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Abstract

Soot formation and oxidation in a turbulent 𝑛-heptane jet spray flame are inves-

tigated through simultaneous imaging of quantitative soot volume fraction (𝑓𝑣),

flame-front (OH), and soot-precursor marked by smaller (2 to 4 ring) polycyclic

aromatic hydrocarbons (PAH). Laser-induced incandescence (LII) and laser-

induced fluorescence (LIF) techniques are used. The spray flame is composed of

a dual branch axisymmetric structure. The inner composite branch (B1) con-

sists of fuel-lean and non-premixed reaction zones, whereas combustion in the

outer branch (B2) occurs in a non-premixed mode. Frequent local flame extinc-

tions occur along B1, while no extinctions are observed in B2. Consequently, the

soot inception occurs near B2. In the onset of soot detection (𝑓𝑣 ≥ 0.03 𝑝𝑝𝑚)

region, soot layers are thinner than those from downstream regions where soot

occupies nearly the same area as of PAH. Soot generally oxidizes across the

flame-front as evidenced from the absence of soot-OH overlap. The soot struc-

tures are intermittent with peak soot probability of 60%. The most probable

peak 𝑓𝑣 measures 1 𝑝𝑝𝑚, while the conditional mean is 0.42 𝑝𝑝𝑚 which is

2.5 times that of time-averaged 𝑓𝑣. Conditional mean 𝑓𝑣 shows monotonically

increasing trend with height. The flame lift-off height and local extinctions

do not instantaneously influence the soot concentration, possibly due to larger

convective and soot formation timescales. Soot-PAH correlations are explored.
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However, no strong instantaneous correlations are noted, most likely due to dif-

ferent chemical timescales of soot and the imaged smaller-PAH. Nevertheless,

a few distinct trends are noted in soot-PAH correlations. 𝑓𝑣 weakly increases

with the PAH-LIF intensity. The PAH intensity from soot onset to peak region

decreases, while both soot and PAH are nearly consumed at a local flame-tip

(oxidation) region. The soot-PAH overlap decreases consistently from soot on-

set to oxidation region. The reported database and deduced insights can aid in

the development and validation of soot models in two-phase reacting flows.

Keywords: Spray combustion, 𝑛-heptane, Soot, OH, PAH, Laser-induced

incandescence, Laser-induced fluorescence

1. Introduction

Soot particles generated from the combustion process adversely affect our

environment and health. Thus, reduction in soot emission can significantly im-

prove the climate and human health [1]. However, soot formation is a very

complex process due to its high sensitivity to temperature, fuel concentration5

gradient, and residence time (𝜏). Some of these parameters fluctuate simulta-

neously in turbulent flows, which poses a difficulty in isolating the effect of an

individual parameter. Thus, numerous investigations have been performed in

laminar flames. However, combustion in practical devices is generally accom-

panied by turbulence. In turbulent flames, soot investigations were primarily10

carried out in a jet flame configuration with gaseous fuels. Past works reported

a wide range of parameters namely soot particle size, soot volume fraction (𝑓𝑣),

temperature (𝑇 ), velocity field, mixing field, qualitative polycyclic aromatic

hydrocarbons (PAH), and flame-front (OH) location. The database-oriented

measurements include Sandia [2], Adelaide [3], and DLR [4, 5] works which15

contributed towards validations of simulations (e.g., [6]).

Despite the complexity of the soot formation process in turbulent flames, a

few general observations can be derived from past works on gas-fueled flames.

Temperature appears to be one of the crucial parameters. There are investiga-
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tions [3, 7, 8] that suggest the occurrence of peak 𝑓𝑣 at a preferred temperature20

range, typically 1200 − 1600 𝐾. The soot formation is highly sensitive to local

scalar dissipation rate (𝜒) [9] which is a function of the fuel concentration gradi-

ent. Soot preferentially exists in a region of low scalar dissipation rate [7]. Apart

from a mixing field, velocity also influences the soot formation. Soot particles

exist at a preferred velocity (residence time) and local strain rate (temperature),25

independent of the jet exit velocity [10]. A global relationship (power-fit) was

reported between the soot sheet thickness and 𝑓𝑣 for different jet flames [11]. In

general, negligible soot is noted across OH-front [12], which implies shorter soot

oxidation timescales relative to flow timescales [13]. Although, soot may occa-

sionally survive the OH layer as suggested in [8]. Such a detailed understanding30

of two-phase spray flame has yet to be established.

Besides the jet configuration, soot formation was also investigated in swirl-

stabilized gaseous flames [14–18]. The distinction between locally formed soot

and transported soot was made in [14, 16]. The transient evolution of soot was

investigated through the time-resolved velocity and flame-front imaging [17].35

The DLR works [14–17] provide a comprehensive database in swirl-stabilized

flames, which have contributed towards the validation of large-eddy simulations

(LES) [19, 20]. For a given fuel, the soot formation is governed by the air/fuel

mixing and strain rate. To isolate the mixing dependence, a premixed rich flame

was investigated in swirl configuration [18].40

To synergize the soot investigation efforts in turbulent flames, International

Sooting Flame (ISF) workshop [21] has consolidated data from various groups

(Sandia, DLR, Adelaide, Delft), facilitating the database access to a wider com-

munity. The available data primarily focuses on gaseous flames; however, in

many practical engines (especially transport) fuel is generally injected in the45

liquid phase. In two-phase reacting flows, further complexities arise due to the

fuel droplet evaporation process. Though many soot imaging works exist in

spray flames, planar quantitative studies on soot formation are scarce. Quan-

titative 𝑓𝑣 has been reported in diesel engine [22] and in high-pressure vessel

[23].50
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Similar to ISF, two spray-related international workshops, namely Engine

Combustion Network (ECN) [24] and Turbulent Combustion of Sprays (TCS)

[25], have been established. ECN targets spray combustion in reciprocating en-

gines, while TCS focuses on continuous spray combustion such as of gas-turbines.

The ECN collaborative work [23] reported experimental and simulated 𝑓𝑣 at a55

𝑠𝑝𝑟𝑎𝑦𝐴 condition of ECN. Such quantitative soot studies in continuous spray

flames are yet to be reported. Meyer et al. [26] investigated the soot formation

process in swirl-stabilized spray flames using planar laser-induced fluorescence

(PLIF) of OH radical and laser-induced incandescence (LII). Although quali-

tative, this study provided insights into the effect of equivalence ratio on soot60

formation. Recently, Wang et al. [27] demonstrated that the soot distribution in

liquid-fueled swirl-stabilized flames is drastically different from their gas-fueled

counterparts. The effect of turbulence on soot concentration and particle size

was investigated through point measurements. With increasing turbulence, a

sharp diminution in soot concentration was noted, while the soot particle size65

reduction was moderate [27].

TCS has recognized the contribution of three well-characterized experimen-

tal configurations that are appropriate for model validations. The database of

the present CORIA Rouen spray burner (CRSB) [25, 28–32] is one of the tar-

get configuration along with the Sydney [33] and Cambridge [34, 35] burners.70

CRSB facility provides an atmospheric pressure 𝑛-heptane jet spray flame with

co-flowing air. This turbulent flame is moderately sooting, which is ideal for

pursuing the soot-focused database.

