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A B S T R A C T   

Understanding the dynamics of soot formation and growth during combustion of jet fuel is essential for miti
gation of aircraft engine emissions. Here, soot formation during enclosed spray combustion of jet fuel is inves
tigated for its capacity to form soot with comparable characteristics to that from aircraft engines. For this, 
microscopy, scanning mobility particle, X-ray diffraction & Raman spectroscopy measurements and discrete 
element modeling (DEM) are employed along the flame centerline at various Effective eQuivalence Ratios (EQR). 
The DEM-derived mobility and primary particle size distribution dynamics are in excellent agreement with those 
measured at 5–63 cm height above the burner (HAB) for the measured temperature and soot volume fraction. At 
low EQR (1.46 and 1.59), soot surface growth stops at residence time, t = 4–7 ms, resulting in median soot 
primary particle diameters, d̄p, of ~ 14 nm. At longer t (high HAB), agglomeration takes over increasing the 
median mobility diameter from 16 to 88 or 145 nm at EQR of 1.46 or 1.59, respectively, without altering d̄p and 
having the disorder over graphitic Raman band ratio, D/G = 0.9 ± 0.01 and a crystallite length, Lc = 1.24 ±
0.02 nm. In contrast, increasing EQR from 1.59 to 1.88, enhances soot surface growth, increases d̄p up to 23 nm 
and results in more graphitic soot having D/G = 0.8 ± 0.01 and Lc = 1.47 ± 0.01 nm. Furthermore, the D/G of 
soot is inversely proportional to its d̄p that is determined largely by surface growth.   

1. Introduction 

Aircraft engines are significant sources of ultrafine soot agglomerates 
[1] that have large inflammatory and cytotoxic responses [2] and 
contribute to global warming through their direct radiative forcing [3] 
while they facilitate formation of ice nuclei and contrail cirrus clouds 
[4]. The mobility diameter, dm, of such agglomerates determines their 
transport and lifetime in the atmosphere [5] as well as their deposition 
in our respiratory system [6]. The primary particle (PP) diameter, dp, 
and nanostructure of soot largely determine its oxidative reactions [7] 
and cytotoxicity [8]. So, understanding the relation between combus
tion conditions and soot size, composition and morphology is essential 
to quantify and mitigate the impact of such emissions on climate change 
and public health. 

The size distribution of soot agglomerates from jet fuel combustion in 
an aircraft engine varies significantly with the applied thrust as sum
marized recently [9]. The nanostructure of aircraft soot emissions is 

commonly quantified by the disorder and graphitic bands of their 
Raman spectrum that is hardly affected by thrust [10]. Monitoring the 
dynamics of soot nanoparticles during combustion in an aircraft engine 
is essential to explain the impact of thrust on formation of soot and assist 
mitigation of its emissions. This can be done by probe or thermophoretic 
sampling that require though substantial modifications of the engine 
design [11]. So, aircraft soot emissions have been sampled only at the 
exhaust of the engine [12]. 

In this regard, monitoring the dynamics of soot in flame reactors that 
generate soot with equivalent characteristics to aircraft soot can provide 
the much needed understanding of soot formation in aircraft engines 
[13]. The soot dm and dp [14] have been measured using scanning 
mobility particle sizers (SMPS) and microscopy in laminar premixed 
ethylene [15], propene [16], ethane or acetylene [17] flames at various 
Effective eQuivalence Ratios (EQRs) [18] that led to similar median d̄m 

and d̄p with those of aircraft soot emissions [19]. However, such pre
mixed flame soot contains large amounts of organic carbon [20] and 
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thus is less graphitic than aircraft soot [10]. Furthermore, the light hy
drocarbons (e.g. ethylene, propene, ethane, acetylene) used as fuel in 
the above reactors result in lower soot mass concentrations than those 
from jet fuel combustion [9] due to limited soot nucleation [21]. 

