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Since the combustion process in spray flames is a highly complex multi-phase phenomenon, which in- 

volves several simultaneous processes such as atomization, vaporization, and chemical kinetics, it is still 

not fully understood. In the present work, an experimental investigation has been performed for three 

different hydrocarbon fuels (n-Heptane, n-Decane, n-Dodecane), in order to understand the effect of vary- 

ing co-flow conditions, fuel mass flow rate, and fuel type on both the flame lift-off height and soot for- 

mation. The fuels were injected through a hollow-cone spray injector, with a nominal spray cone angle 

of 80 ◦ and orifice diameter of 120 μm in an annular non-swirled preheated air co-flow. The flame lift-off

height was determined by recording the OH 

∗ chemiluminescence, whereas soot formation has been de- 

termined through the color diffused back-illumination extinction technique. From the results, it has been 

observed for a certain fuel that the flame lift-off height is mainly controlled by the co-flow velocity and 

air co-flow temperature. The results also show that the fuel that yields largest droplet size and that pos- 

sesses the lowest volatility exhibits the highest flame lift-off height. Furthermore, the results evidence 

a strong influence of the co-flow velocity on the soot formation. With an increase in co-flow velocity, 

the flame lift-off height is increased and so the amount of air entrainment, leading to a less rich reac- 

tion zone just downstream of the lift-off height, which in turn results in less soot formation. Finally, the 

comparison among different fuels shows that their differences in soot formation are likely related to fuel 

sooting tendency. This property, in turn, depends on the fuel molecular structure playing an important 

role on its determination. 

© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The understanding of soot formation in spray flames during the 

ombustion process is an essential factor to control soot emis- 

ions from the burning of fossil fuels for various power genera- 

ion and propulsion technologies. These applications adversely af- 

ect the environment, so that the laws about unhealthy exhaust 

missions have become more stringent. Researchers have studied 

hese processes trying to reduce the pollutant emissions (especially 

oot particles) through continuous improvements in both combus- 

ion processes and combustor design. To these aims, it is necessary 

o develop experimental techniques, particularly nonintrusive opti- 

al techniques. Well-established techniques are usually based on 

ight extinction and scattering as explained in [13] and references 
herein. 
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Due to the fact that soot formation has a long dependency 

n the flame lift-off height [67] , it is extremely important to 

nderstand the characteristics of lifted flames and their blow-off

eatures under different conditions of co-flow velocity, fuel flow 

ate, and air temperature. During the last two decades, many 

uthors have widely studied flames from gaseous fuels and com- 

ustor configurations [2,11,20,96] . Although a substantial amount 

f work on the behavior of gaseous lifted flames has been reported 

n the literature (as reviewed by [39,42] ), only a few works have 

een reported for liquid fuels characterizing the flame lift-off

nd blow-off characteristics with different co-flow conditions 

4,49,72,91] . The burning process of liquid fuels becomes much 

ore complex because it involves many sub-processes such as 

tomization, evaporation, mixture formation, and subsequent 

ombustion reaction [4,23,24,82,83] . The investigations on lift-off
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Nomenclature 

CCD charge-coupled device 

DBI diffused back-illumination 

fps frames per second 

FWHM full width at half maximum 

TSI threshold soot index 

YSI yield soot index 

H hydrogen atom 

ICCD intensified charge-coupled device 

LED light-emitting diode 

LEM laser extinction method 

LII laser-induced incandescence 

PLIF planar laser-induced fluorescence 

PID proportional integral derivative 

f v soot volume fraction 

I measured transmitted intensity 

I f light from the flame 

I 0 reference illumination 

k e dimensionless optical extinction coefficient 

KL optical thickness related to soot 

LOH lift-off height 

m refractive index 

T co− f low 

air co-flow temperature 

øair air outlet diameter 

V r resultant mixture velocity 

V droplet droplet ejection velocity 

S L laminar flame speed 

S spray flame speed 

V co− f low 

co-flow velocity 

KA light attenuation in a sheet-of-sight 

KV total light attenuation 

L path length 

K dimesional extinction coefficient 

SMD Sauter mean diameter 

RDG Rayleigh-Debye-Gans theory 

TEM transmission electron microscope 

UV ultraviolet 

αsa scattering-to-absorption 

φglobal global equivalence ratio 

ρair air density 

ρl fuel density 

σl liquid surface tension 

νl kinematic viscosity 

μl dynamic viscosity 
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ames are also important to understand the flame dynamics in- 

ide gas turbines or applications with liquid fuel jets. Preliminary 

orks on the characteristics of spray flames have been reported by 

kamatsu et al. [1,81,89] . Chiu et al. [15] have observed that when 

iquid fuel is injected, a dense droplet cloud is formed near the 

ozzle exit (distance between the droplets is less than the droplet 

iameter), and the entrainment of surrounding air near the fuel 

ozzle is very small. Additionally, Chiu and Lin [16] reported that, 

s the co-flow velocity is increased, the droplets are transported 

ownstream, the distance between droplets being increased, 

hich makes the cloud less dense and allows to increase the air 

ntrainment from surroundings. 

Previous studies on lifted spray flames suggested that a struc- 

ure similar to that of a gaseous diffusion flame is formed in spray 

ames since fuel droplets evaporate close to the fuel nozzle so 

hat only a single reaction zone is present [58,59] . Nevertheless, 

ecent studies supported that spray flames can exhibit a double 
2 
tructure, originating at the leading edge of the stabilized flame 

nd diverging in the downstream location [3,12,24,46,49] . More- 

ver, it has been reported that in reacting sprays, a flame stabi- 

izes when small droplets are available (to readily provide a mix- 

ure of fuel vapor and air) along with large-scale flow structures. 

his enhances the mixing of the fuel vapor with the entrained air 

72] . Several authors performed the study on lifted spray flames 

ith and without co-flow and reported that without co-flow, the 

ame exhibits a single flame structure. The addition of low-speed 

o-flow, on the other hand, lifts the flame and leads to increased 

ntrainment of air in the spray [49,50] . The presence of large quan- 

ities of oxidizer within the fuel spray creates a unique double re- 

ction zone structure. 

Experimental studies by Reddy et al. [72] investigated lifted 

pray flames for a range of co-flow conditions, varying the co- 

ow temperature and testing different nitrogen dilutions. They 

eported that increasing the co-flow temperature decreases the 

ame lift-off height, as a result of enhancing the fuel vaporiza- 

ion rate. In a related work, Weinberg and Greenberg [91,92] in- 

estigated mathematically the flame lift-off height of a lami- 

ar jet spray diffusion flame, providing a discussion on differ- 

nt flame scenarios related to variation in droplet size and ini- 

ial spray polydispersity. Recently, Alsulami et al. [4] have con- 

ucted an experimental investigation for different hydrocarbon fu- 

ls to study the role of the atomization process on flame stabil- 

ty (flame lift-off height and blowout limit), remarking the impor- 

ance of considering both the physical properties (which can in- 

uence atomization, vaporization and the mixing process) and the 

uel’s chemical reactivity when projecting the performance of the 

uel. 