The present work links TCS and ISF efforts by providing quantitative soot

volume fraction, a qualitative concentration of soot-precursor (PAH), and flame-75

front (OH) data in CRSB flame. Laser diagnostic techniques, namely LII, PAH-

PLIF, and OH-PLIF, are applied simultaneously. Such measurements in two-

phase flow enable the identification of soot onset (defined by 𝑓𝑣 ≥ 0.03 𝑝𝑝𝑚)

and oxidation zones relative to the flame-front and soot-precursor in a complex

jet spray flame (containing droplets, different reaction zones, and various com-80

bustion modes [30]). The objectives of the present work are to 1) Strengthen
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the CRSB database to facilitate soot model validations, 2) Identify soot onset

zones relative to OH (flame-structure, local extinctions) and PAH distributions,

3) Explore spatial and intensity correlations between soot and soot-precursor

(PAH).85

2. Experimental methods

2.1. Burner and Flame condition

The measurements were performed in a lifted turbulent spray flame, sta-

bilized at atmospheric pressure. The burner geometry has been detailed in a

previous work [29]. Liquid-phase 𝑛-heptane was atomized by a simplex injector90

(Danfoss, 1.35 𝑘𝑔/ℎ, 80𝑜 hollow cone). A non-swirling coflow of air was issued

around the fuel injector through the annular opening with inner and outer diam-

eters of 10 and 20 𝑚𝑚, respectively. The air and fuel flow rates were regulated

using thermal and Coriolis mass flow controllers, respectively. The mass flow

rate of air was 6 𝑔/𝑠, whereas 𝑛-heptane was injected at 0.28 𝑔/𝑠 rate, leading95

to a global equivalence ratio of 0.71. This specific flame condition has been

selected earlier [28, 29, 31] as a target case considering the flame stability and

overall size.

The flame photograph is shown in Fig. 1, along with the mean progress

variable of the flame-front. The mean progress variable map of the flame-front100

is deduced using OH-PLIF (detailed in Sec. 3.1). The Mie scattering from

fuel droplets is marked by a traversing laser beam (green) in the photograph.

Numerous fine droplets are present in the spray core region. The flame stabi-

lizes at a mean height of ∼25 𝑚𝑚 above the burner, with a standard deviation

of 0.9 𝑚𝑚. A double flame structure typically associated with the jet spray105

flame is observed. The blue flame-base suggests partial premixing, while down-

stream region shows yellow luminosity from soot radiation, suggesting either

non-premixed or fuel-rich mode of combustion. Thus, the soot-precursor (PAH)

presence is expected upstream of the sooting region. Two view fields (VFs),

namely H1 (𝑟 = 0 − 40 𝑚𝑚, 𝑧 = 19 − 89 𝑚𝑚) and H2 (𝑟 = 0 − 40 𝑚𝑚,110
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𝑧 = 39− 109 𝑚𝑚) were used for laser diagnostic measurements. H1 field covers

the flame-base, soot inception, and peak soot regions, whereas H2 targets the

soot inception, peak, and oxidation regions. Only half of the radial domain was

considered for the analysis, due to the axisymmetry.

2.2. Laser diagnostics115

Simultaneous LII/OH/PAH imaging set-up was established, which consisted

of two laser systems (283 𝑛𝑚 and 1064 𝑛𝑚) and three intensified CCD cameras.

Total of 2000 simultaneous LII and OH/PAH-PLIF image sets were acquired at

3.3 𝐻𝑧 rate during each campaign. The lasers and cameras were synchronized

using two pulse generators. Laser-sheets propagating in opposite directions were120

spatially superimposed within 0.3 𝑚𝑚. The OH-LIF and LII signal collection

cameras were located perpendicular (normal) to the light-sheet on either side

of the burner. The PAH camera was mounted at a minutely off-normal angle

with a Scheimpflug adapter. Fields of view of all three cameras were pixel-

to-pixel mapped within a pixel accuracy (∼70 𝜇𝑚) by applying a polynomial125

transformation to calibration grid images. The transformed images measured

70 𝑚𝑚 wide with corresponding magnification of 14.6 𝑝𝑖𝑥𝑒𝑙𝑠/𝑚𝑚. The used

field-of-view (FOV) was 70 𝑚𝑚 tall and 40 𝑚𝑚 wide. The details of the specific

diagnostic set-up are provided next.

2.2.1. Laser-induced incandescence (LII)130

Soot particles were heated with 1064 𝑛𝑚 wavelength using the Nd:YAG

laser (Q-smart, Quantel), and the resulting incandescence was collected at 400

𝑛𝑚. The use of infrared wavelength eliminates PAH interference in the LII

signal [36, 37], while collection in the blue spectrum mitigates the background

noise from soot radiation. The LII signal was imaged on an emICCD camera135

(PI-MAX4: 1024 EMB, Princeton Instruments) equipped with an imaging lens

(100mm f/2.8, Cerco) and 400 𝑛𝑚 filter with FWHM of 25 𝑛𝑚 (#86664, Ed-

mund Optics). The camera was gated to a prompt width of 50 𝑛𝑠, which reduces

the bias towards larger soot particles that cool down at a slower rate. The laser
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beam was converted to a wide light-sheet (∼0.25 𝑚𝑚 thick) using cylindrical140

(𝑓 = −33 𝑚𝑚) and spherical (𝑓 = 1000 𝑚𝑚) lenses. Only a central portion of

the light-sheet was used. The LII response along the width (40 𝑚𝑚) of the FOV

is verified to be uniform in a laminar ethylene/air calibration flame (detailed

next).

To reduce the effect of shot-to-shot fluctuations of laser energy and beam145

profile, LII was performed in a plateau regime of the laser fluence (energy per

unit area). A fluence curve was obtained by varying the laser energy with a

variable attenuator (containing polarizer and half-wave plate) which facilitated

energy variation at a constant pulse width. The deduced fluence curve is pro-

vided in Fig. S1a of the Supplementary material. The average fluence used for150

the spray flame campaign was estimated to be 0.35 𝐽/𝑐𝑚2. The LII response

to the light-sheet profile was measured by traversing a sooting McKenna flame

(𝜑 = 2.3 ethylene/air) across the light-sheet height. The time-averaged LII re-

sponse was uniform within ±7% (Fig. S1b). This response profile was used to

correct the spray flame LII data for light-sheet non-uniformity. The LII signal155

was calibrated using the laser-extinction method in an ISF-listed laminar flame

configuration [21] for which the data is well-documented. The details of the

calibration set-up and data reduction procedure are provided in Sec. S2 of the

Supplement. The deduced 𝑓𝑣 is in excellent agreement with the reported data

[38]. The overall uncertainty in the mean 𝑓𝑣 is estimated to be ±19%. The160

details of various uncertainty sources and corresponding estimates are provided

in Sec. S3.

2.2.2. OH/PAH-PLIF

OH and PAH species were simultaneously excited using identical laser pulse.

OH radical was excited through 𝑄1(6) line of 𝐴−𝑋(1,0) transition near 283 𝑛𝑚,165

and the fluorescence was collected at 310 𝑛𝑚. The 𝑄1(6) transition exhibits a

low temperature sensitivity [39]. The excitation wavelength was verified by com-

paring the measured excitation/emission spectrum with that of the LIFBASE

[40]. A 283 𝑛𝑚 pulse was generated by a frequency-doubled dye laser (TDL90,
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Quantel) which circulated Rhodamine 590 dye. The dye laser was pumped by170

an Nd:YAG laser (Brilliant-B, Quantel) operating at 532 𝑛𝑚. The 283 𝑛𝑚 laser

beam was converted to a ∼0.15 𝑚𝑚 thin light-sheet using a set of spherical and

cylindrical lenses. A central portion of the light-sheet (uniform within 60%)

was used. The average laser fluence is estimated to be 0.015 𝐽/𝑐𝑚2. Such a

low fluence is needed to avoid LII interference [41]. The light-sheet profile was175

deduced by assuming a constant OH-LIF signal along a segment of partially

premixed methane/air laminar jet flame. The assumption of constant OH-LIF

intensity was verified by translating the jet flame across the light-sheet height.

