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A B S T R A C T   

For investigating the effects of preheat temperature on the soot/PAH formation of RP-3 kerosene surrogates, 
planar laser-induced incandescence (PLII), planar laser-induced fluorescence of PAH (PAH-PLIF) and chemical 
kinetic simulation are conducted in several laminar diffusion flames. The goal is to provide a surrogate that 
matches well with the soot formation characteristics of RP-3 kerosene and to investigate the mechanism behind 
the temperature sensitivity of different surrogates. Firstly, surrogate S1 (30.3% n-hexadecane, 39.8% iso-cetane, 
29.8% o-xylene, in mole fraction) is formulated to obtain a surrogate with good reproducibility of soot formation 
characteristics corresponding to the RP-3 jet kerosene. Compared with another reported surrogate S2, S1 pre
sents a higher soot yield due to its higher PAH formation and a stronger soot formation propensity. With elevated 
preheat temperature, soot yield of all the studied flames gets higher, and the temperature sensitivities for soot 
formation of S1 and S2 are shown with little difference. By further analyzing the PAH results experimentally and 
numerically, the temperature sensitivity for soot yield of S2 is more closely related to the temperature sensitivity 
of PAH precursors, while the subsequent processes after soot inception may be more important to the temper
ature dependence of S1.   

1. Introduction 

Soot and PAHs (polycyclic aromatic hydrocarbons) have multiple 
and proven harmful effects on the earth environment, human health, 
and operation efficiency of the combustion equipment [1–4]. Soot and 
PAHs can be produced in virtually any combustion equipment burning 
with hydrocarbon fuels, such as boilers, vehicle engines, as well as aero- 
engine combustors. As emission regulations become increasingly strict, 
emissions of the soot and PAH are also under close scrutiny, including in 
the aviation industry [5,6]. Understanding and predicting the formation 
of soot and PAH from aviation fuels is a prerequisite for reducing soot 
and PAH emissions in the aero-engine combustors. But as the most 
widely used aviation fuel, aviation kerosene contains hundreds of 
complex components and the physicochemical properties also show 
differences because of the different origins and production processes. So 
it is unrealistic to directly simulate and predict the soot/PAH emission 
characteristics of real aviation kerosene. 

Formulation of surrogate fuel is a solution to achieve high similarity 
for some combustion characteristics of the aviation kerosene by pre
paring a mixture of several simple hydrocarbons in a specific ratio. The 

surrogate formulation method has been widely used for the verification 
of some combustion characteristics of jet kerosene such as laminar 
combustion velocity, fuel viscosity, ignition delay time, the sooting 
tendency, etc. [7–11]. However, as for RP-3 jet kerosene, a jet fuel 
widely used in aero-engines in China, with higher aromatic content 
(usually ~ 30 %) than Jet-A or JP-8, the effectiveness of its surrogates is 
fully verified for several fuel characteristics like laminar combustion 
velocity [12–14], but the evaluation for the soot/PAH formation char
acteristics is rarely reported. Gao, Z et al. [15] and Pelucchi et al. [16] 
has confirmed that the aromatics dominated the sooting tendencies of 
surrogates due to the domination of PAHs yield, but the further dis
cussions like sensitivity at preheat temperature, are deficient. 

Importantly, in order to evaluate the temperature dependence of soot 
formation, the gas preheat temperature is often set as an important 
research condition [17–22]. In the actual aero-engine combustor, the air 
is always preheated to a higher temperature by the multi-stage 
compressor before it is injected into the burner and mixed with the 
fuel for combustion. Thus, given its significance in actual combustion 
conditions, the effects of preheat temperature on the soot/PAH forma
tion of the kerosene surrogate fuels need to be further evaluated, and 
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temperature sensitivity can be derived experimentally and numerically 
to investigate the further influence of compositional effects on the 
sensitivity of soot yield, as an in-depth evaluation for the surrogates. 

The temperature sensitivity of soot formation represents the rate of 
change in the soot growth rate with higher preheat temperature. It is an 
assessment for the temperature dependence of soot growth of a certain 
fuel, which is closely related to the soot formation propensity of the fuel 
itself. The temperature sensitivities of simple alkanes, olefins and aro
matic hydrocarbons has been well investigated in the co-flow diffusion 
flames of the previous studies [17–19]. The enhancement of soot loading 
at elevated temperature is well verified, but for this enhancement, 
different fuels exhibit very different mechanisms. For simple alkanes and 
olefins, the fuel unsaturation determines the temperature sensitivity of 
soot formation due to the difference of PAH growth rate by early py
rolysis [18], while for aromatics, the PAH yield no longer affects the 
temperature sensitivity [19]. However, the temperature sensitivity of 
soot yield of complex mixtures has not been studied. Whether the tem
perature sensitivity of a mixture is affected by its compositions is still a 
speculation. Thus, temperature sensitivities of the kerosene surrogate 
fuels with different matching strategies need further discussion. Besides, 
as the most important soot precursors, the analysis of temperature 
sensitivity based on the PAH formation mechanism will help to under
stand the soot generation sensitivity of kerosene surrogates. 