Soot formation in spray flames has been extensively studied 

oo [18,93] . Previous observations have shown that soot particles 

ecome less reactive for soot surface growth as the residence 

ime in flames increases. Frenklach and Wang [25] reported that 

his reduced reactivity to soot growth is caused by reduced con- 

entrations of Hydrogen as flow temperatures decrease thanks 

o radiative heat losses to the surroundings. Some authors have 

uggested that the droplet size distribution of the fuel spray has 

 notable influence on combustion behavior [8,30] and hence soot 

ormation [31,97] . Soot formation is a complex phenomena in 

ombustion, involving interactions between combustion chemistry, 

uid mechanics, mass/heat transport, and particle dynamics. De- 

pite the great effort to fully understand this phenomenon, several 

etails remain unknown [85,88] . In addition, the conditions for 

oot formation can be very different among experimental setups. 

herefore, conclusions regarding the sooting processes obtained 

rom one configuration may not be directly applicable to others. 

oot formed in the fuel-rich region of a normal co-flow flame 

s always convected downstream towards the high temperature 

ame front, where fuel and oxidizer are mixed stoichiometrically. 

s a result, oxidation of soot by oxygen and hydroxyl radicals is 

nevitable. In fact, the widely referred smoke point condition is 

 critical condition where soot formation is balanced just by its 

xidation [7,79] . Recently, several studies have been performed in 

rder to investigate experimentally the soot formation in turbulent 

pray flames [52,53,86] . Wang et al. [86] investigated two Jet 

-1/ air spray flames using laser-induced incandescence (LII) for 

oot concentrations and stereoscopic particle image velocimetry 

or velocity fields, reporting that the soot distribution in liquid- 

ueled swirl-stabilized flames is drastically different from their 

as-fueled counterparts. Mulla and Renou [53] investigated ex- 

erimentally soot formation in a turbulent n-Heptane spray flame 

hrough quantitative soot volume fraction ( f v ) using LII and planar 

aser-induced fluorescence (PLIFT) to measure simultaneously the 

oot-precursor (PAH) and flame-front (OH), contributing with a 

oot database for model validations, identification of soot onset 
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nd oxidation zones, and analysis of soot-PAH correlations at 

ifferent stages of soot maturity. 

As was mentioned earlier, spray combustion has been widely 

tudied in the literature. Jenny et al. [38] made recently an exten- 

ive review of breakup, dispersion, evaporation, mixing and com- 

ustion regimes in spray combustion. The presence of droplets 

oses a difficulty to experiments, even though several classi- 

al and new techniques can perform accurate and reliable mea- 

urements. Although several authors have determined the lift- 

ff height directly recording the flame through a CCD camera 

35,36,72,87] , OH 

∗ chemiluminescence has demonstrated to be an 

xcellent marker to measure lift-off height. The reason is that it 

ccurs primarily under high-temperature stoichiometric combus- 

ion [34] , and it is present at the flame stabilization region in 

ifted turbulent-diffusion flames [66] . Moreover, OH 

∗ radicals have 

he strongest emittance band at 306 nm, which is distant from 

he soot incandescent wavelength avoiding to mask it. OH 

∗ emit- 

ance band is recorded by an intensified charge-coupled device 

ICCD) camera equipped with a UV lens and a narrow band-pass 

lter of 310 nm to capture the low-intensity signal from the com- 

ustion. This methodology has been implemented in many stud- 

es [63,65,67–69,76] . On the other hand, soot has been studied 

hroughout both laser and optical techniques. LII and laser extinc- 

ion measurement (LEM) represent the most common techniques 

mployed in situ for characterization of soot volume fraction ( f v ) 

14,17,67] . Even though the single-point light-extinction method is 

ccepted due to its simplicity and accuracy, obtaining a 2D soot 

istribution by using a single-point measurement is an ardous task. 

 more efficient method is to record the full-field light extinc- 

ion by a whole soot cloud using an expanded light source and a 

ocal-plane imaging device. Two-color techniques have also been 

sed lately to measure soot in diesel fuel jets [62,98] . Nakakita 

t al. [56] used a back-illumination method to study the soot 

louds and highlighted its advantage. Nowadays, this technique 

as good acceptance among researchers to study soot formation. 

his fact has led to an extensive implementation and improve- 

ent [47,48,63,77,78,80] . Manin et al. [47] developed a high-speed 

ack-illumination extinction imaging technique. This new diagnos- 

ic was validated by concurrently measuring the path-averaged op- 

ical thickness ( KL ) using LEM. Thanks to the implemented optical 

rrangement, the effects of beam steering on the measured extinc- 

ion were reduced. Finally, their results allowed them to conclude 

hat shorter visible wavelengths are preferred to measure soot con- 

entration. 

Although a significant number of researches have been con- 

ucted in spray flames and the soot formation in them, as was 

etailed previously, spray flame is a complex multi-phase phe- 

omenon, and its fundamental physics is not completely under- 

tood. Therefore, the current work aims to investigate experimen- 

ally the effect of fuel properties on the flame lift-off height and 

oot formation over a wide range of operating conditions using a 

ressure-swirl injector with a considerably smaller injector orifice 

iameter than ones reported in the literature. Co-flow velocities 

ere relatively high, the burner geometry configuration is different 

nd the use of two different air outlet diameters allowed observ- 

ng the effect of the global equivalence ratio on both flame lift- 

ff height and soot formation at the same operating conditions. 

urthermore, thanks to the high number of operating conditions 

ested and combined with diverse configurations enable the ob- 

ervation and explanation of some trends non-reported by other 

uthors. This study also contributes to removing uncertainties re- 

ated to different experimental test rigs, visualization techniques 

nd employed hardware. Finally, this study provides an experi- 

ental correlation for lift-off length using the parameters eval- 

ated and clear explanations for several observed trends. In the 

resent work, the effect of co-flow conditions, fuel mass flow rate 
3 
nd fuel type on both flame lift-off height and soot formation has 

een experimentally studied for three single liquid hydrocarbon fu- 

ls, namely n-Heptane, n-Decane and n-Dodecane. A commercially 

vailable pressure-swirl fuel nozzle (hollow cone pattern) is used 

ue to its reliability, good quality atomization, simplicity of con- 

truction and low pumping power requirements [22,29] . Following 

he present introduction, this document is formed of three addi- 

ional sections. The next section discusses the experimental facility, 

roviding details on the optical setup, image processing methodol- 

gy and testing conditions on which the experiments have been 

erformed. The third section presents the results of OH 

∗ chemilu- 

inescence and optical extinction in a spray flame surrounded by 

ifferent co-flow conditions. The last section summarizes the work 

erformed and the main findings after its execution. 

. Material and methods 

This section details the facility used to carry out the experi- 

ents of spray flame characterization, giving details on the optical 

etups, the image processing methodology for each applied tech- 

ique and the operating conditions tested. The test rig has been 

esigned to supply high-airflow at high-temperature, allowing a 

ide range of co-flow conditions to be evaluated. The test section 

here the spray flame takes place is fully accessed optically, thus 

nabling to easily set up different optical techniques, even simul- 

aneously. 

.1. High-flow and high-temperature facility 

Fig. 1 shows the schematic layout of the present experimental 

etup used to study the behavior of the atomization and combus- 

ion processes in spray flames at atmospheric conditions. Air co- 

ow is supplied through a centrifugal blower with an air blowing 

apacity of 0–400 kg h 

−1 and measured through a flow meter. The 

hange in flow direction was carried out through a series of el- 

ments such as a volute, guiding vanes and a final section filled 

ith stainless steel spheres. These elements were coupled to the 

ir pipeline before the combustion zone, ensuring an airflow with 

 uniform velocity profile. A 15 kW electric heater has been dis- 

osed at the air pipeline to increase the air temperature up to 

73 K, allowing to study its effect on the combustion and atom- 

zation processes. The air co-flow temperature is measured with K- 

ype thermocouples at different locations and controlled by a PID 

odule. The burner is located after the electric heater and a non- 

wirled flow configuration was chosen to perform the experiments. 

The fuel injection system mostly consists of a pressurized vessel 

2L capacity) that can be pressurized up to 5 MPa through a nitro- 

en bottle. Pressure is maintained by through a pressure regulator. 

he vessel has been provided with multiple input connection ports, 

llowing to attach different sensors (e.g., thermocouples, pressure 

ensor), and valves to it. A safety valve also has been installed 

o prevent an over-pressure in the system, releasing the pressure 

hen it reaches 7 MPa. An electronic Coriolis mass flow meter 

Bronkhorst, CORI-FLOW) has been arranged at the fuel pipeline 

or an accurate measurement of the fuel mass flow rate. Addition- 

lly, two electro-valves were provided upstream of the injector to 

ontrol the fluid flow through it, cutting it off when necessary to 

void injector’s dribble. The fuel is injected through a hollow cone 

pray injector with a spray angle of 80 ◦ and a mass flow rate of 

.57 kg min 

−1 at 1 MPa for a calibration fluid (ISO 4113). The ori- 

ce diameter is 120 μm and was measured using x-ray tomogra- 

hy. 