The jet flame conditions were as follows: 3 𝑚𝑚 tube diameter, 8 𝑚/𝑠 bulk re-

actant velocity, and 𝜑 = 13. The deduced light-sheet profile was used to correct180

the OH/PAH-LIF data of the spray flame for light-sheet non-uniformity.

The OH-LIF signal was imaged on an intensified CCD camera (PI-MAX4:

1024f, Princeton Instruments) which was equipped with a UV lens (110mm f/2.8,

Cerco). The filter set containing a narrowband 315 𝑛𝑚 filter with FWHM 15 𝑛𝑚

(#FF01-315/15-50-D, Semrock), UG11 and WG305 Schott glass, was used. The185

narrowband detection eliminated the Mie scattering noise from fuel droplets and

broadband interference from PAH fluorescence. The camera was gated to 50 𝑛𝑠

relative to the laser pulse.

As PAH absorption spectra are generally broad [37], the OH-tuned laser

also excited PAH radicals. The PAH detection system consisted of the identical190

emICCD camera and imaging lens as of LII. The PAH camera was mounted

at an off-normal angle (∼15°). To focus the image, a Scheimpflug adapter was

used. A mild perspective distortion (< 1°) was corrected using a calibration

target and mapping procedure, as indicated earlier. To collect the PAH-LIF

signal, a broadband filter of 377 𝑛𝑚 transmission (95%) with FWHM of 50 𝑛𝑚195

(#84077, Edmund Optics) was used, similar to [12]. This filter efficiently blocks

(Optical density 6) the OH-LIF signal on PAH camera. The camera was gated

to 50 𝑛𝑠 relative to the laser pulse. The 283 𝑛𝑚 excitation and 350 − 400 𝑛𝑚

collection results in the imaging of smaller (primarily, 2 to 4 ring) PAH [37, 42].

A quantitative interpretation of PAH-LIF is not trivial [43] due to multi-200
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ple reasons. First of all, isolated PAH detection in flames has not yet been

possible due to overlapping excitation and emission spectra of different classes

(rings) of PAH [43]. Consequently, temperature and quenching correction can-

not be applied even assuming that the spectroscopic parameters (absorption

and quenching cross-sections) of individual PAH are known. The secondary205

concerns are that the LIF signal may be affected by local gas composition (col-

lisional quenching) and temperature (quenching cross-section, gas density, and

Boltzmann fraction). The present PAH measurements were performed in a fuel-

rich zone where the oxygen concentration is negligible [30]. Consequently, the

oxygen originated quenching may not be significant. Yet, the PAH-LIF signal is210

treated to be qualitative due to temperature variation and unknown quenching.

3. Results and discussion

3.1. Instantaneous OH, PAH, and Soot

Figure 2 shows instantaneous fields of simultaneously acquired 𝑓𝑣, OH-LIF

and PAH-LIF at H1. Similar fields at H2 are shown in Fig. 3, which captures215

the soot inception, peak soot, and local soot oxidation regions. Additional

samples of instantaneous fields are provided in Sec. S4. The left panel in Fig. 2

shows the OH-LIF and 𝑓𝑣, whereas the right panel shows corresponding PAH-

LIF along with the OH-LIF and soot isocontours for the spatial reference. The

soot isocontours mark the 7% of peak intensity and 0.03 𝑝𝑝𝑚. The choice of220

lower isocontour is influenced by the detection limit (further discussed in Sec.

3.3). Camera counts of OH and PAH are divided by 10 and 100, respectively,

for convenience. The divided numbers are referred to as arbitrary units (𝑎𝑢),

and original intensities are referred to as camera counts. In general, instant-to-

instant fluctuations in OH-LIF intensity are not significant. On the contrary,225

𝑓𝑣 and PAH signals vary significantly (in time), and thus a variable intensity

scale (detailed in Sec. S4) is used for better visualization.

From instantaneous distribution in Figs. 2 and 3 (and Sec. S4), a number of

observations can be made. As soot formation is sensitive to the mode of com-
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bustion (premixed/non-premixed) and temperature, we recall some important230

spray flame characteristics established in experimental [29] and simulation [30]

works. Unlike gaseous jet flames, the jet spray flame generally consists of a dou-

ble flame structure. This structure is a result of fuel concentration stratification

generated by evaporating fuel droplets. Following a previous terminology [30],

the inner flame branch is referred to as B1, while the outer branch is called as235

B2 (labeled in Fig. 2a). The region enclosed by B1 and B2 is denoted as zone-

C, which is composed of fuel-rich vapor pool, produced from the evaporation of

droplets that have penetrated through B1. The B1 branch is composed of two

adjacent reaction zones, the inner layer of a lean-premixed zone (B1-P, towards

spray) and an outer layer of the diffusion reaction zone (B1-D, towards zone-C),240

as demonstrated by Shum-Kivan et al. [30] through flame-index. Combustion

in the outer B2 branch primarily occurs in the diffusion mode. Frequent local

extinctions (∼50% of the realizations) are observed in the B1 branch. These lo-

cal extinctions are attributed to the flow strain rate and traversing fuel droplets,

as suggested in [29]. The temporal frequency of local extinctions and local in-245

tegral time scales were close to each other [29]. The LES work [30] indicates

the lower temperature in B1 than B2 due to a relatively fuel-lean mixture, local

flame extinctions, and higher flow strain rate [29] near B1. No extinctions are

observed in the outer B2 branch.

The OH layer corresponding to B1 and B2 are well-defined and relatively250

thin until 𝑧 = 70 𝑚𝑚. From 𝑧 > 70 𝑚𝑚, B1 and B2 are appear to merge.

The merging is attributed to the flame flapping which can be noted through

high-speed OH and velocity imaging reported in [29]. In addition to merging,

the OH layer spreads over a wider region, posing a difficulty in the flame-front

detection. Similar to previous work [31], the centerline of OH-layer is assumed255

to be the flame-front. An algorithm was developed to detect the separate B1 and

B2 flame-fronts despite the merging. In case of local extinctions, the flame-front

was connected to the nearest neighbor. Some samples of the detected flame-front

(marked in magenta) along with OH-PLIF are provided in the Supplementary

material for reference. Flame-fronts were used to deduce the mean progress260
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variable map shown in Fig. 1. A region of fresh gas was marked by 𝑐 = 0, while

burnt gas region bounded by B1-B2 was assigned 𝑐 = 1. The mean progress

variable (𝑐) was obtained by ensemble-averaging 2000 instantaneous 𝑐 maps.

Further details of the flame-front and 𝑐 deductions can be found in our earlier

work [31].265

The PAH-LIF signal is observed throughout the zone-C. Recall that the

present excitation and detection set-up primarily images LIF from the smaller (2

to 4 ring) PAH. The zone-C contains combustion products at a high temperature

[30]. Consequently, fuel vapor forms through the evaporation of droplets that

have traversed across B1, producing a fuel-rich condition. PAH exist in close270

vicinity of the B1 branch despite the local extinctions. The temperature range

of PAH formation (700 − 1300 𝐾 [44]) is lower than that of the soot formation

(1200 − 1600 𝐾) [3, 7, 8]. Consequently, PAH can exist in low-temperature

regions around local extinctions. PAH peak occurs at an approximately equal

radial distance from B1 and B2. PAH near B2 branch is absent in a region below275

𝑧 ≈ 50 𝑚𝑚 (e.g., Fig. 3d). In this region, the temperature in B2 (interpreted

from OH-LIF in Sec. 3.2) appears to be high. A high temperature can spatially

accelerate the conversion of smaller-PAH to larger-PAH [43] that do not produce

fluorescence with UV excitation [37]. Larger-PAH coagulate and go through

further thermochemical processes to eventually form a nascent soot particle280

[45]. There is a significant instant-to-instant variation in PAH-LIF intensity.

