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PAH and soot are harmful substances that can be produced in any type of combustion equipment including
aircraft engines. The co-combustion of hydrogen and jet fuel has been applied in aero-engine combustors and
large-scale hydrogen addition is a promising solution for reducing the consumption of fossil fuels in the aviation
industry. However, it remains unclear how Hj influences the soot and PAH formation characteristics of jet
kerosene. In this study, to investigate the impact of Hy on soot and PAH formation, planar laser-induced
incandescence (PLII), planar laser-induced fluorescence of PAH (PAH-PLIF) and chemical kinetic simulation
were conducted for the laminar diffusion flames of RP-3 jet kerosene and its surrogate S1 with different Hy
doping rates. It is found that the introduction of Hj leads to the increased soot formation. However, the pro-
motion effect of H on the PAH formation weakens as the number of PAH rings increases, and the formation of A4
is significantly inhibited. But the rapidly increase of benzene and alkynes in the Hy-doped kerosene flame may
ultimately lead to the promotion of soot formation. Furthermore, the changes in direct synthesis reactions and
PAH=>PAH- jointly affect the converse changes in Al and A4 formation. These findings will contribute to the
development of the soot model and soot/PAH-reduction strategy for the co-combustion of jet fuels and hydrogen.

1. Introduction

Hydrogen is considered a clean energy as its complete combustion
product is only water, and it also has a high flame speed. In the recent
decades, hydrogen has been used for co-combustion with aviation fuels
to reduce pollutant emissions such as CO and NOy, while also improving
re-ignition performance at high altitudes [1,2]. At the same time, the
large-scale co-combustion of hydrogen with aviation fuels is a forward-
looking strategy within the aviation industry, which lowers the reliance
on fossil fuels and reduces CO, emissions. This mitigates the global
temperature increase caused by the greenhouse effect [1]. Moreover,
considering the expeditious progression of the hydrogen storage in-
dustry, the application of large-scale liquid hydrogen in aircraft is also
achievable in the near future [3,4].

Polycyclic aromatic hydrocarbons (PAH) and soot are widely
recognized as harmful to combustion efficiency, the environment and
human health. They can be generated during the incomplete combustion
of hydrocarbons in any combustion equipment, including aircraft en-
gines [5-8]. However, the effect of hydrogen on soot formation is closely
related to the physicochemical properties of the fuel itself, and it does
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not always have an inhibiting effect [9]. For a specific gas additive, the
influence on the soot formation in diffusion flame can be generally
classified as physical or chemical. The physical effect is mainly
demonstrated by the increase of gas volume to lead to a decrease in soot
concentration, known as the dilute effect [9,10]. The chemical effect of
hydrogen is more complex since it shows different effects on the soot
formation depending on the fuel used. Additionally, PAHs are known as
the essential precursors in soot nucleation, with the formation process
also influenced by the chemical effect of hydrogen. However, the
available literature generally focuses on the effect of hydrogen on flame
stability and emission reduction [2,11,12], while the mechanisms of
soot and PAH generation have rarely been further analyzed. Given that it
is unclear how Hj affects the characteristics of soot and PAH formation
in jet kerosene, fundamental studies based on the hydrogen-doped
kerosene flame are of great significance.

Co-flow diffusion flames are commonly used to study the soot and
PAH formation characteristics of hydrocarbons, which is convenient for
chemical kinetic simulation. There are many valuable studies on the
chemical effect of hydrogen. Liu et al. [13] performed a numerical study
on several axisymmetric co-flow laminar hydrogen-doped methane
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diffusion flames, and found the H; promoted the soot formation
compared with helium. The doped hydrogen led to the rapid increase of
benzene (A1), pyrene (A4) and acetylene (C2H2) and thus enhanced the
soot generation in the CH4 sooting flame. Sun et al. [9] also reported a
similar increase in soot volume fraction in several laminar ethylene
diffusion flames blended with Hy using planar laser-based techniques.
Ha, compared to Ny, promoted the soot formation. Khanehzar et al. [14]
subsequently conducted a numerical simulation for these hydrogen-
doped ethylene diffusion flames, and found that the H, tended to in-
crease the rate of hydrogen abstraction C2H2 addition (HACA) surface
growth and PAH condensation under the chemical effects, and thus
enhanced the soot formation compared with N,. However, some studies
report converse conclusions. The results of line-of-sight average soot
volume fractions measured by Giilder et al. [15] suggested that Hp didn’t
show any influence on soot formation in the propane and butane
diffusion flames except for its physical effect. In addition, Akram et al.
[16] numerically investigated the combustion and emission character-
istics of n-dodecane with hydrogen addition. They found that the Hy
mitigated the production of alkynes and suppressed the formation of
benzene and pyrene, resulting in a reduction of soot production. Xu et al.
[17] performed experimental and numerical studies on hydrogen-doped
counter-flow ethylene flames, and found that H; has an inhibiting effect
on soot formation in ethylene, but the results of certain gas-phase PAH
reactions were slightly opposite. Since the chemical effect of hydrogen
on soot/PAH formation shows variability in different hydrocarbon
flames, the soot/PAH emission characteristics in the Hp-doped kerosene
flame are hard to be predicted without experiments.

