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Abstract

Alcohol-to-jet Synthetic Paraffinic Kerosene (AtJ-SPK), an approved sustainable
aviation fuel (SAF) by blending with conventional Jet A fuel, has recently been exper-
imentally and studied, and detailed mechanisms have been developed to describe its
combustion behavior. The present study aims to develop reduced mechanisms of AtJ-
SPK and its blends with Jet A for high-fidelity and computationally-affordable Com-
putational Fluid Dynamics. Specifically, two reduced mechanisms were developed for
pure AtJ-SPK and its blends with Jet A from the LLNL-AtJ-SPK (Richter et al., Com-
bust. Flame 240 (2022) 111994) and POLIMI detailed mechanisms (Ranzi et al., Prog.
Energy Combust. Sci. 38(4) (2012) 468-501), respectively, using a combined reduction
method. The reduced mechanisms can achieve 80%,92.4% and 92%/90% reductions of
the species/reaction numbers, respectively, compared with those of the master detailed
mechanisms. The developed reduced mechanisms were further validated under vari-

ous conditions, by comparing the predicted ignition delay times, laminar flame speeds,
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and temporal/spatial profiles with those predicted using the master detailed mecha-
nisms as well as experimental data. Finally, the computational cost comparison in the
two-dimensional direct numerical simulation demonstrated that the developed reduced
mechanisms can impressively accelerate the calculation speed by more than 5000 and

529 times, respectively.

1 Introduction

The environmental issue of global warming caused by greenhouse gas emissions has become
increasingly prominent in the recent decades. Carbon dioxide (COy), as one of the primary
greenhouse gas, is mainly emitted from human production and life.! The use of sustainable
aviation fuel (SAF) is regarded as one of the promising and efficient methods for reducing
carbon emission from the aviation industry.?* According to the review of technical pathways
for SAF application summarized by U.S. Department of Energy,® seven SAFs, from Annex
A1l to A7, have been qualified with the ASTM D40546 tests and their pathways were included
under ASTM D7566" through blending with conventional jet fuels under certain maximum
ratios®*.  Alcohol-to-Jet Synthetic Paraffinic Kerosene (AtJ-SPK), Annex A5, is one of
the approved SAFs, which was developed by Gevo company and approved to co-fire with
conventional Jet A/Jet A-1 at a maximum blending ratio of 50%.%® This Annex A5 fuel is
produced by using an iso-butanol-to-jet pathway, and is mainly composed of isododecane (i-
C12Hyg) and isocetane (i-CigHsy), with mole fractions of about 83% and 17%, respectively.?
Comprehensive understanding and modeling of combustion of AtJ-SPK and its blends with
conventional Jet A fuel are essential for its efficient and clean utilization in the aircraft
engines.

Regarding the combustion properties of AtJ-SPK and its blends with Jet A/Jet A-1,
such as ignition delay time and laminar flame speed, there have been several experimental
and kinetic modeling studies reported. Won et al.® experimentally measured the species

profiles of AtJ-SPK global oxidization in a flow reactor, and compared the profiles with



those measured from other alternative jet fuels. Flora et al.” measured ignition properties
of AtJ-SPK behind reflected waves from 980 K to 1980 K (¢ = 0.5 and p = 16 atm), and
made comparisons with other alternative jet and bio-jet fuels. Valco et al.'® conducted the
ignition delay measurements of AtJ-SPK at low temperatures from 625 K to 735 K (¢ =
0.25, 0.5, and 1.0; p = 20 bar). Wang et al.!! measured the ignition properties of AtJ-SPK
and AtJ-SPK/Jet A blends (0, 20%, 50%, and 100%) from 1025 K to 1325 K (¢ = 1.0 and p
= 0.56 atm). They also measured laminar flame speeds of AtJ-SPK/air mixture (0.8 < ¢ <
1.4 and T,, = 403 K). In terms of the kinetic modeling, they further extended the HyChem
mechanism to model the combustion characteristics of pure AtJ-SPK (HyChem C1'?) by
assuming AtJ-SPK as a virtually-designed pure substances and combining the pyrolysis re-
actions and the subsequent oxidization reactions (updated version based on USC Mech I1'%).
They also updated the HyChem C1 model by using optimized foundational fuel chemistry
models to minimize the prediction uncertainties, and the underestimation of laminar flame
speed under fuel-rich conditions has been improved.'* Guzman et al.'® experimentally mea-
sured the species profiles of AtJ-SPK in the pyrolytic and oxidative decomposition process
(900 K < T < 1550 K and p = 4 bar), and they further validated the detailed kinetic
model they developed by comparing the predicted species profiles with their measured data.
Very recently, Richter et al.* experimentally studied the ignition properties of AtJ-SPK/air
mixture from initial temperature of 850 K to 1700 K (¢ = 1.0 and 2.0), and laminar flame
speeds were also measured (7, = 473 K, p = 1 and 3 bar, and 0.6 < ¢ < 1.5). In addition
to the experiments, a new detailed mechanism was developed for the AtJ-SPK combustion,
named LLNL-ATJ-SPK in the present study. This mechanism (LLNL-ATJ-SPK) was fur-
ther validated by predicting the ignition and flame speeds under various conditions with the
experimentally measured data as benchmarks.