Recently, it was shown that enclosed spray combustion of jet fuel 
produces soot agglomerates at high concentrations with similar 
morphology, size distribution and organic carbon content with those of 
aircraft emissions [9]. The high concentrations allowed for analysis of 
the specific surface area, SSA, with N2 adsorption which is typically not 
feasible due to the low mass of soot collected from the aircraft exhausts. 
Here, the dynamics of soot formation and growth are monitored during 
enclosed spray combustion of jet fuel [9] along the burner centerline. 
The flame EQR is varied from 1.46 to 1.88 to quantify its impact on the 
evolution of the soot size distribution and composition by mobility, 
microscopy and Raman spectroscopy measurements along with discrete 
element modeling (DEM) simulations. Understanding soot dynamics 
during enclosed spray combustion of jet fuel can assist the development 
of robust models to guide the design and operation of aircraft engines 
with minimal soot emissions. 

2. Experimental 

Soot was generated by jet A1 fuel (C11.6H22 [22]; Birrfeld Airport, 
Lupfig, Switzerland) enclosed spray combustion [9] using an external- 
mixing, twin fluid nozzle [23] enclosed in two, 30 cm long stainless 
steel and quartz tubes (each with a 42 mm inner diameter) in series [24], 
as shown in Fig. S1 of the Supplementary Information, SI. So, 4.5 mL/ 
min of fuel were dispersed into a fine spray with 0.66–2.0 L/min of O2 to 
vary the EQR from 1.46 to 1.88. Given that the true fuel/oxidizer ratio is 
not known throughout the flame, the “Effective” eQuivalence Ratio 
(EQR) is calculated accounting for all oxygen sources [9], is: 

EQR =

(
Fuel
Air

)

Actual(
Fuel
Air

)

Stoichiometric

(1) 

The spray was ignited and sustained by a supporting premixed 
methane/oxygen flame (CH4 = 1.25 L/min, O2 = 2.25 L/min). Sheath 
air was fed through 12 evenly spaced holes surrounding the spray flame 
at 20 L/min. A torus ring with 12 jet outlets between the two tubes was 
used to introduce 20 L/min of N2 in an upward swirled pattern to quench 
the flame and dilute the exhaust aerosol [25]. 

The flame temperature, T, was measured with the spray present 
using a 1 mm (nominal) bead diameter, R-type thermocouple (Inter
techno-Firag AG) and corrected for radiative heat losses [26]. Without 
ignition, the spray produces droplets of about 36 µm in diameter at HAB 
= 6 cm and EQR = 1.46 (Fig. S2). However, these droplets evaporate 
within a millisecond (HAB ≪ 5 cm) during combustion [27], as T in
creases up to 1603 K at HAB = 5 cm which is much larger than the 
autoignition T = 483 K of jet A1 fuel [28]. Phase-Doppler anemometry 
and computational fluid dynamics of ethanol combustion in the same 
burner also indicated that the spray droplets completely evaporate by 
HAB = 5 cm (i.e. the smallest HAB measured here) [29]. Given that 
higher temperatures are encountered in enclosed than open burners, 
fuel droplets evaporate much faster in enclosed ones. For example, in the 
enclosed flame shown in Fig. 1a of [30] droplets are exposed much 
longer to high temperatures than in the corresponding open flame 
(Fig. 1g of [30]) that has a much narrower high temperature zone in its 
center. So, the probe does not perturb the spray at HAB = 5 cm, as the 
droplets have already evaporated completely. The thermocouple does 
not affect the fuel evaporation and subsequent soot aerosol dynamics 
(Fig. S3) and catalytic effects on the Pt thermocouple surface seem to be 
negligible. Nonetheless, the mobility and primary particle size distri
butions were measured here in the absence of a thermocouple. The T 
profile was measured here in a premixed ethylene flame to validate the 
energy balance used for the radiation correction [26]. The energy bal
ance considers the competition between convection and radiation heat 

transfer and is used here to extract the flame temperature, T, from the 
bead Tbead reading. The excellent agreement between the premixed 
flame T (Fig. S4: symbols & solid line) measured here and that obtained 
by Öktem et al. [31] (Fig. S4: broken line) indicates that catalytic effects 
on the Pt thermocouple surface are negligible. 