The burner is fully accessed optically, allowing a direct visu- 

lization of the spray flame. Different optical techniques can be 

sed simultaneously. The design is modular and can be easily re- 

rranged to simulate various air co-flow configurations, e.g., in 



J. Gimeno, P. Martí-Aldaraví, M. Carreres et al. Combustion and Flame 233 (2021) 111589 

Fig. 1. Schematic diagram of the experimental setup for lifted spray flames. 

Fig. 2. Cross-sections of both atmospheric burner and air outlet diameters. 

t

s

h

i

b

2

2

r

l

t

c

u

r

w

c

f

U

l

u

a

a

2

a

s

u

t

t

s

r

e

t

t

v

l

n

p

t

p

o

t

o

(

w

t

e

d

s

o

s

4

n

p

r

t

s

T

t

w

4

I

b

fi

w

t

t

p

his work, two outlet diameters were tested. Furthermore, a cross- 

ection of insulating material was utilized between the external 

ousing and the internal flow duct to avoid heat losses. Finally, the 

njector was mounted in a way that it allows the whole spray to 

e registered from the nozzle tip, as shown in Fig. 2 . 

.2. Optical techniques and setup 

.2.1. Chemiluminescence 

Chemiluminescence is defined as a light emission phenomenon 

esulting from a chemical reaction, commonly associated with a re- 

ease of heat. This technique has been extensively used in combus- 

ion research since OH radicals emit luminescence when they de- 

ay at their ground state. This luminescence can be captured and 

sed in several diagnostics such as detection of high-temperature 

egions and estimations of the equivalence ratio [45,60,61] . Thus, 

ith the suitable optical setup, OH 

∗ chemiluminescence is an ex- 

ellent marker to determine the flame lift-off height [34] . There- 

ore, an ICCD Andor iStar camera equipped with a 100mm f/2.9 

V-capable lens and with the corresponding filter for OH 

∗ chemi- 

uminescence (narrow band-pass filter of 310 ± 5nm has been 

sed). The filter was arranged shaping a slight angle to the optical 

xis to avoid interfering with the diffuser used for DBI technique, 

s shown in a simplified schematic diagram in Fig. 3 . 

.2.2. Diffused back-illumination extinction 

The principle of this technique is based on measuring the 

mount of light attenuated or extinguished by the interference of 
4 
ome features like droplets, soot particles, etc. It considers the liq- 

id or soot particles as the dark silhouette of the flame when 

he background is illuminated by a diffused light. In this work, 

he diffused back-illumination extinction technique is used to mea- 

ure the light attenuation by the soot cloud. However, the images 

ecorded through this technique also captured the attenuation gen- 

rated by the droplets existing at the region located upstream from 

he flame stabilization point. This attenuation will not be treated in 

his study. Several measurements have been implemented to pre- 

ent the light from the flame to get to the camera. First, a color 

ight-emitting diode (LED) light source was used together with a 

arrow band-pass filter with the same wavelength. A short light- 

ulse was set, allowing to reduce the exposure time of the camera, 

hus recording less light from the flame. Despite the measures im- 

lemented to cut-off the broad-band intensity from the flame, part 

f this intensity is recorded by the camera, forcing to remove it in 

he image processing step thanks to the frames recorded with LED- 

ff. Finally, 600 frames with LED-on and 600 frames with LED-off

recorded in successive batches of 20 frames as depicted in Fig. 4 ) 

ere averaged to obtain proper mean images of the flame. Note 

hat the number of frames was examined in order to minimize the 

rror when calculating the mean image of KL . 

The optical setup for the diffused back-illumination extinction 

iagnostic technique is formed mainly of a LED as an illumination 

ource and a high-speed camera (Photron SAZ) on opposing sides 

f the spray flame in a line-of-sight arrangement, as shown in a 

implified schematic layout in Fig. 3 . A blue LED unit centered at 

60nm was mounted and the LED’s rays were directed to a Fres- 

el lens (focal length of 67mm). Then a big square diffuser was 

laced in such a manner that the diffused background created was 

elatively large (more than 100 mm in diameter) and uniform at 

he optical test plane of the spray flame. The LED unit can produce 

hort and high-power pulses of light and a high rate of repetition. 

he duration of the pulse was set at 20 μs as a compromise be- 

ween intensity illumination and camera speed. 

The camera was equipped with a 24–70 mm Sigma lens and 

as set with an acquisition rate of 250 fps and an exposure time of 

0 μs in order to fully acquire the period of the LED illumination. 

n order to effectively capture the extinction signals, a filter must 

e placed in front of the camera objective. Therefore, a bandpass 

lter that transmits from 455nm to 465nm (measured at FWHM) 

as selected, which rejects most of the broadband luminosity from 

he flame. The filter and LED unit have been placed on a motorized 

ranslation stage to align them. Details about the optical setups are 

resented in Table 1 . 
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Fig. 3. Schematic top view of the optical setup used for OH 

∗ chemiluminescence (red path) and microscopic diffused back-illumination (blue path). (For interpretation of 

the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 

Details of the optical setup for both DBI and OH 

∗ Chemiluminescence techniques. 

DBI OH 

∗ Chemiluminescence 

Camera Photron SAZ Andor iStar 

Camera lens Sigma 24–70 mm f/2.8 100 mm f/2.9 UV 

LED pulse duration ( μs) 20 - 

Filter CWL (nm) 460 310 

Frame rate (fps) 1000 30 ∗

Field of view (pixels) 1024x1024 1024x1024 

Exposure ( μs) 40 3 ×10 4 

Pixel-mm ratio 7.45 9.45 

Repetitions 600 LED-on - 600 LED-off 30 
∗ Per operating point. 

Fig. 4. Sketch of the camera and LED pulses. Movies consist of successive batches 

of 20 frames with LED-on and the following 20 frames with LED-off up to record 

1200 frames. 
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Fig. 5. (a) OH 

∗ chemiluminescence raw image, (b) OH 

∗ chemiluminescence image 

after computing the Inverse Abel Transform, using a Basex method, (c) Contour of 

the flame at central plane (image b) with a set threshold. The frame shown is a 

n-Dodecane flame with an air co-flow temperature of 328 K, for an air mass flow 

of 11.9 kg h −1 and fuel mass flow of 135 mg s −1 . 
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.3. Image processing 

This section presents the processing methodology for the im- 

ges recorded through the OH 

∗ chemiluminescence and color dif- 

used back-illumination extinction techniques. The methods imple- 

ented to analyze the combustion properties of the flame at the 

entral cross-section are also described next. 

.3.1. Flame lift-off height 

The field of species concentration can be recorded by viewing 

he reacting zone through an appropriate optical band-pass filter, 

llowing only the spectrum of light emitted by the species of in- 

erest to pass. Nevertheless, such an image contains the concentra- 

ion of the entire volume, since each pixel captures the integrated 

ight from the entire volume passing through its line-of-sight. In 

rder to resolve an axisymmetric integrated line-of-sight data dis- 

ribution to one at a given azimuthal plane, the mathematical In- 

erse Abel Transform was used [84] . This method takes a 2D pro- 

ection and reconstructs a slice of the cylindrically symmetric 3D 
5 
istribution as shown in Fig. 5 . Since the spray flame is not com- 

letely axisymmetric, the Abel transform was computed for each 

alf of the image separately, as shown in Fig. 5 b. Fig. 5 also shows

hat the flame shape is well defined, suggesting that the effects of 

he non-axisymmetry do not seem to modify the flame morphol- 

gy. The inverse Abel method plays an important role in analyz- 

ng the projection flames [9,18,19,70,84] . Therefore, the processing 

tage started by calculating the Abel inversion for each recorded 

rame of OH 

∗ chemiluminescence. 