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. It is unrealistic to directly simulate the soot/PAH emission
characteristics of aviation kerosene. Formulating a surrogate fuel
composed of several simple hydrocarbons in specific proportions, highly
similar to the aviation kerosene in some combustion characteristics,
makes numerical simulations feasible [18-21]. By matching the soot
formation characteristics of the surrogate and jet kerosene, further
chemical kinetic simulation of the kerosene surrogate can be proceeded
to explain the change of reaction pathways of some key radicals in a Hyp-
doped kerosene flame.

In this paper, PLII, PAH-PLIF were conducted in the co-flow diffusion
flames of RP-3 jet kerosene and its surrogate with different hydrogen
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doping rates to study the effects of hydrogen on soot/PAH formation of
jet fuels. A surrogate was formulated in this work based on the prop-
erties of RP-3 kerosene, and the chemical effects of hydrogen were
investigated in detail through chemical kinetic simulation, hoping to
advance the soot model for the co-combustion of jet fuels and hydrogen
and provide some strategies to control the soot and PAH emissions in
hydrogen-doped kerosene combustion.

2. Methodology
2.1. Burner and flames

The self-designed gas preheat burner is shown in Fig. 1 and the de-
vice components are illustrated in our previous publication [22,23]. The
burner can provide hot air co-flow at a high temperature to prevent
liquefaction of kerosene or its surrogate inside the jet tube, and this high
temperature remains sustained and even throughout the flame. The co-
flow temperature is controlled by two electrical heaters and maintained
at 600 K. The co-flow air flowrate is kept at 50 L/min. As for the fuel
supply, a precise injection pump is used to control the flowrate of liquid
fuel, with an accuracy of 0.157 g/h. The liquid fuel flowrate is kept at
4.56 g/h for both RP-3 and the surrogate (S1), and the carbon atom
input flow (m,) of all diffusion flames is kept consistent at 1.084 mg/s. A
heater is set at 300 °C to evaporate the liquid fuel, and nitrogen was used
as the carrier gas to carry the liquid fuel into the inlet of pre-evaporator,
and its flow rate is set as fixed 100 mL/min. The other part of the carrier
gas is helium, and its flow rate is adjusted as needed with the intro-
duction of hydrogen. The Hy doping ratio is realized by changing the

Vi, 100%. The

Vi, +Vearrier
volumetric flow rate of total gas is kept at 200 mL/min for all studied
flames so that the effects of hydrogen on soot/PAH formation are
essentially chemical effects. The experiment conditions are shown in
Table 1. The Hy doping ratios calculated based on the fuel heat value are
also included, denoted by oy.

volumetric flow rate of hydrogen, defined as a =

2.2. Optical diagnostics
2.2.1. Planar laser-induced incandescence (PLII)

Fig. 1 shows the setup of the soot-PLII system described in our pre-
vious publication [23]. One minor difference is that, a 532 nm laser from
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Fig. 1. PLII/PLIF measurement system and gas preheat burner setup for jet fuel.
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Table 1
Experimental conditions of jet fuel blended with hydrogen (1 atm, 600 K).
Cases H, Carrier RP- o oy Co- Preheat
(mL/ gas (mL/ 3/81 (%) (%) flow temperature
min) min) (g/h) L/ X)
min)
H,-0 0 200 4.56 0 0 50 600
H,- 30 170 4.56 15 9.13 50 600
15
%
H,- 80 120 4.56 40 21.1 50 600
40

%

a 10 Hz Nd:YAG laser (Powerlite DLS 8010, Continuum) is used as the
excitation laser. The laser energy density was kept at 0.14 J/cm? to
ensure that the LII signal excited was in the saturation regime, and to
avoid high-temperature soot sublimation resulting in incandescent in-
tensity decay. Then a concave lens (f = —30 mm) and a convex lens (f =
+500 mm) were used to form a laser sheet with a height of 5 cm and a
waist thickness of 200 pm. 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, to prevent soot LII signals
from the interference of PAH laser-induced fluorescence due to the
excitation laser at visible wavelength [24]. The 400 nm band filter also
helped to reduce the fluorescence interference from other flame species
when performing PLII measurement [25]. A beam extinction measure-
ment was performed to acquire a calibration coefficient for converting
LII intensity to fy, and the setup details are the same as our previous
work [22].

