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Abstract
This paper presents a brief overview of recent research conducted by our group to advance 
current understanding of primary and secondary atomization as well as the turbulent com-
bustion of sprays. The focus is on air-blast atomization. The burner employed exploits the 
benefit of recessing a liquid-injecting needle into the primary air-blast annulus to transition 
the spray exiting the burner from dilute to dense. A pilot is used to stabilize the flame to 
the burner which is sitting in a co-flowing stream of secondary air. Direct links are found 
between the wave instabilities and the size of the fragments shed from the liquid core. In 
the secondary atomization zone, the statistics of three types of fragments, namely droplets, 
ligaments and irregular fluid shapes are provided. This approach may provide a platform 
for the modelling of denser spray flames without the need to account for primary atomi-
zation. For reacting cases, mean temperature measurements are presented. This burner 
(referred to as the needle spray burner) is employed to stabilize dilute and dense spray 
flames.

Keywords  Air-blast sprays · Surface instabilities · Primary atomization · Secondary 
atomization · Turbulent combustion

1  Introduction

The applications of spray flows span a very broad spectrum far beyond the immediate con-
cern of this paper which is more directed towards combustion. Targeted spraying in agri-
culture, drug delivery in pharmaceuticals, spray drying of food products and fire suppres-
sion are samples of key applications that would benefit from an improved understanding of 
spray atomization and control of droplet dynamics. It is precisely such refined control of 
both droplet formation and size distribution that remain a challenge despite recent progress 
in this field (Faeth et al. 1995; Gounder et al. 2012; Kourmatzis et al. 2013; Lasheras et al. 
1998; Lowe et al. 2017; Shinjo and Umemura 2010; Dumouchel 2008). This is relevant to 
all modes of liquid atomization which include air-blast and pressure atomization as well as 
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other less common modes such as electrostatic atomization (Kourmatzis and Shrimpton 
2009; Shrimpton 2009), flow blurring (Jiang and Agrawal 2015; Simmons and Agrawal 
2012; Gañán-Calvo and Barrero 1999), and effervescent atomization (Kourmatzis et  al. 
2016; Sovani et al. 2001).

It is well established that in sprays, the droplet size downstream of the liquid injection 
point is largely controlled by upstream conditions where the primary and secondary break-
up of the liquid occurs. The key dimensionless numbers that characterize both stages of 
break-up are the Weber, Ohnesorge and Reynolds numbers and regime diagrams have been 
developed with respect to these dimensionless numbers for both primary (Faeth et al. 1995; 
Kourmatzis and Masri 2015; Marmottant and Villermaux 2004; Varga et al. 2003; Shinjo 
and Umemura 2010; Lasheras et al. 1998; Lasheras and Hopfinger 2000), and secondary 
atomization (Faeth et al. 1995; Gounder et al. 2012; Guildenbecher et al. 2009; Kourmatzis 
et al. 2015; Lowe et al. 2017). Other parameters such as gas-to-liquid ratio, turbulence lev-
els and the role (and type) of instabilities remain vague at best. Marmottant and Villermaux 
(2004) have provided excellent insights into the role of instabilities in the formation of 
fluid fragments. Their findings are reflected in the subsequent correlations developed by 
Varga et al. (2003) linking such instabilities to the size distribution of droplets. Extending 
this work through detailed imaging of instabilities, fragments, and droplets over a range of 
fuels and atomization conditions is a key objective of research undertaken by the combus-
tion research group at the University of Sydney (Kourmatzis and Masri 2014, 2015; Kour-
matzis et al. 2013, 2015; Lowe et al. 2017; Gounder 2009).

Turbulent combustion of sprays occurs in the vapor cloud that surrounds either single 
droplets or a cluster of droplets and the transition between these modes may be character-
ized by the Group number developed by Chiu and Liu (1977). Joint imaging of heat release 
zones (from joint LIF-OH-CH2O) and droplets (from Mie scattering) in turbulent dilute 
sprays flames of ethanol have shown both single droplet as well as group combustion may 
be detected in such flames (Chiu and Liu 1977; Gounder 2009; Juddoo and Masri 2011). 
Regardless, combustion in turbulent sprays must involve mixed-modes due to the continu-
ous injection of fuel vapor from the evaporating droplets. Mixed-mode combustion refers 
here to the possible co-existence of diffusion, premixed, partially premixed and stratified 
flames within the same region (Chigier 1983; Faeth 1996; Chiu and Liu 1977). This, in 
addition to the relevant interaction with chemical kinetics, poses a serious challenge to 
models which are limited to single modes (Chigier 1983; Faeth 1996). The development of 
generalized models for mixed-mode combustion remains a challenge yet highly relevant for 
practical combustors as well as for the more dense spray flames studied here.