The flame lift-off height is determined by averaging 30 OH 

∗

hemiluminescence frames per operating condition. These frames 

ere captured through an ICCD camera for each stabilized period 
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Fig. 6. (a) OH 

∗ chemiluminescence image after computing the Inverse Abel Trans- 

form, using a Basex method, (b) Intensity profile of averaged flame, dashed lines 

represent flame lift-off measured with both thresholds. The frame shown is a n- 

Decane flame with an air co-flow temperature of 328 K, for an air mass flow of 

13.8 kg h −1 and fuel mass flow of 189mg s −1 . 
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f the combustion in order to obtain a proper mean image of the 

ame. The exposure time of the camera was set at 0.3s, integrating 

he flame radiation for a long time gap thus averaging turbulent 

uctuations of the flame lift-off height. The images then represent 

patial and temporal averages of radiation. The processing method- 

logy to measure the flame lift-off height has been done follow- 

ng the methodology proposed by Siebers [75] for diesel fuel jets. 

fter computing the Abel transform and averaging all repetitions, 

oth sides of the resultant image are averaged and filtered with a 

aussian filter. Then, the mean intensity is traced for each height 

osition, generating an intensity profile of the flame. Finally, two 

hresholds are defined as 25% and 50% of the difference between 

he first levelling-off peak and background noise. The background 

oise is calculated by averaging the first 7mm from the nozzle tip, 

here no flame is present. The flame lift-off height is defined as 

he distance between the nozzle tip and the closest point in the 

ame above the calculated thresholds as shown in Fig. 6 b. Even 

hough no large differences in LOH were found when processing 

ith the two chosen thresholds, the results presented in the next 

ection correspond to the threshold of 25%, which is slightly more 

ensitive to the intensity changes. 

.3.2. Soot measurements through diffused back-illumination 

xtinction 

As an extinction-based diagnostic, the soot volume fraction is 

elated to the amount of light that has been absorbed or scattered 

y the soot cloud. The extinction can be calculated for each frame 

sing the Beer-Lambert law as presented in Eq. (1) . 

I − I f 

I 0 
= e −KL (1) 

here I is the pixel-wise intensity distribution of the current frame 

hat considers attenuation from the soot (LED-on), I f accounts for 

he light emitted by the flame for the same time step (LED-off), 

nd I 0 is the reference illumination calculated as the average of 

he images before the injection event. K is the dimensional extinc- 

ion coefficient and L is the height of the path through the soot 

loud. Thus, conditions with higher soot concentrations present a 

igher KL factor, although it is limited to the dynamic range of the 

mages recorded. A graphic explanation on how the KL was calcu- 

ated is presented in Fig. 7 , the optical thickness being proportional 
6 
o the soot concentration along the line-of-sight of the extinction 

easurement. 

It is important to note that this technique has some limita- 

ions. One of these limitations is that some cameras have prob- 

ems with fully resetting the sensor after the readout process when 

ecording at relatively high speeds. For these reasons, the movies 

ere recorded in batches of 20 repetitions until recording 1200 

rames, then averaging them and removing the first frame after 

ach batch to avoid this issue. Manin et al. [47] studied this effect, 

ighlighting the complexity of the process and the difficulty to 

uantify it. 

Quantitative soot measurements as a measure of the light ex- 

inction can be dominated by large uncertainties. Among them, 

he calculation of the dimensionless optical extinction coefficient 

 k e ) can be mentioned. This coefficient has considerable control 

ver the result of soot volume fraction ( f v ). This uncertainty comes 

rom the dependence on a high number of parameters (e.g., soot 

orphology, complex refractive index of soot, fuel sooting propen- 

ities) and the complexity to measure them experimentally. For 

hese reasons, the present work presents the results related to the 

ight extinction measurements in terms of the dimensional extinc- 

ion coefficient, K . 

The dimensional extinction coefficient was calculated through 

he Abel Transform of KL image results, for which several meth- 

ds have been developed. This makes it challenging to select the 

roper method for a specific application. Therefore, three meth- 

ds ( Basex,Onion peeling,Three points ) out of the eight 

ethods implemented in the PyAbel open source package for 

ython [33] were compared at random height. They are depicted 

s a yellow line in Fig. 8 a and are commonly used in the anal-

sis of flames and plasma plumes [27] . Firstly, the inverse trans- 

orm is computed at this height, i.e. it takes a 2D projection of 

he object to calculate a slice of the 3D object ( Fig. 8 b). Secondly,

he forward transform is calculated for the previous step, i.e. to 

ransform a slice of a 3D object into a 2D projection of the ob- 

ect ( Fig. 8 c). For this work, the Basex method was chosen and

he “Tikhonov regularization” was set to 50, which provides rea- 

onable noise suppression while still preserving the fine features 

n the image, as depicted in Fig. 8 . Furthermore, this method is 

omputationally cheap. 

After computing the Abel transform, a slice of the flame at the 

entral plane is obtained. In this slice, the light attenuation by both 

iquid phase and soot particles can be appreciated, as shown in 

ig. 9 a. Since we are only interested in analyzing the combustion 

one, the following methodology was used to find the border be- 

ween the two zones through thresholding method: First, a thresh- 

ld was set to split the image into two zones ( Fig. 9 b). Then, an al-

orithm was performed in order to find the border between them. 

ote that this threshold is not fixed and was calculated for each 

ested condition because the intensity and location of these zones 

ary, but both zones are well defined in all cases. Finally, the im- 

ge was masked in order to only maintain the combustion zone 

 Fig. 9 c). 

.4. Test conditions 

In the present work, all experiments were performed for three 

ifferent hydrocarbon fuels (n-Heptane, n-Decane and n-Dodecane) 

njected through a commercially available hollow-cone spray injec- 

or. Table 2 summarizes the fuel properties relevant to this study. 

he fuels were chosen to cover a good range of physical prop- 

rties, such as density, surface tension and viscosity, which in- 

uence the spray characteristic (i.e., SMD). Additionally, boiling 

emperature and vapor pressure are included, which play an im- 

ortant role in the vaporization of the fuel. n-Heptane is the most 

olatile fuel, followed by n-Decane and then n-Dodecane, which 
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Fig. 7. (a) Raw image, (b) Light attenuation by the soot cloud, I, (c) Light emitted by the flame, I f , (d) It is the image resulting of the subtraction image (c) from (b), i.e, 

real attenuation, (e) Reference illumination, I 0 , (f) Optical thickness. Frames (b), (c) and (d) same intensity level. The frame shown is a n-Dodecane flame with an air co-flow 

temperature of 328 K, for an air mass flow of 11.9 kg h −1 and fuel mass flow of 135 mg s −1 . 

Fig. 8. (a) Soot attenuation presented in terms of the optical thickness ( KL ), yellow line represents the height to compute the Abel transform, (b) Inverse transform computed 

at the chosen height, (c) Forward transform of the inverse results presented in (b). The frame shown is a n-Dodecane flame with an co-flow temperature of 328K, for an 

injection pressure of 0.1 MPa, an air mass flow of 11.9 kg h −1 and fuel mass flow of 135 mg s −1 . (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

Fig. 9. Example of the segmentation algorithm, (a) attenuation by both liquid phase 

and soot particles, (b) classification of combustion and liquid zones, (c) attenuation 

by soot particles. The frame shown is a n-Decane flame with an air co-flow temper- 

ature of 328 K, for an air mass flow of 11.9 kg h −1 and fuel mass flow of 135 mg s −1 . 

Table 2 

Physical and chemical properties of the fuels. Most of the properties were extracted 

from the NIST database at normal temperature an pressure (i.e., 293.15 K and 1 atm) 

[44] . Laminar flame speed values were measured by previous works at 400 K, at 

1 atm, and stoichiometric equivalence ratio [40,55] . 

Properties n-Heptane n-Decane n-Dodecane 

Formula C 7 H 16 C 10 H 22 C 12 H 26 

Density ( ρl ) [kg m 

−3 ] 683.94 730.53 749.5 

Dynamic viscosity ( μl ) [Pa s] 0.00041 0.00091 0.00149 

Surface tension ( σl ) [N m 

−1 ] 0.0206 a 0.0238 a 0.0254 a 

Normal Boiling point [K] 371.53 447.27 489.3 

P v [kPa] 160 b 16,5 b 3.8 b 

S L [m s −1 ] 0.6413 0.6410 0.6405 

a Along the saturation curve, b At 387 K. 

h

H

t  

c

S

a

7 
as a boiling point that is more than 100 ◦C higher than the n- 

eptane fuel and 20 ◦C higher than the n-Decane fuel. The reac- 

ivity of the fuel is marked by the laminar flame speed ( S L ), which

an impact the flame stability, especially flame lift-off. Even though 

 L values are close to each other, the fuel that exhibits a lower re- 

ctivity is n-Dodecane. 
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Table 3 

Test conditions matrix. 

