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Abstract

Combustion of propane-hydrogen mixtures represents a promising strategy for reducing
soot and polycyclic aromatic hydrocarbon (PAH) emissions while taking advantage of
existing fuel infrastructure. This study numerically investigates the effects of H, addition
(10-30 % by mole) on the flame structure and formation of key aromatic precursors in a
co-flow propane diffusion flame using ANSYS Fluent with a detailed chemical mechanism.
Fictitious inert specie (XH2) was used to isolate chemical effects. The numerical Results
indicated that the addition of H» reduces the peak flame temperature by up to 19K,
primarily due to its higher specific heat capacity and the upstream shift of the reaction zone.
While the chemical effect of H> promotes flame temperature due to increased free radical
concentrations. In addition, the addition of H2 accelerates oxidation kinetics and inhibits the
formation of benzene (A1) and its precursors, acetylene (C2Hz) and propargyl (CsHs). The
chemical inhibition of A1 becomes more pronounced with increasing H> addition ratios.
These results provide key insights into the chemical role of H in the propane flame, and
support the improvement of propane-hydrogen mixtures for cleaner combustion systems.
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Introduction

The global energy landscape is undergoing a significant transformation driven by the
urgent need to reduce harmful emissions and improve air quality [1]. The combustion of
conventional hydrocarbon fuels remains a primary source of energy. In the meanwhile, it is a
major contributor to carbon dioxide (CO:) and pollutant emissions, including soot and
polycyclic aromatic hydrocarbons (PAHs) [2, 3]. The negative impacts of PAHs emissions on
human health and the environments necessitate the development of advanced clean
combustion technologies[4-7]. By using clean carbon-free nature fuel and thus reducing
aromatic content is an effective approach to inhibit soot and PAHs formation in both internal
combustion engines and industrial boilers [8].

hydrogen (H:) has emerged as a pivotal energy carrier due to its high energy content per
mass and its carbon-free nature, resulting in zero CO: emissions from combustion [9].
However, challenges related to hydrogen storage, safety, and flame stability have motivated
the strategy of blending hydrogen with existing hydrocarbon fuels. This approach leverages
hydrogen's advantages, such as its high laminar flame speed and wide flammability limits, to
enhance combustion efficiency and reduce carbon-based emissions, serving as a practical
transition towards a sustainable hydrogen economy [10].

Propane (CsHs), a primary component of liquefied petroleum gas (LPG), is a widely used
fuel in domestic, industrial, and transportation sectors. Its established infrastructure and
relatively clean combustion profile make it an excellent candidate for hybridization with
hydrogen [11]. The addition of hydrogen to propane can fundamentally alter the flame
structure, temperature distribution, and chemical reaction pathways. Notably, the impact of H
on soot and PAH precursors is complex and highly dependent on the base fuel [12-18]. For
instance, studies on methane and ethylene flames have shown that H> addition can sometimes
promote soot formation by enhancing the concentrations of key precursors like acetylene
(C:H2) and benzene (A1) [19, 20]. In contrast, numerical studies on n-dodecane flames have
indicated that H> can suppress the formation of Al and pyrene (A4), leading to reduced soot
formation [21]. This fuel-specific behavior underscores the necessity of dedicated studies for
propane-hydrogen mixtures.

Despite that numerous studies have focused on small C;-C, hydrocarbon fuel flames, a
detailed investigation into the effect of H. addition on the formation of aromatic species in
propane diffusion flames remains less explored. Furthermore, the fuel inlet boundary state,
including composition and velocity, plays a critical role in determining the flame's structure
and the subsequent formation of pollutants [22]. Therefore, this work presents a numerical
study of a co-flow diffusion flame to systematically investigate the effects of hydrogen
blending on the flame structure and the formation of PAH precursors in propane flames. The
result is expected to build accurate kinetic understanding to aid in the optimization of
practical combustion systems utilizing propane-hydrogen blends.