The combustion characteristic of conventional Jet A fuel has been studied relatively much
in many previous literature. In terms of the experimental approach, the ignition behavior¢-1#

and laminar flame speeds*?° have been measured under various conditions. For the chemical



kinetic modeling of Jet A combustion, the fuel surrogate method was generally used.!™?! In
the fuel surrogates, several pure components are used to generally reproduce the combustion
behavior and each component represents a certain type of the organic components. Several
fuel surrogates and the corresponding detailed mechanisms have been developed, such as
the POLIMI mechanism,?? LLNL mechanism,?? JetSurf2.0 mechanism,?* and the detailed
mechanism developed by Dooley et al.?! For the details of the fuel surrogates and detailed
kinetic mechanisms, interested readers can refer to Refs.?>?% Furthermore, efforts have also
been put into developing reduced mechanisms of jet fuels from those detailed mechanisms
for computational fluid dynamic (CFD) simulations. %7 Recently, Wang et al.!! extended
their physics-based approach to Jet A fuel combustion modelling and developed a skeletal
mechanism, HyChem A2 mechanism.!® Regarding the combustion characteristics of AtJ-
SPK/Jet A blends, only Wang et al.? reported the ignition behavior under various high
temperatures and blending ratios, and laminar flame speeds were measured for AtJ-SPK and
Jet A, respectively. In the aspect of kinetic modeling, they further employed the physics-
based method for the modeling of AtJ-SPK/Jet A blends and developed the HyChem C1A2
(AtJ-SPK/Jet A blends) mechanism.!®

Numerical simulation has proven to be an efficient tool for combustion research, in which
the combustion chemistry plays a significant role. Among the above experimental and ki-
netic modeling studies, only HyChem C1'%'* and LLNL-ATJ-SPK* mechanisms have been
validated with their measured experimental data by calculating both the ignition delay times
and laminar flame speeds. Very recently, Shastry et al.?® developed the analytically reduced
chemistry for AtJ-SPK and Jet A-1, respectively, from the POLIMI detailed mechanism.??
They partially validated the chemistry under limited conditions (¢ = 0.6 - 2.0, T,, = 450
K, and 1 bar for laminar flame speed; T},; = 1000.0 - 2400 K, p = 1 bar, and ¢ = 1.0
for ignition delay), by comparing with the POLIMI mechanism predictions. However, the
performance of their developed reduced chemistry on various initial temperatures, pressures,

and AtJ-SPK/Jet A-1 blending ratios was not accessed. For the AtJ-SPK/Jet A blends, only



the HyChem C1/A2 mechanism?’ was developed and validated with the experimental data
under limited conditions.! As found in our previous study,3! the evaporation rate of each
component in the multi-component fuel is different from each other, which has also been
proven to considerably affect the flame structure and auto-ignition behavior.3?33 On the one
hand, although HyChem C1!? and C1A23° mechanisms can consider the actual distillation
curve of the liquid fuel and fuel blends,3?* this kind of non-uniform evaporation effect could
not be explicitly reflected as AtJ-SPK and Jet A are considered as virtual pure substances
in the implementation. On the other hand, those detailed mechanisms developed based on
the fuel surrogate method, such as LLNL-AtJ-SPK and POLIMI detailed mechanisms, can
explicitly consider this effect, but their sizes are very large for Computational Fluid Dy-
namics (CFD) and make them very hard and almost impossible to use, particularly in the
three-dimensional (3D) CFD calculations.