2.2.2. Planar laser-induced fluorescence of PAHs (PAHs-PLIF)

PAHs-PLIF was conducted for the qualitative measurement of PAH
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 the 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 the ICCD camera with a gate width of 50 ns. Although the 283 nm
laser failed to excite the fluorescence of one-ring aromatic hydrocar-
bons, other kinds of PAHs were unaffected [26]. According to the pre-
vious researches [27,28], 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 (naphthalene), a 373-400
nm bandpass filter (Edmund, central wavelength = 386 nm, FWHM =
27 nm) was used to collect the LIF of A3 (phenanthrene), and a 513-538
nm bandpass filter (Edmund, central wavelength = 525 nm, FWHM =
25 nm) was used to collect the LIF of Dimer-A (Dimer-Pyrene or Dimer-
Benzo[a]pyrene, the reflection for the efficiency of soot nucleation). 200
collected images were required for each working condition, and the raw
PLIF images were corrected according to background noise and the
spatial energy distribution of the laser sheet.

2.2.3. Two-color thermometry measurement

Two-color thermometry measurement was used for the measurement
of soot temperature and the detail is described in our previous paper
[23]. 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 dis-
tribution reconstruction of the soot luminosity image mainly relied on
the Abel transform [29]. Then the reconstructed luminosity signals were
applied to determine the soot temperatures. During calibration, a B-type
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thermocouple (Pt/30 % Rh-Pt/10 % Rh) was positioned above a Bunsen
flame of methane at the burner center. And the temperature and lumi-
nosity signals of thermocouple junction was recorded to determine the
calibration coefficient.

2.3. Chemical kinetic modeling

Chemical kinetic simulations were performed based on the Diffusion
Opposed-flow Flame Model in CHEMKIN-PRO software [30]. This 1-D
model has been commonly used in several publications to simulate the
detailed chemical kinetic reactions of diffusion flame [31-34]. For the
above reason, Diffusion Opposed-flow Flame Model was adopted in this
work to analyze the PAHs formation characteristics of kerosene surro-
gate fuels. The mechanism developed by Ranzi group [35] was applied
for the simulation of gas phase reaction. This mechanism contains 249
species and 8153 reactions, which are up to C20 species. The mechanism
is verified in a methane soot flame of [36] and the relevant data is
included in the Supplemental Information. In the CHEMKIN-PRO
simulation setup, the fuel mass flowrate, temperature, and fuel com-
positions were consistent with the experimental setup of S1, 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 between
the outlets of fuel and oxidizer is set to 3.6 cm.

3. Surrogate formulation and evaluation
3.1. Surrogate fuel formulation

RP-3 jet kerosene mainly consists of alkanes and aromatics (tipically
~ 30 %). The results of gas chromatography - mass spectrometry
(GC-MS) for the RP-3 jet kerosene used in this study are shown in
Supplemental Information. The carbon number distribution ranges from
C7 to C27, with the alkane distribution varying from C8 to C20.
Although the molecular weight is up to 194.85, other physicochemical
properties like lower heat value or cetane number meet the national
standards of RP-3 aviation kerosene [37]. The formula for RP-3 kerosene
is calculated to be C;39Hoag os.

In this paper, n-hexadecane, iso-cetane, and o-xylene are chosen as
the surrogate components based on the physicochemical properties and
hydrogencarbon groups composition of several individual fuels. 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 used as the selection index for the
formulation of surrogate fuel. The soot index is a critical parameter used
to assess the sooting tendency of a fuel. Many studies [19-21,33] have
demonstrated that using the soot index as one of the selection index for
surrogate formulations can successfully replicate the soot-forming
characteristics of the jet fuel. So the threshold sooting index is used in
the selection index in this work. The calculation equations [21] of these
six selection indexes and the objective function of the optimization
problem are as follows.

Calculation equations of different selection indexes:

MW, =Y xiMW, m
LHV,; = > wiLHV; 2
XN,
H/Cmix = Z!x il (3)
2_%iNe,
TSl = Y XTSI, Q)
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CNyie = Y _ViCN; (5)

P(T),i = Z"i/’(T)i Q)

Objective function:

¢ Prp_ 7Pm'x :
S o)
Jj=1

Prp_3

In equations (1) - (7), x; is the molar fraction of component i, w; is the
mass fraction of component i, v; is the volume fraction of component i,
Ny, is the number of hydrogen atoms of component i, N, is the number
of carbon atoms of component i, Pgp_3 is the selection index of RP-3, P,
is the corresponding selection index of components, C; 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.