Numerical Methodology

The numerical simulations in this work were performed using the ANSYS Fluent
software package [23]. A detailed chemical mechanism was employed to accurately capture
the pyrolysis and oxidation processes [24]. This machoism comprising 533 chemical reactions
and 99 species up to A4. 2D-axisymmetric, pressure-based solver was used under steady-state
conditions. The governing equations for mass, momentum, energy, and species transport were
solved based on based on coupled algorithm. Non-uniform meshes were adopted for
simulating co-flow burners which provides a good balance between accuracy and
computational cost for this configuration [25-27]. The computational domain was designed to
represent a standard co-flow diffusion flame burner as in previous work [25-27] , with a fuel
tube diameter of 1.08 cm and a co-flow air diameter of 6 cm. Non-uniform meshes were
adopted for simulating co-flow burners which provides a good balance between accuracy and
computational cost for this configuration [25-27]. In detail, non-uniform grid with
approximately 6000 cells was generated, with significant mesh refinement in the flame zone
to resolve high gradient regions accurately. Grid independence was confirmed by comparing
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the temperature and major species profiles with a finer grid of 9000 cells, showing negligible
differences (<1% in peak temperature). A mixture of propane and hydrogen (with H. mole
fractions of 10%, 20%, and 30%) was introduced at a temperature of 298 K. The inlet velocity
was assumed as a parabolic velocity profile for the fuel stream while a uniform profile of 6.2
cm/s was specified for the air Co-flow Inlet The simulation was considered converged when
the residuals for all variables fell below 107°.

Results and Discussion

The numerical results provide detailed insight into how H: addition alters the fundamental
characteristics of a propane co-flow diffusion flame, with significant implications for its
chemical effects on precursor and aromatic species formation.

3.1 Flame Structure and Temperature Distribution with H> addition

As depicted in Figures 1 and 2, the addition of 30% H: decrease the peak flame
temperature by about 19K compared to neat propane flame as clear in Fig.1. The lower of
flame temperature with H addition is consist of the recent study of Chen and Scribano [28].
This decrease in temperature resulting from the addition of H» can be attributed to its thermal
effect. In particular, hydrogen has a higher specific heat capacity than propane[29], which
requires more energy to heat the H> -propane mixture, meaning more combustion energy is
used to heat the fuel mixture itself, thus reducing the energy needed to raise the flame
temperature. Furthermore, the higher laminar burning velocity of hydrogen causes the
reaction zone to shift upstream towards the burner as clear in Fig.1 and 2. This shift of  the
reaction zone. This can enhance heat transfer from the flame and increase heat loss to the
surroundings[28]. Furthermore, the higher laminar burning velocity of H> causes the reaction
zone to shift upstream towards the burner nozzle, as shown in Figures 1 and 2, resulting in a
narrowing of the high-temperature zone and an increase in temperature gradients. This change
in the location and shape of the reaction zone also contributes to a decrease in flame
temperature, which enhances heat transfer from the flame and increases heat loss to the
surrounding environment [28].

Tmax = 2206K T = 2187K
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Fig. 1, Temperature distributions for pure propane flame (left) and propane with 30% H»
addition (right)

To isolate the chemical effect of H, from its thermal and dilution effects, we used the
approach proposed by Liu et al. [30] by introducing fictitious specie of XH,. Here assumed
that this fictitious species has the same physical properties (e.g., specific heat, diffusion
coefficients, gas-phase radiation coefficients, etc.) as real Ha, but is not allowed to participate
in any chemical reactions. In this way, the differences in results between H> addition and XH>
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can be attributed entirely to the chemical effects of Ho. As can be seen in Figure 3, the
addition of Hy results in a slight increase in the maximum flame temperature compared to the
case of adding XH». For instance, the maximum flame temperature increases by 5 k with the
addition of XH> compared to that of 30% H> addition. This increase of temperature attributed
to chemical effect of Hz. In particular, hydrogen addition increasing the concentration of
active radicals (H, O, and OH) within the flame zone. These radicals accelerate the oxidation
kinetics of intermediate hydrocarbon species derived from propane, leading to a more intense
and localized release of energy [10, 31].

2500

2000
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Temperature (K)

1000

500

Axial position (cm)

Fig. 2. Compared of temperature profiles along centerline for pure propane flame with
different ration of Ho/XH> addition

3.2 Formation of benzene with H; addition

The formation of PAHs and soot is critically governed by the chemical pathways leading to
the first aromatic ring, primarily benzene (A1) [26, 27, 32]. The results presented in Figures 3
demonstrates a clear suppression of the maximum mole fraction of A1 with 30% H- blending.
This suppression can be explained by the total effect of H.. Moreover, it is shown in Fig. 3
that the peaks of Al mass fraction profiles shift slightly towards the burner rim with the
addition of 30%H> as compared to neat propane, which are consistent with the change of
temperature and reactions zone shown in Fig. 1.