This paper provides a brief overview of recent progress in our current understanding 
of atomization and the combustion of turbulent, moderately-dense spray jets and flames. 
It focuses on a selected air-blast configuration that is found to be relevant for enhanc-
ing the fundamental understanding of atomization and combustion. While this is neces-
sary for brevity, it leaves out many other spray burner configurations (Tyliszczak et  al. 
2014; Shum-Kivan et al. 2017; Verdier et al. 2017), important aspects of sprays such as 
spray penetration and combustion in engines (Turns 2012; Pham et al. 2014), and recent 
advances in direct numerical simulations (Salehi et al. 2016; Galindo et al. 2017; Salehi 
et al. 2017; Jenny et al. 2012; Echekki and Mastorakos 2011). This paper evolves as fol-
lows: After a brief introduction to the Sydney needle spray burner, the next section dis-
cusses primary atomization with a focus on the evolution of instabilities and their link to 
the break-up of the liquid core and the shedding of fluid fragments. The following section 
is concerned with secondary atomization and the disintegration of filaments and other fluid 
fragments into droplets. Statistics of each category are presented. The results presented in 
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the previous two sections originate mainly from back-lit, microscopic high-speed imag-
ing. The final section presents recent results from turbulent combustion of dilute and dense 
sprays stabilized on the Sydney needle spray burner which is now adopted as a modelling 
platform for advancing modelling efforts by the International Workshop on the Turbulent 
Combustion of Sprays (TCS).

2 � Burner and Selected Cases

A schematic of the atomizer/burner selected for these studies (referred to as the Sydney 
needle spray burner) is shown in Fig. 1. Full details are given elsewhere (Lowe et al. 2017) 
and only a very brief description is given here. Liquid issues from a needle into the sur-
rounding air-blast stream with a diameter D = 10 mm. The needle can be recessed into 
the air-blast stream up to 80 mm upstream of the jet exit plane so that the issuing spray 
can transition from dense to dilute. For studies of primary atomization, the recess distance 
is kept at Lr = 0 mm, so that the liquid core is exposed. The air-blast is located within 
a pilot stream, 25 mm in diameter (employed only for the reacting cases) and the entire 
burner assembly is located within a co-flowing air stream. Two needle sizes are employed 
here, namely N27 and N19 with internal diameters of 0.21 and 0.686 mm, respectively. 
The cases studied are documented in Table 1. The naming terminology is explained with 
reference to: N27-AS13-00 where N27 refers to the needle size, A = acetone, S for non-
reacting sprays (so the reacting acetone case would be referred to as AF), 13 is the case 
number and last two digits refer to a recess distance Lr, where this is retained as xx implies 

Fig. 1   Cut section of the burner top, showing pilot, air-blast, and needle jet

Table 1   Relevant case details

Case djet (mm) D (mm) Q (g/min) Ujet Ugas Rejet Regas We MFR

N27-AS13-00 0.21 10 3 1.8 88 910 56088 88 0.01
N19-AS02-XX 0.686 10 75 4.3 36 6967 21281 35 0.37
N19-AS06-XX 0.686 10 45 2.6 36 4180 21281 39 0.22
N19-AS07-XX 0.686 10 75 4.3 60 6967 35468 108 0.22
N19-AS08-XX 0.686 10 45 2.6 48 4180 28374 72 0.17
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that the case may involve more than one Lr). In Table 1, We is the Weber number defined 
as “ We = �a(Ua − Ul)

2d)∕�l , and MFR refers to the mass flux ratio of air-blast over liquid. 
The Reynolds number for the liquid jet ( Rejet ) and the gas ( Regas ) are respectively based on 
the diameters of the needle and the air blast streams. The N27 needle, owing to its small 
diameter, allows investigation of jet instabilities and fragment formation from a single 
image frame. Therefore, the same is used here to investigate primary atomization. The N19 
cases have been discussed in-length previously (Lowe et al. 2017, 2019a, b; Lowe 2018), 
with further results presented here focusing on the atomization region.