3.2. Experimental evaluation

Actual images, soot luminosity images and 2D images of soot volume
fraction are shown in Fig. 2, Fig. 3, and Fig. 4, respectively, for all RP-3
and S1 laminar co-flow diffusion flames at different hydrogen doping
rates. As shown in Fig. 2, the S1 flame heights are consistent with the RP-
3 kerosene flame heights. With increasing hydrogen content in the
carrier gas, the flame appearances exhibit similar changes. Unexpect-
edly, when the blended hydrogen is increased to 40 %, smoke occurs in
both RP-3 and S1 diffusion flames, indicating a significant amount of
soot generation at this time. The flame brightness in the soot luminosity
images (Fig. 3) also shows good similarity, suggesting the relatively
minor variations in the thermal radiation of the flames. A disadvantage
of luminosity imaging arises from the disappearance of soot luminosity
in the upper regions of the Hy-40 % flames due to their lower temper-
ature. The 2D distributions of soot volume fraction (f;) (Fig. 4) show
that S1 also exhibits a good reproducibility in terms of the f, distribution
characteristics of the RP-3 kerosene. The higher soot concentrations are
always found at the two sides of the flames (flame wings) [9], corre-
sponding to the soot luminosity in this flame front where the soot
thermal brightness is always strongest, while the soot distribution is
relatively uniform within the flames. Importantly, the variations in f,
with increasing blended hydrogen are highly similar in both RP-3 and S1
flames, suggesting the significance of the chemical kinetic mechanism of
S1 for further investigation of the PAH/soot formation characteristics of
jet kerosene.

Table 2
Selection indexes value of the RP-3, surrogate components, and surrogate fuels.
Selection indexes RP-3 n- iso- o- S1
value hexadecane cetane xylene
MW (g/mol) 194.85 226.44 226.44 106.17 190.55
LHV (MJ/kg) 42.34 43.95 43.85 40.8 43.38
H/C 2.02 2.13 2.13 1.25 1.97
TSI 25.87 8.58 22 47 25.38
CN 45 100 15 8.3 44.81
viscosity (mmz/s, 2.38 4.27 4.69 0.92 2.8
20 °C)
density (g/cm?, 0.79 0.79 0.78 0.86 0.8
20 °C)
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Fig. 2. Laminar co-flow diffusion flames of RP-3 jet kerosene and its surrogate
at different hydrogen doping rates.
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Fig. 3. Soot luminosity images recorded at the wavelength of 647 nm.
4. Results and discussion
4.1. Soot volume fraction (f,) and soot temperature

Fig. 5 shows the soot volume fraction (f,) along the burner centerline
with different hydrogen doping rates. The f, in the axial direction of all
studied flames initially increases and then decreases with increasing
height above the burner (HAB). With increasing hydrogen content in the
fuel, the soot concentration gradually increases along the centerline.
Besides, the slightly lower initial axial position where soot starts to
generate suggests the earlier start time for soot inception at higher
hydrogen content. The greater residence height also means longer
residence time interval for soot maturation. Correspondingly, the higher
flame height may suggest the promoting effects of hydrogen on the
expansion of the regions for soot growth.

Fig. 6 presents the radial profiles of soot volume fraction (f,) with
different hydrogen doping rates at different flame heights. As seen in the
radial profiles, the maximum f, always presents at the flame wing sides.
At HAB = 12 mm, the radial LII signal is strong enough, suggesting that
there is already soot formation near the burner exit. As HAB increases,
the f, peak becomes flat, meaning the gradual decay of the wing side.
With increasing Hy, at any height, the radial f, peaks increase sharply,
revealing that the promoting effects of hydrogen on soot concentration
are relatively significant. For a given additive, its effects on soot for-
mation can be categorized into dilution, thermal and chemical effects
[38,39]. For the inert gases like nitrogen and argon, only physical effects
are present in the flame, mainly dilution and thermal effects, since the
inert gases don’t participate in any chemical reactions during soot
inception [40]. But for the active additives, these three effects exist
simultaneously in the process of soot/PAH generation. In this work, the
volumetric flow rate of total gas remains constant to maintain the same
physical effects in all studied flames. Consequently, in this current work,
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Fig. 4. Two dimensional distributions of soot volume fraction with increasing hydrogen.
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Fig. 5. Soot volume fraction (f,) along the burner centerline with different hydrogen doping rates.

the promotion effects of hydrogen on soot formation are mainly chem-
ical effects, which helps for subsequent chemical kinetic analysis in the
following sections.