Based on the above research requirements, PLII, PAH-PLIF and 
chemical kinetic simulation were conducted in this study at different 
preheat temperatures for the co-flow diffusion flames of RP-3 surro
gates. The three main objectives of this work are: (1) to formulate a 
kerosene surrogate with good reproducibility of soot formation char
acteristics corresponding to the actual RP-3 jet kerosene; (2) to study the 
effects of preheat temperature on the soot/PAHs formation of the sur
rogates by using this surrogate and another reported surrogate as the 
study objects; (3) to identify the governing factors of temperature 
sensitivity for the soot/PAH formation of kerosene surrogates. 

2. Methodology 

2.1. Burner and flames 

The method of surrogate formulation for RP-3 kerosene will be 
described in the Section 3 and the subject of experimental interest in this 
work is two surrogate fuels (S1, S2) with different strategies of fuel 
formulation. 

The self-designed gas preheat burner is shown in Fig. 1 and the 

device components are illustrated in detail in our previous paper 
[17,18]. The burner can provide co-flow of hot air at different temper
atures throughout the sooting flame. The high temperature can be 
maintained with little change within 5 cm above burner outlet and 
shows uniformity within 2 cm radius of the burner centerline, which 
guarantees the credible variable of the gas preheat temperature. The 
outlet fuel temperature is essentially the same as the co-flow tempera
ture due to sufficient heat exchange between the jet tube and the co-flow 
hot gas. The co-flow temperature is controlled by two electrical heaters 
and measured by a S-type thermocouple above the burner. The co-flow 
air flowrate is kept at 50 L/min. As for the fuel supply, an injection pump 
is used for controlling the liquid fuel flowrate with accuracy of 0.157 g/ 
h. In order to compare the soot generation characteristics of different 
surrogate fuels, the liquid fuel flowrate is kept at 4.56 g/h and the 
carbon atom input flow (mc) of all diffusion flames is kept consistent at 
1.084 mg/s. A heater is set at 300 ℃ to evaporate the liquid fuel and N2 
is used as carrier gas, kept at 200 mL/min. The experiment conditions 
are shown in Table 1. Two gas preheat temperatures (575 K and 675 K) 
are set for the RP-3, S1, and S2. According to the calculation results 
provided in the Supplemental Information, early thermal decomposition 
of S1 and S2 can be observed over 750 K. Below 675 K, the fuel vapor 
inside the burner jet tube is less prone to thermal decomposition. 
Additionally, the volume fraction of the diluted N2 is much larger than 
that of the fuel vapor in order to keep the studied flames from smoking. 
This is beneficial for experimental observations and analyses. 

2.2. Optical diagnostics 

2.2.1. Planar laser-induced incandescence (PLII) 
Fig. 1 shows the arrangement of the soot-PLII measurement system 

described in our previous paper [18]. A slight difference is that, a 532 
nm laser from a 10 Hz Nd:YAG laser (Powerlite DLS 8010, Continuum) is 
used as the excitation laser for LII. The laser energy density was kept at 
0.14 J/cm2 to guarantee that LII signal was in the saturation region, and 
to avoid high-temperature soot sublimation resulting in incandescent 
intensity decay. Then a concave lens (ƒ = − 30 mm) and a convex lens (ƒ 
= +500 mm) were applied to form a laser sheet with a height of 5 cm 
and a waist thickness of 200 μm. The soot LII signal was captured by the 
ICCD camera (PI-max4 emICCD, Princeton Instrument) equipped with a 
Nikon ultraviolet lens (PF10545MF-UV) and a narrow-band filter 
(Edmund, central wavelength = 400 nm, FWHM = 25 nm). The ICCD 
gate width was kept at 100 ns. The time interval between the laser beam 
and the ICCD camera gate was maintained at 100 ns, for preventing soot 

Fig. 1. PLII/PLIF measurement system and gas preheat burner setup.  
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LII signal from interference of PAH laser-induced fluorescence due to the 
excitation laser at visible wavelength [23]. The 400 nm band filter also 
helped to reduce the fluorescence interference from other flame species 
when performing PLII measurement [24]. A beam extinction measure
ment was performed to acquire a calibration coefficient for converting 
LII intensity to ƒv, and the setup details are the same as our previous 
work [17]. 

2.2.2. Planar laser-induced fluorescence of PAHs (PAHs-PLIF) 
PAHs-PLIF was conducted for qualitative measurement of PAHs 