In the present turbulent two-phase flow, the droplet evaporation may lead to

non-uniformity in the scalar dissipation rate, which could affect the naphthalene

formation as suggested in [9].

Next, the soot structures are discussed in the context of OH and PAH spa-285

tial patterns. In the present flame, soot exists primarily in zone-C. 𝑓𝑣 fluctuates

widely from instant-to-instant as well as spatially. Recall, the soot formation

peaks at a preferred temperature of around 1400 𝐾 [3, 7, 8]. In the soot onset

region, LES data [30, 46] indicates RMS fluctuations of 115 𝐾 at locations where

the mean temperature is 1400 𝐾. Thus, the temperature variations may con-290

tribute to 𝑓𝑣 fluctuations. Besides the temperature, residence time and scalar
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dissipation rate fluctuations influence 𝑓𝑣. No soot or PAH is observed (or trans-

ported) in the spray jet core (𝑟 = 0), partly due to the absence of an inner recir-

culation zone. Note that, even in a swirl-stabilized liquid-fueled spray flame, no

soot was observed in the inner recirculation zone [27], unlike that of gas-fueled295

swirl-stabilized flames [15].

Three localized regions representing the soot onset, growth, and oxidation

are discussed below. The present LII set-up was unable to detect the low soot

concentrations associated with the inception. Therefore, the onset of soot de-

tection (OSD) by LII is defined based on a threshold of 𝑓𝑣 = 0.03 𝑝𝑝𝑚.300

1. Onset : The onset of soot detection is always observed in the vicinity of the

outer branch B2, possibly due to longer residence time. In the inception

region (typically, 𝑧 < 70 𝑚𝑚 zone), soot is more localized than PAH due to

low diffusivity of soot particles [9]. Radially, the peak-𝑓𝑣 occurs at a larger

distance than that of the peak-PAH. The radial order of the species is as305

follows: the inner branch B1, PAH, soot, and the outer branch B2. The

potential reasons for such flame-soot structure are provided next by using

the understanding from gas-phase flames and LES data [30] of the present

spray flame. In gas-phase jet flames, generally, the radial order is as fol-

lows: fuel-stream, PAH, soot, and the diffusion reaction zone. However, in310

jet spray flame, the central region upstream of B1 contains primarily finer

fuel droplets which lead to a fuel-lean gas-phase mixture. Consequently,

combustion in the inner layer of B1 (B1-P) occurs in a lean-premixed mode

(recall Sec. 3.1). Thus, no soot is formed upstream of B1. The outer layer

of B1 (B1-D) contains a non-premixed reaction zone that is supported by315

excess oxidizer available from products of B1-P and fuel vapor from zone-C.

Although the scalar dissipation rate may be favorable between B1-D and

zone-C, the temperature is lower in B1 [30] due to frequent local extinctions.

Additionally, the residence time is relatively shorter. Therefore, soot incep-

tion is not observed near B1, as conditions (𝜒, 𝑇 , 𝜏) are not optimum. Past320

B1, the interior zone-C contains fuel-rich mixture due to evaporation of larger
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droplets owing to hot combustion products from B1. The LES data indicates

a higher temperature in the outer diffusion reaction zone B2. Additionally,

the residence time near B2 is longer. Therefore, various conditions, namely

scalar dissipation rate, gas temperature, and residence time, are favorable in325

the inner vicinity of B2. This leads to the inception of soot near B2. The

processes in the region from zone-C to B2 are analogous to the non-premixed

gas-phase jet flames. Axially, PAH exists in the immediate vicinity of the

flame-base, while the onset of soot-LII occurs well-downstream of the PAH

inception, suggesting a relatively large time-scale of soot formation. Overall,330

the soot sheets are continuous without any segmentation. The lower turbu-

lence level of the present flame (relative to swirl-stabilized flames [14, 17])

facilitates spatially continuous soot-favorable condition.

2. Growth: At a certain downstream distance (typically, 𝑧 > 70 𝑚𝑚), radial

peaks of PAH and soot occasionally overlap (Figs. 2b and 3b). The 𝑓𝑣335

and PAH spatial patterns in this region are highly correlated. Soot layer

occupies the entire PAH region, unlike that in the inception region. Soot is

also observed near B1 branch (Fig. 3a), although the concentration is lower

than that at B2. The soot presence near B1 could be either due to a local

formation or the soot transport from B2 facilitated by flapping of the flame340

branches. Near B1, soot is present away from local extinction regions. At

locally quenched regions, the temperature may be lower than needed for soot

formation (∼1400 𝐾). Besides, the residence time near B1 is shorter than

B2 as interpreted from flow fields reported in [29, 30], which consequently

inhibits the soot formation.345

3. Oxidation: Soot concentration near OH edges is negligible. In some instants

(e.g., Fig. 2c) soot and PAH are engulfed by the OH roll-up, but both (soot

and PAH) are retained within the OH-layer. In general, there is no overlap

between soot and OH layers, since OH is a dominant soot oxidizer [47, 48].

𝑓𝑣 decreases sharply at the B1-B2 merged local flame-tip. Note that the350

𝑓𝑣 remains appreciable just upstream of the flame-tip. These observations

suggest rapid oxidation of soot across the flame-front, as argued by [13].

13



Soot and PAH are also present downstream of the B1-B2 merged flame-tip

(see Figs. 2b, 3d, or S3d). The existence of PAH and soot in the post

flame-tip regions has resulted from the flame flapping. The PAH and soot in355

the downstream region may exist well-before the merging of flame branches.

The flame flapping may also aid in the transport of PAH/soot from upstream

regions which in turn assists the soot growth in post flame-tip regions. These

are the possible reasons for a large concentration of soot and PAH past the

local flame-tip. Time-resolved imaging similar to [17] is needed to investigate360

further.

The effect of local flame extinctions on global soot concentration (peak 𝑓𝑣)

is also analyzed. Instants with and without local extinctions (of the B1 branch)

are separated. Local extinction events are identified by processing the OH-

PLIF images. In this manner, statistics can be conditioned on the presence of365

local extinction. The ensemble-averaged peak 𝑓𝑣 deduced from a set of instants

which exhibit local extinction and from that of without extinction measured

nearly the same. Additionally, the ensemble-averaged soot inception height

remains identical with no influence of local extinctions. Thus, no instantaneous

correlation between local extinction and global soot formation is noted. Recall,370

the soot inception occurs near B2 branch which does not exhibit any local

extinctions. The effect of global conditions (such as local extinctions of B1)

may be prevalent only after a certain time-delay, as demonstrated by Stöhr et

al. [17] in swirl-stabilized flame. The authors reported a systematic time delay

of 3.5 𝑚𝑠 between the residence time fluctuation and soot intensity response.375

This time delay was associated with convective and soot formation chemical

timescales [17]. Soot formation time delay in the present work is estimated to

be ∼4 𝑚𝑠, based on the soot inception height and flow velocity (discussed in

Sec. 3.4).