Fig. 7 illustrates the radial temperature distribution of soot within
the S1 flames at different HAB. The entire soot temperature distribution
can be divided into two distinct regions: one being the internally uni-
form temperature region, and the other being the wing region near the
flame front with significantly higher temperatures. With an increase in
the hydrogen doping level, a clear trend emerges: the temperature
within the flame core decreases, while the temperature near the flame
front correspondingly increases. The sudden temperature increase near
the flame wing is attributed to the intense exothermic reaction between
jet-fuel/hydrogen and air. Importantly, due to substantial differences in
the molar concentrations of jet fuel and hydrogen in this study, the
impact of increased hydrogen doping on the soot temperature near the
flame wing becomes pronounced. Meanwhile, the decrease in temper-
ature in the internal region may be associated with a slight enhancement
in soot thermal radiation. As the hydrogen content increases, the con-
centration of soot in the internal region also rises, resulting in an in-
crease in radiative losses of the internal flame region. However, unlike
the flame wing, there is not enough air supply to support exothermic
reactions within the internal region, causing a slight decrease in internal
flame temperature. The decrease in internal temperature may suggest
reduced oxidative consumption of soot in the internal region. As shown
in the added OH-PLIF data in Supplemental Information, the decrease of
OH-LIF signals in the internal region with increasing hydrogen doping
corresponds to the trend of the internal temperature. In contrast, OH-LIF
in the wing region rapidly increases with increasing hydrogen doping,
corresponding to an increase in flame front temperature. Furthermore,
the rapid increase in soot concentration in the wing region may be
related to an extended residence time in the high-temperature region.

The figure of average soot temperatures at different heights is included
in the submitted Supplemental Information. With increasing hydrogen
doping, the length of the high-temperature (>1400 K) region increases,
indicating a slightly extended residence time in the high-temperature
region, promoting the growth of soot and PAHs.

4.2. Overadll soot formation

The carbon conversion factor 1 was used to evaluate the propensity
of fuel to soot, which represents the percentage of carbon converted to
soot [41]. The calculation equations of 5 are as follows:

1= ®
mg = vp, /Zﬂﬁ,(r, h)rdr 9
vy = (vfuef + 2ah)% (10)

where m, is the total mass flow rate of carbon, kept at 1.084 mg/s for all
flames mentioned in Section 2.1. my is the mass flow rate of carbon
converted to soot, calculated by the axial velocity vy, the soot particle
density p, (set as 1900 kg/m® [42]), and the row integral of soot volume
fraction at a certain height. Soot residence time t is determined by the
axial velocity, the initial fuel velocity vy, and the buoyancy accelera-
tion a (constant at ~ 25 m/s? [43D).

Fig. 8 presents the profiles of carbon conversion factor 5 versus
residence time with different hydrogen doping rates. It is obvious that as
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Fig. 7. Radial profiles of soot temperature with different hydrogen
doping rates.

H; increases in the flames, the carbon conversion factor 7 increases,
suggesting a large percentage of carbon converted to soot. Besides, the
residence time interval for 5 from 0.001 increases to its peak value also
increases, providing enough time for soot inception and maturation.
This means that the hydrogen significantly enhances the propensity of
jet fuels to soot, and this enhancement is closely related to the chemical
effects of hydrogen.

In order to clearly explain the effect of Hy on the soot formation, the
soot volume content fy|yoLin: (total soot loading) in all studied flames is
calculated based on the 2D f, distribution measured by LII, and the
calculation equations is as follows [22]:

fv‘\,,,[,,»,,,:/ dh/ 2xf,(r, h)rdr (12)
0 0

As shown in Fig. 9, it can be clearly observed that the total soot loading
presents a linear increase with the increase of hydrogen doped in both
RP-3 and S1 flames. At o = 40 %, the total soot loading in the RP-3 flame
increases by 2.19 times that of the pure jet fuel flame, while the S1 flame
increases by a factor of 2.25. As for maximum soot concentration, f,, max
in the RP3 flame increases by a factor of 1.44 while the S1 flame in-
creases by a factor of 1.56. It is obvious that hydrogen always contrib-
utes to the increase of soot generation, both at the flame front and in the
overall flame. The similar conclusions can be found in the LII mea-
surement results of Sun et.al. [9] and the simulation work of Liu et.al.
[13], despite studying simple ethylene flames and methane flames,
respectively. It is important to note that hydrogen has varying chemical
effects on soot formation due to the differences in soot precursor for-
mation among various types of fuels. Therefore, the precise chemical
function of hydrogen in the precursor formation of jet fuel is crucial.
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Fig. 8.
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Fig. 10. Fluorescence intensity of A2 and A3 at different axial and radial positions.
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4.3. Polycyclic aromatic hydrocarbon (PAH)

Fig. 10 presents the fluorescence intensity of A2 and A3 along
different axial and radial positions of S1 flames. As shown in Fig. 10, it is
found that the axial LIF signals of both A2 and A3 gradually disappear
beyond 15 mm due to soot formation. Importantly, with increasing
hydrogen doping rates, the initial axial position of both A2 and A3
formation shifts upstream closer to the burner exit. This means that the
blending of hydrogen promotes earlier fuel decomposition and faster
PAH generation, resulting in enhanced PAH adsorption for earlier soot
formation. This tendency is consistent with the change of the carbon
conversion factor. Additionally, the influence of hydrogen on the peak of
fluorescence intensity is relatively obvious in the axial and radial pro-
files of A2, whereas the peak of the A3 fluorescence signals no longer
rises at & = 40 %. In Fig. 10 (f), at HAB = 9 mm, the A3 peak for the
radial profile of the Hy-40 % flame even decreases. This suggests that the
formation of larger PAH like phenanthrene can’t be promoted by the
excess hydrogen, and it stagnates instead.

