Probability distribution curve fitting b) Cumulative distribution curve 

 

The continuous version of the discrete histogram is known as the probability distribution 

function (PDF) curve. The PDF is either a number-based or volume-based distribution.   
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Some common empirical correlations-based size distributions are widely used such as 

Normal, log-normal, Rosin-Rammler etc. The various probability distributions and 

cumulative distributions are plotted on the obtained spray data (Figure  16).  

The theoretical distributions such as Rosin-Rammler etc. lack generality, where the 

relative span factor (Δ) provides a more suitable representation (Bossard & Peck [82]). 

There exists a unique value that reduces the distribution to a single entity. The relative 

span factor (RSF) indicates the uniformity of the drop size distribution (DSD). The smaller 

the RSF (Δ), the more uniform the DSD. It is defined by equation (2)  

                                                                         ∆ =
𝐷0.9−𝐷0.1

𝐷0.5
                                                           (2)  

where D0.1, D0.5 and D0.9 are the diameters containing 10%, 50% and 90%, respectively, 

of the droplets (by volume) smaller than this diameter. 

2.5.1.3 Droplet size correlations  

Empirical dimensionally correct equations for mean drop size (SMD) were derived based 

on the fluid properties and air-to-liquid ratio (ALR) for twin-fluid atomizers. Rizk & 

Lefebvre [83] derived a basic correlation for plain-jet airblast atomizers with coefficient 

values as shown in equation 3. The general equation (3a) provides a basic equation for 

prefilming airblast atomizers with different coefficient values. While these correlations 

if applied correctly give accurate drop size results, still they are only approximations.   

              
𝑆𝑀𝐷

𝑑𝑜
= 0.48 (

1

𝑅𝑒𝑙
)

0.4

(1 +
1

𝐴𝐿𝑅
)

0.4

+ 0.15 (𝑂ℎ𝑙)
0.5  (1 +

1

𝐴𝐿𝑅
)

1

                          (3a) 

              
𝑆𝑀𝐷

 𝐿𝑐ℎ
= 𝐴 (

1

𝑅𝑒𝑙
)

𝑏

(1 +
1

𝐴𝐿𝑅
)

𝑐

+ 𝐵 (𝑂ℎ𝑙)
𝑎  (1 +

1

𝐴𝐿𝑅
)

𝑑

                                           (3b) 

where Lch is the characteristic dimension, coefficients A & B depend on the atomizer 

geometry, and exponent coefficient (a, b, c and d) depend on the flow and fluid 

properties. 

2.5.2 Spray pattern using patternation technique 

The spray mass flux distribution complements the mean drop size (SMD) and the drop 

size distribution. The intermittency in the air velocity gives rise to spray fluctuations 

(Batarseh et al. [84]), affecting the spatio-temporal spray pattern uniformity. The 
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ensemble of newly formed droplets interacts with the surrounding airfield dictating the 

spray pattern further downstream. Spray distribution patterns can be measured using 

the patternation technique. There are two types of patternation techniques: mechanical 

and optical Patternation (Sivathanu & Lim [85]). Optical Patternation based on the Mie 

scattering technique has limitations due to multiple scattering and signal extinction 

a)  b)  

Figure 17. a) One-dimensional liquid distribution in a spray (courtesy: Ashgriz [86]) b) Spray pattern generated 
azimuthally (Courtesy: Lundberg [87]). 

 

due to high particle density in industrial sprays. Mechanical Patternation is a good 

alternative for large scale sprays and is done by a 'Patternator'. It can be circular sector, 

linear inline and concentric ring-shaped described (Tate [88]). Linear Patternator was 

employed for measuring the mixing process for immiscible liquids (Ashgriz et al. [89]), 

whereas for large scale, multi-nozzle sprays, Patternation− served as a mass flux 

measurement technique as mentioned in Jain et al. [90]. The liquid distribution using 1-

d patternation is depicted in Figure 17a. The azimuthal distribution contour (Figure 17b). 

2.5.3 Spray characteristics prediction using chemometrics approach 

The multiphase flows are widely observed in various industrial applications. The most 

frequently occurred case is two-phase flows in which gas and liquid interact to form 

various flow regimes generating vibrations and flow-induced noise. Flow-based 

vibrations are generally classified into four types, in which acoustic resonance (flow-

induced pulsations) and turbulent-induced excitations (also known as Flow-induced 

vibrations (FIV)) are common in internal two-phase flows as mentioned in Pettigrew et 

al. [91]. The flow classification based on using vibration signals is present in the literature 
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(Miwa et al. [92]). The main point that bridges the PAT approach is that flow rates and 

vibration signals showed a strong correlation as pointed out in Evans et al. [93]. The 

flow-induced vibrations render the acoustic analysis of force fluctuations in the time and 

frequency spectrum employing multivariate analysis techniques (Liu  et al. [94]). The 

single-phase (air only) can significantly affect the FIV and the acoustic noise. The air jet 

produces shock-associated noise (Tam [95]) due to fine or large scale structures 

interacting with the shock waves, which can further exacerbate the flow-induced 

vibrations. The two-phase flow parameters such as void fraction, mean particle size etc. 

were predicted and measured based on flow-induced vibrations study (Hibiki & Ishii 

[96]) and acoustic emission method (Guo et al. [97]). The process-based analytical 

approach (PAT) has the dual advantage of predicting the flow parameters and 

estimating the fatigue or structural failure using acoustic chemometrics and dynamic 

stress analysis, respectively.  

The term acoustic chemometrics is a relatively novel PAT approach (Halstensen & Co-

workers [98,99]) employed for the real-time monitoring of industrial-scale processes. 

Acoustic chemometrics is based on the fact that most single-phase or two-phase flows 

in which liquid-liquid and gas-liquid interact to form various flow patterns generate 

vibrations and flow-induced noise. Acoustic chemometrics is concerned with the 

tapping of these flow-induced vibrations through non-intrusive sensors such as 

accelerometers, etc. The acoustics or vibration sensors provide valuable signals which 

can further be processed through advanced signal processing algorithms. Fast Fourier 

Transform (FFT) converts the time domain signals into frequency domain signals after 

which multivariate analysis can be performed to extract information. In addition to the 

flow/regime classification, the particle size distribution can also be predicted using the 

acoustics chemometrics approach (Halstensen & Esbensen [100]). The unsupervised 

learning approach such as Principal Component Analysis (PCA) is used for classification 

or grouping (Wold et al. [101]). The Partial Least Square-Regression (PLS-R) is a 

supervised learning method based on empirical input-response data, which can be used  

to extract information and calibrate multivariate regression models (Geladi & Kowalski 

[102]). 
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3 Experimental Setup and Methodology 

This chapter constitutes the methods employed in carrying out the research work. The 

details about the air only study using shadowgraphy are discussed in section 3.1. In 

section 3.2., methods adopted for the primary breakup study such as backlight imaging 

is described. The techniques employed for characterizing the secondary atomization 

resulting in the spray formation is mentioned in section 3.3. The drop size 

measurements were performed using the Shadowgraphy technique is described in 

section 3.3.1. The spray mass flux distribution pattern incorporating Patternator is 

discussed in 3.3.2.  The spray characterization using prediction modelling employing 

acoustic setup is given in section 3.4. 

3.1 Airflow study 

3.1.1 Atomizers design 

3.1.1.1 Without bluff body atomizers 

 

Figure 18. Schematic of atomizers geometry 

 

The internal contour for the twin-fluid atomizers was of two types: converging and 

converging-diverging (CD) as shown in Figure 18. The atomizers are 3-d printed nozzles 

with smooth contours to avoid any sudden jumps (refer to Figure 2). The gas is expanded 

at high velocities after it exits out of the nozzle lip. The pressure-Mach number (P-M) 
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relation (given by equation (4)) depicts the design Mach number (Mdesign) and the 

corresponding pressure (P0) based on nozzle exit-to-throat area ratio (A/A*) assuming 

isentropic flow relations (Liepmann & Roshko [103]) as depicted in Table 2.  

                                                        
𝑃0

𝑃
= (1 +

𝛾−1

2
𝑀2)

𝛾

𝛾−1
                                                        (4) 

where P (= 1 bar (g)) is ambient pressure, 𝛾 (= 1.4) is the ratio of specific heat. 

   Table 2. Conditions for operational Mach number (M) and pressure (Pt) ranges. 

Atomizer  
type (D) mm 

Area-throat 
area ratio 

(A/A*) 

Mach 
number 
(Mdesign) 

Pressure* 
(P0 design) 

Operational 
Mach number 

range  (M) 

Operational 
Pressure* 
range (P0) 

2.0 3.0 2.63 21.1 1.25−1.87 2.60−6.45 

3.0 2.0 2.20 10.6 1.28−1.86 2.70−6.35 

4.0 1.5 1.85 6.24 1.13−1.59 2.32−4.83 

5.0  1.2  1.53  3.79 1.03-1.52 2.21-3.77 

*in bar(g) 

3.1.1.2 With bluff body atomizers 

 

Figure 19. Schematic of bluff-body atomizers geometry 

 

The bluff body atomizers are constructed by attaching a cone along with three legs at 

120⁰ apart. The distance between the nozzle exits and the cone vertex is termed cone 

distance (Lc). The atomizers showed variation based on the air-jet diameters (d) and the 

cone distance (Lc) such that cone distance (Lc) variations employed are 6.0 mm, 8.0 mm, 
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and 10 mm. The cone angle incorporated for the experimental study is fixed at 80⁰ 

(Figure 19). 

3.1.2 Airflow dynamics 

 

 

Figure 20. a) Schematic of shadowgraphy imaging and b) experimental setup 

 

The Shadowgraphy technique was performed to examine the airflow behaviour from 

the inner core of the atomizers. Led Light (3.0 Watt) was used as a light source, the 

emitted light then passed through a collimated illuminator lens (by Opto engineering) 

of 100 mm diameter, which provides reduced edge diffraction effects and uniform 

illumination, then light after penetrating through high-speed air-jet was collected by 

another telecentric lens of the same dimeter which is connected to  

a)   b)  

Figure 21. The wave pattern for 3.0 mm air-jet diameter a) converging atomizer and b) CD atomizer. 

 

the high-speed camera (Photron SA-Z) at the end. The schematic diagram and the 

shadowgraph setup are shown in Figure 20. Shadowgraph imaging was performed at 

21,000 frames per second with a shutter speed of ~50 µsec.  The shadow images of the 

high-speed air-jet reveal that the nozzle after reaching a certain flow rate establishes an 

underexpanded flow, resulting in the Prandtl-Meyer expansion waves (with the Mach 
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disk) in the converging atomizer. On the contrary, the flow forms oblique shock waves 

in the converging-diverging atomizer (see Figure 21) due to the overexpanded flow 

which affects the sheet breakup owing to the high contact strength and shock strength.   

3.2 Sheet dynamics study 

3.2.1 Backlight shadow imaging 

 

Figure 22. Backlight shadow imaging setup 

 

Backlight shadow imaging was employed to study the sheet breakup dynamics in both 

types of atomizers with air flowing through the core and liquid injected through an 

annular gap, and the assembled atomizer (connected to lance) mounted onto the 

traversing system (by Rexroth). Two different size caps were used to study the sheet 

thickness's effects in the breakup process, providing 70 µm and 280 µm sheet 

thicknesses with ± 5 µm uncertainty. The experimental setup for the backlighting 

shadow imaging technique is displayed in Figure 22. The liquid mass flow rate was 

regulated by altering the frequency. Flow rates relative to a certain frequency were 

calibrated to know the uncertainty (<1%) for a certain mass flow rate. The in-house 

installed compressor with a maximum capacity of up to 100 psi (7.0 bar (g)) provided 

the compressed air. Both air and water flow rate measurements were performed 

incorporating the Coriolis type flowmeter. Two halogen lights from Dedolight Dedocool, 
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250 W each, and the thin diffuser screen provided a diffused uniform illumination for 

the image recording. Photron CMOS-based high-speed camera SA-Z model with 200 mm 

Nikon Micro lens was employed to acquire a field of view (FOV) of 15 cm x 15 cm 

dimension at the frame rate of 21,000 frames per second with a shutter speed of ~25 µs 

for flow rates employed. Due to the illumination light limitation, though the frame rate 

did not obtain instantaneous images selected as per the Nyquist sampling criterion, 

images were still captured quasi-instantaneous for most cases, rendering imaging good 

enough for the primary sheet breakup study. Water and air were used as working fluids. 

The properties of fluids are assumed as per the tabled values at STP (20° C) such that 

liquid viscosity (µ) = 1.0 x 10-3 Ns/m2, surface tension (σ) = 0.072 N/m in the current 

experiments. The liquid flow rate varied from 100 kg/h to 300 kg/h, airflow rate varied 

from 10 kg/h (2.0 mm atomizer) to 60 kg/h (5.0 mm atomizer). 

3.2.2 Laser-based diffused backlight imaging 

 

Figure 23. Experimental setup of laser-based diffused backlight imaging. 

 

For studying the near-field sheet breakup dynamics, the annular liquid sheet was 

illuminated using a dual-cavity solid-state ND: YAG laser (Photonics industries DM60-

532-DH model) at 532 nm wavelength. The laser pulse has 10-mJ energy at a repetition 

rate of 10 kHz. The laser light was uniformly diffused using a diffuser screen (Figure 23), 

shifting the light spectrum to a higher wavelength (orange). The images of the near-

nozzle region were captured using a 12-bit high-speed camera (Photron SA-Z model). 
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The long-distance microscope (QM1) by Questar was attached to the camera to provide 

a smaller field of view (FOV) of 20 mm × 20 mm dimension at the frame rate of 10,000 

fps and a shutter speed of ~100 µs. The region was illuminated with the same ND: YAG 

laser for more qualitative insights into far-field sheet breakup dynamics. A 200 mm 

Nikon Micro lens with an f/5.6 aperture setting was used with the high-speed camera 

(Photron SA-Z) to obtain a larger FOV of 120 mm × 125 mm with a camera resolution of 

approximately 8.36 pixel/mm. The images were recorded at 10 kHz with an exposure 

time limited by the laser. 

3.3 Spray characterization study 

3.3.1 Shadowgraphy 

The ParticleMaster package incorporated in Davis 10.1 imaging software provided by 

LaVision was used for the drop size measurements. A 1024 × 1024-pixel image with a 

magnified FOV and a camera resolution (pixel/mm) was created based on the Barlow 

lens employed (Figure 24). 

 

Figure 24. The shadowgraphy imaging unit with a Barlow lens for the droplet size measurement. 

 

A calibration plate with dark circular spots was used to perform the DOF calibration 

(Figure 25). The depth-to-size ratio (DSR) varied based on the experimental setting as 

bluff body atomizers produce finer atomization than without bluff body atomizers. The 

spray imaging settings for different experiments are given in Table 3. Experiments were 

duplicated for a few cases to check the uncertainties in the drop size measurements (< 

1%). A sufficiently large number of images taken at 1 kHz were considered for droplet 

size calculation to improve the accuracy of the mean drop size. Laser intensity in terms 
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a) b)  

Figure 25. Shadowgraphy calibration plate b) Spray raw image 

 

of current (ampere (A)) was set appropriately to provide adequate illumination and 

brightness for acquired images for different ranges of fluid flow rates. The settings for 

Particle Master software for droplet detection and measurement are given (Table 4). 

The distribution curve fits with various mathematical distribution functions for various 

airjet diameters (2.0 mm, 3.0 mm, 4.0 mm, and 5.0 mm) simpler atomizer configurations 

are shown in Appendix A.  

Table 3.  Spray Imaging settings 

  

*mean drop size converges below 500 images 

 
 

Table 4.  Particle Master software settings 

 

 

 

 

     

Imaging  
Parameters  

Without bluff body  
(Article 3) 

Bluff body  
(Article 4) 

Bluff body  
(Article 6) 

Image  pixel 1024 x 1024 pixel  1024 x 1024 pixel  1024 x 1024 pixel  

Field of View (FOV)  12.45  x 12.45 mm 8.445  x 8.445 mm 5.488  x 5.488 mm 

Camera Resolution 82.24 pixel/mm 121.26 pixel/mm 186.60 pixel/mm 

Calibration plate  50 − 1000 µm 50 − 1000 µm 20 − 400 µm 

Droplet size range  24 − 4000 µm 16 – 2300 µm 10 – 2000 µm 

Depth-to-size ratio (DSR) ~13:1  ~17:1  ~16:1 

Number of images * 1000  1000 500 

Parameters  Value 

Normalization radius  75 pixels 

Reduce pixel noise  weak 

Binarization threshold 50 % 

Minimum slope  3 % 

Minimum shadow area  3 pixels 
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3.3.2 Patternation   

 

Figure 26. Schematic of spray patternation. 

 

The patternation was performed with concentric compartments 120⁰ (conical) sector 

Patternator as seen in Figure 26. The spray pattern (radial spray mass distribution) was 

measured with an atomizer centred above the vertex of the conical Patternator and 

sprays down into the concentric compartments, from which liquid is drained and 

collected into bins. The bins (1-litre) were then weighed to obtain the liquid mass flux 

per each concentric compartment. Each bin represents the liquid volume contained in a 

particular concentric sector. The whole process is repeated for each run for 360 seconds. 

For a few cases, repetition was performed to check the uncertainty (<1%) in the mass 

flux data collection. The mass flux density (kg/m2s) contours were plotted sector-wise 

such that liquid mass divided by the corresponding sector area for a given time (i.e., 360 

seconds) is depicted in each working condition. 

3.4 Spray characteristics prediction modelling (Chemometrics 

approach) 

3.4.1 Acoustic study  

The experimental setup for the acoustic emission study is also depicted in Figure 27. The 

flows in the atomizers generate distinct vibrations for a given set of both liquid and air 
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flow rates. These flow-induced vibrations and turbulent mixing noise were tapped using 

two kinds of sensors: piezoelectric type 4518 accelerometers from Bruel & Kjær, 

Denmark and Veco Vansonic PVM-6052-5P382 electret condenser type omnidirectional 

microphones with sensitivity & signal-to-noise ratio (SNR) of -38 dB and 58 dB, 

respectively. The accelerometers were glued onto the atomizer's sides in two different 

axes to collect vibration signals in two orthogonal directions, one along the fluid flow 

direction and the other normal to the fluid flow direction. Two pre-amplified 

microphones (electret condenser type) with a working range from 50 Hz to 16 KHz were 

mounted along the arc at θ = 90⁰ and 150⁰ from perpendicular to the nozzle axis. Noise 

readings were procured at R = 100D, termed “far-field” measurements (Wong et al. 

[104]). The autocorrelation function showed two distinct, coherent noises− 

 

Figure 27. Schematic of acoustic setup. 

 

90⁰ angle corresponds to fine-scale turbulence noise, and 150⁰ angle represents large 

turbulence structure noise, as mentioned in Tam et al. [105]. Note that though 
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microphones are placed in a set direction, the possibility of stray noise collection (as the 

data is recorded in a non-anechoic chamber) cannot be completely ruled out. The 

recording was performed using the data acquisition device (DAQ) from the National 

Instruments (NI USB-6363) and a signal amplification module. The real-time signal 

monitoring was done using a LabView-based interface (see Figure 28). The signal is first 

converted from analog to digital as the latter is required for the amplification unit. The 

frequency range employed is in the range of 0-200 KHz. The signal processing was 

carried out in a few steps. Firstly, time series of 8192 samples were recorded from four 

sensors, 2048 samples each.  

 

b)  

Figure 28. a) Signal amplification unit b) Acoustic chemometrics interface (LabVIEW). 

 

The time-series signal was multiplied by a window transform (Blackman Harris) which 

negates the spectral leakage effect by trimming the ends of the acoustic spectrum. The 

signal is transformed into the frequency domain as Fast Fourier Transform (FFT) (an 

efficient form of Discrete Fourier Transform) implemented in the LabView interface for 

real-time calculations. The Discrete Fourier Transform transforms a sequence of N 

complex numbers (xn):= x0,x1,...,xn-1 into another sequence of complex numbers, (Xk):= 

X0, X1,..., XN-1, which is defined by equation (5) 

                                   𝑋𝑘 =  ∑ 𝑥𝑛 𝑒−𝑖2𝜋𝑘𝑛/𝑁𝑛−1
𝑛=0  𝑘 = 0, … , 𝑁 − 1                                                

(5) 

Five replicates were taken with 500 averages for each sample to attenuate the 

uncertainty in the measurements. The whole in-flow procedure is described in the 

process flow chart in Figure 29.  
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Figure 29. Flow chart of acoustics chemometrics.   
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4 Summary of Articles  

This section summarizes only the journal articles. For a detailed study, articles are added 

in the part 2 for reference. The conference proceedings are only added in part 2 of the 

thesis.   

4.1 Article 1: Visualization study of annular sheet breakup dynamics 

in sonic twin-fluid atomizers 

4.1.1 Introduction 

In this study, the primary breakup dynamics were investigated in the near nozzle region 

for various diameter (d) atomizer designs (2.0 mm, 4.0 mm, and 5.0 mm) using 

converging atomizer and CD atomizer configurations, as they both depict unique jet flow 

dynamics. The airflow dynamics along with the sheet breakup dynamics were studied 

for two different sheet thicknesses (70 µm and 280 µm) in terms of the sheet instability 

and breakup phenomenon. 

4.1.2 Methods and materials  

The primary breakup study was conducted using two imaging techniques – shadow 

imaging and backlight imaging technique. Shadowgraph imaging was used for the 

visualization of high-speed air-jet and the backlight imaging technique was employed 

for the sheet breakup dynamics study in two kinds of atomizers, namely, converging and 

converging-diverging (CD) air-assisted atomizers. The airflow rate varied from 10 kg/hr 

to 60 kg/hr for different atomizers, whereas the water flow rate varied from 100 kg/h 

to 300 kg/h corresponding to the air-to-liquid mass ratio (ALR) ranging from 0.10 to 0.60. 

The sheet breakup was visualized and qualitatively analyzed for different atomizer 

designs. The streamlines pattern was visualized using the Flowtrace plugin in Fiji, an 

image processing toolbox. The breakup frequency of the sheet bursting phenomenon 

was measured and compared in two types of atomizer configurations for all designs. 
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4.1.3 Results and discussion  

The underexpanded jet in the converging atomizers and overexpanded jet in the CD 

atomizers initially result in Prandtl-Meyer expansion waves and oblique shock waves 

along with the Mach disk region, respectively. The flow undergoes alternate expansion 

waves and oblique shock formation forming a shock diamond.  The location of the air-

liquid interaction affects the sheet breakup dynamics as the advent of the air-sheet 

interaction is either with the oblique shock wave or the expansion waves in converging 

and CD atomizers, respectively. The major difference in the flow dynamics is that of the 

contact strength such that the expansion waves diverge more than the high contact 

strength oblique shock waves (Kim et al. [106]. The air interaction results in the wavy 

sheet breakup in the 280 µm sheet, whereas the perforation-like breakup in the 70 µm 

sheet. The ligaments were stripped (below neck region) in a three-dimensional  

 

Figure 30. Showing the streamlines pattern (in colour) at airflow and water flow rates of 40 kg/h and 100 kg/h, 
respectively, for both converging and CD atomizer configuration (5.0 mm) 

 

manner pertaining to the bursting phenomenon. The liquid sheet stripping is analogous 

to the boundary layer stripping mechanism observed in Issac et al. [64]. The radial 

ligament pattern around the axial jet depicts the “Christmas-like” breakup pattern, also 

observed in Leboucher et al. [40]. The streamlines pattern (Figure 30) obtained by the 

Flowtrace plugin in Fiji, depicts the shearing stress action by the air-sheet interaction. In 
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the converging atomizer case, streamlines (coloured) are relatively thin, hinting the less 

shearing action due to the air jet's low contact strength. The shearing action between 

the air and liquid sheet in the converging-diverging (CD) atomizer is more pronounced 

as discerned by the thick (coloured) streamlines due to the high contact strength. The 

sheet bursting phenomenon was observed, and the sheet bursting frequency was 

measured using the kymograph plugin in Fiji. The non-dimensionalized bursting 

frequency (f) or Strouhal number (St) is calculated by the reciprocal of the time frames 

between peaks normalized by sheet velocity (U) and sheet thickness (t).  St increases 

with an increase in the ALR with maximum and minimum values for the 5.0 mm atomizer 

and 2.0 mm atomizer, respectively. The non-dimensional frequency value (St) is lower 

and higher for 70 µm and 280 µm (Figure 31), corresponding to the higher sheet velocity 

(or axial momentum) and lower sheet velocity, respectively leading to narrower neck 

region formation and more pronounced bursting with a higher frequency in the latter.  

 

Figure 31. Strouhal number (St) against the ALR for a) 280 µm sheet thickness and b) converging-diverging (CD) 
atomizers. 

4.1.4 Conclusions 

• The air-liquid interaction location affects the annular sheet breakup dynamics as the 

liquid sheet interacts either with expansion waves or oblique shock waves in converging 

or converging-diverging atomizers, respectively. 

• The wavy sheet breakup was observed in a thicker sheet (280 µm), and perforation-like 

breakup in a thinner sheet (70 µm) with prominent shearing stress in the CD atomizer.  

• The bursting frequency (f) increases slightly for the 70 µm sheet whereas the bursting 

frequency (f) increases rapidly for the 280 µm sheet with an increase in the ALR value.  



Sikka: Characterization of the Spray for Twin-Fluid Atomizer for Inert Gas Generator     

(IGG) (IGG)   

  

___ 

36 

 

4.2 Article 2: Experimental Study of Primary Atomization 

Characteristics of Sonic Air-Assist atomizers 

4.2.1 Introduction 

In the study, while employing an annular sheet, breakup regimes (or modes) were 

discerned using the backlight imaging technique for the converging atomizer and CD 

atomizer with a 3.0 mm air-jet diameter. The primary breakup atomization 

characteristics such as Breakup length and spray angle were quantitatively investigated.  

4.2.2 Methods and materials  

The backlight imaging method consists of a CMOS-based high-speed camera (Photron 

SA-Z model) and 135 mm Nikon Micro lens to acquire a field of view (FOV) of 15 cm × 15 

cm at 8000 fps with a shutter speed of ~125 μs. However, it is not enough to capture 

instantaneous images at higher flow rates per the Nyquist sampling criterion, but good 

enough for the primary breakup study. The liquid flow rate varied from 100 kg/h to 350 

kg/h, whereas the airflow rate varied from 5 kg/h to 35 kg/h with the corresponding air-

to-liquid ratio (ALR) ranging from 0.014 to 0.35. The sheet breakup length and spray 

angle measurement was performed using ImageJ software.  

4.2.3 Results and discussion  

The irregular pressure distribution pattern deflects the liquid sheet in and out of the 

centreline, thus delaying the sheet contraction (owing to the surface tension effect) 

even at low liquid flow rates. Besides, owing to the shear force between the air and 

liquid sheet, it forms K-H instability waves on the annular sheet periphery which 

gradually thin out the sheet, through which liquid ligaments/fragments are torn off, 

which further disintegrate to form large globules/droplets subjected to aerodynamic 

interaction. The spray exhibits a radial periodic ejection of the liquid mass fraction 

attributed to the bursting phenomenon caused by the high-speed air jet. The frequency 

of the bursting phenomena depends on the aerodynamic interaction effects, the natural 

pulsating frequency of the sheet, and pulsations due to airflow rate fluctuations.   
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For the 70 µm sheet, owing to high liquid axial momentum the intense aerodynamic 

interaction led to mist-like droplets formation downstream. For a thicker sheet (280 

µm), a corrugated (wavy) sheet formed with some thread-like structures ejected out 

laterally.  

Different breakup patterns (see Figure 32) were observed for various flow rates such 

that at low flow rates, the Rayleigh bubble regime was found at a given airflow rate. 

With an increase in airflow rate (or ALR), the aerodynamic interaction increases, leading 

to corrugated/wavy sheet contraction, forming a neck region where the bursting 

phenomenon was identified. This bursting region forms the Annular sheet disintegration 

regime. With further increase in ALR, the ligaments/filaments shed directly from the 

near-nozzle region due to the very high-speed interaction that led to a ligament-type  

 

Figure 32. Annular sheet breakup modes for converging atomizers with 280 µm sheet thickness. 

 

breakup regime. As we increase liquid flow rates, the jet formation, occurs with some 

waviness. For a higher liquid flow rate, the sheet was contracted to form a wavy sheet 

disintegration with further airflow rate, leading to ligaments interconnected in a three-

dimensional fashion and satellite drops downstream. At high flow rates (ALR), ligaments 

shed azimuthally, forming a “Christmas tree” regime. Finally, at very high air-liquid flow 

rates (high ALR), a pure-pulsating regime (observed in Leboucher et al. [43]), in which 

ligament-like structures pulsate alternatively. The spray angle variation and breakup 

length were observed for changes in both fluid flow rates. Spray angle against ALR was 
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plotted for both converging and CD atomizers, involving both sheet thicknesses (70 µm 

& 280 µm) in Figure 33. Spray angle increases with an increase in ALR values for all cases. 

For the 70 µm sheet, the spray angle is slightly higher for the converging atomizer than 

for the CD atomizer case, especially at higher ALR. In contrast, the spray angle is higher 

for the CD atomizer than the converging atomizer for the 280 µm sheet due to the high 

contact strength, ejecting out the sheet ligaments more pronouncedly resulting in the 

spreading of the spray. The spray angle increment is more evident for higher airflow 

rates (high ALR). Breakup length follows an inverse relationship with the ALR. For the 

thin sheet (70 µm), the breakup length for the CD atomizer is lower than the converging 

atomizer, which might be due to the high shearing effect due to the higher contact 

strength of the air-jet in the former case, especially at higher ALR. While in the case of 

280 µm sheet thickness, the breakup length for the CD atomizer is slightly lower than 

the converging atomizer, due to a more pronounced shearing action. 

 

Figure 33.  a) Spray angle plot b) breakup length for converging and converging-diverging (CD) atomizer case with 70 
and 280 µm sheet thickness against ALR. 

4.2.4 Conclusions 

• The bursting phenomenon effect was observed leading to the radial dispersion of the 

ligaments/globules, contributing substantially to the spray angle, breakup length etc. 

• The breakup morphology was categorized into various breakup regimes: annular sheet 

disintegration, ligament type breakup, wavy sheet breakup, and pure-pulsating breakup. 

• Spray angle increases with the increase in the ALR ratio, with a more pronounced 

increment with the CD atomizer.  Breakup length follows an inverse relationship with 

the ALR values.  
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4.3 Article 3: Atomization characteristics of an annular sheet with 

inner air in a sonic twin-fluid atomizer 

4.3.1 Introduction 

This study compares the spray dynamics for two different atomizers- converging and CD 

atomizers, with different air-jet flow dynamics regarding sheet disintegration 

mechanisms in near-field and far-field regions. The spray was characterized based on 

the parameters such as Sauter mean diameter (SMD), droplet size distribution (DSD), 

and relative span factor (RSF) based on droplet size measurements. 

4.3.2 Methods and materials  

For examining the near-field region, the liquid sheet was illuminated using a dual-cavity 

solid-state ND: YAG laser (Photonics industries DM60-532-DH model) at 532 nm 

wavelength. The uniform illumination for the laser light was obtained using diffuser 

optics. The images were magnified utilizing a long-distance microscope (QM1) by 

Questar, attached to the high-speed camera (Photron SA-Z) with a FOV of 16 mm × 12 

mm dimension, the images were captured at 10,000 fps with a shutter speed of ~8.75 

µs. The liquid flow rate varied from 100 to 300 kg/h, and the airflow rate altered from 

20 to 40 kg/h, corresponding to the ALR ranging from 0.066 to 0.4. The larger 

interrogation region was visually examined for more insights into the far-field spray 

formation dynamics. A 200 mm Nikon Micro lens with an f/5.6 aperture setting was used 

to obtain a larger FOV of 120 mm × 125 mm with a camera resolution (~8.36 pixel/mm). 

The images were recorded at 10 kHz repetition rate with laser-controlled exposure time. 