To address this issue, the present study aims to develop reduced mechanisms for AtJ-SPK
and its blends with Jet A from the LLNL-AtJ-SPK* and POLIMI detailed mechanisms??,
respectively, which can explicitly consider the non-uniform evaporation effect. The Directed
Relation Graph (DRG) with Error Propagation (DRGEP),? Directed Relation Graph with
Path Flux Analysis (DRGPFA),36 and Full-Species Sensitivity Analysis (FSSA)3” methods
are used sequentially during the reduction process. The developed reduced mechanisms are
further validated by comparing the predicted ignition delay, laminar flame speed, and tem-
poral /spatial profiles with those of the master detailed mechanisms and the experimentally
measured data. Finally, the computational costs of the reduced and master mechanisms are
also compared and discussed in different dimensions of calculation.

The remaining of this paper is organized as follows. Section 2 describes the development
procedures of the reduced mechanisms. Section 3 comprehensively validates the accuracy of
the developed reduced mechanisms. Section 4 discusses the computational cost in different

dimensions of calculation. The final section provides concluding remarks.



2 Mechanism reduction processes

In the present work, two reduced mechanisms are developed for pure AtJ-SPK and AtJ-
SPK/Jet A blends, respectively. For pure AtJ-SPK combustion, the reduced mechanism is
developed from the LLNL-ATJ-SPK detailed mechanism? since this detailed mechanism was
proven to perform well at various conditions. However, the species in the commonly used
fuel surrogate of Jet A (N-CjoHyg, [-CgHyg and CgHy?%?Y) are not included. Therefore, it
can not be used for AtJ-SPK/Jet A blends. Therefore, the reduced mechanism for AtJ-
SPK/Jet A blends is developed from the POLIMI detailed mechanism.?? This choice is
made based on the following two considerations. The first consideration is that both the
multiple fuel components, AtJ-SPK (17% I-CisHsy and 83% I-CyoHog)* and Jet A (37%
N-CioHag, 27.5% I-CgHyg, and 35.5% CgH;o%?9), are included in this mechanism. The
second consideration is that this mechanism can give acceptable predictions on ignition delay
times and laminar flame speeds for AtJ-SPK and Jet A under various conditions (see the
supporting information). However, its accuracy is relatively worse than that of the LLNL-
AtJ-SPK detailed mechanism for pure AtJ-SPK fuel, especially at the relatively low fresh
temperature (see the supporting information). Therefore, LLNL-ATJ-SPK and POLIMI
detailed mechanisms are selected as the master mechanisms for AtJ-SPK and its blends
with Jet A, respectively.

The DRGEP, 3> DRGPFA?3¢ and FSSA3" methods are used sequentially in the develop-
ment of the reduced mechanism as shown in Figure 1. The DRGEP method achieves the
mechanism reduction through measuring the error propagation from the species removal and
the related reactions down graph pathways. Pepiot and Pitsch proposed this method?® based
on the original DRG method developed by Lu and Law*® and has been successfully adopted
in many previous studies.* 3 Sun et al.?® proposed the DRGPFA method based on the DRG
method. The difference compared with DRGEP is that it defines the directed graph and

measures the species importance through considering both the production and consumption
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Figure 1: Schematic diagram of the mechanism reduction processes

fluxes. This method has also been successfully employed for mechanism reduction in many
previous studies.*** FSSA3" is more effective in analyzing the species importance in the
whole reaction kinetics, but it is very time-consuming. Therefore, it is used in the final stage
when the numbers of species and reactions are relatively smaller after the reductions using
DRGEP and DRGPFA methods. The details of those methods are not detailed here for
brevity; interested readers can refer to Refs.?* 37 In the first stage, three steps of DRGEP
reduction are initially used to remove species and irrelevant reactions, and the error toler-
ance in each step gradually decreases from 20% to 10%. In the second stage, two steps of
DRGPFA+SA reduction are used, and the error tolerances are set as 10%. Finally, after
the reductions of DRGEP and DRGPFA, two steps of FSSA reduction are conducted with
the error tolerances of 10% and 5%, respectively. During the reduction process, the error
tolerance is gradually decreased from 20% to 5%. This is used to avoid significant deviation
growth in the multiple reduction steps.