3.2. Mean OH, PAH, and Soot380

The time-averaged fields of OH/PAH-LIF and 𝑓𝑣 are shown in Fig. 4. The

mean data of H1 and H2 fields are combined to provide a composite image, where
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data in the overlapping region are averaged. For spatial reference, contours

of mean progress variable (𝑐 = 0.1, 0.5, and 0.9) are overlaid. The progress

variable and mean OH-LIF are in excellent agreement, as observed in Fig. 4a.385

The agreement validates the data processing method adopted for the flame-

front detection. A low OH-LIF signal is observed along the inner branch, near

𝑧 = 30 𝑚𝑚. This is attributed to local flame extinctions occurring in B1,

as discussed in the previous section. At 𝑧 = 30 𝑚𝑚, the OH signal in the

outer B2 branch measures maximum, which is likely attributed to the higher390

temperature of B2 [30]. However, with increasing 𝑧, the OH signal intensity

in B2 decreases sharply. This OH reduction is potentially attributed to soot

oxidation reactions. Although there are other species, OH is the dominant soot

oxidizer [47, 48], which explains the present OH reduction despite the possible

higher temperature in B2. The difference in OH signal between B1 and B2395

diminishes with increasing height. The OH signal increases significantly with

B1-B2 merging (especially, around 𝑧 = 100 𝑚𝑚), which suggests possibly higher

flame temperature.

The spatial pattern of mean PAH (Fig. 4b) closely conforms to progress

variable contours. An appreciable PAH signal exists within 𝑐 = 0.9, whereas400

negligible PAH signal is observed between 𝑐 = 0.9−0.5. Recall, the present PAH-

LIF system primarily images 2 to 4 ring PAH (smaller-PAH), while larger PAH

also do exist. This partially explains the negligible PAH in 𝑐 = 0.9− 0.5 region.

Nevertheless, larger-PAH are expected to get consumed to eventually form soot

well-before the flame-front, as noted in gas-phase flames [49]. Additionally, PAH405

survives mainly in the 700 − 1300 𝐾 range [44], which is well below the flame

temperature. Consequently, the PAH-LIF signal near the flame-front region

(𝑐 = 0.5−0.1) is largely absent. In general, PAH exist in the vicinity of both B1

and B2 (between 𝑐 = 0.9 − 0.5). However, below 𝑧 = 40 𝑚𝑚, PAH signal near

the B2 branch is negligible even at 𝑐 = 0.9. At this height, OH-LIF intensity410

measures maximum (Fig. 4a), suggesting higher temperature. As discussed

in Sec. 3.1, high temperature can accelerate the conversion of smaller-PAH to

larger-PAH that do not produce fluorescence when excited at a UV wavelength.
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Therefore, no smaller-PAH signal is observed radially upstream of B2.

The mean soot structure shown in Fig. 4c is very different from PAH and415

OH. Such difference has also been noted in gas-phase swirl-stabilized flames

[14]. Soot exists primarily within 𝑐 = 0.9− 0.5, while negligible soot is observed

between 𝑐 = 0.5 − 0.1, suggesting soot oxidation near OH fronts. The peak 𝑓𝑈
𝑣

(0.17 𝑝𝑝𝑚) occurs at 𝑧 = 80 − 90 𝑚𝑚 where the smaller-PAH mean concen-

tration is negligible, as smaller-PAH gets converted to larger-PAH. The mean420

onset of soot detection (OSD) with the present LII system is observed to occur

in the vicinity of B2, around 𝑧 = 50 𝑚𝑚. At this height, soot is not observed

near B1 branch. However, with increasing height, the soot presence is noted

near both the (B1/B2) branches. As discussed earlier, local extinctions and

higher strain rate [29] lowers the temperature in the B1 branch, which may not425

support soot formation, unlike B2. Local extinctions in B1 are nearly absent

above 𝑧 = 60 𝑚𝑚, while the OH-LIF intensity is identical to B2 (Fig. 4a). Addi-

tionally, B1-B2 merged flame-tip may increase the downstream gas temperature

owing to a negative flame-stretch, analogous to a conical Bunsen flame [50]. Soot

can also get transported due to flame flapping, as discussed earlier. Further-430

more, the local residence time increases with height (and radial distance) due to

decreasing flow velocity [30]. Consequently, an increased temperature, residence

time, and convective transport, together can lead to soot-favorable conditions

near B1 branch in downstream regions. Time-resolved measurements are, how-

ever, required to distinguish between the locally formed and transported soot.435

3.3. Soot intermittency and conditional mean

The unconditionally averaged soot volume fraction (𝑓𝑈
𝑣 ) is discussed in the

previous section. Soot structures are intermittent in a turbulent field due to

high sensitivity to the mixing field, temperature, and residence time (𝜒, 𝑇 , 𝜏).

The formation of certain PAH (naphthalene) was demonstrated [9] to be highly440

sensitive to scalar dissipation rate (a function of mixing field), which in turn

affects the soot concentration. Time-averaging in an intermittent soot field can

lead to biased results [13]. Therefore, in past works, along with the time-average,
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an intermittency index was also evaluated [2, 51]. The intermittency index is

defined as 1 when soot concentration is below a certain threshold; otherwise,445

the index is assigned 0. Conversely, the soot presence probability (𝑃𝑠𝑜𝑜𝑡) can be

defined as 1 when 𝑓𝑣 is above a certain threshold and 0 otherwise. Alternatively,

a conditional mean 𝑓𝑣 (𝑓𝐶
𝑣 ) can be deduced to isolate the intermittency effects

[13], where samples only with the soot presence are considered in averaging.

Conditional mean and time-averaged 𝑓𝑣 are related through soot probability,450

as 𝑓𝐶
𝑣 = 𝑓𝑈

𝑣 /𝑃𝑠𝑜𝑜𝑡. Figure 5 shows the conditionally averaged fields of PAH

and 𝑓𝑣 along with the soot presence probability. The soot presence threshold

is set to 0.03 𝑝𝑝𝑚 following [2]. This threshold is limited by the measurement

noise and dynamic range of the camera. The detection limit is governed by the

need to image high soot concentrations (typically, 5 𝑝𝑝𝑚) without saturating455

the camera. Nevertheless, for validating LES against the present data, modelers

can impose the same threshold, as realized in [6].

To ensure statistical convergence, mean is evaluated at a location where at

least 200 conditional samples are available. Thus, the conditional mean (Fig.

5b) is available only in a part of the field. The spatial pattern of soot probability460

(Fig. 5c) appears very similar to the unconditional mean (𝑓𝑈
𝑣 in Fig. 4c). Soot

probability is the highest at 𝑧 = 80 𝑚𝑚, while 𝑓𝑈
𝑣 peaks at 𝑧 = 85 𝑚𝑚. The

peak probability is 0.6; however, in the inception and downstream regions 𝑃𝑠𝑜𝑜𝑡

is substantially lower.

The effect of soot intermittency is evident from the comparison of uncondi-465

tional (Fig. 4c) and conditional (Fig. 5b) mean 𝑓𝑣, which differs both in inten-

sity and spatial distribution. The peak 𝑓𝑣 from the conditional mean (0.42 𝑝𝑝𝑚)

measures nearly 2.5 times as of the time-averaged peak 𝑓𝑣 (0.17 𝑝𝑝𝑚). Peak 𝑓𝑈
𝑣

occurs near 𝑧 = 85 𝑚𝑚, and subsequently drops with height. Conversely, 𝑓𝐶
𝑣

does not show any axial drop. The decrease in unconditional 𝑓𝑣 is attributed470

to larger intermittency (lower probability) as observed in Fig. 5c. Similar ob-

servations are noted in the gas-phase jet flames [13].