A = 0.0079 Ai1__ = 0.0071

1 max

Axial Position (cm)

Radial Position (cm)

Fig. 3, Al distributions for pure propane flame (left) and propane with 30% H> addition
(right)

The use of fictitious XH: species is crucial in analyzing the underlying mechanisms of the
chemical effect of H,. The comparison shows that while the addition of fictitious XH:
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(simulating only the thermal and dilution effects) leads to a decrease in Al, the inhibition is
more pronounced with the H> addition. Furthure more, Fig.4 shows that as the H2/XH> ratio
increases, the differences in results of A1 mole fraction between H> and xH> become more
pronounced, indicating that the chemical effect increases with the addition of Ho.
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0.0

Axial distance after fuel nozzle (cm)

Fig. 4. Compared of Al mole fraction along centerline for pure propane flame with different
ratio of Ho/XH> addition

2.3 Formation of Small Precursors with H; addition.

Acetylene (C:H:) and propargyl (CsHs) species are crucial for understanding the observed
trends in Al. While C:H: is a fundamental building block for PAH surface growth via the
Hydrogen-Abstraction-C2Hz-Addition (HACA) mechanism [27, 33, 34]. The profile of C:H-
is presented in Fig. 5 for comparisons among the neat propane, H> addition, and XH> addition
flames. As mentioned before, the differences between the latter two flames reveal the
chemical effect of H,. It can be seen that, although the flame temperature increases with the
chemical effect of H», the chemical effect of H, further decreases the production of C2H>,
which is consistent with the overall suppression of Al. This suggests that H. addition
enhances the oxidative breakdown of propane fragments, reducing the pool of C. species
available for aromatization and growth [35].
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Fig. 5. Compared of C2H2 mole fraction along centerline for neat propane flame with different
ration of Ho/XH> addition

The concentration of CsHs, a direct precursor to benzene also presented in Fig.6 as Cs;Hs
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radicals, a key precursor to Al via the CsHs + CsHs reaction [27, 34-36]. Similarly, CsHs is
also suppressed as seen in Fig.6. This can be addressed from the differences between the
results of XH> and H> flames. This inhabitation of CsHs indicates that the chemical effect of
hydrogen in propane flames is predominant, actively suppressing the key molecular pathways
leading to the inception of soot precursors, rather than merely acting as a diluent.
Furthermore, this finding aligns with the observations of Akram et al. [21] in n-dodecane
flames but contrasts with studies on methane flames [5], highlighting the fuel-specific nature
of Ha's chemical effect.

Figures 3 and 4 show a clear reduction in the maximum mole fraction of A1 with 30% H-:
blending. This suppression can be explained by the chemical interaction of H> within the fuel
stream. The increased H-atom concentration promotes the hydrogenation of small
hydrocarbon radicals, potentially steering the chemical pathways away from the
recombination reactions that form the first aromatic ring. For instance, propargyl (CsHs)
radicals, a key precursor to benzene via the CsHs + CsHs reaction, can be scavenged by H
atoms to form allene or propyne, thereby inhibiting the benzene formation route [13]. This
finding aligns with the observations of Akram et al. [7] in n-dodecane flames but contrasts
with studies on methane flames [19], highlighting the fuel-specific nature of the chemical role
of H .
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Fig. 6. Compared of CsHs mole fraction along centerline for pure propane flame with
different ration of Ho/XH> addition

Concluding Remarks

This numerical study elucidates the dual thermal/dilution and chemical effects of H> addition
on propane coflow diffusion flames. The results showed that the H> addition lowers the peak
flame temperature and narrows the high-temperature zone due to its thermal properties and
increased laminar burning velocity. More importantly, the chemical effect of H> enhance the
flame temperature due to enhances of radial species. In addition, the chemical effect of H»
suppresses the formation of Al and its critical precursors (i.e. C:H> and CsHs). This
suppression is attributed to H: -driven enhancement of radical pools, which promotes
oxidative breakdown of propane fragments and inhibits reactions routes toward aromatic ring
formation. The observed behavior contrasts with the results in previous studies of methane
flames, highlighting the chemical role of hydrogen addition with different fuels. The results of
current work provide a kinetic basis for designing cleaner combustion systems using these
mixtures.
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