The ParticleMaster package incorporated in Davis 10.1 imaging software provided by 

LaVision was used for the droplet size measurements. A 1024 × 1024-pixel image with a 

magnified FOV of 12.45 mm × 12.45 mm and a camera resolution of 82.24 pixel/mm was 

created using the Barlow lens (1.5 × zooms). A calibration plate with a 50–1000 µm dark 

circular spots region was used to perform the DOF calibration. The minimum shadow 

area filters and the lowest detectable particle size i.e., 3 pixels (in the area) were used, 

corresponding to drop sizes ranging from 24 – 4000 µm. Nevertheless, out-of-focus 
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droplets are omitted by software for drop size measurements. Though, mean drop size 

values converged after around ~500 images. However, 1000 images were considered 

for droplet size calculation to ensure statistically sufficient accuracy.  

4.3.3 Results and discussion  

In general, aerodynamic atomization is a deformation rate-dependent process. Though 

the shock cell structure dissipates gradually downstream, the high contact strength 

caused by the shock waves of the imperfectly expanded airflow in the CD atomizer case 

may result in the formation of voids in the annular sheet due to the high shearing effect, 

resulting in swifter liquid disintegration. The temporal variation (Figure 34) reveals the 

sheet fracture dynamics with time due to high-speed airflow in converging and CD 

atomizers. In the CD atomizer, firstly the sheet ruptured due to intense shear with the 

neck region further bursts, forming a cluster of inter-connected ligaments. The 

fragmented sheet narrows down to form thick filaments, further creating dendrites-like 

ligaments due to the shear owing to the capillary instability. The shearing effect creates 

additional holes in the stretched-perforated sheet leading to further fragmentation into 

ligaments/globules. In the converging atomizer, the wavy sheet contracted owing to 

surface tension to form the neck region. The filaments from the sheet periphery  

 

Figure 34. The temporal imaging for the near-nozzle region with 35-kg/h airflow rate and 100-kg/h water flow rate 
for both converging atomizer and converging-diverging (CD) atomizer. 

 

elongate to form ligaments leading to pinching-off droplets through Rayleigh-Plateau 

instability. The accumulated liquid at the neck region bursts due to the quasi-periodic 

bursting phenomenon forming ligaments/globules azimuthally. 
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Figure 35. The larger FOV imaging photographs for the 30-kg/h airflow rate for different water flow rates for both 
converging atomizer and converging-diverging (CD) atomizer. 

 

For a given airflow rate (say, 30 kg/h), the annular sheet atomization (see Figure 35) 

shows quite similar behaviour to liquid jet disintegration as the sheet converged to form 

the neck region due to the surface tension. The high-speed air jet ruptures the liquid 

sheet, forming ligaments which further split into tiny droplets at the spray edge. Due to 

the perforation/holes, the sheet is more dispersed in a CD atomizer resulting in rapid 

stretched sheet disintegration into a multitude of ligaments. In comparison, wavy sheet 

disintegration in the converging atomizer leads to a narrower spray spread as the bulk 

liquid is concentrated in the central spray-formation region in which relatively bigger 

ligaments form at the spray jet periphery with mist-like droplets formed in the vicinity. 

The self-induced pulsations caused by turbulence at higher liquid velocity are also 

responsible for the sheet breakup into ligaments/drops (Bayvel & Orzechowski [5]). The 

mean droplet size (D32) and relative span factor (Δ) were plotted for various ALR values 

for the turbulent region (axial locations only) and aerodynamic region (radial locations 

only) (see Figure 36). SMD has a near-inverse relationship with ALR for both atomizers 

in both regions, though the effect is slightly stronger for the CD atomizer. An increase in 

air-liquid interaction leads to smaller droplet sizes and a more uniform (narrow DSD) 

spray (Rizk & Lefebvre [107]). The relative span factor (Δ) has an inverse relationship for 



Sikka: Characterization of the Spray for Twin-Fluid Atomizer for Inert Gas Generator     

(IGG) (IGG)   

  

___ 

42 

 

the converging atomizer in both regions, whereas, for the CD atomizer, the relative span 

factor (Δ) slightly increases with the ALR in the aerodynamic region. This anomalous 

behaviour of the CD atomizer is caused by a lower RSF (Δ) for relatively lower ALR values 

at the near-centre location. 

   

 

Figure 36. Plot showing a) mean droplet size (D32) & b) RSF (Δ) for the turbulent air-core region and c) mean droplet 
size (D32) & d) RSF (Δ) for the aerodynamic breakup region. 

4.3.4 Conclusions  

• The sheet after a breakup is more dispersed in a CD atomizer due to the 

perforations/holes, resulting in rapidly stretched sheet disintegration resulting in 

multiple ligaments. In comparison, wavy sheet disintegration in the converging atomizer 

leads to a narrower spray with bulk liquid concentrated in the central region. 

• The drop size distribution (DSD) is unimodal and skewed towards smaller droplets for 

both atomizers with narrower DSD for CD atomizers in the turbulent region. The DSD 

spreads out for both atomizers away from the spray centre in the aerodynamic region.  

• The comparatively larger droplet sizes (SMD) are found for the converging atomizer in 

both turbulent and aerodynamic regions. The SMD increases with an increase in radial 

locations (aerodynamic region), the increment is more prominent in converging 

atomizer. 
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4.4 Article 4: Atomization characteristics of a bluff body-assisted 

sonic twin-fluid atomizer 

4.4.1 Introduction 

In this study, the spray dynamics of the novel bluff body-assisted twin-fluid atomizer 

was investigated with a major focus on the spray structure and droplet size parameters 

(DSD, SMD, RSF etc). The near-atomizer liquid breakup structures showed that the 

fragmented sheet, after interaction with the reflected shocks, impacted the bluff body 

(cone), leading to the formation of a multitude of secondary droplets with characteristic 

shapes and sizes at different spatial locations. It is conjectured that the different 

atomizer geometries and fluid flow rates will govern the secondary spray dynamics. 

4.4.2 Methods and materials  

Three kinds of atomizers are based on the cone distance (Lc) between the cone vertex 

and the exit with a 3.0 mm inner orifice (throat) diameter (D). The diameter at the outlet 

for the converging-diverging (CD) atomizer is 6.0 mm. The shadowgraph imaging for air 

only study was performed employing a CMOS-based high-speed camera (Photron SA-Z)  

at 21,000 fps with a shutter speed of ~50 µsec for the atomizers. For the near-atomizer 

region imaging, ND: YAG laser light (DM60- 532-DH model) of 532 nm wavelength. A 200 

mm Nikon Micro lens with an f/5.6 aperture setting was used with the high-speed 

camera (Photron SA-Z) to obtain a FOV of 120 mm x 125 mm with ~8.36 pixel/mm 

camera resolution. For the droplet size measurements, the long-distance microscope 

(QM1) by Questar was attached to the camera along with the Barlow lens (1.5x zoom) 

for magnified image acquisition. They provided a FOV of 8.445 mm x 8.445 mm with a 

camera resolution of 121.26 pixel/mm for a 1024x1024 pixel image. The DOF calibration 

was performed using a calibration plate with 50-1000 µm dark circular spots. The depth 

to size ratio (DSR) turns out to be ~17/1. The camera settings allowed a minimum of 3 

pixels (in the area) corresponding to ~16 µm minimum size for droplet detection. The 

ParticleMaster package incorporated in Davis 10.1 (LaVision) was used for droplet 

detection and measurement. Even though drop sizes converged after 500 images, 
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however, 1000 images were considered for droplet size calculation for sufficient 

accuracy. 

4.4.3 Results and discussion  

The relatively larger droplets along with the mist formation are formed for the 6.0 mm 

atomizer due to the early interaction between the sheet and bluff body (cone) and 

intense reflected shock interaction with sheet fragments, respectively owing to a 

shorter cone distance (Lc = 6.0 mm). With the increase in liquid flow rates (say, 300 kg/h), 

the spray angle increases due to the higher liquid momentum and radial momentum 

imparted to the resultant spray. With an increment in the airflow rate (from 20 kg/h to 

40 kg/h), a slight decrease in the spray angle (curved boundary) was observed for all 

atomizer configurations due to the higher air-jet axial momentum, leading to less 

divergence in the two-phase flow after impacting the bluff body (cone). 

 

Figure 37. Histogram showing the DSD and cumulative DSD (in green colour) for 20 kg/h and 40 kg/h airflow rates at 
200kg/h water flow rate at Z/D = 100 location for 0 mm radial location. 

 

In general, the DSDs are unimodal and slightly skewed towards the smaller droplet sizes. 

With the increase in liquid loading (say, 300 kg/h water flow rate), the distribution peak 

shifted towards a slightly higher value (~100-125 µm) which corroborates the ligament 

structure seen at the spray centreline. Whereas DSD is unimodal with an almost similar 

distribution peak value (~100 µm) irrespective of the airflow rate The DSD spread 

decreases for all atomizers when the airflow rate increases from 20 kg/h to 40 kg/h as 
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depicted in Figure 37, emphasizing the effect of the ALR on the DSD independent of the 

cone distance (Lc). 

In the excentricity (%) plots, for the lower airflow rate (20 kg/h), the 8.0 mm atomizer 

depicts a larger number of high excentricity droplets than the other atomizer 

configurations (6.0 mm and 10.0 mm). A larger quantity of high excentricity droplets in 

the former case might be due to the low reflected shock strength at a low airflow rate, 

resulting in less energy exchange before impacting the thin film formed on the bluff 

body (Figure 38). For a higher airflow rate (40 kg/h), the 10.0 mm atomizer configuration 

contains a slightly larger number of high excentricity droplets compared to the other 

two configurations (6.0 mm and 8.0 mm) indicating that a large fraction of aspherical 

droplets are formed due to the spray impacted onto a thin film formed at the bluff body 

and turbulent airfield below the bluff body region at higher airflow rates. 

 

Figure 38. Scatterplot showing excentricity (%) of droplets for 20 kg/h and 40 kg/h airflow rates for 200kg/h water 
flow rate at Z/D = 100 location downstream for 0 mm radial location. 

 

The SMD (D32) for the 20 kg/h air flow rate is relatively constant ( i.e., ~120 µm) for all 

atomizer configurations with a slight plunge at a 50 mm location. For 40 kg/h air flow 

rate, SMD gradually increases with increasing distance from the spray centreline. For a 

given airflow rate (30 kg/h), at a low liquid flow rate (100 kg/h), SMD values rise steeply 

from ~ 65 µm to ~180 µm radially for all atomizer configurations. Whereas SMD values 

increase slightly to a relatively higher value for a high liquid flow rate (300kg/h) (see 

Figure 39). 
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The RSF (Δ) for low airflow rate (20 kg/h) is relatively higher for all atomizer 

configurations, especially at 50 mm, then sharply decreases until 150 mm location. 

Whereas for 40 kg/h air flow rate, there is a gradual decrease in RSF (Δ) with increasing 

distance from the spray centreline. On the contrary, for a given airflow rate (30 kg/h), 

with a high liquid flow rate (300 kg/h), the RSF values decrease sharply as we go from 

spray centreline (0 mm) to 150 mm distance. Whereas for a low liquid flow rate 

(100kg/h), the increase in RSF values is marginal as we move radially. 

 

 

Figure 39. Plot showing a) SMD & c) RSF for 20 kg/h & 40 kg/h airflow rate at 200kg/h water flow rate and b) SMD & 
d) RSF for 100 kg/h & 300 kg/h water flow rate at 30 kg/h airflow rate, at all radial locations. 

4.4.4 Conclusions  

• The study reveals the complex spray behaviour associated with droplet formation from 

different atomizer designs and air-liquid interaction within the atomizer type. 

• Droplet size distribution (DSD) and cumulative distribution become narrower with 

increased liquid loading and high airflow rates. 

• When plotted for a given liquid flow rate, the DSD & cumulative droplet distribution 

becomes more uniform (narrow) with the increase in the airflow rate independent of 

the cone distance (Lc).   

• SMD and RSF (Δ) showed opposite trends when plotted against ALR as SMD increases 

while RSF decreases. SMD and RSF (Δ) showed correlation through cluster formation 

with some outliers. 
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4.5 Article 5: Spray characterization in air-assist atomizers using 

flow-induced acoustic vibrations and multivariate analysis 

4.5.1 Introduction 

This study investigated a non-invasive approach for flow regime classification and flow 

parameters (mean drop size) prediction. This method employs passive sensors 

(accelerometers) and acoustic transducers (microphones) for acquiring flow-induced 

vibrations and acoustic emissions, respectively. Based on the acoustic FFT spectra from 

four sensors, Principal Component Analysis (PCA) was utilized for classification models. 

The assessment of the feasibility of the acoustic chemometrics approach for predicting 

the flow parameter (Sauter mean diameter) based on the non-dimensional number X,  

using the Partial Least Squares-Regression (PLS-R). 

4.5.2 Methods and materials  

The sheet breakup regimes were visually discerned using the backlight technique. A 

complementary metal-oxide-semiconductor (CMOS) based high-speed camera (Photron 

SA-Z), and two 250 W halogen lights from Dedocool Dedolight render the sheet breakup 

study employing 3.0 mm diameter (D) atomizers. The laser-based shadowgraphy 

method measured the mean drop diameter (SMD) employing the high-speed camera 

(Photron SA-Z) and Questar long-distance microscope (QM1) providing a FOV of 12.45 

mm x 12.45 mm with Barlow lens attachment (1.5X zoom). The ParticleMaster software 

package incorporated in Davis 10.1 version (LaVision) is utilized for drop/particle sizing. 

The calibration plate (50-1000 µm dark circular spots region) renders the depth-to-size 

ratio (DSR) value of ~13:1. The images were recorded at six spatial locations− three along 

the atomizer axis (350 mm, 550 mm & 750 mm) and three at the radial axis (50 mm, 100 

mm & 150 mm) at the 550 mm axial location.  

The acoustic chemometrics setup involves two piezoelectric types 4518 clamp-on 

accelerometers from Bruel & Kjær, Denmark and Veco Vansonic PVM-6052-5P382 

electret condenser type omnidirectional microphones with sensitivity and signal-to-

noise ratio (SNR) of -38 dB and 58 dB, respectively. The recording was performed using 
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the DAQ from the National Instruments (NI USB-6363) and a signal amplification module 

for signal processing. The time signal is transformed into the frequency domain (before 

the time-series signal was multiplied by a window transform (Blackman Harris) which 

negates the spectral leakage effect) using FFT implemented in the LabView interface for 

real-time calculations.  

4.5.3 Data processing 

The multi-dimensional nature of the data set renders the data to be untractable and 

unyielding. PCA simplifies the analysis by reducing the multi-dimensionality of the data 

set into the lower independent dimensions, thus revealing the 'hidden' patterns. The 

classification method analyses multivariate data by probing the variance in the two 

perpendicular directions such that the first principal component (PC1) lies along the 

maximum variance direction. PCA projects the data into a new orthogonal coordinate 

plane of independent principal components (PCs) by utilizing the correlations between 

the variables. The new plane (mean-centred)  is represented by scores (T) and loadings 

(P), with the origin at the centre of the data swarm (Esbensen [108]). PCA models the 

original data matrix (X) and some residual (E) (not explained by the model). It is given by 

equation (6) 

                                                         𝑋 = 𝑇 𝑃𝑇 + 𝐸                                                          (6) 

For the prediction modelling, the PLS-R method was employed. PLS works on the 

Nonlinear Iterative Partial Least Squares (NIPALS) algorithm. PLS-R connects the X- and 

Y-space by condensing the two-stage process into one stage. PLS-R relies on 

representing training data for two-variable blocks X- and Y-, respectively. In this study, 

the X data matrix contains the acoustic frequency spectra. Y is a vector containing the 

non-dimensional number X values that link the fluid flow conditions at which the mean 

drop size was measured. PLS-R simultaneously models the X- and Y- data in this 

algorithm, reducing X-variations that do not correlate with Y but raise concerns about 

orthogonality. PLS-R was employed to make a model prediction based on the acquired 

acoustic spectra. The model for drop size prediction is based on both sensors 

(accelerometers and microphones). The acoustic spectra used to calibrate the PLS-R 
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model were a 90 x 8192 matrix containing 90 frequency spectra for each sensor. Each 

spectrum consisted of 2048 frequencies ranging from 0 to 200 kHz for each sensor. 

4.5.4 Results and discussion  

At lower air & liquid flow rates, the aerodynamic interaction with the contracted sheet 

(owing to surface tension) shows a bursting phenomenon with newly formed fragments 

at the periphery (Annular sheet disintegration). With the increase in airflow rate, the 

shearing action results in the filaments ejecting out at the neck region depicting the 

ligament type breakup. At a higher liquid flow rate (300 kg/h) with relatively low airflow 

rates, a Wavy sheet disintegration was formed with a corrugated sheet disintegrated 

into connected liquid structures convecting downstream. Whereas at higher both fluid 

flow rates, the ligaments shed azimuthally depicting a Pure pulsating breakup, where 

ligament-like structures pulsate alternately left and right sides of the spray axis. 

 

Figure 40. Annular sheet breakup regimes for different flow rates. 

 

The Score plots (Figure 41 a) show how the most important variance directions of the 

acoustic spectra (PC1 and PC2) and the non-dimensional number (X) are related. The 

non-dimensional number (X) is based on the various fluid flow rates combination. PC1 

explains most information for dimensionless (X) values. The score plot shows a cluster 

for each non-dimensional number (X) value corresponding to specific fluid flow rates. 

The non-dimensional number (X) has an increasing trend from the lower right side (Low 

flow rates) to the upper left side (high flow rates) with respect to the origin as described 

by PC1 and PC2 directions. The score plots are plotted for CD atomizers for verification 

of repeatability. The Loading plot (Figure 41 b) depicts the significant influence of the 

frequencies recorded through accelerometers over microphones since the loading 

values are larger in the former. The score plot employing only the accelerometers 
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(Figure 41 c) shows a coloured points cluster for each X value corresponding to specific 

fluid flow rates except for the highest flow rates (X value of 20.69), which is slightly 

scattered in the PC2 direction. In contrast, the Score plot involving only microphones 

(Figure 41 d) reveals that both PC1 and PC2 contain valuable information regarding the 

flow rates as displayed by the PC1 and PC2 direction variance. The plot depicts a trend 

such that fluid flow rates increase from the slightly upper right side (low flow rates) to 

the marginally lower left side (high flow rates) with respect to the origin. 

 

 

Figure 41.  a) Score plot depicting the X values for the converging-diverging (CD) atomizer b) loadings plot for all the 
sensors, c) Score plot using both axis accelerometers and d) Score plot using both 90⁰ and 150⁰ microphones for the 

CD atomizer.  

 

The dimensionless number (X) values were used as the reference values (Figure 42 a). 

The test set validation was performed for every alternate data matrix value, 50 % (45) 

of the total column set. The main statistical parameters that evaluate the model 

prediction are slope, and root mean squared error of prediction (RMSEP). The loadings 

weight plot (Figure 42 b) represents the effective loadings directly linked to the 

relationship between X and Y. Both slope and RMSEP define the quality of the model 

fitting the reference data; in this case, their value is reasonably good as the slope value 

of 0.833 and RMSEP value of 5.443 with coefficient R2 (Pearson) value of 0.856 for 550 

mm location. The root mean square error plot (Figure 42 c) demonstrates how fast the 

RMSE value declines with more factors involved. The optimum number of factors 
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employed to create the prediction model is 4-Factors based on the residual variance plot 

(Figure 42 d).  

 

 

Figure 42.  a) Predicted Vs. Reference (B) value. The target line (black) and regression line (red) are indicated b) X-
loadings weight for all the sensors c) Root mean square error plot d) Residual variance plot. 

4.5.5 Conclusions   

• The study was conducted to check the feasibility of the non-intrusive method using 

acoustic spectrum by applying multivariate analysis techniques such as PCA, and PLS-R. 

• Principal Component Analysis (PCA) model discerns the clusters belonging to specific X 

values with the maximum variance in the first principal component (PC1) direction. 

• The accelerometer data provide a better classification model than microphones, as the 

latter shows the variance in both PC1 and PC2 directions. 

• Six PSL-R models were calibrated for mean drop size (SMD). The prediction model works 

best for the 550 mm location indicated by the high slope, low RMSEP, and high 

correlation coefficient (R2) Pearson value. 

•  The RMSEP value for the accelerometers is slightly lower than for the microphones 

proving that only accelerometers provide relatively better prediction than only 

microphones for all the constructed models. 
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4.6 Article 6: Experimental investigation on the spray behaviour of 

bluff body air-assisted atomizer designs. 

4.6.1 Introduction 

In this study, spray characteristics were investigated for the bluff-body atomizer designs 

based on the air-jet diameters. Near-nozzle spray bluff-body dynamics were visualized, 

and intensity contours were plotted to study the bluff-body impacted spray formation. 

The mean droplet size (SMD) and the drop size distribution (DSD) were obtained using 

the laser-based shadowgraphy technique. A novel ring-shaped 120⁰ sector Patternator 

(built in-house) for the atomizer was utilized for measuring the spray distribution 

pattern for examining spray uniformity. 

4.6.2 Methods and materials  

The detailed experimental study employed different bluff-body atomizers with distinct 

air-jet diameters (d) (2.0 mm, 3.0 mm, and 4.0 mm). The cone distance (Lc) is fixed (6.0 

mm) in all atomizer configurations. The airflow study incorporates the shadowgraphy 

technique for visualization of the shock waves and reflected shock fronts above the bluff 

body (cone). Laser-based diffused backlight imaging was employed to visualize the bluff-

body impacted spray region. CMOS-based camera (SA-Z model) was used with a Nikon 

Micro lens with an f/5.6 aperture setting to obtain a FOV of 75 mm x 75 mm with a 

camera resolution (8.36 pixels/mm). The properties of fluid are assumed to be STP 

values such that air viscosity (µg) = 1.8 x 10-5 Ns/m2, surface tension (σ) = 0.072 N/m in 

the current experiments. The mean drop size measurements for the dense spray were 

performed at 300 mm downstream axial location for various radial locations. The Barlow 

lens (2.0x zoom) provided a magnified FOV of 5.488 mm x 5.488 mm with a camera 

resolution of ~186.60 pixels/mm. The spray pattern (radial mass distribution) was 

measured with a conical 120⁰ sector concentric Patternator from which sprayed liquid 

mass is collected in one-litre bins. The bins were then weighed to obtain the liquid mass 

flux per compartment (area-based). The entire process is repeated for each run for 360 

seconds. The mass flux density (in kg/m2.s) contours were plotted sector-wise.  
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4.6.3 Results and discussion  

The spray structure depicts an increase in the fraction of larger droplets as the liquid 

flow rate increases from 100 kg/h to 300 kg/h. For 100 kg/h liquid flow rate, the droplets 

formed in the narrow drop size range, with a more uniform drop size range with 

increased air jet diameter. The spray angle is broader for a higher liquid flow rate (300 

kg/h) for all the atomizers due to the relatively larger liquid momentum imparting higher 

radial momentum after impacting the bluff body (cone). For a given liquid flow rate (200 

kg/h), an increase in the airflow rate results in a slight decrease in the spray angle 

(curved boundary) for all atomizer configurations due to the higher air-jet axial 

momentum/velocity, leading to less spreading in the newly formed droplets flow after 

impacting the bluff body. 

 

Figure 43. Plot Instantaneous high-speed imaging close up (cropped) depicting the spray formation at 200kg/h liquid 
flow rate for various airflow rates. 

 

The intensity contours are generated using the HeatMap Histogram plugin in ImageJ 

(Schneider et al. [109]) on the cropped rectangular region of interest (ROI) of 26 mm x 

23 mm from the larger FOV spray images. The dark blue region denotes the 

ligaments/droplets ejecting out of the spray-bluff body impact. The lighter blue region 

depicts the mist formation, which increases with the increase in liquid loading due to 

high impact momentum, resulting in the large number of finer droplets formed along 

with the bigger droplets for all atomizers. 
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Figure 44. Line plot showing SMD (top row) and RSF (bottom row) against the ALR values at various radial locations 
for all atomizer configurations. 

 

locations (150 mm), respectively due to the highly intense air-liquid interaction in the 

former owing to both spray-bluff body impact and high shearing effect due to the high-

speed airflow. The mild aerodynamic interaction results in bigger size droplets at far 

radial locations. The RSF (Δ) value follows the reverse trend with variation in radial 

locations as the RSF value is maximum and minimum at spray axis location (0 mm) and 

far radial location (150 mm), respectively. Also, the droplet number density is maximum 

at 0 mm and minimum at 150 mm location for all atomizers with maximum and 

minimum values for 4.0 mm atomizer and 2.0 mm atomizer, respectively. The combined 

air-liquid axial and radial momentum (after bluff body impact) dictates the drop size and 

droplet number density at different radial locations as air entrainment and aerodynamic 

drag inhibit the spray spread. 

The spray pattern contours for the sector azimuthally for all atomizer configurations at 

a given liquid flow rate (say, 200 kg/h) with varying airflow rates are plotted in Figure 

45. The trend observed for the ALR is such that for a 2.0 mm atomizer, spray coverage 

decreases gradually with the increase in the ALR value as we move from a 10 kg/h airflow 

rate to a 20 kg/h airflow rate, with a more uniform spray coverage for the lower airflow 

rate. For other atomizers such as 3.0 mm and 4.0 mm,  the spray mass showed a similar 

pattern of decreasing spray coverage with the increase in the ALR, which might be due 

to the bluff body spray impact momentum resulting in a larger number of smaller 

droplets (large by volume) entrained into the recirculation zone below the bluff body. 
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Figure 45. Contour plot for mass flux distribution at various airflow rates at a given 200 kg/h liquid flow rate for all 
atomizers configurations for different airflow rates a) 10 kg/h, b) 15 kg/h & c) 20 kg/h, d) 20 kg/h, e) 30 kg/h & f) 40 
kg/h and g) 30 kg/h, h)  40 kg/h & i) 50 kg/h, respectively. 

4.6.4 Conclusions  

• Droplet number density is higher at the spray centreline location (0 mm) except for the 

3.0 mm atomizer which has comparatively less droplet density. Droplet number density 

decreases as we move along the radial direction away from the spray axis.  

• SMD generally increases with an increase in radial locations, while the relative span 

factor (Δ) follows an inverse trend as it gradually decreases away from the spray 

centreline. 

• DSD and cumulative distribution become wider with the increase in the radial location, 

with broader DSD formed with the increase in air-jet diameter such that 2.0 mm & 3.0 

mm atomizers configuration displayed a more uniform distribution than the 4.0 mm 

atomizer. 

• Excentricity plots showed that droplet excentricity (%) follows an inverse relationship 

with the droplet size such that high diameter droplets have low excentricity (%) and vice-

versa. 
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5 Summary and Conclusion  

5.1 Sheet breakup dynamics study 

The annular sheet breakup dynamics were visually studied using shadowgraph backlight 

imaging along with shadowgraphy imaging for obtaining airflow patterns in two kinds of 

atomizer configurations− converging and converging-diverging (CD) atomizer with an 

air-jet diameter of 3.0 mm. The airflow shock wave patterns indicated the irregular 

pressure distribution that can lead to sudden acceleration or deceleration providing 

wavy sheet breakup in thick sheet (280 µm) or perforated sheet breakup in thin sheet 

(70 µm). The sheet breakup morphology was categorized into various breakup regimes: 

Rayleigh bubble, annular sheet disintegration, ligament type breakup, Jet formation, 

wavy sheet disintegration and pulsating breakup. The ligament stripping mechanism 

was observed at the neck formation region in a three-dimensional manner leading to 

the bursting phenomenon in which radial ligaments shedding around the jet depicted in 

pulsating breakup regime as observed in our study. The sheet bursting phenomenon 

was quantified using dimensionless bursting frequency. Strouhal number (St) increases 

with an increase in the ALR for both 70 µm and 280 µm sheet configuration, with a more 

pronounced effect in the latter case for the CD atomizer. For the same ALR value, St is 

higher for smaller airjet diameter atomizers depicting a more prominent bursting effect. 

The bursting phenomena effect leads to the radial dispersion of the ligaments/globules 

contributing substantially to the spray angle, breakup length (LB) etc. The breakup length 

is affected by the contact strength of the high-speed airjet, which drags the wavy sheet 

(subjected to K-H instability) leading to the perforation, thus detachment of the 

ligaments/globules. Breakup length follows an inverse relationship with the ALR values 

with larger values for thin sheet (70 µm) than for thick sheets (280 µm) due to the high 

sheet axial momentum in the former case. The spray angle increases gradually with an 

increase in airflow rates or ALR values with larger values in CD atomizers than converging 

atomizers with a thick sheet (280 µm) due to the more pronounced bursting effect. The 

whole study has some limitations due to high-speed flow rates as detailed sheet breakup 

visualization would give more insights into sheet instability & breakup mechanics. 
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5.2 Spray dynamics study 

The experimental study for the spray dynamics and spray characteristics was performed 

employing two kinds of atomizers. ND: YAG laser-based high-speed imaging was done 

to visually study the sheet disintegration dynamics. In the smaller FOV images, the 

voids/perforations caused by the shearing action of the high contact strength airjet were 

observed in the CD atomizer, while perforated wavy sheet, azimuthally bursting at the 

neck region was also observed in the converging atomizer. As observed in the larger FOV 

imaging, the liquid stripping mechanism was observed at the spray periphery with a 

wider liquid jet core in the CD atomizer. The spray region was categorized into two 

distinct regions- turbulent region (axial) and aerodynamic (radial). The comparatively 

larger SMD are found for converging atomizers in both regions. For the turbulent region, 

SMD remains within narrow limits, whereas for the aerodynamic region, SMD 

increments as we progress towards the spray periphery due to mildly intense air-liquid 

interaction. The drop size distribution (DSD) is unimodal (non-symmetric) and skewed 

towards smaller droplets with narrower DSD for CD atomizers, especially in the 

turbulent region. DSD spreads out providing an equitable distribution of different size 

droplets for both atomizers in the aerodynamic region, leading to a narrow range of 

relative span factor (Δ) values. SMD has an inverse relationship with ALR, though the 

effect is stronger for the CD atomizer. Further, RSF (Δ) has a near-inverse relationship 

with ALR for converging atomizers in both turbulent and aerodynamic regions. 

The spray characteristics study with an emphasis on drop size parameters was done with 

different air-jet diameters (2.0 mm, 4.0 mm, and 5.0 mm) atomizers. SMD was found to 

be relatively larger for converging atomizers than CD atomizers except for a 2.0 mm 

diameter configuration. SMD follows an inverse relationship with ALR (as observed 

earlier), with a more prominent decrement in SMD value for larger diameter atomizers 

(5.0 mm). DSD is non-symmetric with skewed profiles towards smaller droplets for all 

atomizers. DSD is generally less uniform in the converging atomizers due to the energy 

dissipated by the shear-induced turbulence, with wider distribution, especially in the 

radial location (aerodynamic region). The ALR affects the SMD and DSD such that 

narrower DSD and smaller SMD are observed at high ALR values. 
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5.3 Bluff body atomizer dynamics  

The spray characterization study for the novel bluff-body atomizers with a 3.0 mm 

diameter and various cone distances (Lc) was carried out with a focus on the spray 

structure and the spray drop size parameters. It was conjectured that cone distances (Lc) 

variation and fluid flow rates will govern the secondary spray dynamics. The high-speed 

air interacts with the bluff-body influenced reflected shock waves leading to mist-like 

droplets in addition to larger ligament structures at the spray centreline. The mean drop 

size (SMD) generally increases with an increase in a radial location with a maximum SMD 

value at 150 mm due to the entrained smaller droplets below the bluff body region as 

high droplet number density was observed at the centre. The excentricity plots hint at 

the intensity of bluff-body dynamics and air-liquid interaction intensity as a larger 

fraction of high excentricity droplets formed at the spray centreline, while near-

spherical droplets are formed at far radial locations. The relative span factor (Δ) follows 

an inverse trend as it decreases away from the spray centreline also depicted as larger 

SMD values correspond to smaller RSF (Δ) values and vice-versa.   

