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Abstract

A reduced kinetic modelling framework for H2—-air combustion is developed in view of
computationally heavy applications, as CFD studies. Four detailed H> oxidation mechanisms
are systematically validated against laminar burning velocity (Si) and ignition delay time
(IDT) targets, and the Li (2007) mechanism is retained as the reduction baseline for its best
agreement with elevated-pressure IDT data and a small number of reactions. Mechanism
validation covers @ € [0.3—3.0] at 1 atm, 298 K for Sy and stoichiometric Hz/air at 10—70 bar
for IDT, while optimization is performed on ® € [0.5-1.5] at 1 bar and T € [1000, 1500] K.
A two-stage workflow is then applied: an IDT-based sensitivity pruning yields a 10-reaction
skeletal mechanism, after which NSGA-III multi-objective optimisation in pyMechOpt
calibrates the rate coefficients within £10% to recover flame-speed accuracy, reducing the
St MAPE. Among the four optimised candidates, Opt Model 3 offers the best IDT-SL
compromise across the investigated range for equivalence ratios close to stoichiometric.

1. Introduction

H, combustion is a key pathway for low-carbon propulsion and energy-conversion systems,
but its predictive modelling remains challenging because H, flames are highly sensitive to
kinetic, transport, and thermodynamic properties. Including detailed plasma-combustion
chemistry in multidimensional CFD is computationally expensive because of complicated
plasma chemistry and timescale separation stiffness. At the same time, overly reduced
mechanisms may lose accuracy in key combustion observables such as S, IDT, and radical
formation. This work develops a new CFD-oriented reduced kinetic framework for H»
combustion.

2. Methodology

Four detailed H2 oxidation mechanisms were considered: Li et al. (2007) [1], Li et al. (2015)
[2], the San Diego mechanism (2016) [3], and Konnov et al. (2019) [4]. Each mechanism
was assessed against Sp (Alekseev et al. [S], p =1 atm, T = 298 K, diluted H2/N>—O/He
mixture; composition in Figure 1 caption) and IDT (Das et al. [6], stoichiometric Ho/air at
10, 30, 70 bar). IDT was computed in Cantera with a 0D adiabatic constant-volume reactor,
defined as the time to maximum d[OH]/dt. Predictive accuracy is quantified by the MAPE
(eq. 1):
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As depicted in Figure 1, Li et al. (2007) was selected as the reduction baseline because, within
the considered mechanisms, it best matched the selected elevated-pressure IDT data while
remaining relatively compact. For Si, the lowest error is achieved by Li et al. (2015), with a
MAPE of approximately 9%, whereas the highest error is observed for Li et al. (2007), with
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a MAPE of approximately 21%.
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Figure 1. Sy at p=1 atm, T=298 K 25:75 (H2 + N2) fuel composition with 12.5:87.5 (O2 + He)
oxidizer composition. Experimental data by Alekseev et al. /5/ , IDT vs Das et al. /6] experimental
data at stoichiometric mixture for different initial pressure: b) 10 bar; ¢) 30 bar; d) 70 bar.

Since Li2007 shows the best IDT performance and the worst on SL, a two-stage reduction
workflow — sensitivity-based pruning followed by evolutionary rate optimization — was
adopted to obtain a CFD-suitable mechanism preserving IDT and SL over the target domain.
Stage 1. IDT-based reaction pruning. A greedy backward-elimination procedure was
performed in Cantera (0D adiabatic constant-volume reactor) over T={1400,1500,...,2200}
K, P={1,2,10} bar, ®={0.8,1.0,1.2}. Reactions were ranked by IDT sensitivity to their rate
coefficients and removed iteratively; each removal was accepted only if IDT errors remained
below 10% max and 5% mean, with at least 60% valid ignition cases. This yielded a 10-
reaction skeletal mechanism.

Table 1. Ten-reaction skeletal Hz oxidation mechanism retained from the Li(2007)-based mechanism.