In the reduction of LLNL-AtJ-SPK detailed mechanism, ignition delay times and mole
fractions of I-CyoHgg (XCioHag), I-Ci6Hss (HMN), O, N, COq, I-C4Hg, and HyO are set
as the targets, and the operation conditions cover wide ranges of initial temperature (800

- 1600 K; interval: 100 K), equivalence ratio (0.6 - 1.6; interval: 0.1), and pressure (1, 10,



and 20 atm). Note that isobutene (I-C4Hg) is also included as it was proven to be the major
intermediate species during pyrolysis and oxidization processes of the highly branched fuels.*
The ignition delay times and temporal profiles of those interested species are obtained from
the temporal evolution of the zero-dimensional (0D) homogeneous reactor using CHEMKIN-
PRO.% The number of species/reactions and error-related parameters of each step in the
reduction process are listed in Table 1. The mechanism size can be reduced to 385 species and
2011 reactions after three steps of DRGEP reductions, and further to 222 species and 1142
reactions after two steps of DRGPFA reduction. The final reduced mechanism, containing
149 species and 732 reactions, could be obtained after two steps of FSSA reduction (see the
supporting information for its CHEMKIN, OpenFOAM, and Cantera formats).

Table 1: Error-related parameters and mechanism size in reduction process of the LLNL-
AtJ-SPK detailed mechanism.

Error Number of Number of  Max. error
Step Methods . .
tolerance [-| species -] reactions [-| percentage |-

0 - - 1832 7337 -

1 DRGEP 20% 673 3155 95.70%
2 DRGEP 15% 470 2317 76.60%
3 DRGEP 10% 385 2011 24.30%
4  DRGPFA+SA 10% 333 1766 79.40%
5 DRGPFA-+SA 10% 222 1142 96.60%
6 FSSA 10% 188 922 76.10%
7 FSSA 5% 149 732 62.80%

As for the POLIMI detailed mechanism, the reduction processes are also conducted based
on the temporal evolution of 0D homogeneous reactor using CHEMKIN-PRO.*¢ Ignition
delay times and mole fractions of AtJ-SPK components (I-CisHsy and I-CioHog), Jet A
components (N-CioHog, I-CgHig, and CgHyg), Oz, Ny, HyO, COo, CoHy, and I-C4Hg are set
as the targets for error tolerance checks. Note that CoHy and I-C4Hg are considered here
because they have been found to be the important products of the pyrolysis reactions of Jet
A and AtJ-SPK fuels, respectively.*?? The operation conditions consider a wide range of
initial temperatures (800 to 1600 K, interval: 200 K), equivalence ratios (0.6 to 1.6, interval:
0.2), pressures (1, 10,and 20 atm), and blending ratios (BR: 0, 0.2, 0.5, and 1.0). Here,
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BR represents the AtJ-SPK fraction in the fuel stream. The total case number is 360, and
all of the conditions are used in each reduction step. Table 2 lists the size of the obtained
reduced mechanisms and the error-related parameters (error tolerance and maximum error
percentage) in each step. Starting from the master mechanism, the mechanism size can
be reduced to 225 species and 6576 reactions, respectively, after three DRGEP reduction
processes. Then, the mechanism size can be further reduced to 164 species and 3288 reactions
after two DRGPFA+SA reductions. Finally, the final reduced mechanism has 75 species and
1099 reactions after two FSSA reduction processes (see the supporting information for its

CHEMKIN, OpenFOAM, and Cantera formats).

Table 2: Error-related parameters and mechanism size in reduction process of the POLIMI
detailed mechanism.