Parameter Value 

Fuel mass flow rate ( ̇ m l )[mg s −1 ] (130, 159, 187.6) a 

(130.8, 159.83, 188.89) b 

(131.23, 160.4, 189.54) c 

Air mass flow rate ( ̇ m air ) [kg h −1 ] 11.9 - 13.6 - 15.6 

Global equivalence ratio ( φglobal ) 0.45, 0.52,0.55, 

0.6, 0.63, 0.65, 

0.73, 0.75, 0.86 

Co-flow temperature ( T co− f low ) [K] 328 - 373 - 423 

Air outlet diameter (øoutlet )[mm] 19 and 21 

a n-Heptane, b n-Decane, c n-Dodecane 
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The test plan is presented in Table 3 , consisting of three air 

emperature (328, 373 and 423K) and nine global equivalence ra- 

ios (which are directly related to air mass flow, injection pressure 

nd fuel type) for each air outlet diameter. The global equivalence 

atio ( φglobal ) is defined as the ratio of the actual fuel/air ratio to 

he stoichiometric fuel/air ratio, as shown in Eq. (2) . It was varied 

n a range of fuel-poor conditions from 0.45 to 0.86. Note that the 

uel mass flow rate is controlled by the injection pressure. 

global = 

˙ m l 

˙ m air (
˙ m l 

˙ m air 

)
St 

(2) 

Since the co-flow velocity has a strong relationship with 

he flame lift-off height (and hence soot formation, as seen in 

ection 3 ), it was calculated as the mean air co-flow velocity at 

he burner exit through the following equation: 

 co− f low 

= 

˙ m air 

A · ρair 

[ 
m 

s 

] 
(3) 

here ˙ m air is the air mass flow rate, A is the area of the cross- 

ection of the burner exit, and ρair is the air density. Note these pa- 

ameters were varied throughout this study (see Table 3 ), resulting 

n a wide range of velocities that covering from 7.5 to 20.5 ms −1 . 

.5. Droplet/spray estimate 

Since the droplet size is an important parameter that signifi- 

antly influences both flame lift-off height and soot formation (as 

ill be seen in the following sections), its estimation through ex- 

erimental correlations was first performed, allowing to notice the 

ifferences between tested fuels and the effect of increasing the 

uel mass flow rate. The SMD has been calculated through three 

ell-known correlations for pressure swirl atomizer: [37,71] , and 

efebvre [43] : 

MD Radcli f f e = 7 . 3 σ 0 . 6 
l ν0 . 2 

l ˙ m 

0 . 25 
l �P −0 . 4 (4) 

MD Jasu ja = 4 . 4 σ 0 . 6 
l ν0 . 16 

l ˙ m 

0 . 22 
l �P −0 . 43 (5) 

MD Le febv re = 2 . 25 σ 0 . 25 
l μ0 . 25 

l ˙ m 

0 . 25 
l �P −0 . 5 ρ−0 . 25 

air 
(6) 

here σl is the liquid surface tension, μl and νl are the dynamic 

nd kinematic liquid viscosities, respectively; ˙ m l is the liquid mass 

ow rate, �P is the pressure drop across the spray nozzle and ρair 

s the surrounding air density. All properties used in the SMD cal- 

ulations are listed in Table 2 . Since the fuel injection is in the

mbient, the pressure drop is measured through a pressure sensor 

nstalled upstream from the nozzle. 

Fig. 10 , shows the SMD predicted according to Eqs. (4) –(6) for 

he fuels used in this work. These correlations have been widely 

sed in both experimental [4,90] and computational [21] stud- 

es, and the predicted SMD followed the same trends between 
8 
he different fuels observed in the measurements. The fuels show 

ifferent droplet sizes at almost constant fuel mass flow rate: 

-Dodecane exhibits the largest droplet sizes, followed by n- 

ecane and then n-Heptane. This variation is due to the differ- 

nces in physical properties, particularly ones which are included 

n Eqs. (4) –(6) (density, surface tension, and viscosity). Amongst 

he fuels, viscosity is the property that varies more importantly. 

ince n-Dodecane has the highest viscosity (see Table 3 ), it exhibits 

he largest droplet size. Fig. 10 also shows the effect of modify- 

ng the fuel mass flow rate on SMD, evidencing that increasing ˙ m l 

educes the SMD. This fact can be directly related to the associ- 

ted increasing injection pressure, which enhances the atomization 

uality. 

. Results and discussion 

This section is divided into two parts, with the first subsection 

resenting the lift-off height measurements from OH 

∗ chemilumi- 

escence images and the second one reporting the results of soot 

xtinction in terms of K (i.e. after computing Abel inversion trans- 

orm on the KL extinction images). The experiments were carried 

ut for a range of co-flow conditions with a centrally mounted fuel 

pray nozzle. The effect of varying certain parameters such as co- 

ow velocity, fuel mass flow rate and preheated co-flow conditions 

n the flame lift-off height and soot formation were experimen- 

ally investigated. 

.1. Flame lift-off height 

As was previously mentioned, the flame lift-off height is the 

oint where the local flame propagation speed and the air-fuel 

ixture velocity are the same. This point can be affected by the 

nterconnection of several processes such as atomization, vaporiza- 

ion, and chemical kinetics, which are in turn influenced by the 

perating conditions tested and fuel type. Therefore, the effects 

f varying these parameters on the flame lift-off height will be 

ddressed throughout the current study. Note that flame lift-off

eights in the following sections have a maximum relative stan- 

ard deviation from the mean value equal to 2%. 

.1.1. Effect of fuel mass flow rate and air mass flow rate on the 

ame lift-off height 

Fig. 11 shows the effect of varying the air mass flow rate 

 Fig. 11 a) and fuel mass flow rate ( Fig. 11 b). Meanwhile, co-flow

emperature and air outlet diameter were kept constant. Please 

ote that Figs. 11 and 12 only show results for the n-Decane 

uel, allowing to readily visualize the trends. The other two fuels 

ollow the same trends presented here. Some observations from 

ig. 11 can be made: 

• In Fig. 11 a, it is seen that the flame lift-off height has a di- 

rect relationship with the air mass flow rate, which is in turn 

related to the co-flow velocity calculated at the exit burner 

through Eq. (3) (for this case 9.8, 11.1 and 12.6 ms −1 for the air

mass flow rates, i.e., 11.9, 13.6 and 15.6 kg h 

−1 , respectively). 

Various works [4,41,72] reported the same trend. Please note 

that the droplets move in a co-flow field with a resultant ve- 

locity ( V r ), which is the resultant of droplet ejection velocity 

( V droplet ) and the air co-flow velocity ( V co− f low 

). Assuming both 

constant fuel mass flow rate (i.e., same injection pressure) and 

air co-flow temperature for a specific fuel, as the air co-flow 

velocity increases the resultant velocity of the mixture drives 

the droplets straight to a downstream position. Hence, so does 

the flame stabilization point (i.e., higher flame lift-off height). 

Additionally, Kumar et al. [41] introduced the effect of the air 

co-flow velocity on the computational estimation of the flame 
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Fig. 10. Predicted SMDs for the tested fuels at air co-flow temperature of 328 K and air mass flow rate of 11.9 kg h −1 . The accurate fuel mass flow rates for each fuel are 

listed in Table 3 . 

Fig. 11. Variation of the flame lift-off height with the air mass flow rate (a) and fuel mass flow rate (b), both for n-Decane fuel and a fixed air co-flow temperature. 