Soot was extracted from the centerline of the flame using a straight 
sampling probe with an in-flow tube inner diameter of 2.5 mm becoming 
5 mm after a 15 mm long entrance [32] at HAB = 5, 10, 15, 20 and 25 cm 
through five evenly spaced, sealable holes in the bottom stainless steel 
tube (Fig. S1), as well as at the top of the quartz tube (HAB ~ 63 cm). Since 
the flame is enclosed by a stainless steel tube, any perturbations induced 
by the sampling probe cannot be observed. However, measurements at 
HAB = 63 cm do not seem to be affected by the presence of the thermo
couple (Fig. S3). Therefore, the sampling probe does not affect the mea
surements at the HAB = 5–63 cm investigated here. The sampled aerosol 
was rapidly diluted and quenched by mixing with N2, followed by com
pressed air from a rotating disk diluter and directed to an SMPS, as well as 
to a glass fiber filter for offline analysis. The sampled aerosol is diluted by a 
factor of 30 to 45 first using N2 and then by a factor of 1000 using clean air 
through a rotating disk diluter, as detailed in [9]. The dilution ratios used 
here keep the total number concentration of the sampled aerosol at about 
~ 106 #/cm3, limiting perturbations of the measured mobility size dis
tribution due to coagulation in the sampling line [32]. The present sam
pling and dilution system can reduce the temperature of the sampled 
aerosol down to 264 ◦C even at the low HAB of 10 cm [32]. 

The Raman spectra of filter-collected soot nanoparticles were ob
tained using a 515 nm laser having 50 mW power (Renshaw inVia). The 
laser was focused with a x20 magnification optical microscope which 
gives a 2 μm spot size, 10 % laser power was focused on the sample for 
120 s and three spectral acquisitions per spot [33]. Raman spectra were 
obtained and averaged over three positions on the filter surface. The 
intensities of the disorder (D ~ 1350 cm− 1) and graphitic (G ~ 1580 
cm− 1) bands [33] were obtained after straight line subtraction of the 
baseline [34]. The ratio of D/G was obtained by simply comparing the 
intensity (height) of these two peaks. This ratio has been related to the 
average size of crystalline domains to quantify the degree of soot 
graphitization based on graphite material studies [35]. The D/G is used 
here for a comparison of soot graphitization at various HAB and EQR. 
Soot graphitization was also investigated by X-ray diffraction (XRD) 
[36]. Briefly, an AXS D8 diffractometer (Bruker) at a scan rate of 
0.0197◦/s over the range of diffraction angles from 2θ = 10◦ to 70◦ was 
used to obtain the peak angle and full width half maximum (FWHM) of 
the 002 peak. From this, Bragg’s law can be used to quantify the crys
tallite length, Lc and interlayer distance, d002 [37]. 

Soot collected on the filter was imaged by transmission electron mi
croscopy (TEM, FEI Tecnai F30 FEG). The nanoparticles were dispersed in 
ethanol and placed in an ultrasonic bath for 15 min to break up large 
agglomerates [23]. A drop of ethanol solution was then placed on lacey 
carbon TEM grids with a 200 mesh copper support (LC200-Cu-150, 
Electron Microscopy Sciences) and allowed to dry. The dp was measured 
by manually placing ellipses over the PPs in ImageJ [38] and calculating 
the area-equivalent diameter. >200 PPs were measured for each HAB and 
EQR to determine the ̄dp. The ̄dp levels off after counting 200 PPs (Fig. S5), 
consistent with microscopy analysis of soot [39] and TiO2 [40]. 

3. Theory 

Soot formation by surface growth and agglomeration is investigated by 
DEM assuming extremely fast soot inception [13] and an initial number/ 
size of soot nuclei [41] attained after complete fuel spray evaporation and 
combustion. Soot oxidation is not considered as it seems negligible during 
enclosed spray combustion of jet fuel since the soot volume fraction, fv, 
increases by surface growth at small HAB and largely levels off at HAB >
25 cm (Fig. S6). So, oxidation does not reduce soot fv at the combustion 
conditions employed here and can be neglected. Coalescence is not 
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included in the present DEM, as soot nanoparticles with dm ≥ 2 nm hardly 
coalesce due to their large C content [42]. So, necking between soot pri
mary particles occurs by surface growth [41]. 