fluorescence. The setup of PAHs-PLIF was similar to the PLII system. A 
10 Hz Nd:YAG laser (Powerlite DLS 8010, Continuum) was used to 
excite Rhodamine 590 dye to produce 283 nm laser after second har
monic. The 283 nm laser was tuned to avoid excitation of hydroxyl 
radicals. And the laser pulse energy for PLIF was kept at 2.5 mJ to 
prevent obvious LII excitation. PAHs fluorescence signals were collected 
by ICCD camera with a gate width of 50 ns. Although the 283 nm laser 
failed to excite fluorescence of the one-ring aromatic hydrocarbons, 
other kinds of PAHs were unaffected [25]. According to previous 
research [26–30], a 327–353 nm bandpass filter (Edmund, central 
wavelength = 340 nm, FWHM = 26 nm) was used before the ICCD 
camera to collect the fluorescence of A2 (two-ring aromatics), and a 
373–400 nm bandpass filter (Edmund, central wavelength = 386 nm, 
FWHM = 27 nm) was used for A3 (three-ring aromatics) measurement. 
200 collected images were required for each working condition and raw 
PLIF images were corrected according to background noise and the 
spatial energy distribution of the laser sheet. Additionally, a 513–538 
nm bandpass filter (Edmund, central wavelength = 525 nm, FWHM =
25 nm) was used for Visible-LIF measurement. It should note that the LIF 
in visible wavelength band may encompass emissions from many com
plex soot precursors, such as five-membered ring PAHs [31], bridged- 
PAHs [32], dimeric PAHs [27], or nano-particles [33,34], which are 
intermediate products in the transition from simple gaseous PAHs to 
solid soot in the soot nucleation process, representing precursor species 
intimately associated with soot nucleation reactions. Since there is still 
no consensus on the mechanism of soot nucleation, “Visible-LIF” is used 
in this paper to reflect the fluorescence of soot nucleation precursors to 
illustrate the effects of preheat temperature on the soot nucleation 
process. 

2.2.3. Two-color thermometry measurement 
Two-color thermometry measurement is applied for soot tempera

ture imaging and the detail is described in our previous paper [17,18]. 
Two ultra-narrow band filters (Andover, central wavelength = 532 nm 
& 647 nm, FWHM = 1 nm) were used for the ICCD camera to collect the 
soot luminosity with a gate width of 5 ms. The planar distribution 
reconstruction of the soot luminosity image relied on the Abel transform 
[35]. Then the reconstructed luminosity signals were applied to calcu
late the soot temperatures. When calibrating, a B-type thermocouple 
(Pt/30 % Rh-Pt/10 % Rh) was placed above a Bunsen flame of methane 
at the burner center. The temperature of the 100 µm thermocouple 
junction was recorded and at the same time, luminosity signals of the 

junction recorded by the ICCD camera were used to calculate the cali
bration coefficient. 

2.3. Chemical kinetic modeling 

Chemical kinetic simulations were performed based on the Diffusion 
Opposed-flow Flame Model in CHEMKIN-PRO software [36]. This 1-D 
model has been commonly used in several publications for simulating 
the detailed chemical kinetic reactions of diffusion flame [15,37]. For 
the above reason, Diffusion Opposed-flow Flame Model was adopted in 
this work to analyze the PAHs formation characteristics of kerosene 
surrogate fuels. The CRECK mechanism developed by Ranzi et al. [38] 
was applied for gas phase reaction simulation. This mechanism contains 
249 species and 8153 reactions, which are up to C20 species. In the 
CHEMKIN-PRO simulation setup, the fuel mass flowrate, temperature, 
and fuel compositions were consistent with the experiment setup, but 
the air mass flowrate was kept at one third of the actual co-flow flowrate 
to ensure the combustion process at a low strain rate. The distance be
tween the outlets of fuel and oxidizer is set to 3.6 cm. The simulation 
conditions included practical experiment conditions of S1 and S2 at 
different gas preheat temperatures. The counter-flow flame model can 
be used to analyze the general trends of sooting tendency but it should 
be noted that the composition-time trajectories vary with the location in 
jet diffusion flames and this complexity can’t be captured via counter- 
flow flame simulations. 

3. Surrogate formulation and evaluation 

3.1. Surrogate fuel formulation 

The first step for surrogate fuel formulation is the components 
analysis. Fig. 2 shows the gas chromatography - mass spectrometry 
(GC–MS, Thermo Fisher Scientific) results of the RP-3 jet kerosene used 

Table 1 
All recorded experiment conditions.  

Fuel Carrier gas Co-flow Tair (K) 575 675  

Flowrate (g/h) Vapor flowrate (mL/min) N2 

(mL/min) 
Flowrate (SLM) vair (m/s) 0.200 0.235 

RP-3 4.56 18.4 200 50 Tfuel - Tair (K) 3 5 
Tad (K) – – 

S1 4.56 18.8 200 50 Tfuel - Tair (K) 2 3 
Tad (K) 2223 (2412) 2279 (2456) 

S2 4.54 23.9 197 50 Tfuel - Tair (K) 4 5 
Tad (K) 2227 (2409) 2284 (2452) 

Tad: the resultant adiabatic temperatures of stoichiometric flames calculated in the CHEMKIN’s Equilibrium model. Values in parentheses are Tad for jet-fuels without 
nitrogen diluent. 

Fig. 2. GC–MS result of the RP3 jet kerosene used in this work.  
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in this paper. The RP-3 jet kerosene mainly consists of alkanes and ar
omatics. The carbon number distribution ranges from C7 to C27, with 
the distribution of alkanes ranging from C8 to C20, which indicates the 
RP-3 kerosene in this work includes some heavy components probably 
due to its origin and production process. Although the molecular weight 
is up to 194.85, other physical properties like lower heat value or cetane 
number meet the national standards of RP-3 aviation kerosene [39]. The 
formula of the RP-3 kerosene is calculated to be C13.9H28.08. 