The reader should note that the axial locations of the spray are presented as ‘x/D’, where 
‘x’ is the distance from the burner exit and ‘D’ is the air-blast tube diameter. For micro-
scopic imaging results ‘x’ represents the axial distance between burner exit and bottom 
of the image, and for temperature results, it represents the axial distance between thermo-
couple end and burner exit. For all the results presented here, results at x/D = 0 denote a 
distance of 1.3 mm from the burner exit. This is a physical limitation which is necessary to 
avoid excessive light scattering from the tube wall.

3 � Primary Atomization

Primary atomization refers to the initial shedding of fragments from a continuous liquid 
core. This region is marked by the initial formation of instabilities which grow on the liq-
uid surface. Break-up of the liquid core is another key parameter which marks the nomi-
nal transition to secondary break-up. This section presents results from on-going research 
aimed at resolving the complexities of these phenomena. High-speed back-lit imaging has 
formed the main diagnostics platform for both primary and secondary atomization and a 
brief description of the latest evolution of this technique is presented followed by some 
sample data that sheds light about the links between initial instabilities, jet break-up, and 
the shedding of liquid fragments.

The images obtained from the high-speed imaging are binarized using a carefully cho-
sen background threshold. For all the cases, 2000 images are collected at several axial 
locations of the spray. Each binarized image has a size of 3.4 × 3.4 mm, and an image reso-
lution of 4.5 μm/pixel. The images are processed to obtain wavelength and amplitude of 
instabilities as well as fragment statistics. For a detailed description of the image process-
ing technique, the reader is directed elsewhere (Kourmatzis et al. 2015; Lowe et al. 2017). 
In this paper the liquid fragments are classified into three major categories based on their 
aspect ratio (AR) and size ( d10 ), as follows: Droplets ( AR < 3 & d

10
< djet ), Ligaments 

( AR > 3 & d
10

> djet ), and the remaining large atomizing-objects are named as Unbroken 
Bodies (UnB). This classification approach has shown physical consistency with the lit-
erature (Kourmatzis et  al. 2013, 2015; Lowe et  al. 2017) on spray structure, and hence 
the same is adapted here. The definition of wavelength and amplitude of the instability is 
shown in Fig. 2a.

In Case AS13, the spray is generated using a small needle (N27, djet = 0.21 mm), while 
the air-blast diameter is kept same (D = 10 mm); and owing to the high Weber number 
(We  =  80), the liquid jet breaks within single image frame. Therefore, Case AS13 is 
employed here to simultaneously analyze the growth of jet instabilities and their link to 
fragment size. Figure 2a shows the snapshot of a liquid jet (at x/D = 0) shedding a liga-
ment that has its major axis similar to the wavelength of the jet instability. The high-speed 
air, surrounding the jet, initiates surface perturbations that grow in both wavelength and 
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amplitude leading to jet breakup which is marked by the end of the continuous liquid core. 
The location of break-up length is also marked in Fig.  2a. Generally, it is noticed that 
shedding of liquid fragments is associated with one complete wave whose wavelength is 
proportional to the size of that fragment. This is consistent with our earlier results (Singh 
et al. 2020) as well as with other studies linking the size of the ligaments to jet instabilities 
(Faeth 1996; Jiang and Agrawal 2015; Juddoo and Masri 2011; Kourmatzis et al. 2016). 
Here, the wavelength and fragment sizes are measured directly in the same image frame 
along with the break-up location. The relationship between fragment size and instabilities 
is discussed by comparing the probability density distribution of instability-wavelength and 
the major axis of the ligaments. The mean values of wavelength and amplitude, obtained in 
this work, are validated against the correlations proposed by Marmottant and Villermaux 
(2004) and Varga et al. (2003), but only pdf distributions are discussed here, for brevity.

Figure 2b shows the probability density distribution of the wavelength of the instabili-
ties and major axis of the ligaments. The pdf of wavelength is shown for x/D = 0 (solid 
line), while the pdf of size of the ligaments is shown for x/D = 0, and 0.4 (dashed lines). 
It is observed that the pdf of wavelength is similar to the pdf of the ligament size, and the 
sizes corresponding to peak of the pdf’s are approximately similar. This suggests that most 
of the ligaments have their major axis similar to the wavelength of instabilities. The dif-
ference in pdfs for higher sizes ( > 1 mm) could be attributed to the elongation of broken 
liquid fragments by surrounding high-speed air, and the high Weber number of Case AS13 
(We  =  80). It is expected that, for low Weber number sprays, the wavelength and frag-
ment size distribution will be similar for the entire size range. Still, the apparent similarity 
between the pdf of wavelength and major axis of ligaments confirms that the liquid jet 
breaks into fragments of size proportional to the wavelength of jet instabilities. Similar 
trends are observed for other cases, but not presented here for brevity.