Error Number of Number of  Max. error
Step Methods . )
tolerance [-] species [-] reactions |-| percentage |-

0 - - 368 14462 -

1 DRGEP 20% 254 8092 45.40%
2 DRGEP 15% 229 6650 95.40%
3 DRGEP 10% 225 6576 69.67%
4  DRGPFA-+SA 10% 180 3974 79.40%
5 DRGPFA-+SA 10% 164 3288 96.60%
6 FSSA 10% 101 1485 76.20%
7 FSSA 5% 5 1099 84.60%

3 Validation of the reduced mechanisms

The developed reduced mechanisms for pure AtJ-SPK and AtJ-SPK blends are validated by
comparing the predicted ignition delay, laminar flame speed, and temporal/spatial profiles

with those predicting using the master detailed mechanisms as well as experimental data.
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Figure 2: Ignition delay times measured from the experiment* and predicted by the LLNL-AtJ-
SPK mechanism and the developed reduced mechanism (p;,; = 16 bar; ¢ =1.0 and 2.0; T},,; =
800 K - 1700 K). Note that the pressure profile measured in the experiment (provided by the
supplementary materials of Ref.#) is used in all the calculations.

3.1 Reduced mechanism for pure AtJ-SPK

3.1.1 Ignition delay

Figure 2 demonstrates comparisons of ignition delay times measured in the experiment* and
predicted using the LLNL-AtJ-SPK and reduced mechanisms. Note that pressure of the
reaction system is initially 16 bar and varies with time (the values are directly obtained from
the supplementary materials of Ref.?). The ‘OH’ species is used to reflect the ignition sig-
nal, which is different from the ‘CH*’ signal used in the experiments. This is also the reason
why the present predictions are slightly different from those in Ref.? Selecting ‘OH’ as the
ignition signal species considers the following reasons: 1) ‘CH*’ species is removed from the
LLNL-AtJ-SPK mechanism in the reduction process (excluded in the reduced mechanism),
therefore it is technically impossible to use this species as the ignition signal for a consis-
tent comparison; 2) ‘OH’ is included in both the reduced and LLNL-AtJ-SPK mechanisms
and has been widely used as an indicator of ignition signal in many previous studies. "%

Overall, the ignition behavior at different temperatures measured in the experiments under

stoichiometric and rich conditions could be well reproduced by both the LLNL-AtJ-SPK and
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reduced mechanisms. Future efforts might be needed to mild optimize kinetic parameters to
eliminate the slight discrepancy at high-temperature conditions. At high temperatures, the
reduced mechanism could give almost the same predictions as those of the LLNL-AtJ-SPK
mechanism. Whereas, at relatively lower temperatures (T, < 900 K), the reduced mecha-
nism slightly over-estimates the ignition delay times. This might be related to the removal

of some complicated low temperature reactions during the reduction process.
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Figure 3: Comparison of the ignition delay times calculated using the LLNL-AtJ-SPK and reduced
mechanisms (7;,; = 800 K - 1700 K): Left: different pressures (¢ = 1.0); Right: different
equivalence ratios (p = 10 bar).

The reduced mechanism is used to calculate the ignition delay times of AtJ-SPK under
various conditions to further validate its accuracy. Because the experimental data is not
available for these conditions, here the comparisons are only conducted between the pre-
dictions of the reduced and LLNL-AtJ-SPK mechanisms as shown in Figure 3. It is found
that pressure has a more profound effect on ignition delay time than that of equivalence
ratio. The reduced mechanism can well reproduce the the LLNL-AtJ-SPK mechanism pre-
dictions at 1 bar; in particular, the low temperature chemical effect can be well captured.
With an increase of pressure, the accuracy is slightly decreased at the low temperature re-
gions (overestimates the ignition delay times at T,, < 900 K). The effect of equivalence ratio
can also be well represented. Specifically, ignition delay times under lean-/stoichiometric-

/rich- conditions can be well reproduced by the reduced mechanism. Overall, the developed
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reduced mechanism can well describe the ignition behavior of AtJ-SPK under various con-
ditions, showing very good agreements with the LLNL-AtJ-SPK mechanism predictions and

experimental data.