 

 

lift-off height, finding that increasing this velocity leads to an 

increase in the chemical time scale, thus reducing the global 

reaction rate of the mixture. This leads to a reduction of the 

laminar flame speed ( S L ) and hence an increase in the flame 

lift-off height. 

• Fig. 11 b shows the effect of increasing the fuel mass flow rate, 

which is done by increasing the injection pressure of the sys- 

tem. Please recall Section 2.5 that increasing the mass flow 

rate for a given fuel leads to a reduction in the SMD [5,64] .

Thus, the droplet evaporation time is reduced, which should re- 

sult in flame lift-off height reduction (this trend was reported 

by Reddy et al. [72] , who used a similar injector type but 
9 
with a bigger injector orifice diameter, lower injection pressures 

and also lower velocities of co-flow). However, the trends here 

shown do not follow this criterion. This fact is probably due 

to the fact that increasing the fuel mass flow rate at fixed air 

mass flow rate is known to result in an increase in the velocity 

of droplet ejection ( V droplet ), thus increasing V r [5] and therefore 

moving the stabilization point to a downstream position (i.e., 

higher flame lift-off height). Furthermore, it can be seen that 

this effect is almost negligible at high co-flow velocities (i.e., air 

mass flow rate of 15.6 kg h 

−1 ), which control the V r . Please note

that the nozzle orifice diameter is small (see Section 2.1 ) and 

the injection pressures were relatively high (9.5, 15 and 21bar 
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Fig. 12. Variation of the flame lift-off height with the air co-flow temperature (a) and co-flow velocity (b), both for n-Decane fuel. 
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for the fuel mass flow rates of 130.8, 159.8, and 190 mg s −1 ,

respectively). 

.1.2. Effect of the co-flow temperature on the flame lift-off height 

Fig.12 a shows the effect of varying the temperature of the air 

o-flow at fixed air mass flow rate (e.g., 11.9 kg h 

−1 ). It is impor-

ant to note that the observed trend is masked by the co-flow ve- 

ocity: increasing the co-flow temperature reduces the air density, 

hus increasing the co-flow velocity (9.8, 11.1 and 12.6 ms −1 for 

he co-flow temperatures 328, 373, and 423K, respectively). In or- 

er to isolate the effect of the co-flow temperature on flame lift-off

eight, the Fig. 12 b was introduced, where it can be seen that, for

 constant air co-flow velocity, increasing the co-flow temperature 

ignificantly reduces the flame lift-off height. This fact evidences 

gain that the stabilization position of the flame strongly depends 

n the fuel vapor/air mixture formation and its resultant velocity 

 V r ). The droplet vaporization rate is enhanced by the increase in 

he co-flow temperature, which purely depends on droplet num- 

er density and entrainment rate of hot co-flow [72] . Additionally, 

ncreasing the co-flow temperature increases S L , which in turn af- 

ects the rate of the flame propagation through the spray. Myers 

nd Lefebvre [54] derived a correlation to predict flame propaga- 

ion through the quiescent multi-droplet mist, S spray , taking into 

ccount the evaporation rates and chemical reaction rates (related 

o S L ). As the laminar flame speed increases, S spray also increases, 

ausing stabilization of the flame closer to the injector tip (i.e., 

ower flame lift-off height) [4] . 

.1.3. Effect of fuel type on the flame lift-off height 

Since previous subsections have not yet shown the effect of the 

uel type on the flame lift-off height, this subsection has been in- 

roduced. In Fig. 13 , flame lift-off height is plotted against air mass 

ow rate for the three co-flow temperatures tested. From the re- 

ults, it is possible to observe some trends previously discussed, 

uch as the air mass flow rate influence, but the purpose here is to 

emark the effect of fuel type on the flame lift-off length. 
10 
In general, larger droplet sizes and less volatile fuels exhibit 

igher lift-off heights as depicted in Fig. 13 . For instance, this is 

een for a fixed nozzle size in the n-Dodecane fuel (the volatility 

f the fuel is represented by the fuel vapor pressure in Table 2 and

t was described in Section 2.5 , the droplet size depending on fuel 

roperties such as density, viscosity and surface tension). This is 

ue to n-Dodecane needing more time/length to evaporate and 

enerate enough vapor to stabilize the flame against the incoming 

eactant stream. n-Heptane exhibits a lower lift-off height, which 

an be attributed to its higher volatility and its smaller droplet 

ize, which enhances the fuel/air mixing, resulting in a higher frac- 

ion of localized pre-mixed fuel-lean regions [73,74] . The same 

ehavior was noticed in a related work [4] . Since the n-Decane 

resents intermediate values of both volatility and droplet size, it 

s expected for n-Decane to present intermediate lift-off heights, as 

hown in Fig. 13 . 

.1.4. Air outlet diameter effect on the flame lift-off height 

The effect of replacing the air outlet diameter on flame lift-off

eight is shown in Fig. 14 for the three fuels and the three air mass

ow rates tested under fixed conditions of fuel mass flow ratre 

nd air co-flow temperature. Fig. 14 also shows fit lines for each 

utlet diameter. In order to examine the effect that the air outlet 

iameter over the lift-off height, the co-flow velocity must remain 

onstant. For every fuel shown in Fig. 14 and a fixed co-flow veloc- 

ty, the flame lift-off height increases as the outlet cross-section is 

ncreased (i.e., air outlet diameter). The difference between these 

oints is the global equivalence ratio, which in the case of the 

ir outlet diameter of 21 mm is considerably leaner than for the 

9 mm one. This reduction is attributed to the increase in the air 

ass flow rate needed to achieve the same co-flow velocity. Myers 

nd Lefebvre [54] reported that flame speed ( S spray ) increases with 

he overall equivalence ratio up to the stoichiometric value for a 

ide range of fuels and test conditions. Consequently, as the flame 

peed increases, the flame lift-off height decreases [4] . Myers and 

efebvre [54] also observed that for heavier fuels, the flame speed 

s more sensitive to the fuel/air ratio. 
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Fig. 13. Flame lift-off heights against the air mass flow rate for the different fuels, at co-flow temperatures of 328K (a), 373K (b), and 423K (c) at constant fuel mass flow 

rate (accurate values for each fuel are listed in Table 3 ). Symbols correspond to the fuel type and fit lines were plotted for each fuel. 

Fig. 14. Flame lift-off heights against the co-flow velocity for the different fuels, n-Heptane (a), n-Decane (b), and n-Dodecane (c) at constant fuel mass flow rate and co-flow 

temperature. 

11 
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Fig. 15. Comparison between experimental results and the correlation ones for the air outlet diameters of 19 mm (a) and 21 mm (b), all fuels, and all operating conditions. 
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Table 4 

Empirical correlation results for lift-off height. 

Fuel Air outlet diameter a b R 2 

n-Heptane 19 mm -0.874 1.205 0.94 

21 mm -0.67 1.0977 0.97 

n-Decane 19 mm -0.82 1.09 0.95 

21 mm -0.963 1.14 0.98 

n-Dodecane 19 mm -0.655 0.953 0.8 

21 mm -0.9307 1.06 0.96 
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.1.5. Statistical analysis 

The wide range of operating conditions tested allows perform- 

ng a statistical analysis. Empirical correlations have been used by 

any researchers as an attempt to explain the effect of varying the 

urrounding conditions, injection pressure, and fuel type on the 

ame lift-off height [6,65,69,72] . From the results presented ear- 

ier, it can be assumed that the flame lift-off height is probably 

ontrolled by the air co-flow velocity, fuel type (droplet size and 

olatility), co-flow temperature and also the global equivalence ra- 

io. Reddy et al. [72] studied the effect of these parameters on the 

ift-off height, reporting that the lift-off height is a strong func- 

ion of co-flow velocity and Sauter mean diameter, although in 

he present work the droplet size was not measured. The statis- 

ical analysis was performed individually for each fuel and each 

ir outlet diameter. With the rest of the parameters, the outcomes 

howed that only air co-flow velocity and co-flow temperature are 

ignificant in the flame lift-off height estimation as presented in 

q. (7) : 