The DEM-derived dynamics of nascent [41] and mature [43] soot 
during surface growth and agglomeration have been detailed and vali
dated in simple laminar premixed [41] and diffusion [43] flames using 
ethylene [39], propane [44] and 1-decene [43] fuels. In brief, 1000 
monodisperse soot particles with an initial diameter of 2 nm and number 
density of 4.5 × 1016 #/m3 are randomly distributed in a cubic cell. This 
initial soot diameter is the smallest identified in laminar premixed 
ethylene flames [45]. Similarly, the initial soot number density that is 
used here is the largest one measured in a premixed ethylene flame at 
0.55 cm HAB [45]. The temperature, T, and residence time of the cubic 
cell vary as a function of the Knudsen number, Kn, to follow closely the T 
and average dm measurements of enclosed spray combustion of jet fuel 
(Fig. S7). So, the particle velocities and time scale are rescaled using a 
Gaussian thermostat [46] to follow the Maxwell-Boltzmann distribution 
obtained based on the measured T. 

The Hydrogen Abstraction Carbon Addition (HACA) mechanism [47] 
is used to account for soot surface growth as DEM simulates soot formation 
after inception [38]. The H, H2 and C2H2 concentrations involved in soot 
surface growth by HACA [47] are included in the present DEM [41]. The 
maximum computed soot fv can be varied from 5 to 100 parts per billion 
(ppb) by increasing the H concentration from 0.36 to 7.5 mmol/m3 [41]. 
At constant H concentration, varying the acetylene concentration does not 
affect the computed fv, as H abstraction from the soot surface is the rate 
limiting step of the HACA mechanism [47]. The initial number of 
hydrogen atoms and acetylene molecules is varied to attain the measured 
maximum soot volume fraction of about 100 ppb. 

During enclosed spray combustion, nanoparticles are formed at a 
wide range of residence times due to turbulence and recirculation [30]. 
The present DEM follows the average residence time in the flame. The 
particle-laden flow is treated as pure gas given the low soot volume 
fractions, fv ≤ 100 ppb, during enclosed spray combustion of jet fuel 
(Fig. S6). The computed mobility diameter, dm, is obtained from the 
projected area, Aproj, of the DEM-derived soot agglomerates [48]: 

dm = 2⋅
̅̅̅̅̅̅̅̅̅
Aproj

π

√

(2) 

The measured dm is obtained based on the electrical mobility of the 
sampled soot nanoparticles [49]. In the free molecular and transition 
regimes, the dm obtained using the agglomerate Aproj (Eq. (2)) is iden
tical to that measured based on its electrical mobility [48]. The gas mean 
free path, λ, is defined as [50]: 

λ =
2⋅η

p⋅
̅̅̅̅̅̅̅̅
8⋅MW
π⋅R⋅T

√ (3)  

where MW and η are the molecular weight and viscosity of air, respec
tively, p is the pressure, R the universal gas constant and T the tem
perature. The residence time and soot dynamics are derived here by 
DEM only at EQR = 1.46 and 1.59, as Kn (used here to impose the 
measured T profile in the simulations) could not be measured as a 
function of HAB at EQR > 1.59. This is due to the large particle number 
concentrations limiting probe sampling at HAB < 63 cm. 

4. Results and discussion 

4.1. Flame temperature 

Fig. 1 shows the flame T as a function of HAB during enclosed spray 
combustion of jet fuel at EQR = 1.46 (triangles), 1.59 (circles), 1.73 
(squares) and 1.88 (diamonds), the error bars represent the standard 
deviation between three separate experiments. The T reaches its 
maximum at HAB = 5–10 cm. As HAB increases, T decreases almost 

linearly reaching 900–1220 K at 25 cm, consistent with T profiles in 
premixed ethylene flames [51]. After N2 is introduced at HAB = 30 cm, T 
is further reduced reaching 600–690 K at HAB = 63 cm regardless of 
EQR. Increasing EQR from 1.46 to 1.88 decreases the maximum T from 
1603 to 1300 K due to the reduced combustion efficiency [52] consistent 
with T measurements in ethanol spray flames [29]. The maximum T here 
is about 300 K lower than the adiabatic flame T of jet A1 vapor in a 
premixed combustor at each EQR from all O2 sources [52]. 