Further study was performed to study the effect of airjet diameters (2.0 mm, 3.0 mm, 

and 4.0 mm) on the spray characteristics parameters. Droplet density was found to be 

maximum at the spray centreline with decreasing droplet density as progress towards 

the far-radial direction. SMD is minimum at the spray centreline due to the reasons 

mentioned above and increases with an increase in the radial location from the spray 

centreline due to the milder aerodynamic interaction at far-radial locations for all 

atomizers. RSF (Δ) follows an inverse trend as it gradually decreases away from the spray 

centreline. Low RSF (Δ) values at far-radial locations indicate the comparably larger 

equisized droplets as depicted by the fact that larger droplets follow the bluff body 

streamline after impacting the cone, whereas smaller droplets are entrained into the 

recirculation region below the bluff body (cone). Droplet size distribution (DSD) and 

cumulative distribution become wider with the radial locations, with broader DSD with 

the increase in air-jet diameter such that 4.0 mm atomizer displayed less uniform 

(narrow) distribution. The spray pattern spread increases with the increase in liquid 

loading and with the decrease in the ALR value. 
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5.4 Spray characteristics prediction using acoustics approach  

The prediction of sheet breakup regimes/modes and spray characteristics (mean drop 

size) was carried out using PAT based acoustic chemometric approach. The feasibility 

study was conducted with the main objective of fluid flow classification (breakup 

regimes) based on the dimensionless number, whose unique value corresponds to 

breakup regimes. The acoustic chemometrics comprises obtaining acoustics 

measurements using sensors (type 4518 accelerometers) in three axes. The signal 

conditioning system, DAQ from National Instruments (NI USB-6363), and personal 

laptop with LabView interface were used. The multivariate analysis techniques (PCA, 

PLS-R) were employed after post-processing the frequency signal data. PCA score plots 

depict each colour-coded cluster belonging to different breakup regimes. PLS-R model 

prediction based on the acoustic frequency spectra (calibrated and test set validated) 

shows the model fitting well with the reference data such that both slopes with a value 

of 0.76 and RMSEP value of 2.32 fall within reasonable limits.  

The combined PAT-based data fusion approach utilizing both accelerometers and 

microphones (Veco Vansonic PVM-6052-5P382) was tested for spray characteristics 

prediction (mean drop size). Mean drop size (SMD) was measured using the laser-based 

shadowgraphy technique at six different locations obtained for various non-dimensional 

number values. Mean-centred Score plots showed the increasing trend for non-

dimensional numbers from low flow rates to higher flow rates. Loading plots depict the 

significant influence of accelerometers over microphones since loading values are larger 

in the former. The accelerometer data provide a better classification model than 

microphone data as the maximum variance is in the first principal component (PC1) 

direction for the former. Six PLS-R prediction models were fabricated for SMD against 

various non-dimensional number values. The predicted model works best for the 550 

mm location as indicated by the high slope, low RMSEP, and high correlation coefficient 

(R2) values. The optimal number of factors generally is 4−5 with the RMSEP values 

between 10 to 15 % for the mean drop size. The errors in the model prediction increase 

as we move along the radial as well as axial location. The accelerometers provide better 

prediction capability than microphones for all the predicted models. 
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5.5 Summary and Perspective 

The present study described the experimental study of air-assisted atomizers 

(converging and converging-diverging (CD) atomizers) with an annular sheet 

configuration around the central air core.  Firstly, the study on the sheet breakup 

mechanism was carried out. Various breakup regimes/modes were observed for 

different fluid flow rates. The bursting phenomenon was found to be dictating the sheet 

breakup leading to the spray formation, especially at higher ALR values. Different sheet 

breakup parameters (such as Breakup length (LB), Spray angle) were also studied for 

different air-jet diameter atomizers. The near-nozzle spray formation dynamics along 

with the far-field spray dynamics were also studied with a focus on the spray mean 

droplet sizes (SMD). The PAT-based acoustics chemometrics approach was employed 

for the prediction of flow parameters (breakup regimes) and spray parameters (SMD). 

The range of droplet sizes was quantified by a  single entity called the relative span factor 

(Δ). The droplet size distribution (DSD) and cumulative distribution were also plotted for 

many combinations to compare the different atomizer configurations. The bluff-body 

atomizers were studied with two different classes- first, based on the cone distance (Lc) 

and second, based on the air-jet diameter. The spray parameters were studied and 

compared among different atomizer configurations. The air-liquid interaction along with 

the bluff body impact dynamics dictates the spatial distribution of spray droplet shape 

& sizes. The spray pattern spread was measured using the patternation technique to 

compare the different airjet diameter atomizers based on different flow rates.  

The spray dynamics study for the simpler atomizer designs does not include different 

sheet thicknesses which may affect the sheet breakup dynamics. The droplet size-

velocity correlations are also missing in this study. Some limitations with these 

atomizers' design are such that the gap between air and liquid sheet was quite large in 

the sheet breakup study and also the sheet filming has few demerits due to the high-

speed two-phase flows involved. In the bluff-body atomizers, the spray density was 

quite high to mitigate fully the uncertainties in the spray parameters measurements. 

The atomizers with different bluff body (cone) angles were not considered in our study, 

which can be considered for further spray characterization studies in future work.    
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Abstract The experiments in the present work have been performed to examine the effect of high-speed air-
jet, ejected from the converging or converging–diverging (CD) atomizer on the annular sheets of 70 lm and
280 lm thickness. Different orifice diameters (2.0 mm, 4.0 mm and 5.0 mm) for the airflow were utilized.
Two imaging techniques were employed- shadow imaging to visualize the air jet and backlight shadow
imaging to study the primary breakup of the sheet. The difference in the sheet breakup mechanics is
discerned due to the peculiar flow dynamics of the converging and converging–diverging (CD) jets, as in the
former case, initially Prandtl–Meyer expansion waves were formed, while an oblique shock pattern was
observed in the latter. The interfacial contact strength is the governing factor in the breakup dissimilarity in
the location of the neck formation region. The stripping mechanism is observed in both converging and
converging–diverging (CD) atomizers. The bursting phenomenon was also observed, and the bursting
frequency was measured and non-dimensionalized using sheet thickness and sheet velocity. Strouhal
number (St) showed an increasing trend with the increase in the air-to-liquid ratio (ALR) for both types of
atomizers. The bursting phenomenon is more pronounced in converging–diverging (CD) atomizers, cor-
roborated by the larger Strouhal number (St) values.

Keywords Air-assist atomizer � Annular sheet breakup � Bursting phenomenon � High-speed flows

1 Introduction

Air-assisted atomizers are widely used in several applications, from spray drying to dust control, gas turbine
combustors, to liquid fuel burners (Lefebvre and Mcdonell 2017). The liquid is formed either in the form of
jets or sheets. However, the atomization process with both sheet and jet is due to the aerodynamic effect
leading to instabilities to grow and the liquid turbulence at high Weber number (We) (Dumouchel 2008).
The first studies by Dombrowski and Fraser (1954) on the fan sheet breakup showed three modes of the
breakup: rim, wavy-sheet, and perforations which all give rise to different ligament diameters thus different
droplet sizes distribution. Flat sheet breakup was studied employing instability analysis by Squire (1953),
and Hagerty and Shea (1955) and found out the air–liquid interaction produces unstable waves with the most
disturbance wavelength, which is closely related to physicochemical properties such as density (q), viscosity
(l), and surface tension (r) in addition to the relative velocity of two fluids. Rizk and Lefebvre (1980)
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studied the sheet thickness effect and found that high viscosity liquids & high liquid flow rates result in
thicker sheets and dampens out the wavy-sheet breakup formation for sheet disintegration. Sheet thickness
also plays an important role in further ligament disintegration, and globules/droplets formation as the
resultant droplet formation size (D) is proportional to the sheet thickness (t)0.4 and linear nozzle size scale
(L)0.4 if sheet thickness is considered proportional to the nozzle scale (El-Shanawany and Lefebvre 1980).
The studies (Hashimoto 1994) indicated that liquid viscosity also affects the sheet breakup length as it
decreases with either an increase in liquid viscosity or an increase in relative velocity. Most studies
(Mansour and Chigier 1990; Carvalho et al. 2002; Barreras et al. 2006) focused on the planar sheet studies
due to the accessibility to optically visualize the planar sheet. These studies primarily focused on sheet
mechanics in terms of the distinct breakup zones based on the sinuous and varicose modes for the Kelvin–
Helmholtz instability on the sheet surface. Some studies (Stapper 1992; LaVergne et al. 1992) further
classified sheet breakup into different regimes: stretched streamwise ligament and cellular breakup.
Depending on the cellular structure breakup (Park et al. 2004) found two distinct wave motions—single-
phase wave (2D sinuous) rupturing in the streamwise direction and multi-phase wave (3D) rupturing
chaotically through elliptical cell formation. (Yule and Vamvakoglou 1999) introduced the concept of active
instability (Kelvin–Helmholtz instability) in the liquid sheet itself and passive instability due to the insta-
bilities (eddies) in the air interacting with the liquid sheet. According to Lozano and Barreras (2001) and
Lozano et al. (2005) the sheet oscillations can cause boundary layer separation forming detached vortices,
which can cause pressure difference leading to flapping motion of the sheet, which leads to abrupt sheet
atomization. This sheet oscillation frequency decreases with the square root of the sheet thickness. With
advancements in high-speed imaging systems and laser techniques, annular sheets were visually analyzed to
study breakup mechanics. It is shown that the annular sheet is more conducive for atomization than the jet
(Leboucher et al. 2007). The air flowing inside or outside of the sheet is categorized into inner air and outer
air configuration. Berthoumieu and Lavergne (2001) investigated the role of sheet thickness on the breakup
mechanism and found that thicker sheets have lower oscillation frequencies and wider ligament spacing.
The annular sheet is better than the planar as ligament spacing is smaller in the former case. Also, the inner
air configuration is more effective in the atomization process. It promotes sheet instability (Cao 2003),
leading to shorter breakup lengths and more uniform sprays (Fu et al. 2003). Kendall (1986) did visual-
ization study to obtain spherical shells through encapsulation process through periodic formation (Rayleigh
regime) of bulbous-like structures. Depending on liquid and gas flow rates, earlier studies (Choi 1997;
Carvalho and Heitor 1998) observed different breakup modes including Rayleigh, Bubble-breakup, Film/
ligament, Ligament shattering, Prompt atomization, and Pure-Pulsating modes based on the gas velocity.
Leboucher et al. (2010) considering the relative air-to-liquid momentum ratio, proposed that the periodic
‘‘Christmas tree’’ regime (also observed in Adzic et al. 2001), depicted by high gas momentum and
moderate liquid momentum, is the most effective for breaking the liquid sheet into small droplets as it leads
to uniform sprays due to an increase in spray angle radially. Duke et al. (2012) investigated the nonlinear
instabilities in annular sheets observed two kinds of instabilities: free shear layer (sinusoidal and nonlinear)
and rupturing instability (non-sinusoidal), modulated on the first instability, physically represent such that
the instability moves outward as surface moves inward. In a recent study, Zhao et al. (2015) also proposed
classification into three regimes—Bubble (shell), Christmas tree (cellular), and Fiber breakup depending on
the morphological differences. But all the mentioned studies were performed without any consideration of
the air-assisted atomization mechanism. Kihm and Chigier (1991) and Kim et al. (1998) investigated the
concept of sonic air jet atomization to study the atomization effectiveness through employing underex-
panded jet flows (expansion waves). Though, droplet size measurements showed a positive trend with
involvement of shock patterns, there is a need to examine the use of supersonic air jets (with shock waves
pattern) with the goal of better atomization. The main objective of this study is to scrutinize the primary
breakup dynamics in the near nozzle region for various atomizer design parameters using converging
atomizer and converging–diverging (CD) atomizer, as they both depicts unique jet flow dynamics. Thus, an
extensive experimental study was carried out to examine the novel twin-fluid air-assisted atomizer with
various working conditions incorporated in this work.

2 Materials and methods

The primary breakup study was conducted using two imaging techniques—shadow imaging and backlight
imaging technique. Shadowgraph imaging was used for the visualization of high-speed air-jet from atomizer

R. Sikka et al.



core, and backlight shadow imaging was employed for the breakup study to gather insight into annular sheet
breakup dynamics in two kinds of atomizers, namely, converging and converging–diverging (CD) air-
assisted atomizers with different inner orifice (throat) diameters (say, 2.0 mm, 4.0 mm, 5.0 mm) with high-
speed core airflow (Fig. 1). The experiments were carried out in the in-house built test rig.

2.1 Shadow imaging

Led Light (3 Watt power) was used as a light source, the emitted light then passed through a collimated
illuminator lens (Opto engineering) of 100 mm diameter, which provides reduced edge diffraction effects
and uniform illumination, then light after going through high-speed air-jet were collected by another
telecentric lens which is connected to the Photron SA-Z camera at the end. The schematic diagram and the
shadowgraph setup are shown in Fig. 2. Shadowgraph imaging was performed at 21,000 frames per second
with a shutter speed of * 50 ls.

2.2 Backlight shadow imaging technique

Backlight shadow imaging (Fig. 3a) was employed to study the sheet breakup dynamics in both types of
atomizers. The atomizers: converging and converging–diverging (CD) air-assisted atomizers (Fig. 3b) with
inner orifice (throat) diameters (say, 2.0 mm, 4.0 mm, 5.0 mm) and with air flowing through the core and
liquid was injected in a coaxial arrangement through an annular gap between the cap and centre part, the
assembled atomizer was connected at the end of the lance mounted onto the traversing system. The exit
diameters in all converging–diverging (CD) atomizers are 6.0 mm. Two different size caps were used to
study the sheet thickness’s effects in the breakup process, providing 70 lm and 280 lm sheet thicknesses
with ± 5 lm uncertainty. The experimental setup (schematic) for the backlighting shadow imaging tech-
nique for the primary breakup study is displayed in Fig. 4.

Fig. 1 Schematic diagram of the converging and converging–diverging (CD) atomizer and the cap

Fig. 2 a Schematic diagram of the shadow imaging set up b Experimental setup
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2.3 Working procedure

The liquid (water), before it was pumped through the hose, was filtered. The liquid mass flow rate was
regulated by altering the frequency. Flow rates relative to a certain frequency were calibrated to know the
uncertainty (\ 1%) for a certain mass flow rate. The in-house installed compressor with a maximum
capacity of up to 100 psi (7.0 bar (g)) provided the compressed air. Both air and water flow rate mea-
surements were performed incorporating the Coriolis type flowmeter. After it ejected out, the spray water
was collected in a box container before it drained out through a pipe connected to a reservoir, through which
water was again pumped into the lance, thus forming a closed cycle. The backlight shadow imaging
technique was adopted to provide the necessary insight into the breakup dynamics near the atomizer outlet.
Two halogen lights from Dedolight Dedocool, 250 W each, and the thin diffuser screen provided a diffused
uniform illumination for the image recording. Photron CMOS-based high-speed camera SA-Z model with
200 mm Nikon Micro-lens was employed to acquire a field of view (FOV) of 15 cm 9 15 cm dimension at
the frame rate of 21,000 frames per second with a shutter speed of * 25 ls for the flow rates employed.
Due to the illumination light limitation, though the frame rate did not obtain instantaneous images selected
as per the Nyquist sampling criterion, images were still captured quasi-instantaneous for most cases, renders
imaging good enough for the primary sheet breakup study. Water and air were used as working fluids. The
properties of fluids are assumed as per the tabled values at NTP (20 �C) such that liquid viscosity
(l) = 1.0 9 10–3 Ns/m2, surface tension (r) = 0.072 N/m in the current experiments. The liquid flow rate
was kept constant at 100 kg/h with the corresponding liquid Weber numbers (Wel) of 17.24 and 68.97 for
280 lm and 70 lm sheets.

The airflow rate varied from 10 kg/h to 60 kg/h, corresponding to the air-to-liquid mass ratio (ALR)
ranging from 0.10 to 0.60. The core airflow was choked in all the cases employed based on the pressure
values (Pt) measured upstream of the nozzle, starting from low airflow rates (say, 10 kg/h) for the 2.0 mm
orifice (throat) diameter case to higher airflow rates (say, 40 kg/h) for the 5.0 mm orifice (throat) diameter
case based on the images obtained through shadowgraph imaging. The distance between the nozzle air jet
orifice and sheet outlet was 3.0 to 6.5 mm, depending on the nozzle employed. The design Mach number
(Mdesign) and corresponding pressure (pt) (based on the nozzle exit area to throat area ratio (A/A*) assuming
isentropic flow relations) (Liepmann and Roshko 2001) are depicted in Table 1. The maximum operational
Mach number (M) values based on the pressure-mach number (Pt- M) relation employed are 1.88, 1.58, and
1.52 for the 2.0 mm, 4.0 mm and 5.0 mm, respectively.

Fig. 3 a Backlight Imaging setup with spray b) atomizer with cap (top) and assembled atomizer (bottom)
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Fig. 4 Schematic diagram of the shadow backlight imaging set up along with the process flow

Table 1 Test cases for operational Mach number (M) and pressure (Pt) ranges

Atomizer
diameter (mm)

Exit-area-to-throat area
ratio A/A*

Mach number
(Mdesign)

Pressurea

(Ptdesign)
Operational Mach
number range (M)

Operational Pressurea

range (Pt)

2.0 3.0 2.63 21.1 1.25–1.87 2.60–6.45
4.0 1.5 1.85 6.30 1.13–1.59 2.21–4.18
5.0 1.2 1.53 3.86 1.07–1.52 2.06–3.79
aIn bar(g)

Table 2 Test cases for flow visualization and bursting frequency calculation

Airflow ratea Water sheet

Conv/CD 70 lm 280 lm

Nozzle type 2.0 mm 4.0 mm 5.0 mm Ub Re We Ub Re We

Case 10 30 40 8.40 589.57 68.97 2.10 589.57 17.24
15 40 50 8.40 589.57 68.97 2.10 589.57 17.24
20 50 60 8.40 589.57 68.97 2.10 589.57 17.24

aIn kg/h; bin m/s
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Fig. 5 Prandtl Meyer expansion waves with Mach disk observed in converging atomizer for 2.0 mm at airflow rates (kg/h)
a 10 b 15 c 20, for 4.0 mm at airflow rates (kg/h) d 30 e 40 f 50 and for 5.0 mm at airflow rates (kg/h) g 40 h 50 i 60

Fig. 6 Oblique shock waves with Mach disk observed in converging–diverging (CD) atomizer for 2.0 mm at airflow rates (kg/
h) a 10 b 15 c 20, for 4.0 mm at airflow rates (kg/h) d 30 e 40 f 50 and for 5.0 mm at airflow rates (kg/h) g 40 h 50 i 60
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where P (= 1 bar (g)) is ambient pressure, c (= 1.4) is the ratio of specific heats.
The dimensionless numbers for the employed liquid sheet cases are listed in Table 2.
Reynolds number based on the sheet thickness (t) is defined as

Re ¼ qUt
l

where q is liquid density, U is sheet velocity, t is sheet thickness, and l is viscosity.
Weber number based on the sheet thickness is defined as

We ¼ qU2t

r

where q is liquid density, U is sheet velocity, t is sheet thickness, and r is surface tension.
The air-to-liquid mass ratio (ALR) is defined as

ALR ¼ mair=mliquid

where m in kg/h.

Fig. 7 Showing the primary breakup for both 2.0 mm atomizer configuration with (I) 70 lm and (II) 280 lm sheet thickness
at a water flow rate of 100 kg/h with various airflow rates a and d 10 kg/h, b and e 15 kg/h and c and f 20 kg/h
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3 Results and discussion

The shadow images of the high-speed air-jet ejected out of the converging atomizer reveal that the choked
nozzle after reaching a certain flow rate establishes an underexpanded flow, resulting in the Prandtl–Meyer
expansion fan formation. The expansion waves are accompanied by a Mach disk due to its flow develop-
ment, as shown in Fig. 5. The Mach disk’s location indicates the flow rate or the stagnation pressure at
which the nozzle is operated. Increasing the airflow rate compresses the air to the extent where it is highly
underexpanded at the nozzle exit. This higher underexpanded flow leads to the downstream movement of
the Mach disk (see Fig. 5i) for all the atomizer cases employed with flow rates ranged from 10 kg/h for
2.0 mm atomizer to 60 kg/h for 5.0 mm atomizer case. The flow undergoes alternate Prandtl–Meyer
expansion waves and oblique shock formation forming a shock diamond. The location of the air-sheet
interaction affects the breakup dynamics of the sheet. The underexpanded flow in the converging atomizer is
dynamically different from the overexpanded flow encountered in the converging–diverging (CD) atomizer
due to the initial formation of the oblique shock waves (Fig. 6) in the latter case. The primary difference in
their initial atomization is that the advent of the air-sheet interaction is either with the oblique shock wave or
the expansion waves in converging or converging–diverging atomizer, respectively. The major difference in
the flow dynamics of the two flows is in that of the contact strength, due to which flow contracts or diverges.
Due to their low contact strength, the expansion waves diverge more than the high contact strength oblique
shock waves (Kim et al. 1998). This contact strength will eventually affect the liquid sheet’s primary
breakup and resultant ligament structures or droplet size distribution. The oblique shock location also moves
downstream with an increase in the airflow rate or stagnation pressure, similarly to the converging atomizer
case. The ‘‘double diamond’’ pattern was observed for low airflow rates (Fig. 6c and d), which may be a
result of the conical converging–diverging (CD) nozzle as mentioned in (Munday et al. 2011).

Fig. 8 Showing the primary breakup for both 4.0 mm atomizer configuration with (I) 70 lm and (II) 280 lm sheet thickness
at a water flow rate of 100 kg/h with various airflow rates a and d 30 kg/h, b and e 40 kg/h and c and f 50 kg/h
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The high-speed air and liquid sheet interaction were visualized for the primary breakup for the sheet
thicknesses of 70 lm and 280 lm for converging and converging–diverging (CD) atomizer configuration
for a 2.0 mm diameter case as depicted in Fig. 7. The breakup process is composed of multitudes of
processes; the perturbations caused due to the irregular pressure distribution by shock waves pattern
amplifies and forms waves of symmetric or anti-symmetric origin on sheet. Though the breakup of the sheet
is a quasi-periodic, transient process, images taken at any instant give a physical interpretation for the
breakup mechanism. For the thin sheet (say, 70 lm), the breakup location or the neck formation region
shifts closer to the nozzle with an increase in the airflow rates. The air–liquid interaction increases slightly,
due to which perforations formed on the sheet surface (Fig. 7Ic) for the converging atomizer case. The
contact strength effect can be seen as the sheet breaks at a more downstream location for the converging–
diverging (CD) atomizer case. The perforations or holes are also formed (Fig. 7If) at higher airflow rates
(say, 20 kg/h) due to the air-jet’s higher interface strength, thus rupturing the sheet azimuthally. The sheet is
elongated in the axial direction for the converging–diverging (CD) atomizer case, which might be due to the
same interface strength effect. For the relatively thicker sheet (say, 280 lm), the surface waves formed at
the outer periphery of the sheet, narrowing down to the neck region, after which breakup occurs, leading to
the ligament structures formation. For the converging atomizer case, at higher flow rates, these waves also
led to the ‘‘rim’’ breakup leading to the formation of thin jets, and further breakup like the Rayleigh breakup
of a jet forming droplets of the size of the jet diameter shown in (Fig. 7IIc). The corrugations/waves became
wavier in the converging–diverging (CD) atomizer case because it has higher contact strength. The sheet
elongation is also observed with the thicker sheet (280 lm). The stretched streamwise ligament and wavy

Fig. 9 Showing the streamlines pattern (in color) at airflow rate and water flow rate of 40 kg/h and 100 kg/h, respectively, for
both converging and CD atomizer configuration (5.0 mm)
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sheet breakup, including the chaotically rupturing of the sheet in a three-dimensional manner, is observed
with a thicker sheet (280 lm) as observed for the planar sheet (Park et al. 2004), whereas perforation-like
breakup was observed in a thinner sheet (70 lm) configuration like observed in fan sprays (Dombrowski and
Fraser 1954). The initial ligament and droplet size are related to the sheet’s thickness (Rizk and Lefebvre
1980); thus, a thinner sheet resulted in tiny or smaller droplet sizes relative to the droplet sizes formed in the
thicker sheet. In all the cases, the sheet breaks up in a periodic ‘‘bursting phenomenon.’’ The bursting
frequency was measured using an image processing tool discussed later.

In the 4.0 mm atomizer configuration (Fig. 8), the sheet breakup process was similar to the 2.0 mm
atomizer case. The near-nozzle images depicted the formation of the bulbous structure before the bursting
phenomenon happens. For the thin sheet (70 lm), the sheet ruptures while the perturbations grow on the
periphery. These perforations are visible in both converging and CD atomizers, and the effect is more
pronounced in the former case (Fig. 8Ia). The bursting phenomenon in the neck region happens closer to the
nozzle than the 2.0 mm atomizer leading to a shorter breakup length. The tiny droplets are formed due to the
stripping of the neck region caused by the shearing stress attributed to the high dynamic pressure of the jets.
The change in airflow direction by the jet waves pattern might cause this stripping mechanism (Fig. 8If) to
be analogous to the boundary layer stripping mechanism observed in the liquid jet flowing inside the high-

Fig. 10 Schematic for the bursting frequency measurement a) raw image b cropped (near nozzle image) with line ROI
(yellow) c kymograph d intensity (grayscale) value plot on the kymograph line for 100 frames

Fig. 11 The Strouhal number (St) against the air-to-liquid ratio (ALR) for the 280 lm sheet thickness
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speed air-jet boundary (Issac et al. 1994). The energy transfer from the high-speed gas to the liquid sheet
disturbances in the form of sheet thinning leads to perforations or holes in a thin sheet (70 lm) or a wavy
sheet in a relatively thick sheet (280 lm). For the thicker sheet (280 lm), the pressure imbalance caused the
sheet to bend inwards close to the nozzle; this also attributed to the fact that it has less inertial momentum
than the 70 lm sheet. Though waves are formed on the periphery, sheet rupturing is also observed, espe-
cially in converging atomizer (Fig. 8IIc) due to the intense shearing action by the gas on the wavy sheet. In
the converging–diverging (CD) atomizer (Fig. 8IIb), filaments/ ligaments were stripped below the neck
region in a three-dimensional manner pertaining to the bursting phenomenon observed due to the stripping
action caused by the high-speed jet waves pattern. The radial ligament pattern around the axial jet depicts
the Christmas-like breakup pattern, also observed in (Leboucher et al. 2007). The shearing effect is also
visualized, employing the image processing technique for the 5.0 mm atomizer.

The streamline pattern for converging and converging–diverging (CD) atomizers for a 5.0 mm diameter
configuration is depicted in Fig. 9. The streamlines pattern reveals how the sheet profile evolved with time.
The images were captured at a regular interval of 0.475 ms. The streamlines patterns were generated using
the Flow trace (Gilpin et al. 2017) plugin in Fiji, which primarily uses an experimental stack of 100 frames,
and 30 frames were selected for the streamline generation by iteratively taking the maximum (or minimum)
intensity projection of small groups of successive frames/images to generate sequential images showing
streamlines (pathlines) at different times depicted in colors (white, blue and red). The blue color streamline
depicts the event in the past frames; red provides the information about a recently occurred event, and
tainted white gives the current information in that particular frame. Instantaneous images might have thicker
or thinner streamlines in both types of atomizers based on the location and intensity of air-sheet interaction.
The streamlines generated by sequential images resulting in the motion streaks, depicting the rapid change
in the pathlines due to the air jet contact strength. In the CD atomizer, the air jet tends to drive the sheet
more rapidly due to its contact strength, thus evincing higher shear stress. The streamlines pattern (in color)
depicts the shearing stress action by the air-sheet interaction. In the converging atomizer case, streamlines
(colored) are relatively thin, hinting the less shearing action due to the air jet’s low contact strength. The
shearing action of the air and the liquid sheet in the converging–diverging (CD) atomizer is more pro-
nounced due to the high contact strength discerned by the thick (colored) streamlines.

The sheet bursting phenomenon was visually observed, and bursting frequency was measured using the
kymograph plugin in Fiji. Kymographs are just space–time plots over the x, and y-axes, respectively. It is
used for motion analysis through kymograph plugins preinstalled in Fiji (Schindelin et al. 2012). The stack
of 100 images in time was cropped with a rectangular region of interest (ROI) near the atomizer exit. A line
was taken as ROI for the kymograph generation; then, the grayscale intensity value plot was drawn with
values (0 for black and 255 for white), as illustrated in Fig. 10. The kymograph (Fig. 10c) depicts the time
series of all 100 frames in the y-axis. The grayscale intensity plot (Fig. 10d) shows the instantaneous
intensity values along the line drawn (yellow) for all 100 frames starting from top to bottom. The

Fig. 12 The Strouhal number (St) against the air-to-liquid ratio (ALR) for the converging–diverging (CD) atomizer
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fluctuations of the bright (high) and dark (low) intensity values were captured in the grayscale plot, thus
providing the corresponding alternating peaks and troughs. The multi peak-to-peak distance was measured
and averaged to distinguish the number of frames between the bursting phenomenon. Each frame corre-
sponds to a certain time of 23.75 lsec. The bursting frequency (f) was obtained by taking the reciprocal of
the number of frames between multi peaks averaged per corresponding time. This bursting frequency (f) was
non-dimensionalized using sheet velocity (U) and sheet thickness (t) to obtain the Strouhal number (St).

Strouhal number is defined as

St ¼ ft

U

The non-dimensionalized frequency is plotted against the air-to-liquid ratio (ALR) for the 280 lm sheet, as
shown in Fig. 11. Strouhal number (St) increases with an increase in the ALR value for all atomizer
configurations. The non-dimensional frequency value is maximum for the 5.0 mm atomizer and minimum
for the 2.0 mm atomizer. The larger Strouhal number corresponding to the converging–diverging (CD)
atomizer indicates the more pronounced bursting phenomenon due to the sudden acceleration and decel-
eration of the airflow, and the air jet’s high contact strength aggravates the sheet instability. The Strouhal
number (St) was plotted against the air-to-liquid ratio (ALR) for converging–diverging (CD) atomizer
configurations to observe the effect of sheet thickness quantitatively in Fig. 0.12. The non-dimensional
frequency value (St) is lower for the thinner sheet (70 lm), corresponding to the higher sheet velocity and
axial momentum. The Strouhal number value is significantly larger in the thicker sheet (280 lm), corre-
sponding to the lower sheet inertia and waves on the sheet surface, leading to narrower neck region
formation and more pronounced bursting with a higher frequency. The bursting frequency increases slightly
with an increase in ALR values for the thinner sheet, whereas the bursting frequency increases rapidly for
the thicker sheet with an increase in ALR value.

4 Conclusion

This study demonstrates that the primary breakup mechanism of annular sheets in a converging atomizer
differs from that in a converging–diverging atomizers. The high-speed air-jet ejected out, forming either
oblique shock or expansion fan waves, plays an important role in the sheet breakup process. The dissimilarity
in jet’s behavior in terms of contact strength causes the sheet to break up distinctly, forming neck regions at
different axial locations. The low contact strength of the air jet coming out of the converging atomizer causes
the sheet to form the neck region early, while the high contact strength of the air jet coming out of the
converging–diverging (CD) atomizer dragged the sheet axially, thus delaying the neck-formation region. For
the thin sheet (70 lm), perforations or holes were formed on the sheet surface for both the 2.0 mm converging
and converging–diverging (CD) atomizer. Perforations or sheet rupture were observed even for thicker sheet
(280 lm) in 4.0 mm converging atomizer, whereas wavy edges were observed for converging–diverging (CD)
atomizer. The surface waves formed on the sheet causing the sheet to rupture in a chaotic three-dimensional
manner forming stretched-streamwise ligaments in the thicker sheet (280 lm). The streamlines pattern was
visualized through the Flowtrace plugin, which shows the shearing stress acting between the sheet and the
high-speed air. The bursting phenomenon was observed for all the discussed cases. The sheet bursting
frequency was measured after the neck region through the kymograph’s grayscale intensity plots, which turns
out to be higher for CD atomizers. Bursting frequency was non-dimensionalized to obtain the Strouhal number
(St). Strouhal number (St), when plotted against the air-to-liquid ratio (ALR) for all throat diameter cases,
shows a gradual increase in St value with an increase in ALR values for thinner sheet (70 lm). In comparison,
a rapid increment was observed for thicker sheet (280 lm) with the increase in air-to-liquid ratio. Further
research will be performed to quantitatively study the effect of converging and converging–diverging (CD)
atomizer configurations on the droplet sizes pattern and droplet size distribution in the spray.
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Featured Application: Sonic twin-fluid atomizers are used in industrial applications as high viscos-
ity liquids (diesel) or molten metals employing high-speed airflows for efficient atomization.