OH ∝ T a co− f low 

· V 

b 
co− f low 

(7) 

here LOH [mm] corresponds to the flame lift-off height, T co− f low 

K] to air co-flow temperature, and V co− f low 

[ms −1 ] corresponds 

o mean air co-flow velocity at the burner exit. Eq. (7) seems to 

e reasonable due to the fact that the droplet evaporation time 

s a function of the air temperature, droplet diameter and air en- 

rainment, which in turn depends on co-flow velocity. Therefore, 

he variation of the coefficients between fuels ( Table 4 ), is likelly 

elated to fuel volatility and reactivity on the one hand; and to 

roplet size (which is a direct function of all liquid properties, 

.e. surface tension, density and viscosity), mass flow rate and the 

njection presure on the other hand. Table 4 summarizes the re- 

ults from Eq. (7) for each fuel and both air outlet diameters. The 

ame lift-off height varies linearly with the air velocity, whereas 

he air temperature has an inverse effect as expected by the find- 

ngs mentioned earlier. In any case, the values of R 

2 confirm the 

ood repeatability and reliability of the results gathered. There is, 

elatively less reliability for the air outlet diameter of 19 mm, as 
12 
een in Fig. 15 . This is because a significant number of operat- 

ng conditions promote the flame blow-off phenomenon for the 

ir outlet diameter of 19 mm. This phenomenon occurs if the fuel 

apor-air mixture is too lean to burn and the co-flow velocity is 

oo high to stabilize the flame and was principally observed for 

-Heptane due to its high volatility and the increase in co-flow 

elocity. 

.2. Soot formation 

In order to help understanding the influence of the paramet- 

ic variations on soot formation, the current section presents four 

ubsections: first, the effect of the operating conditions, followed 

y the fuel type effect; then the influence of the air outlet di- 

meter; and finally, a summary of all tested conditions. The re- 

ults presented throughout this section are the result of processing 

he images captured by the diffused back-illumination extinction 

echnique and following the methodology previously detailed. Fur- 

hermore, the results are presented in terms of the measured light 

ttenuation by the soot cloud in a horizontal sheet-of-sight per- 

pective ( KA ) and the total amount of soot ( KV ), as presented in

ig. 16 . 

Soot originates from the incomplete combustion of hydrocar- 

ons fuels, indicating in most cases poor combustion conditions, 

here not all the fuel can be completely oxidized. Experimen- 

al results from different studies of liquid fuel spray combustion 



J. Gimeno, P. Martí-Aldaraví, M. Carreres et al. Combustion and Flame 233 (2021) 111589 

Fig. 16. (a) Light attenuation by the soot cloud in terms of K, (b) KA evolution pro- 

file through the flame height. The frame shown is a n-Decane flame with an air 

co-flow temperature of 328 K, for an air mass flow of 11.9 kg h −1 and fuel mass 

flow of 131 mg s −1 . 
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ave shown the effect of operating conditions and fuel type on 

oot formation [19,88,93,94] . Unfortunately, as described [88] soot 

ormation during the burning of fuel sprays depends not only on 

oot chemistry but on many other physical processes such as spray 

enetration, droplet size distribution, and velocity field of the en- 

rained air. Therefore, it is challenging to isolate these factors to 

btain quantitative information on soot behaviors. Some relation- 

hips have been observed between the operating conditions and 

oot formation, one of them being the strong relationship between 

he lift-off height and soot formation [63,68,69] . For a particular 

uel, as the lift-off height increases, the air entrainment increases, 

roviding a less-rich reaction zone just downstream of the flame 

ift-off height, thus resulting in less soot formation. 

.2.1. Effect of co-flow conditions and fuel mass flow rate on soot 

ormation 

Fig. 17 shows the effect of varying the air co-flow temperature, 

ir mass flow rate (co-flow velocity),and fuel mass flow rate on 

oot formation for a given air outlet diameter (21 mm) and fuel 

n-Decane). Some observations from Fig. 17 can be made: 

• Air co-flow velocity seems to be the parameter driving soot 

formation. As the air co-flow velocity increases, the flame sta- 

bilizes further away from the injector tip ( Fig. 17 a), i.e., the 

amount of air entrainment increases. Thus there are less-rich 

conditions at the reaction zone just downstream of the flame 

lift-off height, which results in less soot formation due to the 

major availability of O 2 to oxidize the fuel molecules. It can be 

observed that as co-flow velocity decreases, the location of the 

maximum KA value is moved further downstream. A reduction 

in the co-flow velocity results in a longer flame length with a 

larger yellow-sooting diffusion region and a smaller blue region 

(partially premixed), moving the location of the maximum KA . 

The location of the maximum KA is also affected by varying the 

fuel mass flow rate, as shown in Fig. 17 . 

• The effect of the co-flow temperature observed here is almost 

negligible for a constant velocity. Soot formation is a process 

highly sensitive to temperature [88] . Also, an increase in the co- 

flow temperature increases the evaporation rate, which in turn 

reduces the flame lift-off height (see Fig. 17 a). Thus, it reduces 

the amount of air entrainment, leading to an establishment of 

a rich primary zone likely contributing to the soot formation. 

However, this enhancement of the droplet evaporation rate also 
13 
leads to a reduction of the droplet size and hence the num- 

ber of droplets that reach the yellow-sooting diffusion flame 

is lower thus reducing soot formation. Hayashi et al. [32] con- 

ducted a detailed experimental and numerical investigation for 

a n-Decane spray flame in a laminar counterflow field, report- 

ing that as the initial droplet size increased, an initially blue 

reaction zone transitioned towards yellow flames with increas- 

ingly higher luminosity, showing an enhancement of both the 

peak of soot concentration and the sooting zone area. The two 

previous facts lead to conclude that during the experiments the 

effect of the droplet size is higher than the effect of air en- 

trainment, resulting in a balance of both effects. On the con- 

trary, some authors reported [26,63,95] that increasing the tem- 

perature of the surrounding air also increases the amount of 

soot, attributing this effect to a reduction of the amount of 

air entrainment. This suggests that their experiments present a 

“droplet-driven” flame lift-off height, whereas the present work 

could be “co-flow driven” (see Fig. 11 b), considering that the 

other works were conducted at relatively low co-flow veloci- 

ties. 

• Fig. 17 also shows the effect of varying the fuel mass flow rate. 

For a constant co-flow velocity, increasing the fuel mass flow 

rate significantly increases soot formation. As the fuel mass rate 

increases the equivalence ratio increases, i.e., rich conditions at 

the reaction zone just downstream of the flame lift-off height, 

enhancing the soot formation. 

.2.2. Effect of fuel type on soot formation 

Fig. 18 presents the evolution of KA along the flame height 

or different operating conditions and the three fuels tested. 

ig. 18 shows that the number of operating conditions that pro- 

ote the soot formation is higher for n-Decane and n-Dodecane 

han for n-Heptane fuel and that soot formation increases by in- 

reasing the global equivalence ratio (i.e., lower air mass flow rate 

nd higher fuel mass flow rate). In Fig. 18 , comparing the yellow 

arkers (i.e., same global equivalence ratio and same co-flow ve- 

ocity) for n-Decane and n-Dodecane it becomes evident that the 

oot formation is larger for n-Dodecane. In order to observe the 

ffect of the fuel type on soot formation at a constant co-flow 

elocity, Fig. 19 was introduced, where KV is plotted against the 

o-flow velocity for the three fuels. From Fig. 19 , it is again clear 

hat n-Dodecane fuel has a higher sooting tendency, followed by n- 

ecane and then distantly by n-Heptane, exhibiting for this set of 

esults a slight soot formation only at the lowest co-flow temper- 

ture and non-perceptible for the other two co-flow temperatures. 

s several authors have mentioned, it is natural to suspect that cer- 

ain fuels are inherently more sooting than others, which is gener- 

lly accepted since the fuel molecular structure is critical in deter- 

ining the sooting tendencies of a combustion system [28,57,88] . 

n order to assess the sooting tendencies, different sooting in- 

exes have been developed. Calcote and Manos [10] introduced the 

hreshold soot index (TSI), where higher values mean higher soot- 

ng propensity and [51] introduced the yield sooting index (YSI). 

lson et al. [57] provided a set of diffusion flame soot thresh- 

ld data, including both TSIs values and maximum soot volume 

raction, f v (max), for 103 pure hydrocarbons. From this data, it is 

ound that the fuel with higher values of both f v (max) and TSI is 

-Dodecane fuel, followed closely by n-Decane and then n-Heptane 

ith a considerable difference (see Table 5 ). Olson et al. [57] also 

entioned that, for alkane fuels (e.g., n-Heptane, n-Decane and 

-Dodecane) the sooting tendency generally increases in a slight 

anner with an increase in the number of carbon chains in the 

olecule. In Fig. 19 , it may be seen that soot formation follows 

he statement previously mentioned among the fuels, evidencing 

he strong dependence of soot formation on the fuel sooting ten- 

ency. 
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Fig. 17. Light attenuation by the soot cloud, in terms of KA and KV , for n-Decane fuel at fuel mass flow rates of 130.8 mg s −1 (a), 159.53 mg s −1 (b) and 188.89 mg s −1 (c). 