4.2. Soot dynamics along the burner axis 

During enclosed spray combustion of jet fuel at EQR = 1.46 (Fig. S8: 
triangles) and 1.59 (Fig. S8: circles), soot particles experience residence 
times of about 100 and 400 ms, respectively, at HAB = 30 cm. These 
residence times are on par with the 60–400 ms obtained by computa
tional fluid dynamics in an identical enclosed burner at a similar HAB 
[30]. At HAB = 63 cm, these times are 400 and 2500 ms at EQR = 1.46 
and 1.59, respectively. Fig. 2 shows the measured (symbols) and DEM- 
derived (lines) mobility diameter, dm, distributions of soot at EQR 
1.46 and HAB of 5 (d), 15 (c), 25 (b) and 63 cm (a) and the corre
sponding T (Fig. 1) and representative DEM-derived agglomerate sche
matics. The shaded area shows the variability of at least 10 SMPS 
measurements per HAB. For example, increasing HAB from 5 to 25 cm 
increases the median mobility diameter, d̄m, from 16 to 63 nm, consis
tent with soot d̄m dynamics in premixed flames [15]. After introducing 
N2 at HAB = 30 cm, the flame T is further reduced (Fig. 1) diluting the 
aerosol and slowing down coagulation. The mobility size distributions 
measured here are in excellent agreement with that reported in [9] 
(Fig. 2a, triangles), further validating the employed experimental 
methods. So, d̄m increases only up to 88 nm at HAB = 63 cm. The DEM- 
derived dm distributions (lines) span a limited range of dm because they 
only account for particles which have experienced an average residence 
time [41], while in-flame measurements at such turbulent conditions 
include particles from multiple residence times that are dominated by 
those around the centerline [53]. At all HABs, the DEM-derived dm 
distributions (lines) are in agreement with the measured ones (symbols). 
Good agreement between DEM simulations and measurements is ob
tained at all EQR (Fig. S9 for EQR = 1.59) indicating that DEM can 
follow accurately soot dynamics during enclosed spray combustion of jet 
fuel given the measured T and soot volume fraction profiles. 

Fig. 3 shows the measured (symbols) and DEM-derived (lines) soot 
d̄m (circles, solid line) and d̄p (triangles, broken line), as a function of 
Knudsen number, Kn, (bottom abscissa) for EQR = 1.46 with exemplary 
schematics of DEM-calculated agglomerates. The soot Kn was estimated 

Fig. 1. Flame temperature, T, as a function of HAB during enclosed spray 
combustion of jet A1 fuel at Effective eQuivalence Ratio, EQR = 1.46 (tri
angles), 1.59 (circles), 1.73 (squares) & 1.88 (diamonds). 

U. Trivanovic et al.                                                                                                                                                                                                                             



Fuel 342 (2023) 127864

4

from the measured T and d̄m obtained at various HAB (top abscissa). It 
was also derived by DEM as a function of t (second top abscissa). The 
DEM-derived d̄m and d̄p are in excellent agreement with the measure
ments, quantitatively explaining soot dynamics during enclosed com
bustion of jet fuel. For example, at t < 12 ms and HAB < 5 cm, soot grows 
largely by surface growth, consistent with soot formation in premixed 
flames [43]. There, soot nanoparticles are rather spherical, having d̄m =

d̄p that increases up to about 13 nm at t = 7 ms. From then on, 
agglomeration dominates and increases ̄dm up to 88 nm at HAB = 63 cm, 
while d̄p remains rather constant. At higher EQR (i.e. 1.59), both soot 
number density [54] and coagulation rate increase [51] as agglomera
tion largely takes over at t > 4 ms at this EQR (Fig. S8). 