However, the blending of hydrogen always promotes the formation
of dimer-PAH, as presented in Fig. 11. Due to the complex spatial and
chemical structure, the fluorescence of dimer-PAH primarily spreads
across the visible wavelength band, mitigating the interference of other
fluorescence. In Fig. 11, the promotion effect of hydrogen is very similar
in both kerosene and S1 flames. Besides, when comparing to A2 and A3
referred to Fig. 10, dimer-PAH forms at a higher initial axial position,
which is consistent with the fact that the dimer-PAH is produced after
the small PAH. Although the pathways of gas-phase hydrocarbon pre-
cursors to high-temperature carbonaceous-particle are disputed, the
most popular point is that the collision of two gaseous PAH results in the
initial soot nucleation through the effects of radicals with extended
conjugation [44], and the dimer carbonization by PAH-PAH bond [45] is
a critical process. Therefore, the change of dimer-PAH can reflect the
efficiency of soot inception. But it is interesting to note that although the
excess hydrogen stagnates the increase of larger individual PAHs (A3),
the increase of dimer-PAH is not affected, and the soot inception is al-
ways promoted. It seems that the soot nucleation in jet fuel flames is not
dependent only on the combination of large PAHs like phenanthrene,
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and conversely, different kinds of PAHs in jet fuel flames may participate
in the process of soot inception. This needs more discussion of various
PAHs which will be presented in section 4.4.

A more visual comparison can be seen in the Fig. 12, which shows the
maximum intensity of PAHs-LIF and the peaks of radial-integrated in-
tensity along the flame height. Values are normalized based on the value
at o = 0. As shown in Fig. 12, the peak signals of A2 and dimer-PAH can
be kept increasing linearly with the increase of hydrogen doping rate.
But different from A2, the stagnation in A3 concentration can be clearly
seen at o = 40 %, both the maximum intensity and the maximum radial-
integrated intensity. Although the maximum intensity of A3 fluores-
cence increases rapidly when 15 % H; is blended, it stops increasing
after the addition of 40 % Ho, unlike the linear increase in A2 or Dimer-
PAH.

4.4. Simulation analysis

The S1 flames with different hydrogen doping rates are simulated by
CHEMKIN-PRO for analyzing the chemical effect of hydrogen on PAH
formation. Fig. 13 shows the simulation results of Al (benzene), A2
(naphthalene), A3 (phenanthrene) and A4 (pyrene). It is clear that the
doped hydrogen results in the upstream shift of A1-A4 generation region
closer to the fuel jet exit. This is interestingly similar to the findings of
LIF experiments shown in Fig. 10, indicating the promotion effects of Hy
on the earlier soot/PAH formation. Importantly, hydrogen shows
different effects on the formation of different PAH. For Al and A2, the
blending of hydrogen leads to the enhancement in the peak mole frac-
tion of A1 and A2, while for A3, 15 % Hj increases the A3 mole fraction
but 40 % Hj slightly lowers the A3 mole fraction, indicating a stagnation
in A3 formation. This is interestingly similar to the tendency in the
fluorescence intensity of A2 and A3. A more interesting example is the
change in the mole fraction of A4. Hydrogen suppresses the formation of
A4, leading to the significant decrease of A4 mole fraction. This suggests
that the enhancing effect of hydrogen on PAH generation is weaker with
the increasing ring numbers in PAH molecule, and the inhibiting effect
on A4 formation is relatively obvious.

However, considering the enhancing effect of hydrogen on the
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Fig. 11. Fluorescence intensity of Dimer-PAH at different axial and radial positions.
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Fig. 13. Simulated mole fraction profiles of PAHs with different hydrogen doping rates.

formation of Dimer-PAH in Fig. 11, it can be found that the soot
inception is not diminished although the PAH such as pyrene decreases.
In soot flames, all gas-phase PAHs have the potential to participate in the
process of soot inception. In other words, soot inception from all PAHs
rather than individual PAHs is more reasonable [45]. But as conclusions
in the study of Kholghy et.al. [45], small PAH such as Al, plays a very
important role in the formation of dimers, and contributes substantially
to the concentrations of soot nucleation, which is validated experi-
mentally and numerically. In Fig. 13, the hydrogen significantly en-
hances the mole fraction of Al, and as a result, the promotion effect of
rapidly increased A1 on soot inception offsets the negative effect of rapid
decrease in other PAHs, probably resulting in a slight increase in the
concentrations of soot nucleation. Additionally, the recent studies of