Abstract: The present study compares two twin-fluid atomizer concepts based on the airflow (shock
waves) pattern obtained through shadowgraph imaging for atomization of water with a low air/water
pressure supply. The research work was conducted using the backlight imaging technique for
converging (sonic) and converging–diverging (supersonic) air-assist atomizers with a 3.0 mm (throat)
diameter. An annular sheet of thicknesses 70 µm and 280 µm with a high-speed air-core was
employed to study the breakup dynamics for different water mass flow rates (100–350 kg/h) and
air mass flow rates (5–35 kg/h). Different sheet breakup patterns were identified as the function of
the ALR ratio (air-to-liquid mass flow), liquid Weber number (WeL), and Reynolds number (Reg).
Different breakup modes extend from canonical Rayleigh bubble breakup, ligament-type breakup,
to the pure pulsating breakup via annular sheet disintegration. The sheet breakup dynamics were
studied in terms of spray angle and breakup length. With higher ALR values, breakup length
showed a decreasing trend, while spray angle showed an increasing trend in the converging and
converging–diverging (CD) air-assist atomizers, respectively, owing to the drastic difference in the jet
flow dynamics.

Keywords: sonic air-assist atomizers; sheet breakup; breakup morphology; annular sheet

1. Introduction

Twin-fluid atomization is widely used, especially for heavy (viscous) Newtonian
fluids or non-Newtonian fluids. The merit of a twin-fluid atomizer is low-pressure require-
ments compared with the mechanical counterpart, at the expense of an external source
of atomizing fluid (air) for high-speed twin-fluid interaction. Earlier studies showed that
a sheet breakup is more optimal for good atomization than a jet breakup [1]. Many re-
searchers have studied sheet breakup, mainly in two types—flat sheets or annular sheets.
However, flat sheets gained more attention in the early days because of their classical
problem structure. Lately, the annular sheet has also received some attention. Two major
distinctions were thoroughly studied—inner air and outer air configuration, in which inner
air is proven to be more effective in promoting sheet instability [2,3].

Based on the inner/outer air velocity or momentum, many modes or breakup patterns
were identified. Kawano et al. [4] investigated the sheet breakup and found two modes
based on a critical air velocity—liquid lump and liquid film. Choi et al. [5] observed three
breakup modes—Rayleigh, bubble-breakup, and pure-pulsating depending on relative air
and liquid rates. A photographic investigation by Adzic et al. [6] categorized breakup into
Kelvin–Helmholtz (a new regime–christmas tree), cellular, and atomization. Three flow
regimes for the annular jet breakup process have been identified by Li et al. [7], i.e., bubble
formation, annular jet formation, and atomization. Ligament spacing is wider for thick
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sheets, especially in an annular sheet case such as that investigated by Berthoumieu et al. [8].
Leboucher et al. [3,9] thoroughly studied the breakup based on air–liquid momentum and
found modes such as Rayleigh, bubble, christmas tree, and pure pulsating. Zhao et al. [10]
discerned the breakup modes—bubble, christmas tree (cellular), and fiber breakup—based
on morphological differences. Recent studies [11,12] also employing the central air core
demonstrated that the swirling of annular liquid sheets does not significantly influence the
sheet breakup dynamics. However, these studies were performed without considering the
air-assist mechanism. Kihm et al. [13] and Park et al. [14] first investigated the sonic atom-
ization concept to study effective atomization with a liquid jet using shock wave dynamics
in underexpanded or overexpanded flows. Though the Sauter mean diameter decreases
after the advent of shock patterns, it still questioned the use of a transonic or supersonic jet
with the aim of optimal atomization. Lately, some researchers [15] have studied the gas
flow field distribution effects of transonic flow on the liquid metal atomization, finding
that the higher gas flow velocity in converging–diverging (CD) atomizers results in smaller
particle sizes.

This study aims to discern the various breakup modes or patterns in light of effective
atomization using sonic and supersonic flow, as they depict different shock dynamics.
This paper contains the experimental findings using a novel concept of sonic atomization
employing an annular liquid sheet, whereas earlier studies employed a two-dimensional
sheet [13] or jet [16]. Different breakup modes of the liquid sheet with co-flow air were
observed and subjected to different air and water flow rates (air-to-liquid ratio (ALR)).
Spray breakup dynamics was investigated in terms of spray angle and breakup length with
different sheet thickness using converging and converging–diverging (CD) atomizers.

2. Materials and Methods

Converging and converging–diverging (CD) atomizers are employed, as shown in
Figure 1. The exit (throat) diameter for both the converging atomizer and CD atomizer is
3.0 mm. The exit diameter for the CD atomizer is 6.0 mm, thus the area ratio (A/A*) is 2.0.
The Mach number for the perfectly expanded flow based on the isentropic relation given
by Equation 1 (Section 3.1.1) is 2.19. The maximum Mach number or maximum operational
pressure employed for the study is 1.80 or 5.79 bar (g), respectively. The high-speed air
core and liquid sheet (annular) interaction are shown in Figure 1c.
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Figure 1. Experimental sonic atomizer: (a) atomizer body with cap, (b) assembled atomizer, and
(c) nozzle schematic depicting core air and annular liquid flow.

The schematic for the experimental setup for the gas flow study is shown in Figure 2. A
red colour led light (3.0-Watt power) was used as a light source, and the light emitted then
passed through a collimated illuminator lens (Opto engineering) of 100 mm in diameter.
This lens provides uniform illumination and a reduction in edge diffraction effects. Then,
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after penetrating a high-speed air jet, the light was collected by another telecentric lens of
the same diameter connected to the CMOS-based Photron SA-Z camera with an adapter at
the end. Shadowgraph imaging was performed at 21,000 frames per second with a shutter
speed of ~50 µs.
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Figure 2. Schematic of the shadowgraph setup for the gas flow study (in-flow).

The schematic diagram for the backlight shadow imaging setup is shown below (see
Figure 3). The atomizers tested were of two types—converging and converging–diverging
(CD) air-assist atomizers with core airflow (3.0 mm throat diameter) and liquid (water)
injected through an annular gap (coaxial arrangement between atomizer body and the cap).
The nozzle was connected at the end of a lance mounted onto the traversing system from
Bosch Rexroth (Figure 3). To study the breakup process, two different sheet thicknesses,
70 µm and 280 µm, were employed to examine the sheet velocity (momentum) effects at
employed flow rates. A displacement pump (Froster AS company) supplied the liquid after
passing through a filter. The liquid mass flow rate was regulated by altering the frequency
of the pump, which was recalibrated for uncertainty in flow rates (<1%) for a given mass
flow rate. The air was drawn through an in-house installed compressor with a maximum
capacity of 100 psi (7.0 bar(g)). Coriolis type flowmeters from Yokogawa Rotamass and
Endress Hauser Promass 83 were used for both air and water flow rate measurements.
The spray ejected from the atomizer was collected in a box container; then, it was again
pumped to the injector through the hose.
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The backlight imaging method was adopted to provide the necessary insight into
the near-nozzle dynamics. The diffuser screen provided a diffused uniform background
for image acquisition with two halogen lights (dedolight dedocool), 250 W each. Photron
CMOS-based high-speed camera SA-Z model was employed to capture the images with
a 135 mm Nikon Micro lens employed to acquire a field of view (FOV) with a dimension
of 15 cm × 15 cm at the frame rate of 8000 frames per second with a shutter speed of
125 µs. However, it is not enough to capture instantaneous images at higher flow rates
per the Nyquist sampling criterion, but instantaneous images that are good enough for
the primary breakup study must be captured. Water and air were used as working fluids.
The properties of fluids are assumed as per the tabled values at STP (20 ◦C), such that
liquid viscosity (µ) = 1.0 × 10−3 Ns/m2 and surface tension (σ) = 0.072 N/m in the current
study. The liquid flow rate varied from 100 kg/h to 350 kg/h, whereas the airflow rate
varied from 1 kg/h to 35 kg/h with the corresponding liquid Weber number (Wel) of 17.2
to 844.9, respectively, which also corresponds to the air-to-liquid ratio (ALR) ranging from
0.00285 to 0.35. The main objective is to examine the effect of the sonic (converging) or
supersonic (CD) air-assist atomizer on the annular sheet breakup and the resulting spray
pattern. The major difference in both types of nozzles is that the converging type nozzle,
after the nozzle is choked, develops the underexpanded sonic jet (Pexit > Pambient), which
forms a Prandtl–Meyer expansion fan at inception. In contrast, the CD nozzle goes through
overexpansion (Pexit < Pambient), resulting in the initial formation of oblique shock waves.
Thus, both configurations belong to a unique class that may result in entirely different
breakup characteristics for the novel atomizer. A series of experiments with varying flow
rates were performed to find out which configuration is more suitable for better primary
atomization capability. All the ranges are mentioned in Table 1.

Table 1. The range of operating conditions and representative dimensionless numbers.

Quantity Range

Airflow rate 1 5–35
Water flow rate 1 100–350

Air-to-liquid ratio (ALR) 0.014–0.35
Liquid Weber number (Wel) 17.2–844.9
Air Reynolds number (Reg) 33,000–229,000

1 in kg/h.

3. Results
3.1. Flow Dynamics
3.1.1. Gas Flow Study

The primary breakup mechanism for the two kinds of atomizers tested was conjec-
tured to be different owing to the distinct jet characteristics. In the converging atomizer, an
underexpansion flow pattern is shown in Figure 4a, which results in the Prandtl–Meyer
expansion waves [17] with the Mach disc visible (Figure 4). The irregular pressure distribu-
tion pattern may try to deflect the liquid sheet in and out of the centerline, thus delaying
the sheet contraction (owing to the surface tension effect) even at low liquid flow rates.
Besides, owing to the shear force between the air and liquid sheet, it might form instability
waves on the inner side of the annular sheet, which gradually performs sheet thinning,
through which half of the waves are torn off (like a planar sheet) when wave amplitude
reaches a critical threshold, forming ligaments, which further disintegrate to form large
globules/droplets depending on the aerodynamic interaction between the high-speed
air-jet and ligaments.

On the other hand, the converging–diverging (CD) nozzle undergoes mild overex-
pansion (as seen in Figure 4b) for the higher airflow rates employed, thus forming the
oblique shock waves (diamond shock cells) pattern up to certain downstream near the
nozzle exit with a high interface strength of the jet boundary. This jet boundary interface
strength might play two roles: firstly, forming sufficiently high amplitude unstable waves



Appl. Sci. 2021, 11, 10444 5 of 14

(Kelvin–Helmholtz instability) on the sheet surface. Secondly, the irregular pressure distri-
bution due to the alternate compression and expansion of the air-jet may drive the sheet
into sudden acceleration and sudden retardation, which corresponds to the alternate sheet
deflection towards and away from the centerline of the jet; thus, irregularly shaped liquid
parcels might tear off from the sheet. The length of the sonic jet region (Figure 1) can also
affect the primary breakup, which eventually affects the secondary atomization [16].

The maximum operational Mach number (M) values based on the total pressure-Mach
number (Pt - M) relation employed [18] are given by Equation (1).

Pt
P

=

(
1 +

γ − 1
2

M2
) γ

γ−1
(1)

where P (=1.0 bar (g)) is ambient pressure and γ (=1.4) is the ratio of specific heats.
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3.1.2. Twin-Fluid Study

The sheet disintegration process is examined for a converging atomizer case with two
sheet thicknesses (70 and 280 µm) for a given flow rate (100 kg/h), as shown in Figure 5.
The air–liquid interaction gives rise to sheet instability in the form of waviness, which
leads to ligaments formation (Figure 5a). The high-speed interaction between the liquid
and airflow leads to the high shear layer effects, resulting in the Kelvin–Helmholtz insta-
bility waves or Rayleigh–Taylor instability [19] depending upon the side (windward or
leeward, respectively) of the ligaments resulting in the very fine mist formation, as seen in
Figure 5c,d. Wave growth and ligament formation depend mainly on the surface tension
force and aerodynamic forces, which define the droplet size formation further down-
stream. The sprays exhibit a radial periodic liquid elements’ ejection, attributed to the
high-speed core air-jet. The bursting phenomenon (Figure 5) in the converging atomizer
is due to airflow behavior. In general, for both above cases, the frequency of the bursting
phenomenon at the neck region (which was visually analyzed in this study) may vary
depending on the aerodynamic interaction effects, the natural pulsating frequency of the
liquid sheet, and pulsations caused by the slight variation in airflow rates (<2%). For the
70 µm sheet, owing to higher axial momentum, the breakup length (which is considered as
an indicator of the stability of the liquid sheet) (Figure 5a) is longer than the 280 µm sheet
(Figure 5e). With increasing ALR, owing to the high-speed aerodynamic interaction,
the mist-like droplets (tiny) formed downstream axially in the 70 µm case (Figure 5c,d),
whereas some thread-like droplets (bigger) ejecting laterally out of the sheet are visible
with 280 µm sheet thickness (Figure 5g,h). The sheet formed was corrugated/wavy in
both of the above cases, forming a cellular pattern (not visible here, whose cell size may
depend upon the air jet velocity), as well as stretched-sheet/ligament structure in both the
spanwise and streamwise direction (also observed in planar sheet configuration [20,21]),
which is attributed to the three-dimensional (3D) nature of the annular sheet. The pres-
sure difference, the surface tension effect, and the aerodynamic forces dictate the liquid
sheet breakup characteristics, such as breakup length, spray angle, and so on. For the
converging–diverging (CD) atomizer, the sheet breaks up into larger angles for lower fluid
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flow rates (Figure 6a); with an increase in ALR values, the ligaments/droplets emanate
sideways owing to the air jet pattern (Figure 6b). At a higher air-to-liquid ratio (ALR), the
coherent pattern of airflow and mist is observed in the near spray centerline, leading to
smaller droplet clustering/segregation (Figure 6,d). The neck formation region is more
visible at higher fluid flow rates, where then liquid fragments eject radially, forming a
larger spray angle (Figure 6f). The boundary layer stripping (Figure 6g,h) is observed at a
higher air-to-liquid ratio (ALR) owing to the intense aerodynamic interaction between the
fractured/perforated sheet and high-speed airflow, which was also observed in [22].
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Figure 5. For the converging atomizer with 70 µm (top row) and 280 µm (bottom row) sheet thickness
at a 100 kg/h water flow rate with airflow rates of (a,e) 5 kg/h, (b,f) 15 kg/h, (c,g) 25 kg/h, and
(d,h) 35 Kg/h, respectively.
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3.2. Sheet Breakup Dynamics
3.2.1. Breakup Morphology

Different breakup patterns were observed for various flow rates such that, at low flow
rates, the Rayleigh bubble regime (Figure 7a) was found with a certain bubble formation
frequency at a given airflow rate with a slight increase in airflow rates.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 7 of 15 
 

 

Figure 6. For the converging–diverging (CD) atomizer at 100 kg/h (top row) and 350 kg/h water 
flow rates for 280 µm sheet thickness with airflow rates of (a,e) 5 kg/h, (b,f) 15 kg/h, (c,g) 25 kg/h, 
and (d,h) 35 Kg/h, respectively. 

3.2. Sheet Breakup Dynamics 
3.2.1. Breakup Morphology 

Different breakup patterns were observed for various flow rates such that, at low 
flow rates, the Rayleigh bubble regime (Figure 7a) was found with a certain bubble for-
mation frequency at a given airflow rate with a slight increase in airflow rates. 

 

Figure 7. For the converging nozzle with 280 µm sheet thickness at a 100 kg/h water flow rate
(Top row) and at a 350 kg/h water flow rate (Bottom row), respectively, with airflow rates of
(a,d) 1 kg/h, (b,e) 10 kg/h, and (c,f) 35 Kg/h, respectively.

As observed in [5], the bubble breakup regime was visualized, forming ligaments and
large globular droplets downstream. With the further increase in air mass flow rates or
ALR, the aerodynamic interaction increases, leading to corrugated/wavy sheet contraction,
forming a neck region where the bursting phenomenon was identified. This bursting occurs
near the nozzle exit region, forming the annular sheet disintegration regime (Figure 7b). With
the further increase in ALR, the ligaments/filaments shed directly from the near-nozzle
region because of the very high-speed interaction that led to a ligament-type breakup
regime (Figure 7c). As we increase the liquid flow rates at a low ALR, the jet formation
(Figure 7d) occurs with some waviness. For a 350 kg/h liquid flow rate, the wavy sheet
was formed near the nozzle with a further airflow rate, which is contracted to form a wavy
sheet disintegration (Figure 7e), leading to ligaments interconnected in a three-dimensional
fashion and satellite drops downstream. At high flow rates (ALR), ligaments shed from
all azimuthal angles of the annular sheet neck region, forming a christmas-tree regime.
Finally, at very high air–liquid flow rates (high ALR), a pure-pulsating regime (Figure 7f) is
observed, almost like the ‘Christmas tree breakup’ observed in [9], in which ligament-like
structures pulsate alternatively on the left and right side of the spray centerline.

The breakup modes or regime diagram for converging and converging–diverging
(CD) atomizers are similar, with a slight variation in the ALR range for different regimes.
The regime diagram (see Figure 8) in a 3D manner with each axis corresponding to non-
dimensional numbers is shown below.
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The converging nozzle atomizer case for 280 µm sheet thickness is plotted based
on the air-to-liquid ratio (ALR) defined in Equation (2), along with the non-dimensional
numbers such as Reynolds number (Reg) based on gas flow in Equation (3), and Weber
number (Wel) based on the liquid sheet in Equation (4), respectively, assuming the dynamic
viscosity of air to be a relatively constant value of 18 µPa·s at 15 ◦C.

ALR = mair/mliquid (2)

Reg = ρg · ug · d/µg (3)

WeL = ρL · uL
2 · t/σL (4)

where L = liquid, g = air, d = orifice (throat) diameter, and t = sheet thickness.

3.2.2. Spray Angle

The spray angle variation was observed for a change in fluid flow rates. Spray angle
measurement is based on the tangent lines fitted at the spray edges at some downstream
location, but the spray periphery is curved owing to air-interaction effects. In our case,
spray angle was measured such that it covers the majority (approximately 99%) of the
droplet mass of the whole spray, as is depicted (see Figure 9a,b). The set of 25 images
(frames) were pre-processed (sharpness and contrast enhancement) in the ImageJ software
for each data set before the angle measurements were taken. The angles were obtained by
taking the mean (average) value of these 25 images, with an uncertainty of 2–3% due to
observation error as the spray boundary line is vague. The spray boundary is more unclear
in the case of sprays at higher ALR values, which can be attributed to the high density of the
spray, which makes it more difficult to detect the spray edge [23]. The intensity-averaged
images (Figure 9c,d) were not taken for measurement as they underpredict the spray angle
for most cases.

The spray angle was plotted (Figure 10) against airflow rates for both 70 µm sheet
thickness and 280 µm sheet thickness for the converging and CD atomizer, respectively. For
the thin sheet (70 µm), as shown in Figure 10a, the spray angle rapidly increases with an
increase in airflow, especially for low flow rates (say, 100 kg/h); the spray angle is relatively
smaller for higher flow rates (say, 350 kg/h) owing to the higher axial momentum. The
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spray angle increased with an increase in the air flow rate; the increment is more continuous
with a thicker sheet (280 µm) than with the thin sheet (70 µm) because of the lower axial
momentum in the former sheet case. The increment is slightly more in the CD atomizer
case than the converging atomizer (Figure 10b) for the higher liquid flow rate owing to the
pulsating airflow, resulting in the more pronounced bursting phenomenon.
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Figure 10. Spray angle measurement for both the converging and converging–diverging (CD) atomizer case with 70 and
280 µm sheet thickness.

The spray angle against the air-to-liquid ratio was plotted for both converging and CD
atomizers, for both sheet thicknesses (70 µm and 280 µm), in Figure 11. The spray angle
increases with an increase in ALR values for all cases. For the 70 µm sheet, the spray angle
is slightly higher for the converging atomizer than for the CD atomizer case, though the
difference is apparent at relatively higher air-to-liquid ratios. In contrast, the spray angle is
higher for the converging–diverging (CD) atomizer than the converging atomizer for the
280 µm sheet owing to the high contact strength, ejecting the sheet ligaments/parcels in
a more pronounced fashion, resulting in the spreading of the spray periphery. The spray
angle increment is more evident for higher airflow rates (high ALR).
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3.2.3. Breakup Length

The distance up to which the sheet is roughly intact is considered as the breakup
length. The breakup length is measured using ImageJ software [24], such that intensity
values (grayscale values: 255 = white, 0 = black) suddenly jump, as shown in Figure 12. The
pixel location was traced for a stack of 25 images (averaged) where there is discontinuity,
then this location where breakage occurs is converted into a distance value by calibrating
the pixel in terms of distance (mm). In this case, the 66-pixel distance is the actual breakup
length, converted into the mm scale based on the nozzle diameter (mm) in pixels. This
method is adopted for low flow rates where raw images after being contrast-enhanced and
brightened are stacked into full intensity-based or standard deviation images (see Figure 13)
using Z-projection. This method provides a greater depth of field image than source images,
highlighting our breakup location. For higher flow rates, the breakup location is taken
as where the neck-formation region starts to disrupt. It is also measured for a stack of
25 images, which gives us a breakup length with an uncertainty of 1–2% due to observation
or measurement error.
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Figure 13. Breakup length measurement with the 280 µm sheet with a water and airflow rate of
100 kg/h and 20 kg/h, respectively, (a,c) for the converging atomizer and (b,d) for the converging–
diverging (CD) atomizer.

The breakup length has an inverse relation with the airflow rate, as shown in Figure 14;
the breakup length has a more significant value for the higher liquid flow rate (350 kg/h),
which converges to the same value for both types of atomizers with the increment in
airflow rate for 70 µm sheet thickness (Figure 14a). The CD atomizer shows reduced
breakup length, especially at higher airflow rates (35 kg/h). The breakup length follows a
similar pattern for the 280 µm sheet thickness (Figure 14b). The breakup length reduces
quite rapidly for higher water flow rates (350 kg/h) with an increase in airflow rates. The
CD atomizer shows a greater decline in breakup length for higher liquid flow rates at a
significant airflow rate. In contrast, the breakup length values converge for both types of
atomizers for a lower liquid flow rate (100 kg/h) with increased airflow rates.
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The breakup length was plotted (Figure 15) against airflow rates for both 70 µm sheet
thickness and 280 µm sheet thickness for the converging and CD atomizer, respectively.
The breakup length follows an inverse relationship with the air-to-liquid ratio (ALR). For
the thin sheet (70 µm), the breakup length for the converging–diverging (CD) atomizer
is lower than for the converging atomizer, which might be because of the sheet dragging
effect due to the higher contact strength of air-jet ejecting from the former case, especially
at a higher air-to-liquid ratio (ALR), whereas at lower ALR values, the breakup length
for the converging–diverging (CD) atomizer is higher than for the converging atomizer,
which is the condition before the flow is choked at the atomizer throat (atomizer exit in the
case of the converging atomizer). Meanwhile, in the case of 280 µm sheet thickness, the
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breakup length for the converging–diverging (CD) atomizer is slightly lower than for the
converging atomizer, which can be attributed to the sheet contraction (owing to surface
tension) occurring with both atomizers for all ranges of fluid flow rates.
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4. Discussion

In this study, the breakup dynamics of the annular sheet in a twin-fluid atomizer was
investigated to probe the primary atomization behaviour of sonic/transonic atomizers.
Two distinct atomizer configurations (converging and converging–diverging (CD)) were
tested for the range of operating conditions in terms of air and liquid flow rates. The gas
flow study showed the wave patterns for different airflow rates or total pressure (Pt). The
irregular pressure distribution pattern along the visualized shock cells can lead to sudden
acceleration or deceleration of the surrounding liquid sheet/ligament, which provides the
sheet bursting effect. In the twin-fluid breakup study, the pressure distribution effect on the
contracted sheet (due to the surface tension effect) dictates the breakup mechanics in the
purview of the spray angle, breakup length, and so on. The bursting phenomenon (at the
neck region) effect was observed in both kinds of atomizers, which can lead to the radial
dispersion of the ligaments/globules, contributing substantially to the spray characteristics
such as spray angle and so on. The breakup morphology was categorized into various
observed breakup regimes: annular sheet disintegration, ligament type breakup, wavy sheet
breakup, and pure-pulsating breakup. The air-to-liquid ratio (ALR) along with the liquid sheet
Weber number (Weg) and Reynolds number (Rel) based on airflow are major parameters
employed in the construction of the 3D breakup regime chart. There is no clear distinction
of the regimes according to the ALR values. There is a certain overlap of breakup modes
for the range of fluid flow rates such that certain breakup regimes gradually transit into
another breakup regime. The breakup dynamics was studied with spray characteristics
such as breakup length and spray angle. For low liquid flow rates (100 kg/h), the spray
angle values showed a similar range for both the 70 µm sheet and 280 µm sheet. For higher
flow rates (350 kg/h), the spray angle was narrower for the 70 µm sheet than for the 280 µm
sheet because of the larger liquid axial momentum; spray diverges more for the 280 µm
sheet because of the relatively lower velocity of the sheet, resulting in a more intense
aerodynamic interaction of the high-speed air jet with the liquid sheet. In general, the spray
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angle dictates the aerodynamic interaction of the liquid droplets with the surrounding air,
which affects the droplet size distribution downstream. The breakup length is affected by
the contact strength of the high-speed air jet, which drags the wavy (subjected to Kelvin–
Helmholtz instability) liquid sheet leading to the perforations or holes, further leading to
the detachment of the globules/ligaments. For 70 µm, owing to the higher sheet velocity
(momentum) for the given flow rate, the breakup length is relatively larger than for the
280 µm sheet. The breakup length follows an inverse relationship with the ALR values for
all the cases employed. The whole study has some limitations owing to the difficulty in
the visualization of high-speed fluid flow rates. The in-depth visualization of the wave
pattern (formed in the air jet only) interaction with the contracted wavy liquid sheet would
give more insights into the instability and hydrodynamics of the sheet breakup. Further
research is needed in other directions to quantitatively study the effect of converging and
converging–diverging (CD) atomizer usage in terms of the droplet size pattern and drop
size distribution (DSD) for various operating conditions employed in this spray.

5. Conclusions

The characteristics of an annular sheet-based atomizer spray were photographically
analyzed using high-speed imaging to study the breakup dynamics for the distinct airflow
mechanism—the converging and CD atomizers. Breakup modes were discerned in both
the converging and CD atomizers with a sheet thickness of 280 µm. Various modes were
obtained from canonical Rayleigh bubble formation at very low ALR values, the annular
sheet disintegration, and the ligament-type breakup at very high ALR values. The jet
formation occurs at high liquid flow rates, whereas wavy sheet disintegration occurs at
some moderate ALR values when the sheet contracted to form inter-connected ligament-
like structures convecting in 3D space. The higher flow rates result in the formation of the
christmas-tree breakup pattern.

Furthermore, the pure-pulsating mode was observed with the ligaments convecting
downstream axially in alternate left and right pulsation directions to the spray centerline,
further increasing the airflow rate. The spray angle was also obtained using the ImageJ
software-based analysis. The spray angle shows a declining pattern with the increase in
water flow rates (due to increased axial momentum) for both 70 µm and 280 µm sheet
thicknesses, whereas the spray angle increases monotonously with an increase in airflow
rates, for both converging and CD atomizers, respectively, with 280 µm sheet thickness.
The increment in spray angle is more in CD atomizers than in the converging atomizer at
higher airflow rates because of the more pronounced bursting effect in the former case. The
breakup length follows an inverse power law relationship with the air-to-liquid ratio (ALR).
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Atomization characteristics of a bluff body-
assisted sonic twin-fluid atomizer

Raghav Sikka , Knut Vågsæther, Dag Bjerketvedt
and Joachim Lundberg

Abstract
This study examines the gas dynamic effect and atomization behaviour of the sonic bluff body-assisted twin-fluid atomizer

with three distinct geometry configurations based on cone distances (Lc) as 6.0 mm, 8.0 mm, and 10.0 mm. The atom-

ization characteristics of these atomizers employing a 280 µm annular liquid sheet with a central bluff body (cone) are

compared based on a range of air and liquid flow rates. The spray-bluff body impacted secondary atomization was char-

acterized through volume-normalized droplet size distribution (DSD) & cumulative droplet distribution, excentricity

plots, Sauter mean diameter (SMD), and relative span factor (Δ). When plotted for a given liquid flow rate, the DSD

& cumulative droplet distribution becomes more uniform with the increase in the airflow rate independent of the

cone distance (Lc). Excentricity plots exhibited high excentricity droplets at the spray centreline and a large fraction

of nearly spherical droplets at off-centre spray locations. SMD and RSF (Δ) showed opposite trends when plotted against

the air-to-liquid ratio (ALR) as SMD increases while RSF decreases with radial locations, respectively. When plotted for all

radial locations, Sauter mean diameter (D32) and relative span factor (Δ) show a cluster formation. Larger SMD values

correspond to lower RSF (Δ) values and vice-versa.

Keywords
bluff body-assisted atomizers, droplet size distribution, relative span factor, bluff body dynamics, high-speed flows
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Introduction
Twin fluid atomization is widely used in various industrial
applications due to its numerous merits in terms of combus-
tion parameters that contribute to complete combustion,
low pollutants emissions etc., (Bayvel1), (Lefebvre2). The
late 20th century studies focused on the air-assist mechan-
ism (Kihm et al.3, Park et al.4), employing sonic prefilming
atomizers, which explored the effect of shock waves pro-
duced by imperfectly expanded supersonic air jets on the
primary & secondary atomization. The sonic prefilming
atomizer works on the principle that liquid sheet/film inter-
acts with coaxial supersonic airstreams providing fine atom-
ization due to the energy imparted through both the intense
shearing effect and pressure distribution perturbation
caused by shock waves. Later, Issac et al.5 studied the
liquid jet atomization at 1.5 Mach airflow speed. The
irregular pressure distribution leads to the boundary-layer
stripping mechanism in a three-dimensional manner,

which proceeded to the higher spray angle resulting in
finer droplets. Mates and co-workers6,7 studied the conver-
gent and converging-diverging (c-d) close-coupled nozzle.
They found that the long supersonic jets prolonged the sec-
ondary atomization resulting in finer particles, where high
dynamic pressure distribution contributed to the narrower
particle size distribution. The atomization efficiency (η) is
higher in the converging-diverging (CD) gas nozzle atom-
izer due to the relatively perfect expansion. The shear layer-
induced turbulence behind normal shock (Mach disk)
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results in the broader DSD in the converging atomizer
(Fritsching et al.8).

The above studies deal with the liquid jet interaction
with the high-speed air stream. However, it was shown
that sheet atomization is more effective than a liquid jet
in obtaining finer atomization (Wachter et al.9). Lately,
shock wave-liquid sheet interaction studies (Jeon et al.10)
revealed that the thicker viscous sheet attenuates the
shock strength due to the energy absorption. In our study,
the liquid sheet while contracting into itself interacts with
a high-speed air jet. Also, the reflected shock waves
observed in the airflow jet come in contact with the frag-
mented liquid sheet resulting in further energy exchange,
especially at higher airflow rates (high shock strength). In
Adiga et al.,11 it was shown that these shock wave
blast-impacted bigger droplets produced a cloud of fine
mist due to the shock energy absorption owing to the dis-
continuity in the thermophysical properties across the
normal shock (Chauvin et al.12). The mist region (Borisov
et al.13) exhibits significantly small new droplets formed
from the parent droplet at very high relative velocities
where “secondary” droplet disintegration is associated
with many droplet breakup modes providing variation in
drop size distribution (Gelfand et al.14).