The jet instabilities, near their initiation, have small wavelength and amplitude. Owing 
to the aerodynamic effect of the surrounding air-blast, the wavelength and amplitude of 
the instabilities increase as they grow downstream and this eventually leads to jet breakup, 

Fig. 2   a Snapshot of the jet at x/D = 0 for spray AS13 showing the wavelength of the instability and sizes 
of the broken liquid fragment (left). b Probability density distribution of wavelength of the jet instabilities 
and major axis of the ligaments at x/D = 0 & 0.4 (right). The figure is a continuation of the work submitted 
elsewhere (Singh et al. 2020)
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as shown in Fig. 2a. Here, the growth of the instabilities is discussed in terms of ratio of 
wavelength and amplitude ( �∕a-ratio) of instabilities. This is done here to study the growth 
of both wavelength and amplitude simultaneously where the ratio is calculated by dividing 
wavelength of each instability by its amplitude. Figure 3 shows the joint-histogram of the 
�∕a-ratio and the location of the corresponding jet instability for Case AS13. It is observed 
that the �∕a-ratio decreases with downstream locations and approaches to �∕a ≈ 2 near jet 
breakup, (for this case the liquid jet breaks approximately 3 mm from the burner exit). This 
is consistent with our earlier finding using other needle sizes (Singh et  al. 2020). Previ-
ously, (Marmottant and Villermaux 2004) have also suggested �∕a ≈ 2 as a threshold for 
liquid shredding from the jet, however, no direct link between the �∕a-ratio and jet breakup 
was reported. Here, the �∕a-ratio of the growing instabilities and the location of the jet 
break-up are presented in conjunction confirming the relevance of �∕a ≈ 2 as a threshold 
leading to jet breakup. Similar trends are observed for all other cases, but not presented 
here for brevity.

4 � Secondary Atomization

The previous section discussed the characteristics of surface instabilities in terms of jet 
breakup, and their relation to fragment size. The liquid fragment formed after jet breakup 
further atomizes into small ligaments and large droplets, and finally into very small drop-
lets in the downstream region of the spray. This process is known as secondary atomiza-
tion. Previously, such sprays have been categorized into three regions based on liquid den-
sity as dense, intermediate, and dilute region (Kourmatzis et al. 2015; Lowe et al. 2017). 
The dense region is the near-field region consisting of the dense liquid core and large liquid 
objects formed from jet breakup. The dilute region is the far-field region where droplet-
droplet interactions are minimal, and the intermediate region is between these two zones, 
where droplet-droplet interactions are common (Kourmatzis et al. 2015; Lowe et al. 2017; 
Guildenbecher et  al. 2009). The spray structure in the intermediate region is generally 

Fig. 3   Histogram of ratio of wavelength and amplitude of instabilities with respect to their location, for 
Case AS13. Left plot shows the histogram, right plot shows the top view of the histogram. The figure is a 
continuation of the work submitted elsewhere (Singh et al. 2020)
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dictated by secondary atomization and is of paramount importance, as it determines the 
downstream combustion characteristics of the spray. Therefore, this section will discuss 
the spray structure in the intermediate region in terms of spray area fraction, and fragment 
statistics of droplets, ligaments, and unbroken bodies.

Figure 4 shows the average liquid fraction (normalized by jet area) at the centreline of 
the spray for several axial locations of Cases AS2, AS6, AS7, and AS8. This is calculated 
by superimposing the 2000 images collected, and dividing the total number of pixels cov-
ered by the spray (in 2000 images) by the total number of pixels covered by the jet (in 
2000 images), at the centerline. This normalized liquid fraction represents, therefore, the 
probability of presence of spray at the spray location of interest. It is interesting to note 
that the rate of decay of liquid fraction is different for all the cases, and is a function of the 
mass flux ratio. Case AS8 has the lowest mass flux ratio, and the highest decay rate while 
cases AS6 and AS7 have similar mass flux ratios, and hence the area decays at a similar 
rate. Case AS2 has the highest mass flux ratio and therefore the decay rate is the lowest. 
This indicates that, other than spray dispersion, the mass flux ratio is a key controlling 
parameter. The next part will discuss the mechanism or range of mechanisms governing the 
atomization of individual liquid fragments.