Frenklach et.al. [46-48] revealed a new mechanism of soot nucleation,
which indicated the reactions between the two PAH moieties enhanced
through a doubly-bonded bridge, important than direct A4 dimerization.
The E-bridge theory developed by Frenklach group provided a rich
theoretical explanation for dimer formation, highly enlightening for the
current research. The such process is based on HACA, probably affected
by the dissociated H and the formation of monomer PAH with a five-
member ring during the bridging step. In the Hy-doped kerosene
flames, the large number of dissociated H and increased ethylene may
facilitate the formation of bridged PAH clusters [46] through H
Abstraction and the formation of acepyrenyl, which may contribute to
the soot nucleation. The change in H and ethylene with increasing doped
hydrogen can be seen in the Supplemental Information. However, due to



S. Xin et al.

the lack of enough computational resources and detail PAH mechanism
for larger PAH formation in Hp-doped kerosene, more detailed evidence
of the nucleation process awaits further modelling studies in the future.

But the nucleation may not be the only contributing factor to the
rapid increase of soot. According to the detailed numerical study of
Khanehzar et.al. [14], surface growth and PAH condensation are
responsible for the change in soot volume fraction when hydrogen is
introduced. They found that the surface growth rate significantly in-
creases under the chemical effects of hydrogen. Fig. 14 presents the
simulated mole fraction of C2H2 and total alkynes. It can be seen that
hydrogen substantially contributes to the formation of abundant al-
kynes. These abundant C2H2 would significantly promote the process of
soot surface growth through the mechanism of hydrogen abstraction
C2H2 addition (HACA) [13], and in a way, promote the rapid increase of
soot.

To further explain the difference in chemical effects of Hz on
different PAHs, Fig. 15 and Fig. 16 respectively show the reaction
sensitivity coefficients and main reaction pathways responsible for Al-
A4 formation at ~ 1400 K. At this temperature, the mole fractions of
A1-A4 reach their maximum and the PAHs gradually proceed to soot
nucleation. In Fig. 15, the positive sensitivity coefficient represents the
positive effect of a reaction on the formation of a certain PAH, and the
negative sensitivity coefficient represents the inhibiting effect. As seen
in Fig. 15, the reactions most sensitive to promote and suppress the Al
formation are:

Al — +H2 =>Al1+H 1747)

H+Al => H2+Al — 2615)

This means the reversible reaction A1 <=>A1- is critical for the
stability of Al. In addition, as seen in the pathways of Al in Fig. 16, the
main reactions for the synthesis of Al are:

2C3H3(+ M) <=> Al(+M) 408)

H+AICH3 <=> Al + CH3 584)

These reactions suggest two primary pathways for the synthesis of
PAH. The C3H3 mainly comes from the radical pool formed through the
decomposition of alkanes in surrogate S1. These small radicals synthe-
sized the first benzene ring. The other pathway is motivated by A1CH3,
which mainly comes from the decomposition of o-xylene (29.8 %, in
mole fraction) in S1:

H + XYLENE <=> A1CH3 + CH3 874)

But with increasing hydrogen doping rates, R408 is replaced by R874
in the reactions most sensitive to synthesize Al, and correspondingly,
R584 gradually becomes an essential reaction for the Al formation, as
seen in the change in positive sensitivity coefficients of Al. This means
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with more doped hydrogen, the o-xylene decomposition has an
increasing contribution to the synthesis of Al.

As for A2-A4, the reversible reactions A2<=>A2-, A3<=>A3-,
A4 <=>A4- are still critical. For example, in Fig. 15 (b), for the H2-40 %
flame, reactions most sensitive to promote and suppress the A2 forma-
tion are:

H+A1C2H => H2+ HC2A1 — 4581)

H+A2=>H2+A2— 4618)

The HC2A1- generated through R4581 promotes the A2- formation
by R919: HC2A1-+C2H2=>A2-, and thus indirectly promotes the
reverse of A2<=>A2-. Hence it can be seen that the A2<=>A2- is
significant for A2 formation. Similarly, as seen in the pathways of A3
and A4 in Fig. 16, the conversion between A3/A4 and A3-/A4- is also
important for A3/A4 formation and the main synthesis reactions of A2-
A4 are closely related to the o-xylene. And for the A3 and A4 formation,
the rapid increase can be found in the sensitivity coefficients of reactions
related to the RXYLENE generation such as H + XYLENE=>H2 +
RXYLENE and XYLENE <=>RXYLENE + H. This means the concentra-
tion of RXYLENE becomes increasingly important for the synthesis of A3
and A4 with increasing hydrogen doping rates.