Marklund et al.15 employed a sonic annular airstream for
an externally air-assisting mechanism and demonstrated
that the air-liquid interaction plays a crucial role in
shaping the drop size distribution (DSD). Gullberg et al.16

highlighted the importance of utilizing an air-assisting
mechanism for tailoring the DSD as a large fraction of
larger droplets were found at the tail-end of the drop distri-
bution for the convergent atomizer. However, Kulkarni
et al.17 emphasized that beyond certain gas-to-liquid ratio
(GLR) values, no significant reduction in the mean
droplet size was observed with narrower DSD obtained
for higher GLR. Chen et al.18 studied the air-liquid inter-
action effect on the DSD through the nozzle geometry. It
was found that at lower GLR, smaller throat and exit dia-
meters and moderate distance between the liquid and atom-
izing air-core give optimum DSD. Whereas at higher GLR,
mean drop size and DSD are invariant by the structural
parameters.

The incipient studies with the bluff body-based atomiza-
tion concentrated on the “secondary atomization due to the
spray wall impact” (like in the present case) and the result-
ant spray drop size distribution subjected to bluff body
dynamics. Please note that secondary atomization has a dif-
ferent meaning in our context compared to the conventional
notion. Spray impacting a rigid body such as a cone leads to
many secondary spray phenomena, including splashing or
corona formation (Roisman et al.19), which results in the
variation in the secondary drop size distribution at different
spatial locations downstream. The drop impact dynamics on
the liquid film also affect the secondary drop formation
through phenomena ranging from drop-drop collisions or

drop-crown collisions (Yarin and co-workers.20,21).
Bluff-body dynamics in terms of wake flows, vortex shed-
ding and instabilities in the shear layer also affect the spray
characteristics (Eckelmann et al.22).

The number of studies that employ bluff body-based ato-
mizers is scarce. In one such coaxial convergent atomizer
design, a central bluff body was traversed in the nozzle dir-
ection, acting as a prefilmer for the liquid sheet (Gullberg
et al.16). The central bluff body (if extended) tends to
contain larger ligaments/particles than no extension case;
however, it aids in flame stabilization through central recir-
culation zone (CRZ) creation. Rudoff et al.23, based on the
drop-airflow field interaction behind the bluff body
observed a large number of smaller droplets in the recircu-
lation region (RZ). In contrast, the larger drops follow the
direction of the spray cone angle. Bachalo et al.24 compared
the spray behaviour in a simple and complex real gas
turbine environment (with a bluff body), focusing on
spray characteristics. The low-velocity fields (recirculation
zone (RZ)) and high freestream external velocity fields give
complex spray size distribution spatially within the spray
with major differences between both cases. Carrier et al.25

observed that if a larger number of droplets follow the
bluff body streamlines resulting in less entrainment into
low-velocity fields (RZ) may result in higher amounts of
unburnt hydrocarbons (UHC) and lower combustion
efficiency.

This work examines the spray dynamics of the novel
atomizer (Lindlov et al.26), where the novelty lies in the
atomizer design feature. The major focus is on the spray
structure and spray droplet size parameters. Near-nozzle
imaging was also performed to study spray impact behav-
iour on the bluff body (cone) in the purview of “secondary”
atomization using different cone distances (Lc). Firstly,
wavy sheet interaction happens with shock waves pattern,
and then bluff-body induced reflected shock-sheet/film
interaction is utilized to achieve swifter atomization. In
our study, liquid sheet/ligaments, after interaction with
the reflected shocks, impacted the bluff body (cone),
leading to the formation of a larger number of secondary
droplets with characteristic shapes & sizes at various
spatial locations. It is conjectured that the different atomizer
geometries (based on cone distances (Lc)) and fluid flow
rates will govern the liquid sheet/ligament breakup and,
eventually, secondary spray dynamics. For the present
work, a detailed experimental study was carried out to
study the twin-fluid bluff body-assisted atomizers with dif-
ferent working conditions. The effect of the air-to-liquid
ratio (ALR) on the spray parameters is also explored in
the discussion section.

Experimental setup
The external mixing bluff-body air-assist atomizers are
composed of an inner cavity for the core airflow. The
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contour inside atomizers gradually varied shape to avoid
jumps due to sudden shape changes and was fabricated
using the 3-D printed technique. The cap was attached to
the nozzle to achieve an annular liquid sheet of 280 µm
thickness. Three kinds of atomizers based on the cone dis-
tance (Lc) between the cone vertex and the exit with a
3.0 mm inner orifice (throat) diameter (D) (Figure 1) were
employed. The diameter at the outlet for the converging-
diverging (CD) atomizer is 6.0 mm. The distance between
the air core and the liquid sheet is 6.0 mm and 4.5 mm
for converging and converging-diverging (CD) atomizers.
The bluff-body atomizers were mounted at a lance base,
which is clamped to the traversing system from Bosch
Rexroth. Using a CMOS-based Photron SA-Z high-speed
camera, shadowgraph imaging was performed at 21,000
frames per second (fps) with a shutter speed of ∼50 µsec.
The experimental setup is explained in more detail (Sikka
et al.27) The schematic diagram for the shadowgraph
setup is shown in Figure 2.

Water and air were used as working fluids for the whole
experimental study. The liquid (water) to the atomizer was
supplied through the pump (Froster AS company) from a
reservoir at room temperature. The air was drawn from
the in-house air compressor with a maximum capacity of
100 psi (7.0 bar (g)). Yokogawa Rotamass and Endress
Hauser Promass 83 (Coriolis type) flowmeter were used
for water and airflow rate measurements. The properties
of fluids are assumed to be standard values at NTP such
that air viscosity (µg)= 1.8× 10−5 Ns/m2, surface tension
(σ)= 0.072 N/m in the current experiments. Air density
(ρg) varied according to the air mass flow rate inside the
nozzle. The liquid flow rate varied from 100 kg/h to
300 kg/h. Simultaneously, the airflow rate varied from
10 kg/h to 40 kg/h, corresponding to the air-to-liquid ratio
(ALR) ranging from 0.033 to 0.4. Based on the images
obtained through shadowgraph imaging, as shown in
(Figure 3), the airflow was choked, showing shock wave
pattern during the range (20 kg/h to 40 kg/h). The whole
in-flow process diagram for spray imaging is shown in
Figure 4.

Laser-based high-speed imaging was employed for the
near nozzle dynamics. The near-atomizer region was illumi-
nated with ND: YAG laser (Photonics Industries DM60-
532-DH model) of 532 nm wavelength. A 200 mm Nikon
Micro lens with an f/5.6 aperture setting was used with
the Photron CMOS-based camera (SA-Z model) to obtain
a field of view (FOV) of 120 mm× 125 mm with a
camera resolution of approximately 8.36 pixels/mm. The
images were recorded at 10 kHz with an exposure time con-
trolled by the laser. For drop size measurements, the spray
was illuminated using the same dual-cavity solid-state ND:
YAG laser (model DM60-532-DH) to measure droplet
mean sizes and spray characteristics at various spatial loca-
tions along the radial plane. The laser light pulse was
employed with 10 mJ energy at 10 kHz with ∼130 ns

pulse width. The uniformly diffused laser light was
obtained using a diffuser screen which also shifted the
laser spectrum to a higher wavelength (orange) from the
green wavelength. The images of the spray region were cap-
tured using a CMOS-based high-speed camera (Photron
SA-Z). The long-distance microscope by Questar (QM1)
was attached to the camera for magnified image acquisition.
The ParticleMaster package incorporated in Davis 10.1
imaging software provided by LaVision was used for the
droplet size measurements. The Barlow lens (1.5x zoom)
provided a magnified field of view (FOV) of 8.445 mm×
8.445 mm with a camera resolution of 121.26 pixels/mm
for a 1024× 1024 pixel image. The depth of field (DOF)
calibration was performed using a calibration plate with
50-1000 µm dark circular spots. The depth to size ratio
(DSR) turns out to be ∼17/1. The camera settings and the
software limitations allowed a minimum of 3 pixels (in
area terms) for droplet detection. It corresponds to
∼16 µm as the minimum drop size that can be measured.
Experiments were duplicated for a few cases to check the
uncertainties in the drop size measurements (which
account for less than 1%). Drop sizes converge to a
nearly unique value at roughly 500 images. Therefore,
1000 images taken at 1 kHz were considered for droplet
size calculation to mitigate the uncertainties in measure-
ments. Laser intensity was set appropriately by altering
the current (amp) to provide adequate illumination and
brightness for acquired images for employed ranges of
fluid flow rates. The high-speed flows hinder the imaging
for the droplet size at the near nozzle region downstream
due to the mist formation (Figure 5(a)), clouding the
images and giving a false imprint of the droplets. The raw
spray image for the (Z/D= 100) location downstream is
shown in Figure 5(b). Therefore, measurements were
taken along the radial plane of the spray at an axial distance
(Z/D= 100) downstream for three locations in steps of
50 mm each from the spray centreline (Figure 6).

Results
The near atomizer exit spray structure was qualitatively
studied for various working conditions using high-speed
imaging. The larger field of view (FOV) spray images
were obtained for 100 kg/h to 300 kg/h water flow rate
for 20 kg/h airflow rate (Figure 7). The relatively larger dro-
plets are formed for the 6.0 mm case due to the early inter-
action between the sheet and the bluff body (cone). The
mist formation is more pronounced in the case of a
6.0 mm atomizer, which might be due to the intense
shock interaction with sheet fragments owing to a shorter
cone distance (Lc= 6.0 mm). Many droplets are visible
due to the darker background as mist-like droplets cloud
obstruct the laser light. Note that the laser light intensity
is kept minimum (in terms of an ampere) to visualize the
spray structure effectively. For the 100 kg/h water flow
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rate, the spray angle is narrower for all atomizer configura-
tions compared to higher flow rates (300 kg/h) due to the
relatively less liquid momentum or velocity, leading to
lesser radial momentum after hitting the bluff body (cone)
in the former. With the increase in liquid flow rates (say,
300 kg/h), the spray angle increases due to the higher
liquid momentum and momentum imparted to the resulting
spray after a high-speed impact with the bluff body.

There is some uncertainty regarding the spray angle for
different atomizer configurations for liquid flow rates due to
the uneven laser light obstruction subjected to the dense
spray. There is an apparent ligament structure protruding
downstream at the spray centreline (Figure 7 g &h), espe-
cially for higher liquid flow rates (say, 300 kg/h) which
might be the reason for the larger drop size at the spray

centre region at an axial location downstream for lower
airflow rates (say, 20 kg/h). For a constant (200 kg/h)
water flow rate (Figure 8), an increase in the airflow rate
from 20 kg/h to 40 kg/h results in a slight decrease in the
spray angle (curved boundary) for all atomizer configura-
tions due to the higher air-jet axial momentum/velocity,
leading to less divergence in the two-phase flow after
impacting the bluff body (cone). With the increase in
airflow rates, the spray becomes more homogenous due to
the high-speed air-liquid interaction and the spray-wall
impact leading to more mist formation. The drop size
becomes smaller with the increased airflow rates
(Figure 8g & h).

The droplet size measurements were performed at the Z/
D= 100 location downstream from the exit for all three

Figure 1. a) Schematic for atomizer b) schematic drawing showing converging-diverging (CD) & converging (Conv) atomizer

geometry and atomizer configurations in tabular form.

Figure 2. Experimental setup (schematic) for the airflow study using shadowgraph imaging.
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atomizer configurations (6.0 mm, 8.0 mm, and 10.0 mm).
Volume-normalized droplet size distribution (DSD) and
their cumulative distribution function (curve) are plotted
together in Figure 9. The drop size distributions (DSD)
are unimodal with slightly skewed towards the smaller
droplet sizes. For a given airflow rate (say, 20 kg/h) with
a 100 kg/h water flow rate, the distribution peak is around
75–100 µm for all the atomizer configurations. With the
increase in liquid loading (say, 300 kg/h) water flow rate,
the distribution peak shifted towards a slightly higher
value (100–125 µm) which corroborates the ligament struc-
ture convecting downstream at the spray centreline
(Figure 7). The DSD spread increases from 6.0 mm atom-
izer to 10.0 mm atomizer configuration for 100 kg/h water

flow rate attributed to the less intense impact on the bluff
body. In comparison, DSD spread decreases from 6.0 mm
atomizer to 10.0 mm for a higher water flow rate (300 kg/
h) attributed to the higher impact momentum on the bluff
body. Note that the DSD spread is directly linked to the
relative span factor (Δ). The cumulative distribution func-
tion (green curve) such that (80% of the droplet size by
volumes) fall under ∼ 200–250 µm range for all atomizer
configurations irrespective of the water flow rates.

The droplets formed are of irregular shape as elliptical
droplets/globules, whose diameter is based on the semi-
major and semi-minor axes. The excentricity (shape) of
the droplets is based on the ratio of perimeter and diameter.
As plotted in Figure 10, for a given airflow rate (20 kg/h)

Figure 4. Experimental setup (schematic) for the droplet size measurements.

Figure 3. The shadowgraph imaging pics for the 40 kg/h airflow rate for different Lc a) 6.0 mm, b) 8.0 mm, and c) 10.0 mm.
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the droplets with higher excentricity (>110%) are formed in
relatively larger numbers as we increase cone distance (Lc),
and the increment for high excentricity droplets is more
with higher liquid loading (say, 300 kg/h). The 10.0 mm
cone distance atomizer configuration contains a marginally
smaller number of highly excentric (irregular) droplets than
the other two configurations (6.0 mm and 8.0 mm). Also,

the majority of these irregular-shaped droplets are smaller
in size (∼100–600 µm) in the former case (Figure 10 f)
owing to the bluff body impact momentum and airfield
below the bluff body region.

In Figure 11, DSD is plotted for a 200 kg/h water flow
rate with a change in airflow rates. For all atomizers,
DSD is unimodal with an almost similar distribution peak

Figure 5. a) Spray image for 10 kg/h air flow rate and 100 kg/h water flow rate for Lc= 10.0 mm. b) Raw image of the droplets for Lc=
10.0 mm case at radial location 150 mm. .

Figure 6. Schematic of the droplet size measurement location for the bluff body-assisted twin-fluid atomizer.
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value (∼100 µm) irrespective of the airflow rate. The DSD
spread decreases when the airflow rate increases from
20 kg/h to 40 kg/h, as depicted by the cumulative distribu-
tion curve (80% of the droplet size by volume) falling from
(∼ 550–600 µm) range for 20 kg/h airflow to (∼175–
200 µm) range for 40 kg/h airflow rate which emphasizes
the effect of the air-to-liquid ratio (ALR) on the drop size
distribution independent of the cone distance (Lc).

For a 200 kg/h water flow rate with a low (20 kg/h)
airflow rate, the 8.0 mm atomizer depicts a larger number
of high excentricity droplets than the other atomizer config-
urations (6.0 mm and 10.0 mm), with relatively constant
perimeter for given diameter values for the latter case.

A larger quantity of high excentricity droplets in the
former case might be due to the low reflected shock strength
at a low airflow rate, resulting in less energy exchange
before impacting the thin film formed on the bluff body
(Figure 12). For a higher airflow rate (40 kg/h), though
the 10.0 mm cone distance atomizer configuration contains

a slightly larger number of high excentricity droplets com-
pared to the other two configurations (6.0 mm and 8.0 mm),
with a higher perimeter of the droplets than other two con-
figurations (Figure 12 f). The important point is that the
high perimeter values for given diameter values in the
10.0 mm atomizer configuration indicate that a large frac-
tion of aspherical droplets is formed due to the spray
impacted onto a thin film formed at the bluff body and tur-
bulent airfield below the bluff body region at high airflow
rates. Please note that even smaller droplets are formed at
a high airflow rate (40 kg/h), droplet perimeters are higher
indicating the intense shearing effect resulting in more
irregular-shaped droplets.

For three radial locations 50 mm apart, the drop size dis-
tributions (DSD) and cumulative distribution function
(curve) are plotted for fixed airflow and water flow rates,
30 kg/h and 200 kg/h, respectively (Figure 13). The drop
size distribution is unimodal and non-symmetric for all
atomizer configurations incorporated. The DSD spread is

Figure 7. Laser-based backlight imaging pics for the 20 kg/h airflow rate for different water flow rates.
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constant at a particular radial location such that 80% of the
droplet size by volume falls in the range (∼125–150 µm) for
the 50 mm radial location and in the range of (∼225–
250 µm) for the 150 mm radial location independent of
the atomizer geometry. The above difference indicates the
effect of spray-bluff body impact dynamics on the mean
drop size and the droplet size distribution (or Relative
span factor (Δ)). It is important to note that the 80%
droplet size by volume for the 8.0 mm atomizer is slightly
narrower than the other two configurations (6.0 mm and
10.0 mm). Apart from the physical geometry (cone distance
(Lc) variation), it might be due to the distinct jet dynamics
as the liquid sheet interacts with the reflected shock patterns
formed by the underexpanded flow (expansion waves at
nozzle exit) before impacting the bluff body. Also, spray-
bluff body impact momentum led to marginally wider
spray formation resulting in comparatively narrow DSD
for an 8.0 mm atomizer configuration at a far radial

location. The DSD in terms of different distribution func-
tions is plotted in Figure 1B (see Appendix B) for all the
radial locations at all the fluid flow rates employed.

For a given airflow and water flow rates, 30 kg/h and
200 kg/h, respectively, the droplets with higher excentricity
(>110%) are formed relatively in larger numbers for all the
atomizers at a 50 mm radial location as shown in Figure 14.
For 150 mm radial location, a minimum number of rela-
tively larger droplets ranging from ∼200 µm have high
excentricity. The decrease in the number of high excentri-
city droplets as we move radially away from the centreline
indicates the spray-bluff body impact dynamics intensity
affecting the secondary droplet atomization. The newly dro-
plets formed (due to the crown/splashing) get into a highly
turbulent (high shear) airfield at the near-centre region
resulting in high excentricity droplets. On the contrary,
the less turbulent airfield at far radial locations led to
nearly spherical droplet sizes. The important point to note

Figure 8. Laser-based backlight imaging pics for the 200 kg/h water flow rate for different airflow rates.
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is that perimeter & diameter follow a nearly linear correl-
ation for far-radial location (150 mm) for the majority of
the higher excentricity droplets.

The mean drop size complements the droplet size distri-
bution (DSD) in characterizing the sprays. The calculation
of mean diameter by considering the volume and surface
area of the droplet is termed Sauter mean diameter
(SMD). It is defined as surface-volume mean diameter or
D32 such that it gives the estimate in terms of volume to
area ratio for the whole spray (Kowalczuk et al.28) Please

note that the SMD and D32 are used interchangeably for
Sauter mean diameter. It is calculated using equation 1:

D32 =
∑n

i=1 ni ∗ d3i∑n
i=1 ni ∗ d2i

(1)

Where ni and di are the number and diameter, respectively,
of a droplet in a particular size fraction. The Sauter mean
diameter (SMD) for all radial locations were plotted for a
given water flow rate (200 kg/h) with varying airflow
rates in (Figure 15 a) and for a given airflow rate (30 kg/

Figure 9. Histogram showing the drop size distribution (normalized volume) and cumulative distribution line (in green colour) for

20 kg/h airflow rate for 100 kg/h & 300 kg/h water flow rate at Z/D= 100 location downstream for 0 mm radial location.

Figure 10. Scatterplot showing excentricity of droplets (in %) for 20 kg/h airflow rate for 100 kg/h & 300 kg/h water flow rate at Z/D

= 100 location downstream for 0 mm radial location.
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h) with varying water flow rates in (Figure 15 b). The SMD
(D32) for the 20 kg/h air flow rate is relatively constant (i.e.
∼120 µm) for all atomizer configurations with a slight
plunge at a 50 mm location. For 40 kg/h air flow rate,
SMD gradually increases with increasing distance from
the spray centreline. In the case of a given airflow rate
(30 kg/h), for a low liquid flow rate (say, 100 kg/h), the
SMD values rise steeply from ∼ 65 µm to ∼180 µm as we
go from the spray centreline to 150 mm distance for all
atomizer configurations. Whereas SMD values increase
slightly to a relatively higher value for a high liquid flow

rate (300 kg/h). The important point is that the droplet
number density reduces to some degree as we move away
from the spray centreline for most cases. The notable reduc-
tion of droplet number density occurs at 150 mm radial
location, especially for higher airflow rates (40 kg/h) and
lower liquid flow rates (100 kg/h) with constant water
flow rate and air flow rate, respectively, might be the
reason for larger droplet sizes at the far radial location.

Not only does the mean drop size (SMD) value gives a
unique value for the overall spray, but the drop distribution
can also be translated as a single entity. The Relative span

Figure 11. Histogram showing the drop size distribution (normalized volume) and cumulative distribution line (in green colour) for

20 kg/h and 40 kg/h airflow rates for 200 kg/h water flow rate at Z/D= 100 location downstream for 0 mm radial location.

Figure 12. Scatterplot showing excentricity of droplets (in %) for 20 kg/h and 40 kg/h airflow rates for 200 kg/h water flow rate at Z/

D= 100 location downstream for 0 mm radial location.
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factor (Δ) is a parameter that defines the droplet size distri-
bution with a sole number. As it indicates the uniformity of
the spray at a given spatial location, its importance is
eminent as Bossard et al.29 stated that the theoretical formu-
lations employed for drop size distributions, such as
Rosin-Rammler etc., lack generality, where the relative
span factor (Δ) provide a more suitable representation. It
is defined by incorporating percentile-based diameters
such as Dv0.1, Dv0.5 and Dv0.9 as the diameters containing
10%, 50% and 90%, respectively, of the droplets (by
volume) smaller than this diameter. It gives the estimate
in terms of uniformity of the spray distribution. Please
note that the RSF and relative span factor are used inter-
changeably with the symbol Δ. It is given by equation 2:

Δ = Dν0.9 − Dν0.1
Dν0.5

(2)

The relative span factor (Δ) was plotted for a given water
flow rate (200 kg/h) with varying airflow rates for different

radial locations (Figure 16 a). The RSF (Δ) for low airflow

rate (20 kg/h) is relatively higher for all atomizer configura-

tions, especially at 50 mm, then sharply decreases until

150 mm location. Whereas for 40 kg/h air flow rate, there

is a gradual decrease in RSF (Δ) with increasing distance

from the spray centreline. The important point to note that
is the RSF (Δ) value converges to a very low value (∼1)
for both airflow rates irrespective of atomizer configuration.
On the contrary, for a given airflow rate (30 kg/h), with a
high liquid flow rate (300 kg/h), the RSF values decrease
sharply from ∼ (4–4.5) to ∼ (1–1.2) as we go from spray
centreline (0 mm) to 150 mm distance. Whereas for low
liquid flow rate (100 kg/h), the increase in RSF values is
marginal as we move from spray centreline to 150 mm dis-
tance (Figure 16 b). The large difference in RSF value
(approx. ∼2) between 100 kg/h and 300 kg/h liquid flow
rate for a given airflow rate (30 kg/h) at the spray centreline
(0 mm location) exhibits the importance of liquid momen-
tum impact on the bluff body on the droplet size range,
though relatively similar SMD is obtained for the same
flow rates.

Discussion
The findings from the extensive experimental study indicate
that there is a certain effect of atomizer physical design
(variation of cone distance (Lc) in terms of spray dynamics
(sheet interaction with the bluff body), droplet size (SMD)
& shape (excentricity) and spatial droplet size distribution

Figure 13. Histogram showing the drop size distribution (normalized volume) and cumulative distribution line (in green colour) for

30 kg/h airflow rate for 200 kg/h water flow rate at Z/D= 100 location downstream for radial locations 50 mm, 100 mm & 150 mm.
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(DSD) & cumulative distribution function curve, albeit to a
moderate degree.

In our case, the added complexity in the form of the bluff
body attachment aids in further liquid disintegration with
the spray-bluff body impact on an inclined plane. The high-
speed energy exchange with the newly formed ligaments
from bluff-body impact leads to the formation of mist-like
fine droplets in the spray centreline. Also, when the relative
velocities between two phases are high (as in the spray

centreline region) the catastrophic breakup regime results
in a larger fraction of smaller mist-like droplet formation
(Guildenbecher et al.30).

The spray-bluff body impact intensity governs the droplet
size distribution (DSD) and cumulative distribution based on
the fluid flow rates and cone distance (Lc) variation. DSD
and cumulative distribution become uniform with increased
liquid loading and airflow rates. Due to the increased turbu-
lence intensities introducing bluff bodies near atomizers that

Figure 15. Plot showing a) SMD for 20 kg/h & 40 kg/h airflow rate at 200 kg/h water flow rate b) SMD for 100 kg/h & 300 kg/h water

flow rate at 30 kg/h airflow rate, at all radial locations.

Figure 14. Scatterplot showing excentricity of droplets (in %) for 30 kg/h airflow rate for 200 kg/h water flow rate at Z/D= 100 axial

location downstream for radial locations 50 mm, 100 mm & 150 mm.
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generate strongly separated and reverse flow causes reduced
drop sizes and more uniform droplet size distributions
(Liu31). They can affect the droplet shape & size, contributing
to the lower droplet size but a slightly larger number of high
excentricity droplets for higher airflow rates (see Figure 15
a), especially below the bluff body region. On the contrary,
at radial locations far from the spray centreline, relatively
larger size droplets are formed with a large fraction of
nearly spherical droplets, which might be due to the radial
momentum not completely transferred to the globules/droplets

forming secondary droplets; also, the normal momentum is
partially lost due to the high energy impact of the two-phase
flow on the bluff body (cone). The recirculation region
behind the bluff body can also affect the droplet trajectory
and droplet dispersion based on droplet sizes, as mentioned
in Chen et al.32. After impinging on the bluff body, the
larger droplets might follow the outward spray trajectory
due to their larger inertia (large radial velocity). At the same
time, smaller droplets will travel in the near nozzle vicinity
(centreline) of the high-speed spray core.

Figure 16. Plot showing a) RSF for 20 kg/h & 40 kg/h airflow rate at 200 kg/h water flow rate b) RSF for 100 kg/h & 300 kg/h water

flow rate at 30 kg/h airflow rate, at all radial locations.

Figure 17. Plot showing SMD trendlines for cone distance (Lc) of 6.0 mm, 8.0 mm, and 10.0 mm for various ALR values for radial

locations in terms of X/D at Z/D= 100 location. .
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The excentricity plots depict the intensity of spray-bluff
body impact dynamics through secondary droplet charac-
teristics based on different radial locations. High airflow
rate (40 kg/h) with 200 kg/h liquid flow rate gives a com-
paratively large amount of highly excentricity droplets
than low airflow rate (20 kg/h) at 0 mm radial location
(spray centreline). At the same time, a relatively moderate
air flow rate (30 kg/h) gives a higher number of nearly
spherical droplets with linear perimeter-diameter correl-
ation at off-centre locations with the same liquid flow rate
(see Figure 14).

Mean drop size and droplet size distribution (or RSF)
depend on fluid flow rates and atomizer (dimension) config-
urations. The air-to-liquid ratio (ALR) is an important entity
to examine the mean droplet size in terms of SMD (D32)
and droplet size distribution in terms of RSF (Δ). It is
given by equation (3), where ma and ml are mass flow
rates of air and water, respectively.

ALR = ma

ml
(3)

The diameter distribution of the secondary droplets depends
not only on fluid properties but on kinematic properties
(such as size & velocity) of the ligaments after impacting
the solid surface (Mundo et al.33). The secondary droplet
diameter distribution dependence on the kinematic factors
is more pronounced on a rough solid surface (like in this
study). The role of ALR is crucial in defining the spray

homogeneity based on the spray droplet characteristics as
it affects the mean drop size (SMD) along with the drop
size distribution (DSD) and dictates the formation of high
excentricity secondary droplets at different spatial locations
within the spray (discussed previously). The Sauter mean
diameter (SMD) is plotted against non-dimensional radial
distance (X/D) for different ALR values (Figure 17).
There is, in general, a steep increase in mean drop size
with the radial distance from the spray centreline for mod-
erate (0.2) to high (0.4) ALR values. For an ALR value of
0.1, the SMD trend is reversed for the 6.0 mm and 10.0 mm
atomizers configuration, hinting at a change in spray
dynamics at different radial locations attributing to different
kinematic properties of droplets/globules at various spatial
locations within the spray. The RSF (Δ) value for low
ALR (say, 0.1) shows a decreasing trend indicating the uni-
formity in droplet size distribution at a region far from the
spray centreline (Figure 18). In contrast, there are no appre-
ciable changes in the RSF (Δ) values for other ALR plots
with relative span factor values in the range ∼ (1–1.5), dem-
onstrating uniformity in the spray drop size distribution at
relatively higher air-to-liquid ratios (ALR), also mentioned
in Kulkarni et al.17. For clarity and completeness, the RSF
(Δ) is plotted against the SMD values for different radial
locations (color-coded) (Figure 19). The drop size variation
is falling within the range of ∼70 µm to 225 µm for all
atomizer configurations, indicating the spray homogeneity
in all atomizer cases. The SMD variation is maximum at

Figure 18. Plot showing RSF (Δ) trendlines for cone distance (Lc) of 6.0 mm, 8.0 mm, and 10.0 mm for various ALR values for radial

locations in terms of X/D at Z/D= 100 location. .
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the far radial location (150 mm) for all atomizers. Larger
SMD values have a relatively low RSF (Δ) value in (∼2
− 3) in all atomizer configurations. The RSF (Δ) values
vary from ∼(1 to 5) for all locations with relatively more
variation at off-centre locations than spray centreline loca-
tion (except for the 10.0 mm cone distance (Lc) atomizer),
displaying the less uniform drop size distribution attributing
to the different spray-bluff body impact dynamics behav-
iour at far radial locations.

The spray impact on the bluff body (disc or cone) may
affect the spatial distribution of the droplets in terms of
droplet mean sizes and the droplet number density. The
mean drop size and the spray density directly affect both
vaporization and combustion aspects; however, combustion
characteristics also depend on the type of combustor system
(such as industrial boilers), the airflow pattern within com-
bustors, etc. The dense spray region (below the bluff body
region) curtails the air-liquid mixing due to the slow
air entrainment rate whereas the less dense spray region

(off-centre locations in our case) promotes better air-liquid
mixing for efficient spray combustion (Law34).

Further study is required to explore the effect of different
air jet diameters on the spray behaviour as drop diameter is
highly sensitive to the air jet diameters (Padwal et al.35).
Spray uniformity will be estimated in terms of spray
pattern using a Mechanical Patternator designed in-house
specifically for these atomizers by covering only one
sector angle (120°) and integrating it for the other two
sectors to get whole coverage azimuthally. The patternation
has the advantage of estimating the spray volume flux in
addition to the spray pattern at different spatial locations
providing the spray characteristics in terms of spray homo-
geneity. Also, mean drop size and drop size distribution
(DSD) based on different atomizer configurations (different
airflow diameters with fixed cone distance (Lc)) subjected
to different air-to-liquid ratios (ALR) need to be investi-
gated to estimate the atomization effectiveness based on
atomizer geometry and atomizing air as in real applications

Figure 19. Scatter plot showing SMD and RSF (Δ) values for cone distance (Lc) a) 6.0 mm, b) 8.0 mm, and c) 10.0 mm for radial

locations 0 mm, 50 mm, 100 mm & 150 mm.

Figure 20. Plot showing RSF (Δ) Vs SMD (D32) for cone distance (Lc) of 6.0 mm, 8.0 mm, and 10.0 mm for radial locations 50 mm,

100 mm & 150 mm.
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compressor power or minimum airflow requirement can be
an issue.