In this paper, given the physicochemical properties and hydrocarbon 
groups composition of several single fuels, n-hexadecane, iso-cetane, and 
o-xylene are chosen as the surrogate components. In order to match the 
properties of surrogate fuel and jet kerosene such as the gas-phase 
diffusion characteristics, heat release property, fuel reaction enthalpy 
and soot formation property, the molecular weight (MW), lower heat 
value (LHV), H/C ratio, threshold sooting index (TSI), cetane number 
(CN), and density are applied as the selection index of the surrogate fuel 
formulation. The calculation equations [8] of these six selection indexes 
and the objective function of the optimization problem are as follows. 
These selection indexes have the linear combinations of pure compo
nents, which are used in many studies [7–9,12,13] on liquid-fuel sur
rogate formulation methods. 

Calculation equations of different selection indexes: 

MWmix =
∑

i
xiMWi (1)  

LHVmix =
∑

i
wiLHVi (2)  

H/Cmix =

∑
ixiNHi∑
ixiNCi

(3)  

TSImix =
∑

i
xiTSIi (4)  

CNmix =
∑

i
viCNi (5)  

ρ(T)mix =
∑

i
viρ(T)i (6) 

Objective function: 

F =
∑6

j=1

[

Cj

(
PRP− 3 − Pmix

PRP− 3

)]2

(7) 

In equations (1)–(7), xi is the molar fraction of component i, wi is the 
mass fraction of component i, vi is the volume fraction of component i, 
NHi is the number of hydrogen atoms of component i, NCi is the number 
of carbon atoms of component i, PRP− 3 is the selection index of RP-3, Pmix 

is the corresponding selection index of components, Cj is the weight of 
each selection indexes which is set as 1/6. When F is at a minimum value 
during the iteration, the concentration of each components is output. 
Finally, the calculated surrogate fuel S1 composes of 30.3 % n-hex
adecane, 39.8 % iso-cetane, 29.8 % o-xylene (in mole fraction). The 
physical properties of the RP-3, surrogate components, and surrogate 
fuels are shown in Table 2. In addition, the surrogate fuel S2 (14 % n- 
decane, 10 % n-dodecane, 30 % iso-cetane, 36 % methylcyclohexane, 10 
% toluene) is according to the RP-3 kerosene formulation in ref [12]. 

3.2. Experimental measurement results 

Fig. 3 shows the 647 nm soot luminosity images of the laminar co- 
flow diffusion flames of RP-3, S1 and S2. The luminosity images 
reflect the area of soot distribution and the diffusion flame length. It can 
be found that the distribution area, flame length and flame brightness of 
S1 present a high similarity compared to RP-3 at any preheat tempera
ture, which preliminarily suggests the effectiveness of surrogate fuel 

formulation in soot formation and the similarity of the soot radiant heat 
release between RP-3 and S1. 

Fig. 4 presents the LII results of soot volume fraction (ƒv) along the 
centerline and pathline (axial line at r = 2.5 mm). The data are derived 
from the 2D images which can be found in Supplemental Materials. As 
shown in the figure, the axial soot volume fraction shows a high simi
larity between the RP-3 and S1 at two preheat temperatures, including 
the start height of soot formation, the maximum ƒv, the end height, 
which reveals the good reproducibility of the surrogate S1 in terms of 
the axial ƒv distribution characteristics of the RP-3 kerosene. The path
line ƒv profiles are axial cuts at a radius that includes the position of wing 
region of the flames, appropriately explaining the soot tendency at the 
flame wing sides. 

LII results of radial ƒv along different heights above burner (HAB) are 
shown in Fig. 5. Within a certain flame, the figures show that the peak 
soot concentration is much higher upstream (at or below HAB of 16 mm) 
of the flame than downstream, and the maximum ƒv throughout the 
flame occurs on the wing side below approximately HAB of 20 mm. As 
HAB increases, the peak gradually moves closer to the burner centerline 
(r = 0 mm). In general, there is still a good correspondence between S1 
and RP-3 in terms of soot formation characteristics of the radial ƒv dis
tribution. Overall, S1 can simulate the ƒv distribution characteristic of 
RP-3 kerosene very well. 

Fig. 6 presents the fluorescence intensity distributions of A2, A3 and 
Visible-LIF at different positions in the flames. For the RP-3 flames, due 
to the PAHs (like naphthalene, 1,3-dimethylnaphthalene, phenanthren 
[25]) contained in the jet kerosene itself, strong signals of the kerosene 
LIF are already observed at the outlet of the jet tube, and the intensities 
of these signals drown out other signals from combustion. It is indis
tinguishable between the A2 and A3 signals generated during the 
combustion of jet kerosene and those originating from the inherent 
kerosene constituents, and the production of PAHs can’t be quantified 
specifically within the kerosene flames. So the shorter-wavelength 

Table 2 
Selection indexes value of the RP-3, surrogate components, and surrogate fuels.  