The identical procedure is adapted to evaluate conditional mean PAH. The

PAH presence is determined through a threshold of 350 counts (or 3.5 𝑎𝑢). The
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choice of threshold is influenced by the measurement noise and dynamic range475

of the camera, similar to 𝑓𝑣. Both conditional (Fig. 5a) and unconditional

(Fig. 4a) mean PAH intensities and distributions are nearly the same since

PAH is much less intermittent. Although, the peak PAH in the conditional

mean is slightly shifted downstream relative to the unconditional mean. The

conditional mean PAH structure is also shifted radially closer to B2 branch.480

3.4. OSD height

In this section, the potential correlation between flame lift-off height and

onset of soot detection (OSD) height is analyzed. OSD height (ℎ𝑂𝑆𝐷) is defined

as the lowest 𝑧 location where 𝑓𝑣 reaches 0.03 𝑝𝑝𝑚. This threshold value is

chosen to disregard any noise safely. As discussed earlier, the detectability was485

influenced by the dynamic range and corresponding camera saturation from the

desired upper 𝑓𝑣 limit. The soot inception may occur below the present LII

detection limit. For instance, yellow flame emission (typically associated with

soot) is visible around 𝑧 = 40 𝑚𝑚 in Fig. 1, while the present LII system

detects the onset of soot around 𝑧 = 50 𝑚𝑚. The LII technique may not be490

able to image nascent soot [52] corresponding to inception. By defining ℎ𝑂𝑆𝐷

threshold, we implicitly assume that the height between actual soot inception

(say 0.1 𝑝𝑝𝑏) and defined threshold (30 𝑝𝑝𝑏) is constant across instant-to-instant.

The flame lift-off height (ℎ𝑙𝑖𝑓𝑡) is deduced using the flame-front obtained

from OH-PLIF (detailed in Sec. 3.1). Since the OH-LIF and 𝑓𝑣 were acquired495

simultaneously, joint statics can be evaluated to explore a possible correlation.

Figure 6 shows the joint probability density function (PDF) of OSD and lift-off

heights. PDF is evaluated from 2000 data points using a kernel density esti-

mation [53] method. The deduced quantities can be presented either as the

ordinary mean or the most probable (mode) value from PDF. As discussed ear-500

lier, a mean can be affected by the intermittency, while the mode value is not

influenced. The most probable value of ℎ𝑙𝑖𝑓𝑡 measures 25 𝑚𝑚, which is close

to the mean value. The mode ℎ𝑂𝑆𝐷 is 49 𝑚𝑚 which differs slightly from the

mean (53 𝑚𝑚). Apparently, there is no clear correlation between ℎ𝑂𝑆𝐷 and
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ℎ𝑙𝑖𝑓𝑡, suggesting a limited influence of global conditions. Additionally, there is505

no instantaneous influence of local extinctions of B1 on ℎ𝑂𝑆𝐷, as stated earlier

in Sec. 3.1. There may be a time-delay between change in global conditions

(ℎ𝑙𝑖𝑓𝑡) and the soot response [17]. Thus, the soot concentration does not instan-

taneously correlate with global flame conditions (ℎ𝑙𝑖𝑓𝑡, local extinctions, etc.).

The soot formation delay in the present flame is estimated subsequently.510

To investigate individual distributions, PDFs of ℎ𝑙𝑖𝑓𝑡 and ℎ𝑂𝑆𝐷 are plotted.

The distribution of ℎ𝑙𝑖𝑓𝑡 in Fig. 6b appears to be Gaussian (normal). The

arithmetic mean (𝜇) and standard deviation (𝜎) are indicated on the respective

PDF. Similarly, the PDF of ℎ𝑂𝑆𝐷 is shown in Fig. 6c. OSD height fluctuates

significantly (𝜎 = 5.7 𝑚𝑚) due to high sensitivity of soot formation to local515

conditions (𝜒, 𝑇 , 𝜏) which may vary widely in the present two-phase turbulent

flame. The effect of flame-base fluctuation can be isolated by evaluating OSD

height in flame-fixed coordinates, as shown in Fig. 6d. In this figure, the

distribution of OSD height is well described by the log-normal trend.

Figure 6d can be used to interpret the soot formation time delay. The520

flow velocity from the flame-base (𝑟 = 15 𝑚𝑚, 𝑧 = 25 𝑚𝑚) to OSD region

(𝑟 = 24 𝑚𝑚, 𝑧 = 51 𝑚𝑚) is approximated as 4 𝑚/𝑠, based on [30]. The most

probable OSD height in flame-fixed coordinates is 26 𝑚𝑚 (see Fig. 6d), which

translates to characteristic time-scale of 6.5 𝑚𝑠. The chemical time-scale of soot

formation for 𝑛-heptane (vapor-phase at 𝜑 = 5, 𝑇 = 60 °C) fuel is expected to525

be around 1 𝑚𝑠, based on a shock-tube study [54]. The estimated time-scale of

6.5 𝑚𝑠 is based on OSD and not the true soot inception. The soot inception

height can be crudely approximated as 40 𝑚𝑚 from yellow luminosity of the

flame, as discussed in Sec. 2.1. Thus, in a flame-fixed coordinates, the soot

inception height is 15 𝑚𝑚, which corresponds to the time-scale of ∼4 𝑚𝑠. This530

value is quite close to the time delay of 3.5 𝑚𝑠 reported by [17]. The present

estimate of 4 𝑚𝑠 also includes the fuel evaporation and convection components,

apart from the soot formation chemical time-scale which is ∼1 𝑚𝑠.
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3.5. Soot and PAH correlations

The soot concentration is quantitative, while PAH concentration from LIF535

is very much qualitative. Nevertheless, certain spatial and intensity correlations

between 𝑓𝑣 and PAH are noted as discussed in Sec. 3.1. Further statistical

trends are explored by considering soot-PAH correlations in different zones of

the spray flame. The correlations are evaluated for the H2 field only, where soot

inception, peak, and oxidation regions are well captured.540

3.5.1. Global soot-PAH correlation

The global maximum of PAH is observed to occur radially well-upstream of

the peak-𝑓𝑣 location, as evidenced from instantaneous fields (Sec. 3.1). Thus,

instantaneous peak-PAH and peak-𝑓𝑣 locations can differ. To investigate soot-

PAH correlation, global maxima (spatial peaks) of soot concentration and PAH545

are extracted from each of the 2000 realizations. Figure 7a shows the joint

PDF between peak-𝑓𝑣 and -PAH. The mode (most probable) peak-𝑓𝑣 measures

1.01 𝑝𝑝𝑚, while mode PAH is 97.2 𝑎𝑢. There is a trend of increase in 𝑓𝑣 with

PAH in Fig. 7a; however, a large spread in 𝑓𝑣 is observed for a given PAH inten-

sity. The relationship between the imaged smaller-PAH and soot concentration550

is complex due to various reasons. Smaller-PAH do not directly get converted

to soot. Instead, smaller-PAH indirectly contribute to soot formation/growth

via larger-PAH. Furthermore, the imaged PAH concentration is the net result

of competition of production and consumption processes. Local gas and flow

conditions can change the PAH concentration. Additionally, the PAH-LIF sig-555

nal is only a qualitative indicator of PAH concentration, as explained in Sec.

2.2.2. Besides PAH, the soot formation also depends on local conditions (𝜒, 𝑇 ,

𝜏), which are not available. These factors explain the large spread in 𝑓𝑣 at a

given PAH-LIF intensity.

To better visualize the 𝑓𝑣 and PAH distributions, separate PDFs are plot-560

ted in Figs. 7b and 7c. Both 𝑓𝑣 and PAH are well-fitted to the log-normal

distribution.
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3.5.2. Local soot-PAH correlations

Since the soot formation is primarily governed by local conditions, correla-

tions between 𝑓𝑣 and PAH-LIF signal are analyzed at three localized regions,565

namely soot onset, peak, and oxidation as illustrated in Fig. 8.