Fig. 4 shows the PP size distributions produced at EQR = 1.46 and 

measured at HAB = 63 cm (symbols) and derived by DEM at t = 0.8 (dot- 
broken line), 1.7 (broken line) and 12 (dotted line) that overlays with 
that of 399 ms or HAB = 63 cm (solid line). The PP size distributions 
measured at HAB = 5–25 cm (Fig. S10) are practically identical with 
that measured at HAB = 63 cm (Fig. 4: symbols), consistent with the 
simulations at t = 12–399 ms. So, the evolution of the PP size distribu
tion during the early stages of soot formation can be elucidated by DEM 
as it is not possible to measure it there with our instruments. For 
instance, young soot PPs with d̄p = 7.4 nm and geometric standard de
viation, σg,p = 1.2 are formed by surface growth and aggregation at t =
0.8 ms. As t increases to 1.7 and 12 ms, surface growth dominates, 
shifting d̄p to 12.7 nm (Fig. 3, triangles) and σg,p is largely constant, ~ 
1.26. Even though coagulation increases agglomerate size (Fig. 3, cir
cles), the soot PP size (dp) distribution does not change at t > 7 ms, as 
surface growth has levelled off [41]. The DEM-derived PP size distri
butions obtained at t = 12 and 399 ms overlap and are in agreement with 
the measured ones. This further validates the present DEM simulations 
and indicates that surface growth stops at short residence times (t < 7 

Fig. 2. Mobility diameter, dm, distributions of soot from enclosed spray com
bustion of jet fuel at EQR = 1.46 and HAB = 5 (d), 15 (c), 25 (b) and 63 cm (a) 
from experiments (symbols, shaded area) and DEM simulations (lines) along 
with representative schemes of the corresponding agglomerate having that d̄m. 
Circles represent this work, triangles represent data from [9]. 

Fig. 3. Median mobility, d̄m, (circles, solid line) and primary particle d̄p, (tri
angles, broken line) diameters as a function of Kn (bottom abscissa), HAB (top 
abscissa) or residence time, t, (second top abscissa) measured (symbols) or 
derived by DEM (lines) at EQR = 1.46. 

Fig. 4. The PP distributions of soot made at EQR = 1.46 and measured at HAB 
= 63 cm (symbols) or derived by DEM at t = 0.8 (dot-broken line), 1.7 (broken 
line), 12 (dotted line) and 399 ms (solid line). 

U. Trivanovic et al.                                                                                                                                                                                                                             



Fuel 342 (2023) 127864

5

ms) during enclosed combustion of jet fuel. 
Fig. 5 shows the Raman spectra along with the ratio of the disorder 

(D ~ 1350 cm− 1) over the graphitic (G ~ 1580 cm− 1) band measured at 
HAB = 5 (double dot-broken line), 10 (dot-broken line), 25 (broken line) 
and 63 cm (solid line) from soot made at EQR = 1.46 that are quite 
similar to those made at EQR = 1.59 (Fig. S11). More graphitic soot 
nanoparticles having D/G = 0.85 ± 0.01 are formed at HAB = 5 cm and 
T = 1600 K (Fig. 1). As HAB increases from 5 to 10 cm, T decreases 
(Fig. 1) and D/G increases up to 0.88 ± 0.01. 

The Raman spectra dynamics of soot produced at EQR = 1.59 are 
shown in Fig. S11. Based on the uncertainty error bars, the increase of D/ 
G from 0.85 to 0.9 is not within the experimental noise. This increase is 
similar to that of D/G of premixed flame soot that had been attributed to 
increasing soot maturity [55]. X-ray photoelectron spectroscopy sug
gests that this increase of soot D/G can be attributed to reactions at the 
soot surface that increase the sp3-hybridized carbon content [56]. Above 
HAB = 10 cm, D/G asymptotically reaches 0.87–0.89. Similar asymp
totic D/G are obtained at EQR = 1.59 (Fig. S11). 

This is attributed to coagulation at low T < 1500 K (Fig. 1) that does 
not affect soot nanostructure [57] as limited oxidation is expected to 
take place in the enclosed flame environment especially after injection 
of 20 L/min of N2 at 30 cm HAB. The Raman spectra of soot generated 
here at EQR ≤ 1.59 and HAB = 63 cm are in agreement with that of 
aircraft soot (Fig. 5, dotted line) [10]. This indicates that the nano
structure of soot produced here at low EQR is similar to that of aircraft 
emissions. 