Selection 
indexes value 

RP-3 n- 
hexadecane 

iso- 
cetane 

o- 
xylene 

S1 S2  
[12] 

MW (g/mol) 194.85 226.44 226.44 106.17 190.55 149.4 
LHV 42.34 43.95 43.85 40.8 43.38 44.06 
H/C 2.02 2.13 2.13 1.25 1.97 2.045 
TSI 25.87 8.58 22 47 25.38 – 
CN 45 100 15 8.3 44.81 41.52 
viscosity 

(mm2/s, 
20 ◦C) 

2.38 4.27 4.69 0.92 2.8 – 

density (g/ 
cm3, 
20 ◦C) 

0.79 0.79 0.78 0.86 0.8 –  

Fig. 3. Soot luminosity images recorded at the wavelength of 647 nm for the 
laminar co-flow diffusion flames of RP-3, S1 and S2. The images are decon
volved by Abel transform. 

S. Xin et al.                                                                                                                                                                                                                                      



Fuel 361 (2024) 130735

5

fluorescence signals of kerosene won’t be analyzed here. However, the 
intensity of its Visible-LIF away from the UV fluorescence region is 
essentially similar to that of S1. Given the fact that the detection fluo
rescence wavelength is sensitive to the PAH size and structure, it is 
worth noting that the fluorescence in visible range is closely linked to 
many complex soot nucleation precursors. Some large precursors are 
generated through E-bridged reactions [32] stimulated by five- 
membered ring PAHs, and some are nano-particles probably the poly
mers of PAHs. The mechanism of soot nucleation appears to be currently 

inconclusive, but anyway, to some extent, the Visible-LIF can be treated 
as the tracers for soot nucleation processes. Interestingly, no advance 
generation of Visible-LIF is observed at the exit of the jet tube. So most of 
the Visible-LIF is generated during combustion. This indicates that the 
formation of light PAHs doesn’t severely affect the formation of larger 
PAHs, and for the surrogate S1, it can be speculated that the simulation 
effectiveness of the ƒv distribution characteristics may not be related to 
the initial light PAH, but probably to the process of the soot nucleation 
or the soot surface growth after the formation of light PAHs. As for this 

Fig. 4. The measurements of axial soot volume fraction (ƒv) along the (a) (b) centerline r = 0 mm and (c) (d) pathline at r = 2.5 mm for the diffusion flames of RP-3, 
S1 and S2 at different preheat temperatures. 

Fig. 5. The measurements of radial soot volume fraction (ƒv) alone different heights above burner (HAB) of (a) (b) 16 mm, (c) (d) 20 mm and (e) (f) 24 mm for the 
diffusion flames of RP-3, S1 and S2 at different preheat temperatures. 
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type of jet fuel with strong sooting tendency, the soot formation seems to 
be probably not sensitive to formation processes of the initial PAH like 
A2 or A3. 

4. Surrogates and preheat temperature 

After formulating a surrogate matching well with the soot distribu
tion characteristics, the discussion for effects of preheat temperature can 
be proceeded. 

4.1. Effects on soot temperature 

As seen in Fig. 3, the soot distribution zone is clearly divided into a 
thin, narrow wing zone and an inner smooth zone. The flame length and 
brightness of S1 don’t change obviously with the increased preheat 
temperature, while the brightness of S2 shows a relatively increase only 
at the wing side. This means an obvious change in soot radiant heat 
release at the wing side of S2 flames. 

The flame temperature in Fig. 7 is corrected according to the position 

Fig. 6. Fluorescence intensity distributions of A2, A3 and Visible-LIF at (a), (b), (c) centerline, (d), (e), (f) pathline, and (g), (h), (i) radial line (HAB = 10 mm).  

Fig. 7. The results of two-color thermometry contain (a) axial soot temperature at r = 2.5 mm (b) radial soot temperature at HAB = 16 mm and (c) radial soot 
temperature at HAB = 20 mm. The top figures are the corresponding profiles of fv distribution. 

S. Xin et al.                                                                                                                                                                                                                                      



Fuel 361 (2024) 130735

7

variation of camera system, the emissivity variation for the thermo
couple materials, and the variation in soot emissivity [40]. As shown in 
Fig. 7 (a), with more preheat energy introduced into the flames, the axial 
soot temperature doesn’t show an increase as expected for all flames, but 
some slightly decrease presents in the soot temperature at mid-profile 
instead. According to the analysis in previous studies [18], although 
the preheat temperature adds extra heat to diffusion co-flow flames, but 
the soot loading will increase at the same time, and the radiant heat loss 
of flame will also increase. Jet fuels are fuels with strong sooting ten
dency and the overall flame temperature of the studied flames already 
reaches the temperature window (~1400 K) [17,18] at the initial height 
of soot inception. When the preheat temperature raises, due to radiant 
energy losses in the parts of the flames with the strongest soot volume 
fractions (seen in the top of Fig. 7), the axial soot temperature at mid- 
profile slightly reduces in all studied flames despite the added heat 
from higher preheat temperature. Correspondingly, no obvious change 
is found in the brightness of the inner region in these flames. A differ
ence is the wing region of the S2 flames. Results of radial temperature 
profiles (Fig. 7 (b) and (c)) show that the temperature of S2 at the thin 
wing side (2.8 < r < 3.2 mm) doesn’t drop as much as RP-3 and S1 with 
the increased preheat temperature. This is consistent with the LII results 
that the S2 flames have lower soot concentrations in wing region than 
S1. Because lower sooting fuel like S2, forms soot at higher temperatures 
than S1 or RP-3 and has lower soot radiant losses, which corresponds to 
the increase in the brightness of S2 wing region with higher preheat 
temperature. 