1. An interrogation window (IW) of 1 𝑚𝑚 height located 1.5 𝑚𝑚 downstream

of the OSD is considered. The OSD height is defined as a 𝑧 location where

𝑓𝑣 first reaches 0.03 𝑝𝑝𝑚, as stated in Sec. 3.4. Recall that soot inception

occurs upstream of the OSD. IW regions for different instantaneous images570

are provided in the Supplementary material, where IW is marked (in blue)

on respective instantaneous OH/PAH/soot field for twenty exemplary plots.

PAH-LIF intensities are considered only where soot is present (0.03 𝑝𝑝𝑚

threshold), and therefore the radial domain of IW varies from instant-to-

instant.575

2. The second region of interest is the peak 𝑓𝑣 region. IW of 1 𝑚𝑚 height

around peak 𝑓𝑣 location is considered, whereas the radial domain of IW is

determined by the soot presence. Examples of peak-𝑓𝑣 IW are provided in

the Supplementary material.

3. The third analysis region focuses on local oxidation. The merging of B1-580

B2 flame branches results in a local flame-tip where soot generally oxidizes

(Sec. 3.1). Oxidation IW is centered 1.5 𝑚𝑚 upstream of the flame-tip

(based on the inner OH-layer). IW height is kept 1 𝑚𝑚, while the radial

domain is restricted to the inner OH-layer. Oxidation IW is overlaid (blue)

on respective OH/PAH/soot field, and exemplary plots are provided in the585

Supplementary material. The B1-B2 merging is observed only in 80% of the

total realizations (1600 out of 2000). In the oxidation region, 𝑓𝑣 and PAH

are expected to be very low, and thus, no lower threshold is applied.

For each IW, two data extraction approaches were used, namely spatial

average and spatial maximum within IW. The spatial-average represents semi-590

local trends, while spatial-maximum provides local statistics at a single pixel.

In the spatial-maximum approach, PAH-LIF intensity is extracted at the same
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location as of the maximum 𝑓𝑣 within IW. In this manner, local conditions are

considered.

Figures 9a, 9c, and 9e show the joint PDFs of soot-PAH based on spatial595

average at soot onset, peak, and oxidation regions, respectively. The corre-

sponding PDFs based on spatial maximum are shown on the right panel. Dis-

tribution trends are distinct across regions. The spatial average (semi-local) and

maximum (local) based approaches yield different distributions. In addition to

joint PDFs, individual PDFs of 𝑓𝑣 and PAH are provided in Sec. S5 of the600

Supplement. These PDFs closely conform to the log-normal distribution.

At OSD (Fig. 9a), 𝑓𝑣 appears to increase with PAH concentration, although

the trend is weaker than the global 𝑓𝑣-PAH correlation (Fig. 7a). The maximum

based PDF also shows (Fig. 9b) larger spread in 𝑓𝑣 with PAH. As PAH-LIF

intensity increases, 𝑓𝑣 appear to converge towards the most probable value in605

both Figs. 9a and 9b. The mean-based PDF in peak 𝑓𝑣 region (Fig. 9c) show a

more pronounced 𝑓𝑣 spread as a function of PAH intensity. The spread in 𝑓𝑣 is

largest at lower PAH concentrations. A large spread in mean-based correlations

is due to the semi-local IW. IW of 1 mm height is considered; however, the radial

domain spreads over a larger distance as conditioned on the soot presence (see610

IW in Supplementary material), as stated earlier. Nevertheless, the 𝑓𝑣 range

narrows down to the most probable level with an increase in PAH concentration

in Fig. 9c. Spatial maximum based PDF (Fig. 9d) is quite different, possibly

due to well-defined local conditioning to a single pixel. 𝑓𝑣 appears to increase

with PAH concentration, albeit with variations. In the oxidation region, very615

low 𝑓𝑣 and PAH signal are observed. The increasing trend of mean 𝑓𝑣 with PAH

is clear from Fig. 9e. However, the maximum based local approach (Fig. 9f)

shows no conclusive trend between 𝑓𝑣 and PAH. This is likely due to negligible

PAH at a maximum 𝑓𝑣 location within oxidation IW.

The correlation between the imaged smaller-PAH and soot is not straight-620

forward, as explained in Sec. 3.5.1. Soot formation depends on local conditions,

namely scalar dissipation rate, temperature, and residence time (𝜒, 𝑇 , 𝜏). The

imaged smaller-PAH may have different sensitivity to these local conditions.
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Another issue is that the conversion process of smaller-PAH to larger-PAH and

eventually to soot in a turbulent flame is a transient phenomenon [12] with625

a finite time-scale. Consequently, instantaneous correlations based on random

times (snapshots) may lead to biases since PAH and soot responses to local

time-scale may not be identical. Thus, on instantaneous-basis, PAH do not

strongly correlate with soot concentration. Nevertheless, overall, a weak trend

of increase in 𝑓𝑣 with PAH is noted in all the considered regions. To investigate630

further, time-resolved information of local condition (𝜒, 𝑇 , 𝜏), soot, and PAH

(small and large) is needed.

Apart from the distribution trends, 𝑓𝑣 and PAH intensities can be compared

across different regions. Most probable values of PAH and 𝑓𝑣 from joint PDFs

are provided in Table 1, along with the global maxima. The trends in the spa-635

tial mean- and maximum-based quantities are identical. The maximum-based

local PAH values are lower than mean-based values since PAH in a maximum

approach is considered only at a maximum 𝑓𝑣 position. From soot onset to

peak region, 𝑓𝑣 and PAH are inversely correlated as expected since smaller-

PAH eventually assist in the soot formation/growth via larger-PAH. From soot640

peak to oxidation region, both 𝑓𝑣 and PAH decrease, as soot gets oxidized in the

flame-tip region. As expected, both PAH and soot concentrations approach zero

upstream of the local flame-tip (oxidation) region. Both PAH and 𝑓𝑣 intensities

vary over a large range, as evidenced from the difference between global maxima

and oxidation region values.645

3.5.3. Spatial soot-PAH correlations

The previous section explored intensity-based soot-PAH joint statistics in

which the PAH intensity is very much qualitative. Alternatively, a spatial cor-

relation between soot and PAH can be obtained. For spatial correlations, only

the signal presence is relevant rather than the absolute intensity. Consequently,650

the derived conclusions can be more robust.

In Sec. 3.1, spatial overlap between the soot and PAH structures is discussed

with a few instantaneous fields. To exploit all the available realizations (2000),
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the spatial correlation statistics are evaluated. Three regions namely soot onset,

peak, and oxidation regions (illustrated in Fig. 8) are further analyzed. The655

interrogation windows are identical as described in Sec. 3.5.2. To define the

soot presence, a threshold of 0.03 𝑝𝑝𝑚 was used, while the PAH presence is

set to 350 counts (3.5 𝑎𝑢) of LIF intensity, similar to Sec. 3.3. The extent of

PAH overlap relative to the soot is deduced from binarized images. The spatial

correlation index varies from 0 (no overlap) to 1 (100% overlap). Each instant660

provides an IW-averaged spatial correlation index. The index is evaluated for

all the realizations, and PDFs are presented in Fig. 10. The mean (𝜇), stan-

dard deviations (𝜎), and mode (most probable, 𝑚) values are indicated on the

respective PDF.