3.1.2 Temporal profiles

The reaction mechanism describes the nonlinear reacting characteristics of the complicated
multi-components in the reaction system. Temporal profiles of temperature and species in the
system are also of great interest for validation of the developed reduced mechanism. Figure 4
demonstrates temporal profiles of gas temperature and mass fractions of major /minor species
predicted by the developed reduced (solid lines) and LLNL-AtJ-SPK (scatters) mechanisms
at various initial temperatures and equivalence ratios. These species include the AtJ-SPK
fuel components, major products (COy and Hy0), and minor intermediate species (OH and
CO). Five initial temperatures (800, 1000, 1200, 1400, and 1600 K) and stoichiometric/rich
conditions (¢ = 1.0 and 2.0) are considered, and the pressure is 1 bar. Under the stoichiomet-
ric condition (see Figure 4(a)), all the temporal profiles agree well with the LLNL-AtJ-SPK
mechanism predictions when initial temperature is above 1000 K. However, at T},; = 800
K, all the predicted profiles are slightly delayed compared with those of the LLNL-AtJ-SPK
mechanism. This is consistent with the slight overestimation as shown in Figures 2 and 3.
Even with slight delays, the overall temporal evolution trends and values could be accu-
rately reproduced by the developed reduced mechanism. As for the fuel-rich condition (¢ =
2.0, see Figure 4(b)), the reduced mechanism also could well reproduce the LLNL-AtJ-SPK
mechanism predictions with high accuracy. Note that major products (CO2 and HyO) pro-
files show a slightly different trend from that at stoichiometric condition. Specifically, their
mass fractions would slightly decrease over time. This difference could also be accurately
reproduced using the reduced mechanism.

Under various pressures from the atmospheric condition (1 bar) to the operating condition

50,51

of the realistic aircraft engine (20 bar), comparisons between the predictions of the
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Figure 4: Comparisons of the temporal profiles of gas temperature, and mass fraction of major
species and minor species (HMN, XC;5HCy4, CO2, HyO, CO, CO,, and OH) predicted by the
LLNL-AtJ-SPK and reduced mechanisms under various initial temperatures (800 K to 1600 K)
and equivalence ratios: (a) ¢=1.0; (b) ¢=2.0. The operation pressure is 1 bar.
reduced and LLNL-AtJ-SPK mechanisms are shown in Fig. 5. The figure legend is the
same as that in Figure 4. Overall, the reduced mechanism performs well in reproducing the

temporal evolution of the reaction system at various pressures and initial temperatures. It

should be noted that the accuracy slightly decreases but remains at a high level as pressure
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Figure 5: Temporal profiles of temperature and mass fractions of major species/minor species
predicted using the LLNL-AtJ-SPK and reduced mechanisms under various temperatures and
pressures (¢ = 1.0): (a) p = 1 bar; (b) p = 10 bar; (c) p = 20 bar. The legend is the same as
that of Figure 4.

increases, which is consistent with predictions as shown in Figure 3(a).
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Figure 6: Comparisons of laminar flame speeds measured in the experiment* and calculated using
the LLNL-AtJ-SPK and reduced mechanisms under different equivalence ratios (0.6 - 1.6) and
pressures (1 and 3 bar).

3.1.3 Laminar flame speed

Laminar flame speed is also an important fuel combustion properties of great interest. In
this part, the developed reduced mechanism is employed to calculate laminar flame speeds
under various conditions by calculating one-dimensional (1D) freely propagating premixed
flames, comparing with the LLNL-AtJ-SPK mechanism predictions and the experimental
data.* Figure 6 demonstrates laminar flame speeds measured in the experiments* and pre-
dicted using the LLNL-AtJ-SPK and reduced mechanisms under various equivalence ratios
(0.6 - 1.6) and two pressures (1 and 3 bar). The experimental data and uncertainties are ob-
tained from the supplementary materials of Ref.* Overall, the reduced mechanism could well
reproduce laminar flame speeds predicted by the LLNL-AtJ-SPK mechanism and measured
in the experimental data. Specifically, compared with the experimental data, both reduced
and LLNL-AtJ-SPK mechanisms could accurately reproduce the behaviors at lean condi-
tions. Under stoichiometric and rich conditions, the experimental data could be accurately
well reproduced at 1 bar but slightly under-estimated at 3 bar. This is consistent with the
study of Richter et al.* As for the comparisons between predictions of reduced and LLNL-
AtJ-SPK mechanisms, their results almost coincide at lean and rich conditions. However,
under equivalence ratios near the stoichiometric condition, the reduced mechanism slightly

underestimates laminar flame speeds, and the discrepancies are less than 8 %. More com-
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parisons under various unburnt temperatures, pressures, and equivalence ratios are shown

in Figure 7. The reduced mechanism predictions are also in very good agreements with the
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Figure 7: Comparisons of laminar flame speeds predicted by the LLNL-AtJ-SPK mechanism and
developed reduced mechanism for various conditions (¢ = 0.6 - 1.6): Left: different pressures
(T, = 400 K); Right: different fresh fuel/air mixture temperatures (p = 1 bar).