4.2. Effects on soot volume fraction (fv) 

With higher preheat temperature, the S1 ƒv in the Fig. 4 shows no 
significant change along the centerline but shows a relatively rapid in
crease along the pathline. The enhancing effect of gas preheat temper
ature on ƒv is relatively remarkable in pathline zone. Due to the 
proximity of the pathline region to the flame front, more energy is 
provided for soot formation at the wing side, as analyzed by Chu et al. 
[20] and Smooke et al. [41]. Compared with S2, the S1 ƒv at any flame 
positions is always higher at the same preheat temperature, which 
means the higher soot loading in the overall S1 flames. The higher radial 
ƒv peak of S1 in Fig. 5 also suggests the stronger soot growth at the wing 
side in S1 flames than S2, which corroborates the previous analysis in 
the soot temperature. 

The carbon conversion factor η was used to evaluate the propensity 
of fuel to soot, which represents the percentage of carbon converted to 
soot [42]. The calculation equations of η are as follows: 

η =
ms

mc
(8)  

ms = vhρs

∫

2πfv(r, h)rdr (9)  

vh= (vfuel
2+2ah)

1
2 (10)  

t =
vh − vfuel

a
(11)  

where mc is the total mass flow rate of carbon, kept at 1.084 mg/s for all 
flames mentioned in Section 2.2. ms is the mass flow rate of carbon 
converted to soot, calculated by the axial velocity vh (derived by Roper 
et al. [43,44]), the soot particle density ρs (set as 1900 kg/m3 [45]), and 
the row integral of soot volume fraction at a certain height. Soot resi
dence time t is determined by the axial velocity, the initial fuel velocity 
vfuel, and the buoyancy acceleration a (constant at ~ 25 m/s2 [46]). 

Fig. 8 presents the results of carbon conversion factor η versus soot 
residence time t. Although the total mass flow rate of carbon is kept the 
same for S1 and S2, the carbon conversion factor of S1 is always higher 
than that of S2 at any preheat temperatures. It has been confirmed that 
the aromatics provide a tremendous promoting effect on sooting ten
dencies of surrogates due to the promotion of the soot inception step 
[15]. Thus, the carbon conversion capacity is probably determined by 
the percentage of aromatic hydrocarbons in the surrogates (29.8 % in 
S1, 10 % in S2). Importantly, for all the studied flames, the soot yield 
increases with more preheat energy introduced into the flames, indi
cating the more carbon converted to soot. It can be found that the in
fluence of preheat temperature is similar in these three fuels, since the 
higher temperature speeds up the decomposition and reorganization of 
the jet fuel in the flame, which promotes the soot inception and growth, 
ultimately contributing to the enhanced soot loading. When the preheat 
temperature increases by 100 K, the maximum η increases by a factor of 
1.25 for RP-3, 1.37 for S1, and 1.35 for S2. The total soot loading ƒv|vol-int 
increases by a factor of 1.36 for RP-3, 1.62 for S1, and 1.56 for S2. The 
maximum soot volume fraction ƒv,max increases by a factor of 1.33 for 
RP-3, 1.44 for S1, and 1.27 for S2. The specific values of these indexes 

Fig. 8. Percentage of carbon converted to soot, i.e., carbon conversion factor η versus soot residence time for RP-3, S1 and S2 at different preheat temperatures.  

Table 3 
Key indexes of soot formation characteristics of the RP-3 and surrogate fuels.  

Type of jet fuel RP-3 S1 S2 

Preheat 
temperature (K) 

575 675 575 675 575 675 

Maximum η 0.0664 0.0832 0.0668 0.0917 0.0567 0.0767 
Total soot 

loading ƒv|vol- 

int (ppm £
mm3) 

5773 7830 5609 9088 4122 6449 

ƒv,max (ppm) 2.01 2.68 2.02 2.9 1.63 2.07  
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are listed in Table 3. But on the other hand, these change of soot growth 
rate is different for the two surrogates, which implies a difference in 
their temperature sensitivity. This difference will be explained in the 
final section. 

4.3. Effects on PAH formation 

Fig. 9 and Fig. 10 present the simulation results of some key chem
icals in the 1-D diffusion opposed-flow flames of S1 and S2. Compared 
with S2, the higher soot loading of S1 is probably due to its higher A2-A4 
concentration, which means the stronger soot nucleation for S1. As 
shown in the figures, the A2-A4 mole fraction are all higher in S1 flames 
at any temperatures. This is consistent with the difference in experi
mental LIF intensity of A2/A3 in S1 and S2 flames (Fig. 6). Besides, due 
to the higher Visible-LIF intensity in S1 flames, the soot nucleation re
actions in S1 flames are also probably stronger than S2. 