Top images show the KA evolution throughout the flame height and its maximum value, which is pointed out by the location of the symbols. Symbols are in turn related to 

the co-flow temperature. Bottom images show the total soot, KV , against the co-flow velocity. 

Table 5 

Sooting tendency values measured by Olson et al. [57] for diffusion flames. 

Properties n-Heptane n-Decane n-Dodecane 

Threshold soot index (TSI) 2.0 3.9 5.4 

f v (max ) ( 10 −6 ) 2.0 3.4 3.5 
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.2.3. Air outlet diameter effect on soot formation 

The effect of varying the air outlet diameter on soot formation 

or n-Decane and n-Dodecane fuels at fixed conditions of fuel mass 

uel rate and co-flow temperature is presented in Fig. 20 . For a 

onstant velocity, it can be seen that soot formation increases with 

 reduction of the outlet cross-section (i.e., air outlet diameter). As 

as explained previously, a reduction in the air outlet diameter 

auses a reduction of the flame lift-off height (see Fig. 14 ), hence, 

he amount of air entrainment is reduced (i.e., a reduction of the 

vailability of the of O 2 ) to oxidize the fuel molecules, which re- 

ults in increasing the amount of soot. 

.2.4. Summary 

Figures from the previous subsections only show partial sets of 

esults. Hence, Fig. 21 is introduced as a summary to present all 

he tested conditions that promote the soot formations. In Fig. 21 , 

V is plotted against the co-flow velocity, which is divided by fuel 
14 
ype and air outlet diameter. The vertical axis was set on a log- 

rithmic scale due to the large differences in the soot concentra- 

ion between fuels. Fig. 21 shows some of the previously described 

acts, such as the large influence of the co-flow velocity on soot 

ormation for every fuel. An inverse behaviour is exhibited: as the 

o-flow velocity increases the soot formation is reduced. The pre- 

ious fact is likely due to co-flow velocity playing a significant role 

n the flame lift-off height limits, and therefore on the amount of 

ir entrainment, which delimits the availability of O 2 to oxidize the 

uel molecules. Furthermore, another clear fact is the dependence 

f the soot formation with the fuel sooting tendency, showing a 

arge formation for n-Dodecane fuel, followed closely by n-Decane, 

nd finally with a notorious difference n-Heptane. Finally, the fuel 

ass flow rates and co-flow temperature do not exhibit a notori- 

us effect linked to the commented co-flow velocity and fuel mass 

ow rate effects. 

. Conclusions 

In the present work, the effect of co-flow conditions and fuel 

ass flow rate are tested for different fuels (n-Heptane, n-Decane, 

nd n-Dodecane), which present significant differences in physical 

roperties that impact the atomization process. The flame lift-off

eight and soot formation have been experimentally investigated 
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Fig. 18. KA evolution throughout the flame height for the different fuels, n-Heptane (a), n-Decane (b), and n-Dodecane (c), at a fixed air temperature of 328K and air outlet 

diameter of 21 mm. Lines and symbols are colored by the global equivalence ratio and the size of the marker is related to co-flow velocity. 

Fig. 19. KV against air mass flow rate at different co-flow temperatures of 328 (a), 373 (b) and 423 K (c) and air outlet diameter of 21 mm (accurate values of fuel mass 

flow rate for each fuel are listed in Table 3 ). 

15 
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Fig. 20. Effect of air outlet diameter on soot formation, at fixed conditions of co-flow temperature of 328K and fuel mas flow rate of 160 mg s −1 for n-Decane (a) and 

n-Dodecane (b) fuels. 

t

e

h

fi

D

c

i

hrough the OH 

∗ chemiluminescence and diffuse back-illumination 

xtinction techniques, respectively. Fuels were injected through a 

ollow cone spray injector in a preheated air co-flow. From the 

ndings, it is possible to conclude that: 

• For a particular fuel, the flame lift-off height is largely con- 

trolled by the co-flow velocity. As co-flow velocity increases, 

the resultant velocity drives the droplets straight to a down- 

stream position and thus moving the stabilization point of the 

flame. 

• Isolating the effect of the co-flow temperature, it has been ob- 

served that flame lift-off height varies inversely with increases 

in co-flow temperature. The reason is that an increase in the air 

temperature leads to an increase in the fuel vaporization rate, 

which results in a reduction in the flame lift-off height. 

• The influence of the fuel type on the flame lift-off height seems 

to be related to both fuel volatility and droplet size, which de- 

pend on the fuel physical properties such as density, viscosity, 

and surface tension. The larger the droplet size and the lower 

the fuel volatility (e.g., n-Dodecane) the higher the measured 

lift-off height. As a result, this increases the time necessary to 

evaporate the fuel droplets and generate enough vapor to sta- 

bilize the flame against the incoming reactant stream. 

• Isolating the effect of the air outlet diameter, it has been ob- 

served that as the air outlet diameter increases, the flame lift- 

off height is increased. This behavior is attributed to a lower 

global equivalence ratio, which causes a reduction in the flame 

speed. 

• The statistical analysis performed for each fuel and each out- 

let diameter evidences the strong dependence of flame lift- 

off height with the co-flow velocity and co-flow temperature, 

which affect the resultant velocity of the mixture and evapora- 

tion rates, respectively. 
16 
• Soot formation is significantly controlled by the co-flow veloc- 

ity. As the co-flow velocity increases, the droplets are quickly 

transported further away from the injector tip, increasing the 

amount of air entrainment. Thus, a lean mixture is formed fur- 

ther downstream, which results in a less soot formation. 

• Isolating the co-flow temperature effect on soot formation it 

was observed that its influence is almost negligible. This is 

likely due to the balance of two effects: on the one hand, 

increasing the co-flow temperature enhances the evaporation 

rates, which reduces the flame lift-off length (i.e., a reduction 

of the amount of air entrainment), establishing a rich primary 

zone that enhances the soot formation. On the other hand, the 

co-flow temperature leads to a reduction of the droplet size and 

hence the number of droplets that reach the yellow-sooting re- 

gion of the flame, resulting in a reduction in the soot formation. 

• Isolating the effect of the air outlet diameter on the soot for- 

mation, it was observed that reducing the air outlet diameter 

enhances soot formation. This is likely due to the reduction in 

the amount of air entrainment before the reaction zone, which 

promotes a rich reaction zone. 

• The trends observed from the experimental results exhibit that 

soot formation is a complex process that is affected by several 

parameters such as the amount of air entrainment, fuel evapo- 

ration rate, the global equivalence ratio, and mainly the sooting 

tendency of the fuel since they control the conditions in the 

reaction zone just downstream of the flame lift-off height. 
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Fig. 21. Relationship between flame lift-off height and total light attenuation by soot concentration ( KV ), for all operating conditions and the different fuels: n-Heptane (a), 

n-Decane (b) and n-Dodecane (c) (accurate values of fuel mass flow rate for each fuel are listed in Table 3 ). Symbols represent the co-flow temperature and its size the fuel 

mass flow rate, and also colored by the flame lift-off height. 
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