Summary
The study reveals the complex spray behaviour asso-
ciated with droplet formation from different atomizer
designs and air-liquid interaction within the atomizer
type. The high-speed sheet/ligaments interact with the
bluff body-induced shock waves, leading to mist-like
fine droplets cloud in addition to a larger ligament struc-
ture protruding downstream. Droplet size distribution
(DSD) and cumulative distribution become narrower
with increased liquid loading and high airflow rates.
Excentricity plots hint at the intensity of the secondary
spray dynamics as a large fraction of high excentricity
droplets are formed at the spray centreline, while
nearly- spherical droplets are formed away from the
spray centreline. SMD generally increases with an
increase in radial locations from the spray centreline
attributed to the spray-bluff body impact dynamics
leading to different spray characteristics. High SMD
values for high airflow rates (40 kg/h) at 150 mm might
be due to entrained smaller droplets into the recirculation
zone below the bluff body region, as higher droplet
number density was observed at the spray centreline.
The relative span factor (Δ) follows an inverse trend as
it decreases away from the spray centreline. The high
RSF value at the spray centreline indicates the large
droplet size range formed due to ligament breakup and
finer drop sizes formed due to mist formation. Low
RSF values at a higher radial location corroborate the
aerodynamic atomization such that a smaller number of
newly droplets formed are of comparable sizes. SMD
and RSF (Δ), when plotted against radial locations in
three-dimensional plots for each atomizer configuration,
larger SMD values correspond to lower RSF (Δ) values
and vice-versa. Sauter mean diameter (SMD) and
Relative span factor (Δ) show correlation through
cluster formation with some outliers when plotted for
all different fluid flow rates employed (Figure 20). The
values of SMD and RSF for all atomizer configurations
at all radial locations are tabulated in Table 1A
(Appendix A).
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Appendix A

Table 1A. SMD (µm) and RSF (Δ) values for all atomizers at various radial locations.

Radial location Air flow (kg/h) Water flow (kg/h)

6.0 mm 8.0 mm 10.0 mm

D32 (µm) RSF (Δ) D32 (µm) RSF (Δ) D32 (µm) RSF (Δ)

0 mm 20 100 73.6 1.41 87 1.78 90.6 1.51

0 mm 20 200 117.2 4.13 122.2 4.01 112.6 5.12

0 mm 20 300 80.9 3.11 77.5 4.17 79 3.87

0 mm 30 100 66.3 3.21 64.4 3.61 70.1 2.70

0 mm 30 200 82.5 1.61 76.3 1.52 75.4 3.11

0 mm 30 300 89.3 3.04 77 1.35 68.6 2.42

0 mm 40 100 67.6 3.85 76.6 2.35 72.5 2.82

0 mm 40 200 75 3.71 79.3 4.15 80.1 4.13

0 mm 40 300 94.5 1.60 89.3 1.89 90.1 3.88

50 mm 20 100 77.3 1.21 83.9 1.27 86.8 1.20

50 mm 20 200 81.4 4.29 90.6 5.88 111 5.04

50 mm 20 300 73.1 2.87 151.9 3.81 92.9 4.53

50 mm 30 100 85.8 1.23 79.2 1.48 73.1 2.06

50 mm 30 200 97.2 1.04 78.3 1.16 78.5 1.52

50 mm 30 300 101.8 1.20 84.3 2.50 93.8 3.00

50 mm 40 100 84 1.36 78.6 1.75 76.6 2.92

50 mm 40 200 92.7 4.33 73.6 3.43 87.3 3.25

50 mm 40 300 94.2 1.10 81.1 2.03 118.2 4.28

100 mm 20 100 106.4 1.13 109 1.11 106.4 1.30

100 mm 20 200 98.1 5.06 101.5 7.35 107.2 4.99

100 mm 20 300 122.3 1.38 106.5 1.37 89.5 1.20

100 mm 30 100 96.5 1.24 112 0.95 98.6 1.21

100 mm 30 200 96.4 0.87 104.1 0.93 90.9 0.98

100 mm 30 300 88.9 2.02 84.9 2.16 92.6 2.87

100 mm 40 100 115.7 1.27 107.7 2.89 118.7 1.35

100 mm 40 200 110.8 1.12 105.2 1.10 117.1 1.03

100 mm 40 300 86.7 0.93 95.7 0.93 103.2 0.87

150 mm 20 100 149.8 1.46 151.2 1.45 156.8 1.53

150 mm 20 200 133.5 2.91 126 2.33 115.5 5.17

150 mm 20 300 113.8 1.00 124.7 0.86 102.9 1.09

150 mm 30 100 193.7 1.09 161.4 0.91 169.4 1.08

150 mm 30 200 165.9 0.94 141 0.81 162 0.99

150 mm 30 300 124.4 3.58 116.1 3.53 117 4.02

150 mm 40 100 213.8 0.87 211.3 1.04 220 0.88

150 mm 40 200 171 0.76 162.7 0.75 184.1 0.84

150 Mm 40 300 158.2 0.63 134.8 0.60 129.2 0.72
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Appendix B

Figure 1B. Distribution curve fits including all SMD (in µm) values for all radial locations at various fluid flow rates for all atomizers

configurations.
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A B S T R A C T

This feasibility study investigated a new non-intrusive approach employing acoustic chemometrics. The method 
includes acoustic/vibration data recording obtained utilizing two clamp-on piezoelectric accelerometers and two 
electret condensers-type microphones mounted on an arc. Principal Component Analysis (PCA) classification 
models were based on the acoustic FFT spectra from four sensors. The non-dimensional number (X) values 
correspond to the different breakup regimes comprising a range of air and liquid (water) flow rates in this air- 
assisted atomizer (one-analyte system). PCA classification model discerns the clusters belonging to similar non- 
dimensional number (X) values with the maximum variance in the first principal component (PC1) direction 
for both sensors combined. This study also assesses the utility of the acoustic chemometrics approach for pre
dicting the flow parameter, such as Sauter mean diameter (SMD) based on the Partial Least Squares-Regression 
(PLS-R). The PLS-R prediction models work best for the 550 mm location with a low root mean square error of 
prediction (RMSEP) value of 5.443 and a high Pearson correlation coefficient (R2) value of 0.856 when validated 
using 50% independent data (test set validation). The comparison between the two sensor types demonstrated 
superior prediction performance for accelerometers for all the prediction models.   

1. Introduction

Multi-phase flows are common in various industrial applications
ranging from engine sprays in aircraft engines to petroleum products 
transported through pipelines. The most occurred case is two-phase 
flows in which gas and liquid interact to form various flow patterns 
generating vibrations and flow-based noise. These flow regimes (pat
terns) are classified using many diverse techniques based on high-speed 
imaging [1], gas void fraction [2], gamma-ray attenuation [3], 
flow-induced vibrations (FIV) [4], image analysis and neuro-wavelet 
approach [5] and acoustic emissions [6]. Flow-induced vibrations are 
categorized into four different types, in which acoustic resonance and 
turbulent-induced excitation are crucial for internal two-phase flows 
[7]. The vibration signals-based study using the PAT approach (sensors) 
showed a strong relationship between signals from accelerometers and 
flow rates [8]. The relationship between the acoustic emissions and the 
particle size was also observed using the PAT approach in the granula
tion process [9]. The vibration peak frequency is proportional to the 
flow parameters (void fraction) [10]. An experimental study was also 
conducted to estimate the relationship between heat flux and 

flow-induced vibrations (FIV) [11]. The time and frequency spectrum of 
the force fluctuations in two-phase flow were analyzed through 
flow-induced vibrations [12]. The acoustic emissions were found to be 
sensitive to particle movements, which renders them useful also for flow 
regimes identification [13]. The flow-induced vibration-based approach 
within the flow classification/identification problem is reviewed in 
detail [14]. Though few such vibrations-based studies for flow classifi
cation still lack detailed analysis regarding the effect of flow-induced 
vibrations on the flow parameters such as local void fraction, interfa
cial area, particle/drop size distribution, etc. 

The single-phase flow (air only) can significantly affect the flow- 
induced vibrations and the acoustic noise. When expanded to high 
speeds, the jets produce shock-associated noise in supersonic flows [15]. 
The noise generated due to the high-speed air jets can further exacerbate 
flow-induced vibrations. The shock-associated noise due to shock cell 
interaction with the instability waves is isotropic. The turbulent mixing 
noise created by larger turbulent structures is dominant in the jet 
near-axial downstream direction [16]. A considerable amount of study 
has been done with single-phase with the viewpoint of jet acoustics [17]. 
The two-phase flow study constituting both vibration study for 
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flow-induced vibrations caused due to internal flows and acoustic 
analysis from acoustic emission from gas-liquid coaxial flows, which 
lead to interfacial mixing, is still not considered. There have been at
tempts to measure the local two-phase flow parameters such as void 
fraction, Sauter mean diameter (SMD) with flow-induced vibrations 
study [18], conductivity probes [19] and acoustic emission method [20, 
21]. But the combination of techniques is still not attempted to date to 
the best of our knowledge. 

This work employs a combined approach, including passive sensors 
(accelerometers) for acquiring flow-induced vibrations and acoustic 
transducers (microphones) for obtaining acoustic emissions. The 
method is novel in determining the flow regime classification and flow 
parameters (Sauter mean diameter) prediction. The advantage of this 
approach is dual such that vibrations, an inherent part of fluid flows in 

piping in industrial plants, can be wielded for prediction of the flow 
classification & flow parameters and fretting-wear prognosis in case of 
fatigue or structural damage. The data fusion with both techniques 
(described in detail later) is done in the study to predict both the flow 
regime classification and the flow parameters such as mean droplet size 
(or drop size distribution). The particle size distribution can also be 
predicted using the acoustic chemometrics-based approach [22,23]. The 
PAT approach including the process analysers and multivariate tools has 
been proved useful in monitoring the particle size distribution [24]. 
Multivariate analysis techniques such as PLS-R are used for the simul
taneous determination of many parameters including droplet size in 
fluid applications [25]. 

Fig. 1. a) Schematic of the acoustic setup along with visualization setup b) atomizers schematic diagram with annular sheet thickness of 280 μm. (inner dimensions 
(Ф) in mm). 
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2. Materials and methods

2.1. Experimental assembly

Experiments were performed in-house at the process and energy 
department laboratory as shown in the schematic in Fig. 1a. The sheet 
breakup dynamics were studied with the backlight-based visualization 
technique. A complementary metal-oxide-semiconductor (CMOS) based 
high-speed camera (Photron SA-Z), and two 250 W halogen lights from 
Dedocool Dedolight render the sheet breakup study. The atomizers 
(schematically shown in Fig. 1b with inner dimensions given) with 3.0 
mm orifice (throat) diameter (D) were attached to the lance mounted at 
the Bosch Rexroth traverse system. The test rig consists of a compressor 
system with a maximum capacity of 7.0 bar (g) for the airflow and a 
pump (Froster AS company) for the water flow. Yokogawa Rotamass and 
Endress Hauser Promass 83 (Coriolis type) flowmeter used for water 
flow and airflow rate measurements. The water flow rate changed from 
100 to 300 kg/h, and the airflow rate varied from 20 to 40 kg/h, cor
responding to the ALR ranging from 0.066 to 0.4, which is defined by 
ALR = ma/ml, where ma is gas flow rate, and ml is liquid flow rate. The 
experiments were conducted at room temperature (20 ◦C) such that fluid 
properties are assumed to be STP values. The experimental flow process 
for the visualization study is described in more detail in Ref. [26]. 

The experimental setup for the acoustic emission study is also 
depicted in Fig. 1. The setup employed two Piezoelectric type acceler
ometers for the noise/vibration data tapping. Two pre-amplified mi
crophones (electret condenser type) were mounted along the arc at θ =
90⁰ and 150⁰ from perpendicular to the nozzle axis. Noise readings were 
procured at R = 100D, termed “far-field” measurements [27]. The 

autocorrelation function showed two distinct, coherent noises− 90⁰
angle corresponds to fine-scale turbulence noise, and 150⁰ angle repre
sents large turbulence structure noise [16]. Note that the acoustic data 
were recorded in a non-anechoic chamber, affecting the signal through 
stray noise inclusion. A data acquisition device (DAQ) from National 
Instruments (model NI USB-6363), a signal amplification unit, and a 
personal laptop with an in-house LabView interface, were employed for 
signal acquisition. The detailed acoustic chemometrics process starting 
from acquiring the acoustic data spectrum to signal conditioning & 
processing is explained in the next Section 2.2. The multivariate analysis 
methods applied to the processed acoustic data are discussed in the 
following Section 2.3. 

2.2. Acoustics chemometrics 

The numerous advantages such as non-intrusive technology, real- 
time signal monitoring through clamp-on sensors in harsh environ
ments and relatively economical led to wide applications of acoustic 
chemometrics ranging from process monitoring to qualitative analysis. 
The acoustic chemometrics was successfully applied for fluid flow 
classification [28]. The major components comprise the acoustic che
mometrics from acquiring the data in time series signal and converting it 
into the frequency domain using the Fast Fourier Transform (FFT). The 
basic idea behind acoustic chemometrics is that all fluid flow processes 
(single or two-phase) emit some energy information in the form of noises 
that can be exploited and analyzed [29]. The flows in the atomizers 
employed in this study generate distinct vibrations for a given set of fluid 
flow rates. These flow-induced vibrations and turbulent mixing noise 
were tapped using the sensors: piezoelectric type 4518 accelerometers 

Fig. 2. Flowchart of the acoustic analysis in-flow process from the acoustic study.  
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from Bruel & Kjær, Denmark and Veco Vansonic PVM-6052–5P382 
electret condenser type omnidirectional microphones with sensitivity & 
signal-to-noise ratio (SNR) of − 38 dB and 58 dB, respectively. The 
microphone working range is from 50 Hz to 16 KHz. Note that though 
microphones are placed in a set direction, the possibility of stray noise 
collection cannot be fully neglected. The recording was performed using 
the data acquisition device (DAQ) from the National Instruments (NI 
USB-6363) and a signal amplification module. The real-time signal 
monitoring was done using a LabView-based interface. The signal is first 
converted from analog to digital as the latter signal is required for the 
amplification unit. The frequency range employed is in the range of 
0–200 KHz. The signal processing was carried out in a few steps. Firstly, 
time series of 8192 samples were recorded from four sensors, 2048 
samples each. The time-series signal was multiplied by a window 
transform (Blackman Harris) which negates the spectral leakage effect 
by trimming the ends of the acoustic spectrum. The signal is transformed 
into the frequency domain as Fast Fourier Transform (an efficient form 
of Discrete Fourier Transform) implemented in the LabView interface for 
real-time calculations. The Discrete Fourier Transform transforms a 
sequence of N complex numbers {xn}: = x0, x1, …,xn-1 into another 
sequence of complex numbers, {Xk}: = X0,X1, …,XN-1, which is defined 
by Eq. (1). 

Xk =
∑n− 1

n=0
xn e− i2πkn/N k = 0,…, N − 1 (1) 

Five replicates were taken with 500 averages for each sample to 
attenuate the uncertainty in the measurements. The whole in-flow 
procedure is described in the process flow chart in Fig. 2. 

2.3. Data processing 

The noisy acoustics spectrum data recorded through the sensors are 
hard to analyze and interpret directly. The multivariate analysis was 
performed on the spectrum data using The Unscrambler X (version 10.3, 
Camo Analytics). The multi-dimensional nature of the data set renders 
the data to be untractable and unyielding. Principal Component Analysis 
(PCA) simplifies the analysis by reducing the data set’s multi- 
dimensionality into the lower independent dimensions, thus reflecting 
the ‘hidden’ structures/pattern. The classification method analyses 
multivariate data by probing the variance such that the first principal 
component (PC1) lies along the maximum variance direction. PCA 
projects the data into a new orthogonal coordinate plane of independent 
principal components (PCs) by utilizing the correlations between the 
variables. The new mean-centred plane is represented by scores (T) and 

loadings (P), with the origin at the centre of the data swarm [30]. PCA 
models the original data matrix (X) with some residual (E), not 
explained by the model. It is given by equation {2} 

X = T PT + E (2) 

The modeling of the spectrum data is done by employing the 
Nonlinear Iterative Partial Least Squares (NIPALS) algorithm because of its 
inherent merits [31]. NIPALS works with the matrices with sufficient 
data with missing observations. The bilinear analysis approach of 
NIPALS is far superior to other numerical techniques such as Singular 
Value Decomposition (SVD). 

Many prediction modeling techniques are based on regression, such 
as Multiple Linear Regression (MLR), Principal Component Regression 
(PCR), etc. But due to their limitations in dealing with complex data sets, 
Partial Least Squares-Regression (PLS-R) is the most widely used method. 
PLS works on the Nonlinear Iterative Partial Least Squares (NIPALS) 
algorithm. A step-wise NIPALS algorithm is described in detail [30]. 
PLS-R is superior and robust to its contemporary technique, PCR, as it 
allows the Y-data structure to intervene directly in the X-decomposition. 
Thus, PLS-R connects the X- and Y-space by condensing the two-stage 
process into one stage, unlike the PCR, which is also explained in 
detail in the tutorial [32]. PLS-R relies on representing training data for 
two-variable blocks X- and Y-, respectively. In this study, the X data 
matrix contains the acoustic frequency spectra. Y is a vector containing 
the non-dimensional number X values that link the fluid flow conditions 
at which the mean drop size was measured. PLS-R simultaneously 
models the X- and Y- data in this algorithm, reducing X-variations that 
do not correlate with Y but raise concerns about orthogonality. PLS-R 
gives more accurate results than other regression methods for 
low-precision data. 

2.4. Airflow pattern study 

The shadow imaging technique was performed to visualize the 
airflow patterns in high-speed flows. Led light (3 Watt) used as a light 
source collimated via 100 mm diameter telecentric lens (Opto engi
neering) before passing through a high-speed air-jet exiting from the 
atomizer inner core, as shown in Fig. 3 a. The uniform refracted light 
then proceeds through another telecentric lens (used for reduced edge 
diffraction effects) attached to a high-speed camera (Photron SA-Z) at 
the end. The imaging was acquired at 21,000 fps with ~50 μm shutter 
speed. The wave pattern depicting oblique shock waves for CD atomizer 
due to overexpanded flow and Prandtl-Meyer expansion fan for 
converging atomizer for the underexpanded flow, respectively, is shown 

Fig. 3. a) Schematic of airflow study and b) the wave pattern in converging-diverging (CD) atomizer and converging atomizer for different airflow rates.  
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in Fig. 3 b. 

2.5. Two-phase flow study 

Different breakup regimes (or modes) are reported in earlier studies 
[33–35] related to annular sheet disintegration with co-flow air such as 
Annular sheet disintegration, Ligament-type breakup, Wavy sheet 
disintegration and Pure-pulsating breakup regimes [36]. The breakup 
regimes are usually described in non-dimensional numbers (We, ALR 
etc) to understand the effect of specific intrinsic parameters. 

Reynolds number (Reg) based on the airflow rates is given by equa
tion {3} 

Reg =
ρg ug d

μ (3)  

where ρg is gas density (kg/m3), ug (m/s) is sheet velocity obtained 
through air mass flow rate, μg (assumed as 18 μPa s at 20 ◦C) is the 
dynamic viscosity of air, and d is orifice (throat) diameter (3.0 mm). 

Weber number (Wel) based on the liquid flow rates is defined by 
equation {4} 

Wel =
ρl u2

l t
σ (4)  

where ρ is liquid density (~1000 kg/m3), ul (m/s) is sheet velocity ob
tained through liquid mass flow rate, σ (0.072 N/m) is surface tension, 
and t is sheet thickness (280 μm). 

Air-to-liquid ratio (ALR) is given by equation {5} 

ALR=
mair

mliquid
(5)  

where mass flow rate in kg/h. 
High-speed imaging renders different flow regimes at specific 

different flow rates. The blurred ligaments/droplets are apparent in all 
cases due to the images obtained for the broader field of view (FOV) 
images. The high FOV (~7 cm × 10 cm) images were utilized for the 
breakup regime study (unlike magnified imaging used for droplet size 
measurements) which provide the necessary qualitative details about 
the sheet breakup mechanism. The Kelvin-Helmholtz (K–H) or Rayleigh- 
Taylor (R-T) type interfacial instabilities affect the annular sheet 

breakup resulting in multiple breakup types. At lower Wel and lower 
Reg, the aerodynamic interaction with the contracted sheet (owing to 
surface tension) shows a bursting effect in the neck region. The bursting 
phenomenon with newly formed fragments/ligaments at the periphery 
forms the Annular sheet disintegration. With the increase in Reg, the 
shearing effect owing to high-speed air-liquid interaction results in the 
filaments ejecting out at the neck region depicting the ligament type 
breakup. At higher liquid Wel with relatively low Reg, a Wavy sheet 
disintegration was formed in which the corrugated sheet disintegrated 
further forming inter-connected liquid structures convecting down
stream with the surrounding globules/droplets. Whereas at higher Reg & 
Wel, ligaments shed azimuthally at the neck region forming a Christmas 
tree-like pattern. Also, known as Pure pulsating breakup, where ligament- 
like structures pulsate alternately left and right sides of the spray axis 
(see Fig. 4). Table 1 shows the range of flow rates (in kg/h) for air and 
water along with dimensionless number ranges corresponding to 
different breakup regimes. 

2.6. Test procedure 

The acoustics data were acquired for the points mentioned in the test 
matrix that enclose breakup modes (Fig. 5). 9 points encompassing 
various breakup regimes were considered for acoustic information. The 
boundaries between various regimes are based on visual observations 
based on different fluid flow rates with corresponding non-dimensional 
numbers. The important point to note is that these are not fixed 
boundaries as transitions between the various breakup modes are also 
dependent upon other factors such as flow fluctuations, nozzle surface 
roughness, vibrations etc. The regime map depicted here is different in 
such a way that other studies incorporate either only velocity [37] or 
momentum [38] for both air and liquid medium. Five replicates were 
taken for each point to reach statistical significance. Four points 
(marked in the dark cross) correspond to annular sheet breakup modes. 
The water flow rate varied from 100 kg/h to 300 kg/h, keeping the 
airflow rate constant for the data matrix points (in a vertical line). The 
flow chart for the whole in-flow procedure for the data acquisition is 
shown in Fig. 6. 

Fig. 4. Annular sheet breakup regimes for different flow rates.  

Table 1 
Breakup modes based on different ranges of dimensionless numbers.  

Breakup regimes Water flow ratea Airflow ratea Reg x103 Wel ALR 

Annular sheet disintegration 100–150 10–20 65–131 17.24–38.80 0.1–0.2 
Ligament type breakup 100–150 30–40 196–262 17.24–38.80 0.1–0.133 
Wavy sheet breakup 300–350 10–20 65–131 155.17–211.21 0.1–0.2 
Pure-pulsating breakup 300–350 30–40 196–262 155.17–211.21 0.1–0.133  

a in kg/h. 
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2.7. Droplet size measurement 

The drop size measurements are based on the particular fluid flow 
rate combination. The schematic for the droplet mean size measurement 
is shown in Fig. 7. The laser-based shadowgraphy method measured the 
mean drop diameter (SMD) with a Complementary metal-oxide- 

semiconductor-based (CMOS) high-speed camera (model Photron SA-Z 
2100). Dual-cavity ND: YAG Laser (Photonics industries DM60-532 
DH model) uniformly illuminated the spray at 532 nm. The speckle- 
free light background was achieved with diffuser optics. Questar long- 
distance microscope (QM1) provides a field of view (FOV) of 12.45 
mm × 12.45 mm with Barlow lens attachment (1.5× zoom). The Par
ticleMaster software package incorporated in Davis 10.1 version (LaV
ision) is utilized for drop/particle sizing. The calibration plate (50–1000 
μm dark circular spots region) renders the depth-to-size ratio (DSR) 
value of ~13:1. The images were recorded at six locations (shown in the 
zoomed rectangle in the spray region)− three along the atomizer axis 
(350 mm, 550 mm & 750 mm) and three at the radial axis (50 mm, 100 
mm & 150 mm) at the 550 mm axial location. The droplet detection & 
size measurement for pre-normalized images were based upon the 
binarization threshold ((0%) for black objects & (100%) for white 
backgrounds) which is critical to find as it may affect the measurement 
accuracy due based upon droplet size & density [39,40]. Droplet di
ameters were measured at several binarization thresholds (in the range 
of 50%–80%) for different spray locations for few cases. The droplet size 
variation among different binarization thresholds is within ~5%, thus a 
50% threshold (i.e. default value, which is the average of the intensity at 
the droplet centre and the white background) as recommended by 
several authors [41,42] was used in drop size measurements. The min
imum shadow area (which filters the minimum detectable drop size (i.e., 
3 pixels (in the area) was used in our case, which corresponds to 24 μm 
up to 4000 μm), and minimum slope (drop detection based on edge 
sharpness (default value of 3% was used). 1000 recorded images for 
each measurement location provide high measurement certainty as 
mean drop size (SMD) converges at a unique value after 500 images due 
to high spray density. Laser intensity (in terms of current (A)) was 
adequately set to provide uniform illumination in the dense spray region 
for different spray conditions at various spatial locations. Table 2 shows 
the ALR, liquid weber number (Wel) and non-dimensional number (X) 
for the fluid flow rates involved. 

A new dimensionless number (X) (equation {6}) incorporating the 
ALR and Wel was utilized to demarcate the effects of different fluid flow 
rates. 

X = Wel⋅ALR (6) 

The calculation of mean drop size, such as Sauter mean diameter 
(SMD) or (D32), is based on the increased surface area for a given 

Fig. 5. Points are based on different air and water flow rates as a test matrix.  

Fig. 6. Flowchart for data acquisition procedure.  
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volume. SMD provides the volume to the surface area ratio for the whole 
spray. It is given by equation {7} 

D32=
∑n

i=1ni*d3
i∑n

i=1ni*d2
i

(7)  

where ni and di are the number and diameter, respectively, of a droplet 
in a particular bin size/class. 

Drop sizes (SMD) were plotted for the range of non-dimensional 
number (X) values for both axial and radial locations (Fig. 8). Drop 
sizes were observed relatively smaller in the axial region than in the 
radial region. 

3. Results and discussion

The mean-centred Score plot (Fig. 9 a) shows how the most impor
tant variance directions of the acoustic spectra (PC1 and PC2) and the 
non-dimensional number (X) are related. The non-dimensional number 

Fig. 7. Schematic of the shadowgraphy imaging setup for droplet size measurement.  

Table 2 
Fluid flow rates and dimensionless numbers employed for the drop size 
measurements.  

Flow ratesa Air-to-liquid 
ratio ALR 

Liquid Weber 
number Wel 

Non-dimensional 
number X 

Air Water 

20 100 0.20 17.24 3.448 
20 200 0.10 68.96 6.896 
20 300 0.066 155.177 10.345 
30 100 0.300 17.24 5.172 
30 200 0.15 68.96 10.344 
30 300 0.1 155.177 15.518 
40 100 0.4 17.24 6.89 
40 200 0.2 68.96 13.792 
40 300 0.133 155.177 20.69  

a In kg/h. 

R. Sikka et al.
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(X) is based on the various fluid flow rates combination. The plot. 

3.1. Pattern exploration using Principal Component Analysis (PCA) 

Also shows a colour-coded cluster for each X value corresponding to 
specific fluid flow rates. The non-dimensional number (X) has an 
increasing trend from the lower right side (labelled as Low flow rates) to 
the upper left side (labelled as high flow rates) with respect to the origin 
as described by PC1 and PC2. The score plots are plotted for converging- 
diverging (CD) atomizers for verification of repeatability. The Loading 
plot (Fig. 9 b) depicts the significant influence of the frequencies 
recorded through accelerometers over microphones since the loading 
values are larger in the former. 

The Score plots using accelerometers only (Fig. 10 a) and micro
phones only (Fig. 10 b) also show the same trend observed previously. 
The score plot employing only the accelerometers shows a coloured 
points cluster for each X value corresponding to specific fluid flow rates 
except for the highest flow rates (X value of 20.69), which is slightly 

scattered in the PC2 direction. In contrast, the Score plot involving only 
microphones reveals that both PC1 and. 

PC2 contain valuable information regarding the flow rates as dis
played by the PC1 and PC2 direction variance. The plot depicts a trend 
such that fluid flow rates increase from the slightly upper right side (low 
flow rates) to the marginally lower left side (high flow rates) with 
respect to the origin. Using accelerometers based on non-dimensional 
number X values, the PCA classification model exceeds the PCA model 
performance while using microphones. 

3.2. Prediction modeling using Partial Least Squares-Regression (PLS-R) 

PLS-R was employed to make a model prediction based on the ac
quired acoustic spectra. The model for drop size prediction is based on 
both sensors (accelerometers and microphones). The acoustic spectra 
used to calibrate the PLS-R model were a 90 × 8192 matrix containing 
90 frequency spectra for each sensor. Each spectrum consisted of 2048 
frequencies ranging from 0 to 200 kHz for each sensor. The 

Fig. 8. Plots depicting the drop sizes against the different non-dimensional number (X) values for a) three axial locations and b) three radial locations.  

Fig. 9. a) Score plot depicting the X values for the converging-diverging (CD) atomizer b) loadings plot for all the sensors.  

Fig. 10. a) Score plot using both axis accelerometers b) Score plot using both 90⁰ and 150⁰ microphones for the converging-diverging (CD) atomizer.  
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dimensionless number (X) values were used as the reference values 
(Fig. 11 a). The test set validation was performed for every alternate data 
matrix value, 50% (45) of the total column set. The main statistical 

parameters that evaluate the model prediction are slope, and root mean 
squared error of prediction (RMSEP). The root mean square of predic
tion (RMSEP) is given by equation {8} 

Fig. 11. a) Predicted Vs. Reference (B) value. The target line (black) and regression line (red) are indicated b) X-loadings weight for all the sensors c) Root mean 
square error plot d) Residual variance plot. 

RMSEP ​ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Σn
i=1

(
ŷi, predicted − yi,reference

)2
√

n
(8)    

Fig. 12. RMSEP values at different drop measurement locations (axial & radial), including accelerometers and microphones.  

R. Sikka et al.                                                                                                                                                                                                                                   



Flow Measurement and Instrumentation 86 (2022) 102209

10

Where i = sample index number, n = total number of samples, 
RMSEP = Root Mean Squared Error of Prediction. 

The loadings weight plot (Fig. 11 b) represents the effective loadings 
directly linked to the relationship between X and Y. Both slope and 
RMSEP define the quality of the model fitting the reference data; in this 
case, their value is reasonably good as the slope value of 0.833 and 
RMSEP value of 5.443 with coefficient R2 (Pearson) value of 0.856 for 
550 mm location. The root mean square error plot (Fig. 11 c) demon
strates how fast the RMSE value declines with more factors involved. 
The optimum number of factors employed to create the prediction 
model is 4-Factors based on the residual variance plot (Fig. 11 d). Six 
PSL-R models were calibrated for each location for mean drop size 
(SMD). The RMSEP values for all six models and the RMSEP % are 
depicted in Fig. 12. Based on RMSEP values, the prediction performance 
improves as we move along the axial location, whereas it deteriorates in 

the radial direction. Besides, RMSEP, slope and correlation coefficient 
(R2) is commonly used to evaluate the regression model. Relevant other 
plots, such as explained residual variance plots, regression coefficients 
plots etc., provide helpful information for calibrating and developing the 
prediction model. 

As mentioned above, six PSL-R models were calibrated for each 
location for both sensors individually. A comparison of the prediction 
model was made based on the individual sensor’s acoustic spectra. The 
RMSEP values for all six models and the RMSEP % are tabulated for all 
axial and radial locations, as shown in Table 3. The accelerometer model 
prediction is better than microphones such that the slope value and 
coefficient R2 (Pearson) value is higher in the former case than in the 
latter, as depicted in Fig. 13. The RMSEP value for the accelerometers is 
slightly lower than for the microphones. The root mean square error 
plots (Fig. 13 c & d) demonstrate that with 4 factors in the models, the 
model based on accelerometer data arrives at lower RMSEP values than 
for the microphones. However, the RMSEP value converges for both 
sensors with more factors used. 