Importantly, the effect of preheat temperature is similar both the 
numerically and experimentally. In Fig. 9 and Fig. 10, the concentra
tions of all the key components related to the soot formation increase at 
the elevated preheat temperature. The PLIF results of A3 and Visible-LIF 
in S1 and S2 flames (Fig. 6) also support this point, although there is a 
slight decrease for A2 fluorescence upstream of the S1 flame at 675 K 
due to the interference from o-xylene fluorescence with faster decom
position at higher temperature. But obviously, all the reaction rates 
enhance at the higher temperature and this enhancement of PAH for
mation is probably related to the alkanes with higher content in the 
surrogates, because there is essentially no change of the PAH concen
tration in the aromatic flames with elevated preheat temperature, as 
reported in previous literature [19]. However, according to the PLIF 
results (Fig. 6), compared with S2, the enhancement of PAH-LIF in S1 
flame is very limited, indicating the temperature sensitivity of A3 or 
Visible-LIF is also different and the temperature dependence of PAH 
formation needs to be discussed. 

5. Temperature dependence 

The sensitivity of soot growth of different fuels to the change in heat 
of the preheated gas depends on the soot formation propensity of the fuel 
itself. This propensity depends on the formulation of the fuel composi
tions which have different soot formation mechanisms. 

Temperature sensitivity based on maximum carbon conversion fac
tor η was used to evaluate the temperature dependence of soot yield of a 
certain fuel in several studies [17,19]. The temperature sensitivity is 
derived from the slope of the curve of the maximum η versus preheat 
temperature, which represents the rate of change in the soot growth per 
unit preheat-temperature. Fig. 11 (a) presents the temperature sensi
tivity k for the soot yield of two surrogates. For alkanes, the H/C ratio 
and unsaturation together affect the temperature sensitivity. For aro
matics, due to the presence of their own benzene rings, the reaction 
about forming the first aromatic one-ring is no longer the rate- 
determining step of PAH formation and thus not sensitive to the 
elevated temperature, and thus the formation reactions of larger PAHs 
like pyrene are also not temperature-sensitive [19]. Generally, the 
temperature sensitivities of different large-molecular alkanes don’t 
differ much but are all higher than that of aromatic hydrocarbons. 
Interestingly, S1 has much higher aromatic content than S2, but in 
Fig. 11 (a), its temperature sensitivity of soot yield is slightly higher than 
S2 instead. Fig. 11 (b) and (c) presents the experimental temperature 
sensitivity of PAH formation based on the fluorescence intensity of 
Visible-LIF and A3. The results contain two kinds of temperature 
sensitivity of PAH formation based on the SPAH,int, the total integrated 
PLIF intensity and the SPAH,max, the maximum row-integral PLIF in
tensity, respectively. As seen in the results, the temperature sensitivity 
for PAH formation of S2 is greater than that of S1 for both k(SPAH,int) and 
k(SPAH,max), indicating that the PAH formation rate increases more 
easily for S2 than S1 if the same heat is introduced into the flame. 
Compared with S2, S1 exhibits inertia in the PAH generation reactions at 
elevated temperature. 

Simulation results for the temperature sensitivity of PAH formation 
also validate the experimental PLIF results. Fig. 12 presents simulation 
results of the normalized peak mole fraction of some precursors versus 
preheat temperatures. The normalization is based on the simulated mole 
fraction at 475 K, and the slope represents the temperature sensitivity. 
As shown in the figure, the temperature sensitivities of A2, A3 and A4 of 
S2 are greater than those of S1, and the more the number of benzene 
rings on the PAH molecule, the larger the difference. This suggests that 
the process of soot inception in S2 flame is more susceptible to the 
change in gas preheat temperature. Compared with S1, the temperature 
sensitivity of soot yield of S2 is more closely related to the temperature 
sensitivity of the PAH precursors growth, while the temperature 

Fig. 9. Simulation results of (a) A1, (b) A2, (c) A3, (d) A4, (e) C2H2, (f) C3H3 in the S1 flames.  
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sensitivity of soot yield of S1 is probably more dependent on the sensi
tivity of subsequent processes, such as soot surface growth, PAH ab
sorption, and soot oxidation. For example, according to the Fig. 12 (e) 
and (f), the temperature sensitivities of C2H2 and OH of S1 is slightly 
greater than those of S2. C2H2 is an important participant in the soot 
surface growth mainly by HACA (Hydrogen-abstraction-C2H2-addition) 
mechanism [47], while OH is related to the oxidation of the soot par
ticles [48]. In general, the rate of HACA surface growth depends on the 
C2H2 concentration and temperature [49], while the rate of PAH ab
sorption depends on the PAH concentration. For the S1 sooting flames, 
the faster increase in C2H2 and the higher formation of PAHs may lead 
to a high temperature sensitivity in the subsequent processes of soot 
formation in S1 flame, in spite of the relatively low temperature sensi
tivity in PAH yield. Thus, the subsequent processes after soot inception 

may appear to be more important in terms of the soot temperature 
dependence of S1. 