Conserved reaction from Li-based 10- Reaction type
reaction model

1 H+0.=0+O0H Elementary
2 H.+O=H+OH Elementary
3 H:+OH = H + H.0 Elementary
4 H+OH+M=H.0+M Three-body
5 H + Oz (+M) = HO: (+M) Falloff

7 H+HO:=2OH Elementary
8 2 HO: = H:0: + 02 Elementary
9 H-0: (+M) 2 2 OH (+M) Falloff

10 H + H:0: = H> + HO: Elementary

Stage 2. Multi-objective evolutionary optimization. The skeletal mechanism in Table 1 was
calibrated with pyMechOpt [7]. Training was performed at 1 bar for six conditions: two
temperatures (1000 K, 1500 K) and three equivalence ratios (0.5, 1.0, 1.5). The algorithm was
run with popsie = 25 and maxgen = 50. The objective combined integral constraints on major
species (H2, 02, H20) with peak-behavior constraints on radicals (OH, HO2), enforcing both
global conversion and chain-branching/low-temperature pathways.

3. Results

The optimization was driven primarily by the Sy error, since IDT accuracy is already
preserved by the Stage 1 skeletal reduction. The four generated mechanisms therefore share
the same 10 reactions; their rate coefficients are reported in Figure 2 as percentage variations
relative to the baseline mechanism.
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Figure 2. Percentage change of the Arrhenius coefficients of the 10 reactions in Tablel relative to the
original Li (2007) mechanism a) A, b) b, c) Ea..

All optimized candidates (Opt Models1-4) exhibit a substantial improvement relative to
the 10-reaction baseline, reducing the mean absolute percentage. The predictive capability
of the reduced and optimized mechanisms was further assessed through the mean absolute
percentage error (MAPE) with respect to the available experimental data in Figure 3. For
ignition delay times, the comparison was performed against the measurements of Das et al.
[6] over the available pressure range, while for laminar flame speed the comparison was
performed against the data of Alekseev et al. [5]. The optimized mechanisms introduce a
moderate increase in IDT error, which reflects the trade-off associated with improving the
laminar flame speed response while retaining a compact kinetic structure. For laminar
flame speed, the MAPE was evaluated as a function of equivalence ratio. In this case, the
optimized mechanisms significantly reduce the error compared with the 10-reaction model
over most of the investigated range, especially near stoichiometric and moderately rich
conditions. Overall, the two error surfaces highlight the compromise between ignition-
delay preservation and flame-speed correction, with the optimized mechanisms providing
improved flame propagation accuracy at the cost of a limited degradation in IDT
prediction. As summarized in Table 2, the 10-reaction baseline shows a mean SL MAPE
of 61.9%, which the optimized variants reduce to 32.8—39.6%, while the IDT mean MAPE
only moderately increases from 35.3% to 37.6—39.8%.

Table 2. Mean and best-case MAPE for IDT (against Das et al. [6] at =1, p=10, 30, 70 bar) and SL
(against Alekseev et al. [5] as a function of ¢ at 1 bar) for the investigated mechanisms.

Mechanism IDT mean Best IDT case Best IDT SL mean Best SL case Best SL
MAPE (%) MAPE (%) MAPE (%) MAPE (%)

Li detailed 35.2 10 bar 26.9 21.0 ¢ =130 8.3

10-reaction 35.3 10 bar 24.4 61.9 ¢=119 36.3

model

Opt. Model 1 38.9 10 bar 26.8 37.0 ¢ =110 19.9

Opt. Model 2 39.8 10 bar 24.4 334 ¢ =110 19.6

Opt. Model 3 37.6 10 bar 30.9 39.6 ¢ =0.80 14.0

Opt. Model 4 39.5 10 bar 23.9 32.8 ¢ =110 18.9
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Figure 3. Mean absolute percentage error (MAPE) of the investigated mechanisms with respect to
experimental data: a) IDT MAPE against Das et al. [6] at ¢=1 for p=10, 30, 70 bar; b) SLMAPE against
Alekseev et al. [5] as a function of ¢ at 1 bar.

4. Conclusions

A two-stage reduction workflow — IDT-based sensitivity pruning of the Li (2007)

mechanism followed by NSGA-III rate calibration within £10% — yields a 10-reaction

skeletal model for CFD-oriented H>—air combustion. Opt Model 3 provides the best IDT-SL
compromise, reducing the mean SL MAPE from 61.9% (10-reaction baseline) to 39.6% —
especially near stoichiometric and moderately rich conditions — at the cost of a limited
degradation in IDT accuracy (37.6% vs. 35.3%). Opt Model 4 attains the lowest mean St

MAPE overall (32.8%).
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