4.3. Impact of EQR on soot PP size distribution and nanostructure 

Fig. 6a shows the dp distributions along with the median d̄p and σg,p 
of soot produced by enclosed spray combustion of jet fuel at EQR =
1.46–1.88 at HAB = 63 cm. The dp distribution is hardly affected at EQR 
of 1.46 and 1.59, resulting in a d̄p of about 14 nm, consistent with our 

previous work [9]. Increasing EQR to 1.73 or 1.88 though, increases d̄p 

to 20 or 23 nm, respectively, consistent with measurements in rich 
premixed [39] and diffusion flames [58]. This can be attributed to 
enhanced surface growth [43] or prolonged high temperature residence 
times [41] at high EQR. 

Fig. 6b shows the Raman spectra along with the D/G of soot pro
duced at EQR = 1.46–1.88 at HAB = 63 cm. The Raman spectrum of soot 
made at EQR = 1.59 is almost identical to that obtained at EQR = 1.46 
and the same HAB (Fig. 5) having D/G = 0.90 ± 0.01. Further increasing 
EQR to 1.73 and 1.88 decreases D/G to 0.82 ± 0.01 and 0.80 ± 0.01, 
respectively. This indicates that soot nanoparticles produced at EQR >
1.59 are more graphitic than those made at lower EQR. This is despite 
the low T at EQR > 1.59 (Fig. 1) which results in less graphitic nano
particles in premixed flame reactors [57]. The valley between the D and 
G peaks, as well as their full width at half maximum increases with 
increasing EQR. This is due to the secondary D2, D3 and D4 Raman 
bands that are attributed to surface graphene defects, amorphous car
bon, polyenes and/or ionic impurities [59]. The width and intensity of 
these bands increase with increasing organic to total carbon (OC/TC) 
mass ratio and thus could indicate the adsorption of disordered poly
aromatic hydrocarbons on soot [55]. The organic to total carbon (OC/ 
TC) mass ratio was also measured for soot from enclosed spray com
bustion of jet fuel at EQR = 1.46–1.88 and HAB = 63 cm, as described in 
[9] (Fig. S12). Increasing EQR from 1.46 to 1.59 decreases the OC/TC of 
soot from 17.6 to 10.9 %, consistent with past OC/TC measurements of 
soot made at identical conditions [9]. However, further increasing EQR 
to 1.88 increases OC/TC up to 14.4 % corroborating such Raman data of 
premixed flame soot [55]. 

Fig. 7 presents the soot D/G as a function of its d̄p at EQR =
1.46–1.88, with selected TEM images of soot. Increasing EQR from 1.46 
to 1.88 increases soot d̄p from 14 to 23 nm while the soot D/G decreases 
from 0.9 to 0.8. This D/G drop with increasing d̄p is in excellent 
agreement with measurements in turbulent diffusion flames (D/G from 
11 to 5 for d̄p increasing from 15 to 25 nm using a 785 nm laser for 
Raman) [60]. Aerodynamically classifying soot from an inverted 
ethylene diffusion flame similarly showed a correlation between 
impactor stage (i.e. aerodynamic diameter, da) and the D/G ratio from a 
785 nm laser where D/G dropped from 13.5 at stage 4 (da = 22–38 nm) 
to 8.5 at stage 10 (da = 560–950 nm) [34]. So, while exposure to high 
temperatures at relatively long residence times has been shown to 
graphitize soot [61], d̄p increases with increasing graphitic content of 
soot formed by diffusion and spray flames where the high-temperature 
residence time is short. 