From the above analysis, it can be concluded that the PAH formation
in S1 flame is jointly governed by the reactions of PAH <=>PAH- and
the synthesis reactions stimulated by o-xylene. Therefore, Fig. 17 (a)
presents the changes in the mole fraction of A1CH3 and RXYLENE and
Fig. 17 (b) shows the rate of increase in K, the ratio of the ROP for PAH-
+H2=>PAH + H to the ROP for PAH + H=>PAH-+H2, i.e.

_ ROP(PAH — +H2 => PAH + H)
" ROP(PAH + H => PAH — +H2)

13

This value represents the ratio of the rate of production and consump-
tion of a certain PAH with the participation of Hp and H. It can be used as
an evaluation of the stability of a given PAH as the doped hydrogen
increases. K value is normalized based on the values at a = 0.

As shown in Fig. 17 (a), with increasing Hy doping rates, the mole
fraction of A1CH3 increases, while the mole fraction of RXYLENE de-
creases. This is due to the large amount of H which drives R874: H +
XYLENE<=>A1CH3 + CH3 in a forward direction but drives R774:
XYLENE <=>RXYLENE + H in a reverse direction. This indicates that
the hydrogen promotes the decomposition of o-xylene in the formation
of one-ring benzene but inhibits the direct synthesis of A2-A4 stimulated
by o-xylene. Moreover, as presented in Fig. 17 (b), there are large dif-
ferences in the stability of different PAHs with the introduction of Hp.
The K values of Al and A2 increase obviously as the doped hydrogen
increases, which means the inhibiting effect of hydrogen on the
decomposition of A1 and A2. But interestingly, the increase in K value of
A3 shows a stagnation in the Hy-40 % flame, which corresponds to the
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Fig. 14. Simulated mole fraction profiles of (a) C2H2 and (b) total alkynes.
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Fig. 15. Sensitivity analysis of A1-A4 formation at ~ 1400 K.

change in A3 mole fraction discussed before. However, for the change in
K value of A4, there is a gradual reduction with increasing Hy doping
rates. This suggests the inhibiting effect of hydrogen on the decompo-
sition of PAH becomes increasingly weaker with the increasing ring
numbers in PAH molecule. Thus for A4, as the doped hydrogen in-
creases, the decrease of ROP for the direct synthesis of A4 and the un-
sustainable stability of A4, jointly result in the reduction of A4 mole

(3). Different PAHs have different sensitivities to the Hy blending.
With A2 and dimer-PAH LIF increasing linearly with Hy doping
rates, A3 LIF intensity growth shows stagnation clearly in H»-40
% flame. According to the analysis of 1-D simulation, the pro-
motion effect of hydrogen on the generation of PAHs weakens
with the increasing ring numbers in PAH molecule, and the
inhibiting effect on the formation of A4 is obvious.

fraction. Conversely, the rapid increase of A1 mole fraction is closely (4). The rapidly increase in A1 and C2H2 may ultimately promote the

related to the increase in the decomposition of o-xylene and the increase of soot in the flames. But the competition between

increasingly stronger stability of A1 with the doped Ha. different pathways need more detailed soot nucleation modeling
in the future to provide more evidence.

5. Conclusions (5). The formation of PAH is jointly governed by the reactions of

PAH<=>PAH- and the synthesis reactions stimulated by o-
xylene (29.8 % in S1). The hydrogen promotes the decomposition
of o-xylene during the Al formation, but it inhibits the direct
synthesis of A2-A4. Moreover, the inhibiting effect of hydrogen
on PAH=>PAH- weakens increasingly with the increasing ring
numbers in the PAH molecule. These finally result in the converse
change of Al and A4 formation.

In this study, the soot and PAH formation in laminar diffusion flames
of RP-3 jet kerosene and its surrogate S1 with different Hy doping rates
were investigated experimentally and numerically at 600 K and atmo-
spheric pressure. The study aims to contribute to the development of the
soot model for the co-combustion of jet fuels and hydrogen. The main
outcomes of the effects of Hy on the formation of soot and PAH in jet fuel
are summarized as follows.

CRediT authorship contribution statement

(1). The blending of H; in the diffusion flame of jet fuel leads to a
higher flame height and an enhancement of both maximum f,
and total soot loading, indicating the promotion effect of
hydrogen on soot formation. As Hj increases, more carbon is
converted into soot. Besides, the maximum residence time in-
terval of the flames also increases, providing enough time for soot
inception and maturation.

(2). As the Hy doping rate increases, the PAH formation zones shift
upstream closer to the burner exit, correlating with the change in
the carbon conversion factor. Similarly, the simulated PAH for-
mation zones also present such change.
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Fig. 16. Main reaction pathways of A1-A4 formation at ~ 1400 K. The number on the arrow represents the rate of production (ROP) in 10E-7 mol/cm3-sec (Hy-0,

regular font; H,-15 %, black bold font; H,-40 %, blue bold font).
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