To further explain the difference in temperature sensitivity of PAH 
formation mechanism between S1 and S2, Fig. 13 presents the simulated 
peak rates of production (ROP) for control reactions of A2, A3, A4 for
mation with different preheat temperatures. The peak rates of produc
tion are normalized according to their own values at 475 K. The control 
reaction is defined as the reaction whose ROP contribution ranks the 
first in a certain PAH. For S1, the primary control reaction of A2 is R936, 
and A3 and A4 are controlled mainly by R1031. 

C3H3+RXYLENE => A2+CH3+H (R936)

2RXYLENE => 0.5A4+ 0.5A3+ 2H2+CH3+H (R1031)

Fig. 10. Simulation results of (a) A1, (b) A2, (c) A3, (d) A4, (e) C2H2, (f) C3H3 in the S2 flames.  

Fig. 11. (a) Temperature sensitivity k of different fuels based on maximum carbon conversion factor η. (b) & (c) are temperature sensitivity k of PAH formation based 
on the fluorescence intensity of Visible-LIF and A3, respectively. SPAH,int means the total integrated intensity of a certain PAH. SPAH,max means the maximum row- 
integral intensity of a certain PAH. 
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For S2, R919 is the main control reaction for A2, R1136 for A3 and 
R924 for A4. 

HC2A1-+C2H2 => A2 (R919)

HC2A1-+A1 => A3+H (R1136)

A3-+C2H2 <=> A4+H (R924)

From the above reactions, it is clear that the o-xylene (29.8 % in S1, 
in mole fraction) dominates the PAH formation of S1 flames, proceeding 
to the next formation step of PAH precursors. Although the global re
action R1031 needs to be treated carefully, the reaction H+XYLENE =

> H2+RXYLENE is found very sensitive to the production of A3 and A4, 
indicating a significance effect of xylene radicals on the A3/A4 forma
tion. However, the PAH formation in S2 flames depends mainly on the 
gradual addition of benzene ring dominated by the alkanes (90 %) in S2. 
In particular, all the S2 control reactions have little correlation with 
toluene (10 %) in S2. Like HC2A1- in R919 and R1136, mostly are 
generated from small radicals in radical pool produced by alkane 
decomposition without passing through toluene. Its control reaction is 
R884 (C2H2 + A1- <= > H + A1C2H) where all the A1 are directly 
generated in radical pool (mainly the combination of C3H3). For al
kanes, the formation of the first benzene ring must be preceded by 
decomposition, and these decomposition reactions are more sensitive to 
the reaction temperature. Therefore, as shown in the Fig. 13, with 
elevated preheat temperature, all the peak ROP of S2 control reactions 
increases but the increase for peak ROP of S1 control reactions almost all 
stagnates. For the surrogate S2 with lower aromatic content, the PAH 
temperature sensitivity behaves more like an alkane, while the S1 be
haves more like an aromatic hydrocarbon. Thus, for the formulation of 
kerosene surrogate, the aromatic content not only determines the soot 
yield, but also the temperature sensitivity of soot precursor formation. 

6. Conclusions 

In order to investigate the effects of preheat temperature on the soot/ 
PAHs formation of RP-3 kerosene surrogates, PLII, PAH-PLIF and 
chemical kinetic simulation are conducted for several co-flow diffusion 
flames. The contribution of this article is providing a surrogate that can 
match the soot formation characteristics of RP-3 kerosene and investi
gate the mechanism for temperature sensitivity of different surrogates. 
The conclusions are drawn as follows:  

(1) Compared with RP-3 jet kerosene, the formulated surrogate S1 
(30.3 % n-hexadecane, 39.8 % iso-cetane, 29.8 % o-xylene, in 
mole fraction) presents a good similarity in formation charac
teristics of soot volume fraction and Visible-LIF, which can be 

Fig. 12. Simulation results of the normalized peak mole fraction of some key precursors during soot formation versus preheat temperatures. The slope of the curve 
represents the temperature sensitivity of precursors growth of the surrogates. 

Fig. 13. Normalized peak rates of production (ROP) for control reactions of A2, 
A3, A4 formation, with different preheat temperatures. 
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served as a surrogate with good reproducibility of soot formation 
characteristics.  

(2) The soot temperature of S2 at the wing side doesn’t drop as much 
as S1 at higher preheat temperature, and higher soot yield is 
found in S1due to its higher PAHs formation, which means S1 
presents a stronger soot formation propensity than S2.  

(3) Soot yield of all the studied flames gets higher with the elevated 
preheat temperature, but the temperature sensitivities for soot 
formation of S1 and S2 are shown with little difference, while the 
temperature sensitivities for PAH formation of S2 are higher than 
that of S1.  

(4) The temperature sensitivity for the soot yield of S2 is more closely 
related to the temperature sensitivity of the PAH precursors, 
while the processes after soot inception like soot surface growth 
appear to be more important in terms of temperature dependence 
of S1.  

(5) Control reactions related to aromatic hydrocarbon dominate the 
PAH formation of surrogate with higher aromatic content. For the 
S2 with low aromatic content, the PAH temperature sensitivity 
behaves more like that of an alkane, while the S1 behaves more 
like an aromatic hydrocarbon. This work can give guidance for 
kerosene surrogate formulation if the soot/PAH emission at 
practical industrial condition of preheat temperature is 
concerned. 
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