To further verify this, the nanostructure of soot from enclosed spray 
combustion of jet fuel was analyzed with high resolution transmission 
electron microscopy (HRTEM; Fig. S13). Such images reveal that soot 
primary particles formed at EQR = 1.46 are rather amorphous and 
contain polyaromatic hydrocarbons (PAHs) arranged in small crystal
lites. As EQR increases, soot nanostructure becomes more ordered, and 
the length of their crystallites increases. This corroborates the Raman 
spectra obtained here and indicates that increasing EQR results in larger 
soot primary particles with higher graphitic content. In this regard, 
Fig. 8 shows the mean interlayer distance, d002 (circles), and crystallite 
length, Lc (triangles), as a function of median dp of soot produced by 
enclosed spray combustion at EQR = 1.46–1.88 obtained from XRD 
patterns as described in [36]. As EQR increases and soot primary par
ticles become larger by surface growth, d002 decreases and Lc increases. 
This further confirms that soot primary particles become more graphitic 
at increasing EQR and dp. This can be attributed to enhanced surface 
growth through the HACA mechanism [47] that is required to produce 
large, graphitic soot nanoparticles [62] obtained here at HAB = 63 cm. 
This is also consistent with measurements [54] and simulations [63] in 
premixed flames showing that increasing EQR increases the soot dm, 
decreases its optical band gap and thus enhances its graphitic content. 

Fig. 5. Normalized intensity as a function of Raman shift measured from soot 
produced by enclosed combustion of jet fuel spray at EQR = 1.46 and HAB = 5 
cm (double dot-broken line), 10 (dot-broken line), 25 (broken line) and 63 cm 
(solid line) in comparison to that of aircraft soot (dotted line [10]). 
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5. Conclusions 

The dynamics of soot formed during enclosed spray combustion of jet 
A1 fuel [9] were investigated numerically and experimentally at HAB =
5–63 cm and EQR = 1.46–1.88. The soot mobility (Fig. 2), primary 
particle (Fig. 3) size distributions and nanostructure (Fig. 5) measured 
here as a function of height above the burner (HAB) elucidate in detail 
the dynamics of soot formation and growth during enclosed spray 
combustion of jet fuel. These data are explained quantitatively by a 
discrete element model (DEM) for surface growth and agglomeration 
[41] that is used to describe such soot aerosol dynamics in spray flames 
for the first time to the best of our knowledge. The dm and dp distribu
tions derived from DEM are in excellent agreement with experimental 
measurements at all conditions for the measured temperature and soot 
volume fraction. This shows that, despite the simplified precursor 
chemistry, flame flow field and average time scale used here, these as
sumptions capture the essence of the dynamics of the measured soot 
particle characteristics even though the actual process is far more 
complex to describe it in detail. At HAB > 5 cm, the d̄p does not increase 
as surface growth is limited at EQR = 1.46 or 1.59 ending after t = 7 and 
4 ms, respectively, corresponding to HAB < 5 cm, as elucidated by DEM. 
At these short t, d̄p = 14 nm and does not grow from HAB = 5 to 63 cm 
while d̄m increases by agglomeration to 88 or 145 nm at EQR = 1.46 or 
1.59, respectively. At low HAB, the soot nanostructure is slightly more 
graphitic and becomes more disordered after the maximum temperature 
is attained at HAB = 5–10 cm for all EQR. At HAB = 63 cm and EQR ≤
1.59, the soot nanostructure is rather disordered with D/G = 0.9 ± 0.01. 
As the EQR increases from 1.59 to 1.88, the d̄p increases to 23 nm 
through enhanced surface growth and becomes more graphitic having 
D/G = 0.8 ± 0.01 despite the lower flame temperatures with increasing 
EQR. This is consistent with observations in turbulent diffusion flames 
[60]. Thus, the D/G of soot is inversely proportional to its d̄p that is 
determined largely by surface growth. 
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Fig. 7. Soot D/G ratio as a function of its median PP diameter, d̄p, measured 
here by enclosed spray combustion of jet fuel at EQR = 1.46 – 1.88 at HAB =
63 cm, with TEM images of soot at EQR of 1.46, 1.66 and 1.88. 

Fig. 8. Mean interlayer distance, d002 (circles) and crystallite length, Lc (tri
angles) as a function of median dp of soot produced by enclosed spray com
bustion of jet fuel at EQR = 1.46 – 1.88. 
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