3.3. Prediction validation including all sensors data 

The same results can be plotted as samples taken in time. The green 
line is the reference line for the non-dimensional number X, and the blue 
is the prediction line (Fig. 14). The prediction values follow the refer
ence values well within the permissible limits. The regression co
efficients plot in Fig. 15 shows that the acoustic spectrum recorded by 
the accelerometers contains information in all the frequencies; in 
contrast, microphones show peaks at a narrow range of frequencies. The 
regression coefficient in the model is given by equation {8} 

Y =X*BT + b0 (9)  

where X is the measured value, B is the regression coefficients, and b0 is 

Table 3 
RMSEP values tabulated for both accelerometers only and microphones only at 
different mean drop size (SMD) measurement locations.  

Location Accelerometers Microphones 

RMSEP (4 
Factor) 

RMSEP 
(%) 

RMSEP (4 
Factor) 

RMSEP 
(%) 

Axial 350 
mm 

10.523 15.33 10.520 15.33 

550 
mm 

6.263 11.00 7.503 13.18 

750 
mm 

6.322 11.77 6.900 12.84 

Radial 50 mm 12.883 10.88 13.748 11.61 
100 
mm 

12.539 10.10 16.057 12.93 

150 
mm 

24.032 12.67 24.251 12.79  

Fig. 13. Predicted Vs. Reference (B) plots for a) both axis accelerometers and b) both 90⁰ & 150⁰ microphones. The target line (black) and regression line (red) are 
indicated. Root mean square error plots c) for both axis accelerometers and d) both 90⁰ and 150⁰ microphones. 
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the offset (scalar) value. 

4. Conclusions 

The study was conducted to check the feasibility of the new non- 
invasive method using acoustic data by applying multivariate data 
analysis techniques. The data was recorded through glued-on acceler
ometers and microphones mounted along the arc at R = 100 D. The 
breakup regimes corresponding to specific fluid flow rates were used to 
design the test matrix points. Nine points belonging to different non- 
dimensional number X values were used for the classification model. 
Principal Component Analysis (PCA) model discerns the clusters 
belonging to specific X values with the maximum variance in the first 
principal component (PC1) direction. The accelerometer data provide a 

better classification model than microphones, as the latter shows the 
variance in both PC1 and PC2 directions. The other main objective of the 
work is to predict the mean drop size for the twin-fluid atomizers, i.e., 
Sauter mean diameter (SMD) at flow rates corresponding to different 
values of dimensionless number X. SMD was measured employing the 
ND: YAG Laser-based Shadowgraphy technique at six different axial and 
radial locations in the spray. Partial Least Squares-Regression (PLS-R) 
based models were created for all these six different locations employing 
both sensors. The prediction model works best for the centre location 
(550 mm downstream) as indicated by the high slope, low RMSEP, and 
high correlation coefficient (R2) Pearson value when validated by test 
set validation using 50% data alternately. The optimal number of factors 
is estimated to be four factors to predict the model with RMSEP error % 
between 10 and 15 for the mean drop size (SMD). The error in the 

Fig. 14. Predicted and Reference (B) values for samples taken in time.  

Fig. 15. Regression coefficient in the PLS model. (B0: offset is depicted in X-axis).  
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prediction increases as we move along the axial direction and radial 
direction away from the spray centreline. The comparison between the 
two sensors showed that only accelerometers provide relatively better 
prediction than only microphones for all the constructed models. 
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Abstract 

The present study compares twin-fluid atomizers novel concepts based on the airflow (shock 

waves) pattern obtained through Shadowgraph Imaging. The research work was conducted 

using the backlight imaging technique for converging (sonic) and converging-diverging 

(supersonic) air-assist atomizer with a 3.0 mm (throat) diameter. An annular sheet of 

thicknesses 70 µm and 280 µm with a high-speed air-core was employed to study the breakup 

dynamics for the different water mass flow rates (100 - 350 kg/hr) and air mass flow rates (5 - 

35 kg/hr). Different sheet breakup patterns were identified as the function of the ALR ratio (air-

to-liquid mass flow), liquid Weber number (Wel), and gas Reynolds number (Reg). Different 

breakup modes extend from canonical Rayleigh bubble breakup, ligament-type breakup to the 

pure pulsating breakup via annular sheet disintegration. Spray angle variation was also 

observed with the change in sheet thickness and underexpanded flow and overexpanded flow 

in the converging and converging-diverging (CD) air-assist atomizers, respectively, due to the 

drastic difference in the jet flow dynamics. 

Keywords 

Sonic air-assist Atomizers, Primary breakup, Breakup morphology, Annular sheet  

 

Introduction  

The twin-fluid atomization is widely used, especially for heavy (viscous) Newtonian fluids or 

Non-Newtonian fluids. Its main attribute is low-pressure requirements than the mechanical 

counterpart, at the expense of an external source of atomizing fluid (air) for high-speed twin-

fluid interaction. Earlier studies showed that a sheet is optimal for good atomization than a jet 

breakup [1]. Many researchers studied the sheet breakup mainly in two types – flat sheets or 

annular sheets. Though, flat sheets have gained more attention in the early days due to their 

classical problem structure. Lately, the annular sheet also received quite attention. Two major 

distinctions were thoroughly studied- inner air and outer air configuration, in which inner air is 

proven more effective in promoting sheet instability [2] & [3]. 

Based on the inner/outer air velocity or momentum, many modes or breakup patterns were 

identified. Kawano et al. [4] investigated the sheet breakup and found two modes based on a 

critical air velocity – liquid lump and liquid film. Choi et al. [5] observed three breakup modes 

– Rayleigh, bubble-breakup, and pure-pulsating depending on relative air and liquid rates. A 

photographic investigation by Adzic et al. [6] categorized breakup into Kelvin-Helmholtz ( a 

new regime – christmas tree), cellular, and atomization. Three flow regimes for the annular jet 

breakup process have been identified, i.e., bubble formation, annular jet formation, and 

atomization by Li et al. [7]. Ligament spacing is wider for thick sheets, especially in an annular 

sheet case investigated by Berthoumieu et al. [8]. Leboucher et al. [3,9] thoroughly studied 

the breakup based on air-liquid momentum and found modes such as rayleigh, bubble, 

christmas tree, pure pulsating. Zhao et al. [10] discerned the breakup modes – bubble, 

christmas tree (cellular), and fiber breakup based on the morphological differences. But these 

studies are all done without taking into consideration the air-assist mechanism. Kihm et al. 
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[11,12] first investigated the sonic atomization concept to study effective atomization with liquid 

jet using shock waves dynamics in underexpanded or overexpanded flows. Though Sauter 

mean diameter decreases after the advent of shock patterns, it still questioned the use of 

supersonic jet with the aim of optimal atomization. This study aims to discern the various 

breakup modes or patterns in the light of effective atomization using sonic and supersonic 

flow, as they both depict different shock dynamics. This paper contains the experimental 

findings using a novel concept of sonic atomization employing an annular liquid sheet, 

whereas earlier studies employed a two-dimensional sheet [11] or jet [13]. Different breakup 

modes of the liquid sheet with co-flow air were observed subjected to different air and water 

flow rates (air-to-liquid ratio (ALR)). Spray angle variation was also investigated with different 

sheet thickness using converging and converging-diverging (CD) nozzle.  

 

Experimental Method  

 The experimental schematic setup is shown below (see Figure 1 a). The atomizers tested 

were of two types – converging and converging-diverging (CD) air-assist atomizers with core 

airflow ( 3.0 mm throat diameter) and liquid (water) was injected through an annular gap 

(coaxial arrangement), which were connected at the end of the lance mounted onto the 

traversing system (Figure 1 b).  

To study the sheet breakup, two different sheet thicknesses, 70 μm and 280 μm, were 

employed to examine sheet velocity (momentum) effects at employed flow rates. A pump 

supplied the liquid after passing through a filter. The liquid mass flow rate was regulated by 

altering the frequency of the pump, which was recalibrated for a given mass flow rate. The air 

was drawn through an in-house installed compressor with a maximum capacity of up to 100 

psi (7 bar(g)). The Coriolis type flowmeter was used for both air and water flow rate 

measurements. The spray ejected out of the atomizer was collected in a box container; after 

that, it was again pumped to the injector through the hose.  

    

        

Figure 1. a) Schematic of Experimental Setup and b) Nozzle assembly with Backlighting (halogen light). 

 

The backlight imaging method was adopted to provide the necessary insight into the near-

nozzle dynamics. Two halogen lights (dedolight), 250 W each, and the diffuser screen were 

used to provide a diffused uniform background for the image acquisition. Photron CMOS-

based high-speed camera SA-Z model was employed to capture the images at the frame rate 

of 8,000 frames per second with a shutter speed of 125 μs. However, it is not enough to 

capture instantaneous images at higher flow rates as per the Nyquist sampling criterion, but 
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good enough for the primary breakup study. The liquid flow rate varied from 100 kg/hr to 350 

kg/hr, whereas the airflow rate varied from 1 kg/hr to 35 kg/hr, which corresponds to the air-

to-liquid ratio (ALR) ranging from 0.00285 to 0.35. The main objective is to examine the effect 

of sonic (converging) or supersonic (CD) air-assist atomizer on the annular sheet breakup and 

the resulting spray pattern. The major difference in both types of nozzles is that converging 

type nozzle after the nozzle is choked develops the underexpanded sonic jet (pexit > pambient), 

which forms a Prandtl-Meyer expansion fan at inception. In contrast, the CD nozzle goes 

through overexpansion (pexit < pambient), resulting in the initial formation of oblique shock waves. 

Thus, both configurations belong to a unique class that may result in entirely different breakup 

characteristics for the novel atomizer. A series of experiments with varying flow rates were 

performed to find which configuration is more suitable for better primary atomization capability. 

Experimental Results and Discussion 

The primary breakup mechanism for the two kinds of atomizers tested was conjectured to be 

different due to the distinct jet characteristics. In the converging nozzle, an underexpansion 

flow pattern is shown in Figure 2, which results in the Prandtl-Meyer expansion waves [14] 

may try to deflect the liquid sheet in and out of the centerline, thus delaying the sheet 

contraction effect  (due to the surface tension) even at low liquid flow rates. Besides, it prompts 

annular sheet to form instability waves on the inner side which gradually does sheet thinning 

at the wave trough, through which half waves are torn off through liquid sheet (like planar) 

when wave amplitude reaches a critical threshold forming ligaments, which further disrupts to 

form large globules/droplets depending on the aerodynamic interaction between high-speed 

jet air and ligaments.  

In the converging-diverging nozzle (CD), which undergoes overexpansion (see Figure 2) for 

the higher airflow rates employed, thus forming the oblique shock waves with high interface 

strength of the jet boundary. This jet boundary interface strength might play two roles- firstly, 

forming sufficiently high amplitude unstable waves (Kelvin-Helmholtz instability) on the sheet 

surface.  

Figure 2. Shock waves pattern observed in Shadowgraph Imaging at 20,000 fps for a) converging nozzle and b) 

CD nozzle at 35 kg/hr airflow. 

Secondly, the irregular pressure distribution due to the alternate compression and expansion 

of air-jet may drive the sheet into sudden acceleration and sudden retardation, which 

corresponds to the alternate sheet deflection towards and away from the centerline of the jet; 

thus irregular shaped liquid parcels might tear off from the sheet. The length of the sonic jet 

region can also affect the primary breakup, which eventually affects secondary atomization 

[13]. Also, wave growth and ligament formation depend mainly on the surface tension force, 

aerodynamic forces, which define the droplet size formation further downstream. The bursting 

effect (see Figure 3) was seen in both these cases at the neck formation region (which is 

formed early in converging atomizer due to flow behaviour). In general, for both cases, the 

neck bursting frequency varies depending on the aerodynamic interaction effects and the 
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natural pulsating frequency of the liquid sheet, and also pulsations caused due to slight 

variation in airflow rates (<2%). For the 70µm sheet, due to higher axial momentum, the 

breakup length (a) is longer than the 280 µm sheet (e). With increasing ALR, the mist-like 

droplets (tiny) formed downstream axially in 70 µm case (c & d) whereas some threads-like 

droplets (bigger) ejecting laterally out of the sheet can be visible with 280 µm sheet thickness 

( g & h). The sheet formed was corrugated/wavy in both the above cases forming a cellular 

pattern (whose cell size may depend upon the jet velocity), as well as stretched-sheet/ligament 

structure both spanwise and streamwise direction (both observed in planar sheet configuration 

[15,16]) which is attributed to the three-dimensional (3-D) nature of the annular sheet. 
 

                                        

Figure 3. For converging-diverging nozzle with 70 µm (top row) & 280 µm (bottom row) sheet thickness at 100 

kg/hr water flow rate with airflow rates a) & e) 5 kg/hr, b) & f) 15 kg/hr, c) & g) 25 kg/hr and d) & h) 35Kg/hr, 

respectively. 

 
The pressure difference and the surface tension effect, and aerodynamic forces dictate the 

breakup characteristics of the liquid sheet, such as breakup length, spray angle etc. 

1. Breakup dynamics 

Different breakup patterns were observed for various flow rates such that at low flow rates, 

the Rayleigh bubble regime (a) was found with a certain bubble formation frequency at a given 

airflow rate (see Figure 4).  

 

                                               

Figure 4.  For converging nozzle with 280 µm sheet thickness at 100 kg/hr water flow rate (Top row) & at 350 

kg/hr water flow rate (Bottom row), respectively; with airflow rates a) & d) 1 kg/hr, b) & e) 10 kg/hr, and c) & f) 

35Kg/hr, respectively. 
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With a slight increase in airflow rates, the bubble breakup regime, as observed in [5], was 

visualized, forming ligaments and large globular droplets downstream. With further increase 

in air mass flow rates or ALR, the aerodynamic interaction increases, leading to 

corrugated/wavy sheet contraction, forming a neck region where the bursting phenomenon 

was identified. This bursting occurs near the nozzle exit region, forming the annular sheet 

disintegration regime (b). With further increase in ALR, the ligaments/filaments shed directly 

from the near-nozzle region due to the very high-speed interaction lead to a regime known as 

ligament-type breakup (c). As we increase liquid flow rates at low ALR, the jet formation (d) 

occurs with some waviness. With further increase in ALR, the wavy sheet was formed near 

the nozzle, which is contracted to form a wavy sheet disintegration (e), which leads to 

ligaments interconnected in a three-dimensional fashion along with satellite drops 

downstream. At high flow rates (ALR), ligaments shed from all azimuthal angles of the annular 

sheet neck region, forming a christmas-tree like regime. Finally, at very high air-liquid flow 

rates (ALR), a pure-pulsating regime (f) almost similar to the ‘christmas tree breakup’ observed 

as in [9], in which ligament-like structures pulsates alternatively on the left and right side of the 

spray centreline. 

The breakup modes or regime diagram (see Figure 5) for both converging and converging-

diverging (CD) atomizer is quite similar, with a slight variation in the ALR range for different 

regimes.  

Figure 5.  Regime diagram for the converging nozzle atomizer for various flow rates for 280 µm sheet thickness. 

It is plotted for converging nozzle atomizer case for 280 µm sheet thickness based on the air-

to-liquid ratio (ALR) along with the non-dimensional numbers, Eq (1) as Reynolds number Reg 

and Eq (2) as Weber number Wel, defined respectively, such that assuming dynamic viscosity 

of air to be a relatively constant value of 18 µPa.s at 15 ° C. 

   Reg =  ρg ug d / µg  (1) 

  Wel  =  ρl ul
2 t / σl    (2) 

     l= liquid, g = gas (air) 

 Where d: air orifice (throat) diameter,  t: sheet thickness 
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2. Spray angle Variation 

The spray angle variation was observed for change in fluid flow rates. Spray angle 

measurement is based on the tangent lines fitted at the spray edges at some downstream 

location, but the spray periphery is curved due to air-interaction effects. In our case, spray 

angle was measured such that it covers the majority (approximately 99 %) of the droplet mass 

of the whole spray as is depicted (see Figure 6 a & b). The set of 25 images (frames) were 

pre-processed (sharpness and contrast enhancement) in the ImageJ software for each data 

set before the angles measurements were taken. The angles were obtained by taking the 

mean (average) value of these 25 images with an uncertainty of 2-3% due to observation error 

as the spray boundary line is vague. The intensity-averaged images (Figure 6 c & d) were 

not taken for measurement as it underpredicts the spray angle for most cases.              

                                          

Figure 6. Spray angle measurement for CD nozzle atomizer for two cases a) & c) water and an airflow rate of 

100 kg /hr and 5 kg/hr, respectively, b) & d) water and an airflow rate of 350 kg/hr and 35 kg/hr, respectively. 

 

For both 70 µm and 280 µm sheets, the spray angle is plotted against the water flow rate (see 

Figure 7 a & b). For higher airflow rates (say,15 kg/hr), as the water flow rate increases, the 

spray angle decreases rapidly for a thinner sheet (70 µm), whereas the spray angle slightly 

increases then decreases for a thicker sheet (280 µm) due to the prompt increase in liquid 

axial momentum in the former case.   

 

 

Figure 7. Spray angle measurement for converging-diverging (CD) atomizer for a) 70 µm sheet and b) 280 µm 

sheet thickness. 

 

For a lower airflow rate (say, 5 kg/hr), the spray angle decreases continuously in both 70 µm 

and 280 µm sheet thickness. The relatively larger spray angle in the thicker sheet than the 
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thin sheet case is attributed to the lower axial momentum of the thicker liquid sheet, despite 

the sheet contraction effect. At low air and water flow rates, the spray angle is almost identical 

in both converging atomizer and CD atomizer for 280 µm sheet thickness (Figure 8 a) due to 

the slight contraction effect subjected to the absence of waves pattern. Whereas at higher 

airflow rates, the spray angle is larger in the CD atomizer than the converging atomizer, which 

might be due to the alternate contraction and expansion of the sheet due to high liquid-air 

interface strength attributed to the advent of waves pattern. Also, the bursting effect is more 

pronounced in CD than in the converging atomizer.  

The spray angle is plotted against the ALR for 280 µm sheet thickness (Figure 8 b); the angle 

increases up to an ALR value of 0.28, then further reaches a plateau before slightly decreasing 

until 0.35 ALR value. The maximum spray angle reaches around the ALR value of 0.3 for both 

converging and CD atomizer. At higher flow rates, the momentum increases axially, which led 

to less divergence in the spray boundary in the near downstream region (where spray angle 

was measured). A 2nd-degree polynomial curve fit is also shown for both converging and 

converging-diverging (CD) atomizer.  

 

 

Figure 8. a) Spray angle comparison plotted against airflow rate and b) Spray angle measurement plotted 

against air-to-liquid ratio (ALR) for both converging atomizer and converging-diverging (CD) atomizer. 

 

Conclusion 

The characteristics of an annular sheet-based atomizer spray were photographically analyzed 

using high-speed imaging to study the breakup dynamics for the distinct airflow mechanism – 

the converging and the CD atomizer. Breakup modes were discerned in both converging and 

CD atomizer with a sheet thickness of 280 µm. From canonical Rayleigh bubble formation at 

very low ALR values, the annular sheet disintegration, the ligament-type breakup at very high 

ALR values, various modes were obtained. The jet formation occurs at high liquid flow rates, 

whereas wavy sheet disintegration occurred at some moderate ALR values when the sheet 

contracted to form inter-connected ligament-like structures convecting in 3D space. The higher 

flow rates result in the formation of the christmas-tree breakup pattern. 

Furthermore, the pure-pulsating mode was observed with the ligaments convecting 

downstream axially in alternate left and right direction pulsations to the spray centerline with 

a further increase in airflow rate. The spray angle was also obtained using the ImageJ 

software-based analysis. The spray angle shows a declining pattern with the increase in water 

flow rates (due to increased axial momentum) for both 70 µm and 280 µm sheet thickness, 

whereas the spray angle increases monotonously with an increase in airflow rates, for both 

converging and CD atomizers, respectively with 280 µm sheet thickness. The increment in 

spray angle is more in CD atomizers than in the converging atomizer at higher airflow rates 

due to the more pronounced bursting effect in the former case. 
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Nomenclature 

d                air orifice (throat) diameter [mm]                                    Greek symbols                                                                  

t                 sheet thickness [µm]                                        µ            viscosity [Ns·m-2]                                            

Wel            Weber number                                                 ρ            density [kg·m-3] 

Reg            Reynolds number                                            σ            surface tension [N·m-1]                                               

U                        Velocity [m·s-1] 
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Abstract 
In the study, a new non-intrusive approach based on 

acoustic chemometrics, which includes vibration signal 

collection using glued-on accelerometers, was assessed 

for the classification of the different flow (breakup) 

regimes spanning a whole range of fluids (water and air) 

flow rates in this twin-fluid atomizer (one-analyte 

system). This study aims to determine the flow regimes 

based on the dimensionless number (B), whose unique 

values correspond to different flow (breakup) regimes. 

The principal component analysis (PCA) was employed 

to visually classify the breakup regimes through cluster 

formation using score plots. The model prediction 

performance was studied using PLS-R, RMSEP values 

show error ranges within acceptable limit when tested 

on independent data. The present acoustic study can 

serve as a good alternative to the imaging methods 

employed for flow classification. 

Keywords: Multivariate Regression, Acoustic 

Chemometrics, Principal Component Analysis, Flow 
Regimes 

1 Introduction 

Twin-fluid atomizers have been widely used atomizers 

in various applications such as the aerospace industry, 

internal combustion engines, process industry, spray 

drying, etc. Classification of the flow regimes using a 

high-speed imaging setup is quite common, as 

mentioned in different twin-fluid studies (Choi, 1997; 

Leboucher et al., 2010). While it is a fairly convenient 

way to categorize flow regimes for a laboratory-scale 

test setup using imaging setup (Adzic et al., 2001; Li et 

al., 1999), it can be a greater concern for industrial-scale 

atomizers due to the significantly larger fluid flow rates. 

Acoustic chemometrics, thoroughly applied (Esbensen 

et al., 1999; Halstensen et al., 2000) lately has proved to 

be a decent approach for tackling fluid-related problems. 

The applications for acoustic chemometrics are 

multitude, ranging from qualitative analysis to process 

monitoring. The ambit of acoustic analysis lies in the 

fact that all flow processes comprise  

 

 

some form of energy output emission in the form of 

signals that can be tapped and analyzed. The flow in the 

nozzles gives rise to certain vibrations for a particular 

set of fluid flow rates. By recording those signals 

through a data acquisition device using sensors 

(accelerometers) and performing signal analysis, useful 

qualitative information can be extracted by multivariate 

analysis.  

To suffice the currently used imaging methods for 

flow regimes classification, an experimental setup, 

including novel twin-fluid atomizers, is investigated 

with real-time monitoring of the acoustic signal data. 

This study aims to assess the feasibility of the acoustic 

chemometrics approach for this air-assisted spray 

atomizer problem. The main objective is to determine 

the flow regimes based on the dimensionless number B, 

whose unique set of values corresponds to different flow 

(breakup) regimes. This analysis will further cater to 

whether the acoustics chemometrics approach, 

including both unsupervised learning technique (PCA) 

and supervised learning technique (PLS-R), is suitable 

for extracting valuable information through recorded 

vibration signals. 

2 Materials and Methods 

                    
 

Figure 1. Schematic of the novel atomizer attached at the 

end of the lance, along with the accelerometers (in red). 
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2.1 Experimental Method

       

Figure 2. Schematic of the experimental setup along with the acoustic chemometrics flow chart (in box). 

The experiments were carried out in a laboratory-scale 

experimental test rig in the process energy laboratory at 

the USN. The test rig consists of the lance, which is 

mounted at the traversing system, at whose end a twin-

fluid atomizer (Figure 1) with 3.0 mm orifice (throat) 

diameter for core air was attached. The sensors in the 

three-axis (x, y, and z) were glued onto the atomizer. 

The liquid (water) was flowing in an annular manner 

through a slit of 280 µm along with the high-speed air 

core with the aid of hoses and pipes attached to the lance 

(Figure 2). 

The high-speed imaging performed using the 

CMOS Photron camera SA-Z and two 250 W each 

Halogen lights from Dedocool Dedolight renders the 

different flow regimes visible at certain different fluid 

flow rates (Figure 3). Certain breakup regimes or modes 

were found at specific air-to-liquid mass ratios (ALR) 

and Weber number (We) based on liquid sheet velocity.  

ALR  is defined as: 

 

     𝐴𝐿𝑅 =
𝑚𝑎𝑖𝑟

𝑚𝑙𝑖𝑞𝑢𝑖𝑑
                                                        (1) 

 where mass flow rate in kg/hr. 

 

Weber number is defined as:  

 

    𝑊𝑒 =  
𝜌 𝑈2𝑡

𝜎
                                                                (2) 

Where 𝜌 is liquid density (1000 kg/m3), U is sheet 

velocity calculated through mass flow rate, 𝜎 is surface 

tension, and t is sheet thickness (280 µm). 

A new dimensionless number (B) (depicted in Table 

1) was employed, which is defined as: 

 

 𝐵 = 𝑊𝑒 ⋅ 𝐴𝐿𝑅                                                         (3) 

 

                
                  

Figure 3. Different breakup regimes based on different 

fluid mass flow rates. 
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Table 1. Breakup regimes and the corresponding non-dimensional number values  

Breakup Regimes B  ALR We 

Annular sheet disintegration 2.586 0.150 17.24 

Ligament type breakup 6.035 0.350 17.24 

Wavy sheet breakup 9.052 0.0428 211.2 

Pure-pulsating breakup 21.12 0.10 211.2 

Both fluid flow rates were measured and monitored 

using Coriolis flowmeters. Two air flow rates (15 kg/hr 

and 35 kg/hr) were employed as per the visualization 

study and manually operated through the pressure 

regulator. 100 kg/hr corresponds to Weber number (We) 

of 17.24, whereas 350 kg/hr corresponds to Weber 

number (We) value of 211.2. The liquid (water) flow 

rates taken were low flow rate (100 kg/hr) and high flow 

rate (350 kg/hr), which were altered through a 

frequency-based flow rate controller. The air-to-liquid 

ratio varied from 0.0428 to 0.35, depending on the 

combination of fluid flow rates as depicted in Table 1. 

At lower flow rates, annular sheet disintegration was 

visualized, whereas it reached pure-pulsating breakup 

mode at higher flow rates for both air and water. 

Ligament type breakup corresponds to high airflow rates 

& low liquid flow rates, whereas wavy sheet breakup 

corresponds to high airflow rates & low liquid flow 

rates, as mentioned in Figure 3. 

 

2.2 Acoustic chemometrics  

 

 
 

Figure 4. Block diagram of the acoustic analysis in-flow 

process from the vibration data collection. 

The name acoustic chemometrics (Esbensen et al., 

1998) implies that the information extraction from the 

data recorded in vibrational energy is measured using 

some acoustic sensors (say, accelerometers). Some 

inherent advantages related to acoustic chemometrics 

are: 

• Non-intrusive technology system  

• Real-time monitoring of signals 

• Easy sensor deployment (glued-on) 

• Relatively inexpensive technology 

• Prediction of several parameters from the same 

acoustic spectrum 

The acoustic measurements in this study were taken 

using sensors (accelerometer, which is a piezoelectric 

type 4518) from Bruel & Kjær, Denmark. Three sensors 

are utilized in the test experiments to tap the 

noise/vibration data from all three axes (x, y, and z), as 

depicted in Figure 1. The fluid flow ejected out of the 

atomizer outlet forces the atomizer a sudden backward 

blow, recorded in an electrical signal proportional to the 

vibration acceleration. A signal amplification unit, a 

data acquisition device (NI USB-6363) from National 

Instruments and a personal laptop were employed. NI 

USB-6363 data acquisition device (DAQ) was utilized 

to acquire the signal, where the signal converted from 

analog to digital. A digital signal is required for the 

signal amplification unit for further processing. The 

frequency range used for this study is (0 - 200 kHz).   

For the acoustic chemometrics signal collection and 

signal conditioning, the LabVIEW-based in-house 

created interface (Halstensen et al., 2019) was used. The 

signal processing was carried out in few steps. Firstly, 

time series of 4096 samples were recorded from the 

sensor. The time-series signal was multiplied by a 

window (Blackman Harris), which cancels the end of 

the series to avoid spectral leakage in the acoustic 

spectrum. This signal is finally transformed into the 

frequency domain using Discrete Fourier Transform 

(DFT). The Discrete Fourier Transform transforms a 

sequence of N complex numbers {xn}:= x0,x1,...,xn-1 into 

another sequence of complex numbers, {Xk}:= 

X0,X1,...,XN-1, which is defined by equation: 

 

𝑋𝑘 =  ∑ 𝑥𝑛 𝑒−𝑖2𝜋𝑘𝑛/𝑁𝑛−1
𝑛=0  𝑘 = 0, … , 𝑁 − 1               (4) 

 

A more advanced and efficient form of the DFT is 

the Fast Fourier Transform (FFT) (Ifeachor et al., 1993), 

which was implemented in the LabVIEW interface for 

fast real-time calculation. The whole in-flow acoustic 

analysis process from signal conditioning to domain 

transformation from time to frequency and then 

supervised (PLS-R) and unsupervised (PCA) 
multivariate analysis techniques are mentioned in a 

block diagram (Figure 4).   
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2.3 Principal Component Analysis (PCA) 

 

Principal component analysis (PCA) analyses 

multivariate data by examining the common variances. 

Large multivariate data sets can be noisy and difficult to 

interpret. PCA projects mean-centred data (X) 

consisting of variables (columns) and samples (rows) 

onto a new plane. The new plane is represented by 

scores (T) and loadings (P). E is the notation of the data 

not explained by the model, the residuals, given by the 

equation: 

𝑋 = 𝑇 𝑃𝑇 + 𝐸                                                            (5) 

PCA uses an orthogonal transformation to convert 

correlated variables into few linearly uncorrelated 

variables called principal components. The method is 

called the unsupervised method due to no guidance to 

the singular value decomposition from the data. The 

nonlinear Iterative Partial Least Squares (NIPALS) 

algorithm developed earlier (Wold et al., 1987) was used 

because of its many advantages. It works on matrices 

with moderate amounts of randomly distributed missing 

observations. The other advantage of NIPALS is that it 

is less time-consuming than Singular value 

decomposition (SVD), as the former allows defining the 

number of components to calculate. 

2.4 Partial Least Squares Regression 

 

Partial least squares regression (PLS-R) is a supervised 

method used for calibrating the predicting models, 

which is well explained in (Geladi et al., 1986). 

PLS-R is a good alternative to other regression 

techniques due to its robustness. The model parameters 

do not change much even when new calibration samples 

are taken from the population. It relies on representing 

training data for two-variable blocks X and Y, 

respectively. In the present work, the X data matrix 

contains the acoustic frequency spectra, and Y is a 

vector containing the non-dimensional number B values 

that define the breakup regimes. 

The NIPALS algorithm is the most widely used in 

the PLS regression technique. In this algorithm, PLS-R 

allows modelling both the X and Y simultaneously, 

which might raise orthogonality issues. For low 

precision data, PLS-R gives more accurate results than 

other regression methods. A simplified version of the 

NIPALS algorithm is presented in earlier studies (Ergon 

et al., 2001), where A is an optimal number of 

components. A step-wise NIPALS algorithm is 

described in some detail (Halstensen, 2020). 

In evaluating the regression model, the root mean 

squared error of prediction RMSEP offset, slope and 

correlation coefficient are commonly used. Besides  

 

 

these, visual evaluation of the relevant T-U score plots, 

loading weights plots, explained variance plots also 

provide useful information for calibrating and 

developing the prediction model. The root mean square 

is given by: 

RMSEP = 
√𝛴𝑖=1

𝑛  (𝑦̂𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−𝑦𝑖,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
2

𝑛
                     (6) 

Where,  i = sample index number  

             n = total number of samples  

      RMSEP = Root Mean Squared Error of Prediction. 

 

3 Results and Discussion 

 

3.1 PCA results  

 
Figure 5. Score plot t1-t2 for both atomizer. 

 

 

Figure 6. 3-D Score plot t1-t2 for both atomizers. 