Figure 5 presents the normalized area of the individual liquid objects, droplets, ligaments, 
unbroken bodies, and liquid jet for Cases AS2 and AS8 plotted against the distance from the 
needle tip (x*/D). This is to distinguish it from x which is the distance from the jet exit plane 
such that x∗ = x + Lr . The object area represents the average number of pixels covered by 
droplets, ligaments, and unbroken bodies (in 2000 images). In Fig. 5, the object area is nor-
malized by the image size ( 768 × 768 pixels). For Case AS2, the area of the jet increases first 
with axial location owing to jet fluctuations; and starts to decrease after jet breakup. Simul-
taneously, an increase in area of the unbroken bodies & ligaments is observed, due to for-
mation of ligaments and unbroken bodies from the jet breakup—the intersection of the area 
profile of jet and unbroken bodies (indicated by arrow) represents the approximate jet breakup 
location. With downstream location, the ligaments and unbroken bodies atomize into droplets 
leading to an increase in droplet area and decrease in the area of unbroken bodies & ligaments. 
It is interesting to note that the area of all three objects droplets, ligaments, and unbroken 

Fig. 4   Normalized liquid fraction for with respect to axial location for Case AS2, AS6, AS7, and AS8. It is 
calculated by dividing the total number of pixels covered by the spray (in 2000 images) by the total number 
of pixels covered by the jet (in 2000 images), at the centreline
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bodies becomes similar at x*/D = 7–7.5. Lowe et. al. (2017) has reported that this location 
corresponds to the completion of the secondary atomization process. For Case AS8, the object 
area follows similar trends but the location corresponding to atomization completion shifts 
closer to the atomizer exit (x*/D = 2.5–3). The reason for this could be attributed to higher 
air entrainment (indicated by a low mass flux ratio) for Case AS8. This implies that the liquid 
fragment atomizes at a faster rate in Case AS8, as compared to Case AS2, and this leads to an 
early completion of atomization. Similar trends are observed for other cases, but not presented 
here for brevity.

Figure 6 presents the object count of droplets, ligaments, and unbroken bodies as a function 
of their size for Cases AS2 and AS8, for two axial locations corresponding to x/D = 0 and 5. 
For these cases, the needle is recessed at Lr = 25  mm from the burner exit and thus x/D = 0 
and 5 are similar to x*/D = 2.5 and 7.5, respectively (note that x* = x + Lr). It is noticed that 
at x*/D = 2.5, the mean droplet size (solid line) is similar for Cases AS2 and AS8. However, 
the droplet count (in % ) is lower, and the object count and size of ligaments and unbroken 
bodies are higher for case AS2 as compared to Case AS8. This suggests that the percentage of 
completely atomized objects is higher for Case AS8 as compared to Case AS2, and confirms 
that the atomization rate is higher for Case AS8. This validates the previous assertion that the 
high air entrainment leads to a more rapid atomization of liquid fragments. With downstream 
location (x*/D = 5), the number of droplets increases and the object count of ligament as well 
as unbroken bodies decrease for both Cases AS2 and AS8. This is expected since, on moving 
downstream, the atomization of ligaments and unbroken bodies leads to formation of droplets, 
which increases the number of droplets, and subsequently decreases the number of ligaments 
and unbroken bodies. The correlation between unbroken bodies and ligaments is not analysed 
here, as it will involve time tracking of individual fragments at several axial locations of spray, 
which is outside the scope of this work.

Fig. 5   Normalized area fraction of liquid fragments (droplets, ligaments, unbroken objects, and liquid jet) 
with respect to axial location from needle top (x*/D) for Cases AS2 and AS8. The object area represents the 
average number of pixels covered by individual fragments (in 2000 images). The fragment area is normal-
ized by the image area. The right side shows the definition of classified liquid fragments. The figure is a 
continuation of the work published elsewhere (Lowe et al. 2017)
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5 � Turbulent Combustion of Sprays

This section discusses the characteristics of reacting sprays in terms of flame stability and 
mean temperature profiles measured at several axial and radial locations of the spray. Fig-
ure 7 shows sample images of flames and the stability limits plotted for the N19 needle 
and for acetone fuel. The stability limits show the velocity at which the flame blows-off 

Fig. 6   Number density of liquid fragments with respect to their size (d10) for cases AS2, and AS8 at x/D 
location of 0.13 and 5.0. The needle is at recess length of 25 mm, which corresponds to x*/D of 2.5, and 
7.5, respectively. The figure is a continuation of the work published elsewhere (Lowe et al. 2017)