Additionally, an intensity correlation is deduced by taking a pixel-by-pixel665

product of PAH-LIF signal with 𝑓𝑣. Since the intensity is of interest, no lower

threshold is applied to either 𝑓𝑣 or PAH signal. Instead, 𝑓𝑣 and PAH intensities

are conditioned within respective IW. The soot-PAH product intensities are

averaged over IW area. PDFs of such 2000 spatially-averaged soot-PAH product

values are shown in Fig. 11. PDFs exhibit the log-normal distribution, similar670

to individual distributions of 𝑓𝑣 and PAH (provided in Fig. S4).

In the soot onset region, PAH and soot overlap is 100% most of the time,

with a time-averaged mean overlap of 87% as noted from Fig. 10a. Despite the

overlap, product of 𝑓𝑣 and PAH signal (Fig. 11a) is moderate due to low 𝑓𝑣 in the

OSD region. At peak soot regions, PAH and soot overlap (Fig. 10b) is significant675

(𝑚 = 84%) with time-averaged mean overlap of 71%. The soot-PAH product

intensity is highest (Fig. 11b) due to higher 𝑓𝑣 accompanied by a moderate

PAH concentration. In the oxidation region, PAH and soot overlap (Fig. 10c)

is relatively low (𝑚 = 36%). Occasionally, no overlap is observed, suggesting

complete consumption of PAH near oxidation region. The largest fluctuation680

in soot-PAH overlap occurs in the oxidation region (𝜎 = 0.26), indicating the

intermittent nature of soot oxidation. The corresponding soot-PAH product

(Fig. 11c) is the lowest due to lower soot and PAH concentrations; however, the

fluctuation intensity (𝜎/𝜇) is the highest. In summary, the soot-PAH overlap
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decreases consistently from the soot onset to oxidation region due to the smaller-685

PAH conversion to larger-PAH that subsequently lead to soot. The largest

fluctuations exist in the soot oxidation region.

4. Conclusions

Soot formation in the turbulent 𝑛-heptane spray flame is studied through

quantitative soot volume fraction (𝑓𝑣) using LII. Additionally, the soot-precursor690

(PAH) and flame front (OH) are imaged simultaneously using PLIF. 𝑓𝑣/OH/PAH

fields are analyzed based on instantaneous and mean structures. Furthermore,

joint statistics between 𝑓𝑣 and PAH are deduced to explore the spatial and

intensity correlations in various regions.

The spray flame consisted of an annular dual branch structure. The inner695

branch B1 is composed of adjacent fuel-lean and non-premixed reaction zones,

whereas the outer branch B2 is purely non-premixed [30]. B1/B2 frequently

(80%) merges, forming a local flame-tip. Local extinctions are observed in B1

due to traversing fuel droplets and high strain rate, while no extinctions are

noted in B2 due to lower strain rate. Soot inception always occurs near B2700

(towards the fuel-rich side) due to soot-favorable conditions, namely lower scalar

dissipation rate and longer residence time. The radial order of species in the

inception region is as follows: B1, PAH, soot, and B2, where soot sheet occupies

only a small area of the PAH cloud. At downstream regions, soot structures

begin to spread over the entire PAH zone, suggesting a rapid soot growth. Soot705

is also observed near B1, but well-downstream of local extinction regions. Soot

and PAH concentrations upstream of the local flame-tip are negligible, as soot

gets oxidized rapidly across the flame-front. In general, soot and OH layers do

not overlap due to soot oxidation by OH. The influence of local flame extinctions

and lift-off height fluctuations on soot behavior is also investigated. Both of710

these parameters do not instantaneously influence the global 𝑓𝑣, likely due to a

time delay in soot response.

There exists high temporal soot intermittency. Instantaneous peak 𝑓𝑣 typi-
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cally varies in 0.2 − 5 𝑝𝑝𝑚 range with the most probable value of 1 𝑝𝑝𝑚. The

soot presence probability is only 0.6 at the most due to the intermittent nature715

of soot formation. To avoid intermittency biases, a conditional average is de-

duced. The conditionally averaged spatial peak 𝑓𝑣 measures 0.42 𝑝𝑝𝑚, which is

2.5 times as of the unconditional mean. The conditional mean does not show

any decrease in 𝑓𝑣 with the height that was observed in unconditional mean

owing to the soot intermittency.720

Interpretation of soot-PAH correlation is challenging since soot formation

also depends on the scalar dissipation rate, temperature, and residence time.

Additionally, there may be a time delay in a soot response to a change in con-

ditions, even locally. Nevertheless, few distinct trends are noted. The 𝑓𝑣 and

PAH intensities generally conform to the log-normal distributions. Distinct joint725

PDFs of soot-PAH are observed in soot onset, peak, and oxidation regions. A

weaker trend of increase in 𝑓𝑣 with PAH intensity is noted, without any strong

correlations. The most probable PAH intensity show a decreasing trend from

onset to peak soot region. Additionally, the soot-PAH overlap decreases from

onset to oxidation (flame-tip) region. These observations suggest the possible730

conversion of smaller-PAH to eventually form soot (via larger-PAH) with in-

creasing height (residence time), consistent with gas-fueled flames. The largest

intensity and spatial-overlap fluctuations exist in the oxidation region, likely

due to temperature variations near the flame-tip region.

Through simultaneous imaging and detailed analysis, the present work con-735

tributes to sooting turbulent spray combustion field on three fronts namely, soot

database for model validations, identification of soot onset and oxidation zones,

and analysis of soot-PAH correlations at different stages of soot maturity. Fur-

ther insights into the soot-PAH and soot-flame correlations require time-resolved

data with additional quantities, namely larger-PAH, temperature, mixing field,740

and velocity field.
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Table 1: Most probable 𝑓𝑣 (in 𝑝𝑝𝑚) and PAH-LIF intensity (in 𝑎𝑢) at various soot regions.

Soot region
Mean based Max. based

𝑓𝑣 PAH 𝑓𝑣 PAH

𝐺𝑙𝑜𝑏𝑎𝑙 𝑚𝑎𝑥. - - 1.01 97.4

𝑂𝑆𝐷 0.05 9.1 0.09 5.7

𝑃𝑒𝑎𝑘 0.30 4.3 0.96 3.7

𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 0.00 0.05 0.00 0.0
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Figure 1: Flame photograph and mean progress variable (from OH-PLIF).
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(a) (b)

(c) (d)

Figure 2: Instantaneous fields at H1: (a, c) OH-PLIF and 𝑓𝑣 , (b, d) OH/PAH PLIF with 𝑓𝑣

isocontours (red: 7% of peak, green: 0.03 𝑝𝑝𝑚).
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(a) (b)

(c) (d)

Figure 3: Instantaneous fields at H2: (a, c) OH-PLIF and 𝑓𝑣 , (b, d) OH/PAH PLIF with 𝑓𝑣

isocontours (red: 7% of peak, green: 0.03 𝑝𝑝𝑚).
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Figure 4: Time-averaged fields: (a) OH-PLIF in 𝑎𝑢, (b) PAH-PLIF in 𝑎𝑢, (c) soot volume

fraction 𝑓𝑈
𝑣 in 𝑝𝑝𝑚, with 𝑐 contours of 0.1 (outer), 0.5, and 0.9 (inner). The superscript U

signifies unconditional average.
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Figure 5: Conditional mean fields: (a) PAH-PLIF in 𝑎𝑢, (b) 𝑓𝐶
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corresponds to minimum and maximum, respectively), (b) PDF of ℎ𝑙𝑖𝑓𝑡, (c) PDF of ℎ𝑂𝑆𝐷,

(d) PDF of ℎ𝑂𝑆𝐷 − ℎ𝑙𝑖𝑓𝑡.
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Figure 8: Soot onset, peak, and oxidation interrogation windows illustrated on soot/OH

instant. The isocontour of 0.03 𝑝𝑝𝑚 is marked in green.
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