 

SIMS EUROSIM 2021

DOI: 10.3384/ecp2118522 Proceedings of SIMS EUROSIM 2021
Virtual, Finland, 21-23 September 2021

25



PCA score-plots depicts how the acoustic spectrum and 

different breakup regimes are correlated based on the 

tests carried out at various flow rates. A colour indicates 

each breakup regime in the data-centred score plot. The 

score plots show a cluster of points for a particular type 

of breakup regime/mode for principal component 1. The 

score plot shows a trend in the data from low airflow 

rates on the left side (blue) to the high air flow rates on 

the right side (pink).  

The score plots were obtained with the whole 

frequency spectrum for all three sensors deployed. The 

score plots depicting two different atomizer type- 

converging and converging-diverging (CD) atomizer. 

To avoid repeatability, both converging and converging-

diverging (CD) atomizer are shown in a single score plot 

as a 2-D plot (Figure 5) and for better visualization as in 

a 3-D plot (Figure 6). The loading plot (Figure 7) shows 

that the information based on the frequencies recorded 

from sensor 2 is different from the other two sensors, 

provided that sensor 2 is located opposite to the fluid 

flow direction, which is relevant in this case. 

 

 

Figure 7. Loadings plot for all three sensors. 

 

3.2 PLS-R prediction for the breakup 

regimes 

PLS-R was employed to do model prediction based on 

the acquired acoustic spectra. The non-dimensional 

number (B) values were used as the reference values 

(Figure 8). The acoustic spectra used to calibrate the 

PLS-R model was a 240x2048 matrix containing 240 

frequency spectra for each sensor. The test set validation 

was performed for alternate data matrix values, 50 % 

(120) of the total column set. Each spectrum consisted 

of 2048 frequencies ranging from 0 to 200 kHz. The 

statistical parameters that evaluate the model prediction 

are slope and RMSEP. Both slope and RMSEP define 

the model's quality fitting the reference data; in this 

case, their value is reasonably within permissible limits.  

 

 

Figure 8. Predicted Vs. Reference (B) value. The target 

line (black) and regression line (red) are indicated. 

 

Figure 9. Residual validation variance plot. 

Based on the residual validation variance plot 

(Figure 9), six components can be fixed as optimal for 

model prediction. The same results can be plotted as 

samples taken in time (Figure 10). The green line is the 

reference line for non-dimensional number (B), and the 

blue line is the prediction line. 

         

Figure 10. Predicted and Reference (B) values for 

samples taken in time. 
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4 Conclusions  

To corroborate the visualization study performed for 

breakup regimes identification, the non-invasive 

acoustic/vibrations study incorporating sensors 

(accelerometer) with an appropriate signal processing 

system was performed, allowing the estimation of the 

flow breakup modes. The feasibility of this approach for 

fluid flow classification is the main objective of this 

study, rendering relevant information about the flow 

breakup regimes for various fluid flow rates. The 

acoustic measurements provide valuable insight into the 

regime classification based on a derived dimensionless 

number (B) from other fluid-based non-dimensional 

numbers. The pattern study using principal component 

analysis provides relevant information through the 

clusters formed for each breakup regime. The 

chemometric method provided sufficiently good model 

prediction with slope and RMSEP values within 

acceptability limits. The main advantage of this non-

invasive acoustic method is that it renders the 

visualization study for different breakup modes optional 

for industrial-scale atomizers for flow regime prediction 

which can be implemented on the industrial-scale setup.  
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Abstract  

This study investigated the 280 µm thick annular sheet far-field primary and secondary 

atomization spray characteristics with two different air-assisting configurations− converging-

diverging (CD) and converging atomizers. The difference in airflow dynamics results in distinct 

sheet breakup and spray formation dynamics. The airflow rates range from 10-60 kg/h, and 

water flow rates range from 100–300 kg/h. High-speed ND: YAG laser-based imaging 

exhibited further ligament/fragments spread with a wider spray core in the CD atomizers due 

to the more prominent bursting effect. Particle density patterns depicted the cloud of newly 

formed droplets for all atomizers for a 200 kg/h liquid flow rate with different airflow rates. The 

mist formation occurs more in the CD atomizer as the stripping mechanism is more pronounced 

due to the highly intense air-liquid interaction owing to high contact strength. Shadowgraphy 

Imaging was performed for spray drop size measurements. The drop size distribution (DSD) 

and cumulative distribution curve were plotted at a 550 mm location downstream. It was 

observed that DSD was relatively more skewed towards smaller droplet sizes for CD 

atomizers. Sauter mean diameter (SMD) was plotted against radial locations for all atomizers. 

It was found that the SMD is minimum at the spray axis increases with an increase in radial 

locations. SMD value decreases with increased air-to-liquid ratio (ALR) for all atomizers 

employed with relatively smaller diameters for CD atomizer configuration due to the high 

aerodynamic momentum transfer to the liquid fragments.                                                                   
 

Keywords 

Air-assist atomizer, Spray dynamics, Shadowgraphy, Drop parameters, High-speed flows 

 

Introduction 

Twin-fluid atomization is the most widely used to atomize highly viscous fluids efficiently. There 

are numerous types of twin-fluid atomizers such as air-assist, Y-jet and effervescent atomizers 

that are mainly studied. Air-assist atomizers are more effective when used with liquid sheets 

than jets [1]. The merit of using air in atomizing liquid fuels lies in its contribution toward low 

pollutant emissions and improved combustion efficiency [2]. Due to the axisymmetric 

configuration, annular sheet-based atomizers with atomizing air are studied practically [3] [4]. 

Inner air configuration proved to be more effective in primary sheet disintegration with annular 

sheets [5] [6]. Sheet breakup happens either due to K-H instability (sinusoidal) or rupturing 

instability (non-sinusoidal) [7]. The primary instabilities play a  major role in determining mean 

drop size and drop size distribution (DSD), as mentioned in [8]. Earlier studies were conducted 

without taking into consideration the air-assisting mechanism. [9],[10] studied the effect of 

shock dynamics by using sonic/supersonic air jets on liquid sheet disintegration. Mean drop 
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size (SMD) decreased with the advent of shocks; it still questions the usage of supersonic air 

jets for atomization. The coaxial liquid jet exposed to 1.5 Mach airflow was studied [11]. The 

irregular pressure distribution caused due to the waves pattern dictates the aerodynamic 

interaction at the interface boundary. Liquid metal atomization was investigated for convergent 

and converging-diverging close-coupled nozzles [12]. The long narrow supersonic air-jet 

producing finer particles while high dynamic pressure give narrow DSD. [13] while 

characterizing the annular sheet spray with an external sonic airflow, found relatively smaller 

drop size at the centre emphasizing the importance of high energy air-liquid interaction for 

tailoring the drop size range. The effect of De–Laval type nozzle geometry for atomizing air 

core on DSD was demonstrated [14]. Drop sizes and DSD are less affected by structural 

parameters at higher gas-to-liquid ratio (GLR); however, at lower GLR, smaller throat (exit) 

diameters and a moderate air-liquid distance provide optimal DSD. The objective of this study 

is to investigate the far-field spray formation dynamics and spray parameters based on droplet 

size measurements for different external mixing atomizer configurations involved. It was 

conjectured that dissimilarity in the near-nozzle air-liquid interaction would result in a different 

ligaments/droplets formation dynamics. 

Materials & Methods 

The nozzle consists of an internal cavity through which core air flows. 280 µm annular sheet 

thickness was obtained through a top attached. Two different atomizers: converging and 

converging-diverging (CD), were utilized with different orifice/throat diameters (D) (2.0 mm, 4.0 

mm, and 5.0 mm), as shown in Figure 1. The diameter at the outlet in different CD atomizers 

is 6.0 mm. Airflow patterns were obtained through high-speed Shadow Imaging mentioned in 

detail [15]. Airflow rates varied from 10 kg/hr to 60 kg/h depending on the atomizer 

configuration. The mildly over-expanded flow leads to oblique shock waves in the CD atomizer. 

The Prandtl-Meyer expansion waves due to underexpanded flow formed in the converging 

atomizer (Figure 2).  

 

Figure 1. Schematic of both CD and converging atomizer geometry. 

 

The laser-based high-speed imaging setup was adopted to obtain features of the far-field spray 

formation dynamics (schematically shown in Figure 3). The region was illuminated with the 

ND: YAG laser and the high-speed CMOS camera (Photron SA-Z). A 200 mm Nikon Micro 

lens with an f/5.6 aperture setting was used to obtain a field of view (FOV) of 120 mm x 125 

mm with a camera resolution of ~8.36 pixel/mm. The images were recorded at 10 kHz with an 

exposure time limited by the laser. Liquid flow rates (range from 100 – 300 kg/h) were regulated 

by altering pump frequency, whereas compressed air was drawn from an in-house compressor 

(7.0 bar (g) maximum). The Coriolis type flowmeter was used for air and water flow rate 

measurements. The onset of liquid sheet interaction with either shock or expansion waves 



dictates the annular sheet breakup; thus, ligaments structure during the spray formation. Spray 

characteristics such as Sauter mean diameter (SMD), droplet number density (DND) and drop 

size distribution (DSD) are dependent on the air-liquid interaction intensity.  

The ParticleMaster package in Davis software (LaVision) was incorporated for the drop size 

measurements. The ND: YAG laser and high-speed camera attached with a Barlow lens (1.5x 

zoom) were used as shown in the schematic (Figure 3). A 1024x1024 pixel image was 

obtained to render a magnified field of view (FOV) of 12.45 mm x 12.45 mm with a camera 

resolution of ~82.24 pixel/mm. The depth of field (DOF) calibration was performed using a 

calibration plate (50-1000 µm dark spots). Assuming axisymmetric spray, the measurements 

were taken for the left half, at one axial and three radial locations at 550 mm downstream, 

employing various fluid flow rates. 1000 images were taken at 1kHz to ensure sufficient 

accuracy in drop size calculations. Experiments were duplicated for a few cases to check the 

drop size measurements uncertainties, which were negligible (< 1%). 

 
Figure 2. Shadowgraph Imaging with a) & d) 20 kg/h (2.0 mm), b) & e) 30 kg/h (4.0mm) and 

c) & f) 40 kg/h (5.0mm) airflow rates, respectively. 

 

Experimental Results and Discussion 

The far-field spray formation region was studied with larger (FOV) images (Figure 4). The 

annular sheet breakup shows a similar disintegration mechanism as a bulk liquid jet. Due to 

the pressure distribution and surface tension effect, the annular jet converges to form the neck 

region downstream. The sheet develops perforations/holes on the periphery, especially in the 

CD atomizer. The bursting effect was observed in the neck region, which is more pronounced 

in the CD atomizer, also mentioned in [15]. The pulsations caused due to the bursting 

phenomenon at the neck region result in the spread of the newly formed ligaments. After 

disintegration, the perforated sheet leads to a larger spray spread with a wider dense spray 

core in the CD atomizer, resulting in a large fraction of ligaments. In contrast, sheet breakup 

results in a smaller spray spread with a narrower spray core in the converging atomizer.  

The density of the spray core region depicts the magnitude of air-liquid interaction at the spray 

downstream. The nozzle diameter variation showed the multi-scale range of fragments formed 

in the CD atomizer, with relatively larger fragments formed in 2.0 mm diameter and smallest 

fragments in 5.0 mm diameter. The number and scale of fragments formed are dictated by the 

high contact strength of the air-jet, which depends on the dynamic pressure in the CD atomizer 

[10]. The scale of fragments size is comparable across all diameter configurations for the 



converging atomizers. The droplet number density (DND) profiles (blue corresponds to dark 

region and red corresponds to bright region) in Figure 5 depict the air-liquid interaction 

intensity through dense ligaments/droplets formation from the stripping mechanism. The wider 

spray core region, as discussed above, demonstrated the shearing effect of the high-speed 

airflow in the CD atomizer. The density of finer droplets increases as we move from 2.0 mm 

nozzle diameter to 5.0 mm nozzle diameter in both converging and CD atomizers, with more 

fine droplets formed in the CD atomizer configuration due to the increased velocity potential 

owing to the near-perfectly expanded flow.   

 

Figure 3. Schematic for shadowgraphy imaging for near-nozzle dynamics and drop size 

measurements.                                                                

 

Figure 4. Imaging at 200kg/hr water flow rate with a) 10 kg/h (2.0 mm), b) 30 kg/h (4.0mm) 

and 40 kg/h (5.0mm) airflow rates. 

 

DSD (normalized volume-based) and cumulative drop size distribution curve (in red) are 

plotted for 200 kg/h water flow rate in Figure 6 for 550 mm axial location (spray centreline). 

DSD is uni-modal and non-axisymmetric as skewed towards the smaller droplets for all 

atomizer configurations. The DSD is more uniform (narrow) in CD atomizers than converging 

atomizers such that 80% of the droplet sizes by volume fall under ~200 μm for the former case, 

especially in 4.0 mm and 5.0 mm diameters. The narrower DSD in the 2.0 mm converging 

atomizer might be due to the less shock energy dissipation owing to narrow and long 

supersonic jet length formed [12]. 



 

Figure 5. Raw Images and droplet number density profiles at 200 kg/h water flow rate for 

converging and CD atomizer. 

 

Figure 6. Histogram at 200 kg/h water flow rate for different airflow rates a) & d) 10 kg/h, b) & 

e) 30 kg/h and c) & f) 40 kg/h, at axial location 550 mm downstream (centerline). 

In Figure 7, DSD and cumulative DSD curves (red) for a 200 kg/h water flow rate at a 150 mm 

radial location are shown. DSD is non-symmetric with reduced skewness towards the smaller 

droplets for all atomizer configurations, especially in the converging atomizers. The DSD is 

relatively more uniform in CD atomizers, such that the cumulative DSD span (80% of the 

droplet sizes by volume) fall under ~350 μm for a 5.0 mm diameter atomizer. DSD is generally 

wider in converging atomizers with a cumulative DSD span under ~550 μm for the 5.0 mm 

diameter atomizer due to the energy dissipated behind the normal shock wave caused by the 

shear-induced turbulence. On the contrary, the increased velocity potential in the far-field spray 

formation region in the CD atomizers results in uniform DSD [16]. In comparison, it reaches a 

much closer value in the case of the 2.0 mm atomizer. The cumulative DSD span falls under 

~800 μm for converging and ~700 μm for CD atomizer for 2.0 mm diameter case due to the 

reason discussed above. The spray fluctuations leading to inhomogeneity forming droplet 

clusters dictate the spatial distribution (in volume) of the droplets [16]. 



 

Figure 7. The histogram at 200 kg/h water flow rate for different airflow rates a) & d) 10 kg/h, 

b) & e) 30 kg/h and c) & f) 40 kg/h for radial location (150 mm) at 550 mm downstream. 

 

Figure 8. Plots showing SMD for airflow rates a) 20 kg/h, b) 50 kg/h and c) 60 kg/h, radial 

locations at 550 mm downstream from the exit. 

The Sauter mean diameter (SMD) is plotted for different water flow rates at various radial 

locations at 550 mm axial location downstream (Figure 8). SMD was minimal at the spray axis 

location in 4.0 mm and 5.0 mm diameter atomizers. It increases with the increase in radial 

locations also observed in [17]. SMD slightly sink at 50 mm radial location then increases 

steeply with an increase in the radial locations for 2.0 mm diameter atomizer. The important 

point is that the maximum SMD (~240 µm) obtained at the 150 mm radial location is similar in 

all the atomizer configurations.  

Sauter mean diameter (SMD) is plotted against various air-to-liquid mass ratios (ALR) at 550 

mm downstream (Figure 9). SMD (D32) is relatively larger for the converging atomizers due 

to the air-jet dynamic pressure loss across shock waves, except in a 2.0 mm diameter atomizer 

where a long narrow supersonic jet aids in the droplet formation in both converging and CD 

configuration. The SMD follows an inverse relationship with ALR, with a more prominent 

decrement in the 5.0 mm atomizer case, which might be due to the higher ALR values 



employed. A power curve fit depicts the SMD diminution with increased ALR values. The 

increment in ALR affects the mean drop size and drop size distribution such that narrower DSD 

and smaller SMD are observed at a higher ALR value [18].              

 

Figure 9. Plots showing SMD against air-to-liquid ratio (ALR) for radial locations at 550 mm 

downstream from the exit. 

Conclusion 
The spray characteristics of an annular sheet-based twin-fluid atomizer was studied using 

high-speed imaging and the Shadowgraphy technique. The breakup dynamics for the distinct 

airflow mechanism – the converging and the CD atomizer were analyzed. The wider spray 

core was observed for the CD atomizers in the spray formation region. The liquid stripping 

mechanism was observed from the periphery of the annular liquid; the effect is more 

pronounced in CD atomizers due to the high contact strength of the air jet resulting in spreading 

the newly-formed fragments/ligaments. The drop size distribution (DSD) is unimodal and 

skewed towards smaller droplets for both atomizers with narrower DSD for CD atomizers due 

to the intense interaction between air and liquid interfaces. DSD showed a comparable range 

in converging and CD atomizer for 2.0 mm diameter configuration, which might be less energy 

dissipation due to the narrow long supersonic jet. As compared to CD atomizers, larger droplet 

sizes are discerned for the converging atomizers configurations. The droplet size increases 

gradually with an increase in the radial location; the increment is slightly steeper in the larger 

diameter atomizers (4.0 mm and 5.0 mm). SMD follows an inverse relationship with ALR for 

all the atomizer configurations with higher values for converging atomizers due to the 

appositely mild air-liquid interaction owing to energy loss due to shear-induced turbulence. 

 

Nomenclature 

d                Air orifice (throat) diameter [mm]                                    Greek symbols                                                                  

t                 Sheet thickness [µm]                                        µ            viscosity [Ns·m-2]                                            

Rel             Liquid Reynolds number                                   ρ            density [kg·m-3] 

Reg            Air Reynolds number                                        σ            surface tension [N·m-1]                                               

ALR           Air-to-liquid mass ratio                                      

U                        Velocity [m·s-1] 
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Abstract 

 

Air-assist atomizers have been widely used in various applications such as the aerospace industry, internal 

combustion engines, molten metal, food processing, etc. The mean drop size for these atomizers can be obtained 

through different imaging techniques mentioned in the literature. This study aims to assess the feasibility of the 

acoustic chemometrics approach for classifying and predicting the mean drop size, such as Sauter mean diameter 

(SMD), for a two-phase spray atomizer employed. The droplet size measurements were carried out at three radial 

location and one axial location for various air and liquid (water) flow rates. The acoustic signals were recorded 

through two different sensors: accelerometers and microphones. The main objective of this work is to implement 

a prediction model for the mean drop sizes (SMD) measured using the high-speed Shadowgraphy technique. The 

model prediction will be based on the dimensionless number B, whose unique values correspond to different two-

phase flow working conditions. This analysis will further cater to whether the acoustics chemometrics approach, 

including Principal Component Analysis (PCA) and Partial Least Squares Regression (PLS-R), is suitable for 

extracting valuable information such as predicting mean drop size in multi-phase flows through recorded acoustic 

signals.  

Keywords: Multivariate Regression, Acoustic Chemometrics, Principal Component Analysis, Twin-fluid Spray, 

Mean droplet size  

 

1. Introduction 

Multi-phase flows can be found in various industrial 

applications ranging from fuel sprays in IC engines 

to petroleum pipelines. The most occurred case is 

two-phase flows in which gas and liquid interact to 

form various flow patterns generating vibrations and 

flow-based noise. Flow-based vibrations are 

classified into four types, in which acoustic 

resonance (flow-induced pulsations) and turbulent-

induced excitation (FIV) are common in internal 

two-phase flows (Pettigrew and Taylor, 2016). Flow 

classification utilizing vibrations signals is present 

in literature (Miwa, Mori, and Hibiki, 2015). Flow 

rates and the vibration signals recorded using the 

PAT approach (sensors) showed a strong correlation 

(Evans, Blotter and Stephens, 2004). The peak 

frequency of these induced vibrations is 

proportionate to the flow parameters, such as void 

fraction (Ortiz-Vidal, Mureithi and Rodriguez, 

2017). The time and frequency spectrum of the force 

fluctuations in two-phase flow were analyzed 

through flow-induced vibrations (Liu et al., 

2012). Though there are studies related to 

vibration-based analysis for flow classification, 

it lacks study on the effect of flow-induced 

vibrations (FIV) on the flow parameters such as 

local void fraction, interfacial area, and particle size 

distribution. 

The single-phase flow (air only) can significantly 

affect the flow-induced vibrations and the acoustic 

noise. When expanded to high speeds, the jets 

produce shock-associated noise, further 

exacerbating flow-induced vibrations (Tam, 1998). 

The two-phase flow study constituting both 

vibration study for flow-induced vibrations caused 

due to internal flows and acoustic analysis from 

acoustic energy emitted from gas-liquid coaxial 

flows followed by two-phase mixing is still not 

considered. There have been attempts to measure the 

local two-phase flow parameters such as void 

fraction, Sauter mean diameter with flow-induced 

vibrations study (Hibiki and Ishii, 1998), and 

acoustic emission method (Guo et al. 2014). But the 

combination of techniques is still not attempted to 

date. This work applies a united approach, including 

accelerometers for acquiring flow-induced 

vibrations and microphones for obtaining acoustic 

signals. The novelty of this method lies in 

correlating the flow parameter, i.e., Sauter mean 

diameter (SMD), with acquired acoustic data and 
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parameter prediction using PLS-R. The data fusion 

with both techniques (described in the methods 

section) is done in the study to predict the flow 

parameter such as mean droplet size (SMD). The 

dual advantage of this approach is that vibrations, an 

inherent part of fluid flows in piping in industrial 

plants, can be used for both flow parameter 

prediction and dynamic stress analysis to estimate 

fatigue or structural damage.  

 

2. Materials and Methods  

 

The study was conducted utilizing the CMOS based 

high-speed camera (Photron SA-Z), Nikon macro 

lens (80-200 mm), and Questar long-distance 

microscope (QM1). The rig setup built in-house at 

the process and energy department laboratory was 

used for the experiments. The different atomizers 

configuration with varying cone distances (Lc) and 

similar orifice (throat) diameters (d = 3.0 mm) were 

attached to the lance mounted at the Bosch Rexroth 

traverse system. Fig. 1 shows the airflow patterns for 

three atomizers.  

 

 

Figure 1: Airflow patterns in atomizers with three 

different cone distances (Lc). 

 

Yokogawa Rotamass and Endress Hauser 

Promass 83 (Coriolis type) flowmeter used water 

and air rate measurements. In the test rig (Figure 2), 

the compressor with 7.0 bar (g) capacity was 

employed for the air supply, and the water flow 

supply pump by Froster AS company was used. The 

water flow rate employed was 100, 200 and 300 

kg/h, and the airflow rate employed are 20, 30 and 

40 kg/h. Therefore, nine experiments were done at 

specific air-to-liquid mass ratios (ALR) and Weber 

number (We) based on liquid sheet velocity. The 

range of dimensionless number correspond to ALR 

and We number is mentioned in (Sikka, Halstensen 

and Lundberg, 2022)  

ALR  is defined as: 

     𝐴𝐿𝑅 =
𝑚𝑎𝑖𝑟

𝑚𝑙𝑖𝑞𝑢𝑖𝑑
                                                  (1)         

 where mass flow rate in kg/hr. 

 

Weber number is defined as:  

 

    𝑊𝑒 =  
𝜌 𝑈2𝑡

𝜎
                                                      (2)                                                

 

A new dimensionless number (B) (depicted in 

Table 1) was employed, which is defined as: 

 

 𝐵 = 𝑊𝑒 ⋅ 𝐴𝐿𝑅                                                     (3)    

 

The experiments were conducted at STP such that 

fluid physical properties are assumed to be standard 

values. The spray formation in all three different 

cone distance (Lc) atomizers is illustrated in Fig. 2. 

The combined experimental setup for the spray 

imaging/drop size measurements and acoustic 

emission study is depicted in Fig. 3.  

 

 

Figure 2: Images showing the spray pattern for 20 kg/h 

airflow rate at various liquid flow rates and the image 

size scaled (yellow line). 

The acoustic arrangement employed two 

Piezoelectric types, 4518 accelerometers from Bruel 

& Kjær, Denmark, to collect noise/vibration data. 

Acoustic readings were procured using two electret 

condenser type Veco Vansonic PVM-6052-5P382 

omnidirectional microphones (mounted on an arc at 

300 mm from the spray centerline) with a sensitivity 

of -38 dB and signal-to-noise ratio of 58 dB. The 

microphones frequency ranges from 50 Hz to 16 

KHz. The microphones were mounted along the arc 

at θ = 90⁰ and 150⁰ from perpendicular to the nozzle 

axis at R = 100D, termed "far-field" measurements 

(Wong et al., 2020). The vital point is that the 

acoustic data were recorded in a non-  
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Figure 3: Schematic of the experimental setup for shadowgraphy technique along with the acoustic chemometric.

anechoic chamber, affecting the signal through stray 

noise. A data acquisition device (DAQ) from 

National Instruments (USB-6363), a signal 

amplification module, and a personal laptop with an 

in-house LabView interface was employed for 

signal  acquisition. LabVIEW-based in-house 

created interface (Halstensen et al., 2019) was used 

for the acoustic chemometrics signal collection and 

signal conditioning. The signal processing was 

carried out on the acquired signal of 8192 recorded 

samples. The time-series signal was multiplied by a 

window (Blackman Harris) to avoid spectral leakage 

in the acoustic spectrum. This signal is finally 

transformed into the frequency domain using 

Discrete Fourier Transform. The Discrete Fourier 

Transform transforms a sequence of  

N complex numbers {xn}:= x0,x1,...,xn-1 into another 

sequence of complex numbers, {Xk}:= X0,X1,...,XN-

1, which is defined by equation (4): 

 

𝑋𝑘 =  ∑ 𝑥𝑛 𝑒−𝑖2𝜋𝑘𝑛/𝑁𝑛−1
𝑛=0  𝑘 = 0, … , 𝑁 − 1         (4)   

           

A more advanced and efficient form of the DFT is 

the Fast Fourier Transform (FFT) (Ifeachor and 

Jervis, 1993), implemented for fast real-time 

calculations 

2.1. Drop Size Measurements 

 

The laser-based shadowgraphy method measured 

the mean drop size with a CMOS high-speed camera   

(Photron SA-Z model). The spray was illuminated 

by dual- cavity ND: YAG Laser (Photonics 

industries DM60-532 DH model) at 532 nm (green 

light). The uniform speckle-free light background 

was achieved with  diffuser optics. Questar's long-

distance microscope  (QM1) provides a field of view 

(FOV) of 8.445 mm x 8.445 mm. The ParticleMaster 

software package  incorporated in Davis 10.1 

version (LaVision) is  used for droplet sizing. The 

calibration plate  provides a depth of field (DOF) of 

~17:1. The   

 

 

Figure 4: Schematic of the drop size measurement 

locations for shadowgraphy 

 

minimum pixel used for particle detection is 3 pixels 

(in area). The images were recorded at four locations  

depicted in Fig. 4 (line marked) – each at 50 mm 

apart at the radial axis at 300 mm downstream from  

the outlet. Though, 500 images give convergence for 

mean droplet sizes. However, 1000 images were 

recorded for each measurement location which 

mitigates the measurement uncertainty (<1%). Laser 

intensity (in the current (A)) was set adequately to 

provide uniform background in proportion to the 
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droplet density of the shadowgraph picture. Note 

that the camera pixel resolution allowed for drop 

size measurements of 16−2000 µm. The mean drop 

size (SMD) for different radial locations is shown in 

Fig. 5. 

 

 

 

Figure 5: Mean drop size (SMD) for radial locations for 

all atomizers. 

 

3. Results and Discussions 

 

The acoustics spectrum is hard to analyze due to its 

multi-dimensional nature. Principal Component 

Analysis (PCA) is a dimensionality reduction 

technique that simplifies the analysis and reveals the 

hidden patterns/structures. PCA projects the data 

into the new orthogonal plane, whose first principal 

component (PC1) is aligned in such a way that 

maximizes the variance. The new mean-centered 

plane is given by scores (T) and loadings (P) and 

residual (E). It is given by  

 

                     𝑋 = 𝑇 𝑃𝑇 + 𝐸                                 (5) 

The Nonlinear Iterative Partial Least Squares 

(NIPALS) algorithm developed (Wold, Esbensen 

and Geladi, 1987) was used for its many advantages. 

The method is unsupervised due to its 

independent Singular Value Decomposition (SVD) 

on the data. 

 

The scores plot (Fig. 6) depicts how the acoustic 

spectrum was segregated as color clusters for three 

different atomizers based on the tests carried out at 

various fluid flow rates. For the 6mm cone distance 

atomizer, the maximum variance is in the first 

principal component (PC1) direction. The loading 

plot (Fig. 7) shows that the information is there in all 

the frequencies for accelerometers, reflecting the 

PCA classification model capability. In contrast, for 

microphones, frequencies recorded are from a 

narrow spectrum.  

 

 
Figure 6: Score plot t1-t2 for all three atomizers. 

 

The prediction model builds upon the regression-

based method. Partial Least Squares regression 

(PLS-R) is a supervised method used to calibrate the 

predicting models, explained in the PLS tutorial 

(Geladi and Kowalski, 1986).  

 

 
Figure 7: loadings plot for all the sensors. 

 

PLS-R is a more advanced version of other 

regression techniques like MLR, PCR, etc. The 

robustness lies in the fact that model parameters vary 

little when new calibration samples are taken from 

the population. It builds on two-variable blocks, X 

and Y, representing training data. The NIPALS 

algorithm is used for PLS-R modelling (Halstensen, 

2020). The X data matrix contains the frequency 

spectra in our study, and Y is a vector containing the 

mean drop size (SMD) values for a particular radial 

location. The regression model for mean drop size 

prediction is based on both accelerometers and 

microphones data.  

The acoustic spectra used to calibrate the PLS-

R model was a 162 x 8192 matrix, each sensor 

containing 162 frequency spectra. Each spectrum 

has 2048 frequencies ranging from 0 to 200 KHz for 

sensors. The test set validation (50% data) was 

performed for alternate data values in the column. 

The root mean squared error of prediction (RMSEP) 

value, slope, and correlation coefficient (R2) are 

commonly used in evaluating the different 

prediction models.  
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Figure 8: Predicted Vs. Reference (B) value. The target 

line (black) and regression line (red) are indicated. 

The RMSEP is defined as  

RMSEP = 
√𝛴𝑖=1

𝑛  (𝑦̂𝑖,𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑−𝑦𝑖,𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)
2

𝑛
    (3) 

Where i = sample index number, n = total samples, 

RMSEP= Root Mean Squared Error of Prediction. 

The slope of 0.86 matches well with the target slope. 

RMSEP value comes out to be 3.65 with a 

correlation coefficient (R2) value of 0.86 for 100 mm 

location (Fig. 8). The loading weights linked the X 

matrix block to the Y-matrix through weights based 

on acoustic data (Fig. 9). 

 
 

Figure 9: Loading weight plot for all sensors. 

Table 1. Prediction models parameters 

 

SMD 

Locations 

Prediction parameters (5 factors) 

Slope RMSEP R2 

(Pearson) 

0 mm 0.74 7.22 0.75 

50 mm 0.84 6.93 0.82 

100 mm 0.86 3.65 0.86 

150 mm 0.83 12.50 0.84 

 

The prediction model parameters for all locations 

are given in Table 1.  

 

 
Figure 10: Residual validation variance plot. 

Based on the residual validation variance plot (Fig. 

10), the number of factors optimal for model 

prediction is 5, as Y-variance reduces only slightly 

with more factors involved.  

 

4. Summary  

 

A feasibility study was conducted for the non-

intrusive method using acoustic by applying 

multivariate data analysis techniques. The frequency 

data were recorded through accelerometers and 

microphones. The Principal Component Analysis 

(PCA) model reveals the clusters belonging to twin-

fluid atomizers with the maximum variance for the 

6.0 mm cone distance (Lc) atomizer in the first 

principal component (PC1) direction. Prediction 

models based on the mean drop size (SMD) were 

fabricated using the Partial Least Squares regression 

(PLS-R) method. The prediction model works best 

for the 100 mm radial location as depicted by a low 

RMSEP value of 3.65 and a high correlation 

coefficient (R2) value of 0.86 when validated by test 

set validation. 
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