Fig. 7   Blow-off air-blast velocity (U) for acetone fuel at different recess length (Lr) plotted against the fuel 
loading (Q). The two images at the right shows the snapshot of stable and blown off flame
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downstream of the pilot versus fuel loading for different recess distances. This is done here 
to compare the results presented here with the previously reported stability limits for the 
same burner, elsewhere (Lowe et al. 2017; Lowe 2018). It is evident that the flame stabil-
ity is affected by the recess length (Lr) and hence by the quality of the spray. For a given 
liquid loading, and with changing recess from Lr = 0 to 80 mm, the spray transitions from 
dense to dilute and the flame becomes more stable. A similar behaviour for ethanol fuel is 
observed but not shown here for brevity. However, biodiesel exhibits two stability limits, 
an upper one similar to that of ethanol and acetone, and a lower stability limit induced by 
virtue of the higher viscosity, which lead to fuel droplets dribbling from the central jet to 
the pilot stream and hence causing an unstable flame.

The temperature results presented here are a mean of 200 data points measured using 
an R-Type thermocouple. The response time of the thermocouple is 0.01 s, and the stand-
ard deviation for each measurement is below 2 % of the mean. Figure 8 shows the flame 
temperature at several axial and radial locations for Cases N19-AF02-25, N19-AF06-25 
and N19-AF08-25 (referred to hereon as AF2, AF6, and AF8). The recess length is kept 
at 25 mm for all the cases. For all the cases, near the center, the liquid fragments are large 
and are still atomizing, resulting in a low temperature at the centerline (for x/D = 10, 15 
and 30). With downstream locations, as the atomization process nears completion, the cen-
terline temperature increases, and the location for peak temperature shifts to the center at 
x/D = 30. For all the cases, the temperature profile at x/D = 10 is similar, and the peak 
temperature is observed at a similar radial location owing to the greater influence of the 
pilot at this axial location. On moving downstream (x/D = 15), while the temperature pro-
files are similar; the radial location for peak temperature shifts towards the center for Case 
AF8 and AF6. For Case AF6, the peak temperature occurs at r/D ≈  0.7 while for Case 
AF8, it occurs at r/D ≈ 0.5. This could be owing to the faster atomization for case AF8 as 
it is evident from the fragment statistics shown in Fig. 6. This results in the peak tempera-
ture occurring closer to the center for Case AF8 as compared to other cases (due to higher 
vaporization rate of droplets), at axial locations of x/D = 15 and 20. Further downstream 
at x/D = 30, as the spray is gradually consumed, the peak temperature occurs closer to the 
centerline for all the cases. For Case AF2, the centerline temperature at x/D = 30 is higher 
as compared to Case AF6 and AF8 owing to higher liquid loading (fuel). The results pre-
sented in this section, while limited, provide insights into how the spray structure in the 
intermediate region, governed by secondary atomization, can control the characteristics of 
the flame. Further imaging of reactive scalars (such as OH and formaldehyde), combined 

Fig. 8   Flame temperature at various radial locations at recess length of 25 mm, for cases AF2, AF6, and 
AF8
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with Mie scattering, will be conducted in selected flames to reveal more details about the 
structure of the reaction zones and their locations with respect to liquid fragments.

6 � Concluding Remarks

The atomization and turbulent combustion of air-assisted sprays is studied using the Syd-
ney piloted needle spray burner. Microscopic backlit imaging is employed to study primary 
and secondary atomization. Flames are observed for different liquid loading where the 
injection needle is recessed so that the spray transitions from dilute to dense. The following 
conclusions are drawn: 

1.	 Breakup of the liquid core seems to occur when the wavelength/amplitude ( �∕a ) ratio of 
surface instabilities is close to two ((�∕a ≈ 2 ). The size of ligaments shed from the liquid 
core is also similar to the wavelength of the instabilities which appear to be responsible 
for the issue of these ligaments.

2.	 In the secondary atomization region, the analysis of area fraction and fragment statistics 
revealed that higher air-blast velocities enhance the rate of secondary atomization, and 
lead to early completion of atomization. The mass flux ratio (MFR) is a key control 
parameter in the downstream atomization region.

3.	 Flame stability is directly influenced by the quality of the spray structure at the jet exit 
plane. This is evident from the varying stability limits for different recess distances. 
Turbulence-chemistry interactions and possibly mixed-mode combustion appear to affect 
the flame structure and this will be revealed in future work through more detailed meas-
urements. An early completion of atomization results in a more developed temperature 
profile closer to the burner exit, as observed for Case N19-AF08-25.
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