LLNL-AtJ-SPK mechanism predictions, although there are still slight discrepancies near the
stoichiometric condition. The above analyses and comparisons indicate that the effects of
pressure, unburnt mixture temperature, and equivalence ratio can be well represented using

the developed reduced mechanism.

3.1.4 Spatial profiles

The 1D freely propagating premixed flames can be used not only for laminar flame speed
calculations but also to construct the flamelet tables when using the Flamelet Generated
Manifold method.??* The spatial profiles of the 1D freely propagating premixed flames
are also of interest to further explore the potential of this reduced mechanism in turbulent
combustion simulations. Therefore, the spatial profiles calculated using the reduced and
LLNL-AtJ-SPK mechanisms under various conditions are further compared. Figure 8 shows
comparisons under various pressures, and Figure 9 demonstrates comparisons under various
T, values and equivalence ratios. Note that only regions of interest in the whole compu-
tational domain are shown and OH mole fractions are timed to several times for a clearer

observation. The flame structures predicted using the LLNL-AtJ-SPK mechanism can be
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Figure 8: Comparisons of temperature and major/minor species profiles calculated using the
LLNL-AtJ-SPK and reduced mechanisms under various pressures (¢ = 1.0, T,, = 400 K): (a) p
= 1 bar; (b) p = 10 bar; (c) p = 20 bar.

well reproduced by the reduced mechanism under various pressures, equivalence ratios and

unburnt temperatures. Especially, spatial profiles of temperature and mole fractions of the

major/minor species almost coincide, even for the minor intermediate species OH and CO.

3.2 Reduced mechanism for AtJ-SPK/Jet A blends

3.2.1 Ignition delay

Figure 10 demonstrates ignition delay times predicted using the developed reduced and
POLIMI mechanisms under various conditions. Under lean-/stoichiometric-/rich- conditions,
the reduced mechanism performs well at high temperatures but slightly overestimates at

relatively low temperatures as shown in Figure 10(a). The developed reduced mechanism
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Figure 9: Comparisons of temperature and major/minor species profiles calculated using the
LLNL-AtJ-SPK and reduced mechanisms under various various unburnt temperatures (300 K and
500 K) and equivalence ratios (p = 1 bar). (a,c,e) ¢ = 0.6, 1.0, and 1.6 (p = 1 bar, T;, = 300
K); (b,d,f) ¢ = 0.6, 1.0, and 1.6 (p = 1 bar, T,, = 500 K). The colors for species are the same
as those of Figure 8.

can also reproduce the ignition behavior for conditions with various blending ratios as shown

in Figure 10(b), and the slight deviations at low temperatures still remain, even for pure AtJ-

SPK. At the atmosphere condition, the developed reduced mechanism can well reproduce
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Figure 10: Ignition delay times calculated using the reduced and POLIMI mechanisms: (a)
different ¢, BR = 0.5, and p = 10 bar, (b) different BRs, ¢ = 1.0, and p = 1 bar, and (c)
different pressures, ¢ = 1.0, and BR = 0.2.

the ignition behavior at both low and high temperatures, as shown in Figure 10(c). However,
with the increasing of pressure, the ignition delay times are overestimated at low temperature
conditions, in particular at 7;,; < 1000 K. This might be attributed to that some pressure-
dependent reactions are removed in the reduction process. Overall, the developed reduced

mechanism can well reproduce the ignition delay predictions of POLIMI mechanism under

various conditions with slight deviations at low temperatures.

3.2.2 Temporal profiles

Figure 11 demonstrates the temporal profiles of gas temperature and major/minor species of

0D reaction systems predicted by the reduced and POLIMI mechanisms under various initial
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Figure 11: Temporal profiles of temperature and major/minor species predicted using the POLIMI
and reduced mechanisms under various initial temperatures (900, 1200, and 1500 K): (a) ¢ =
1.0, p =1 bar, and BR = 0.2, (b) ¢ = 1.0, p = 10 bar, and BR = 0.2, (c) ¢ = 1.6, p = 1 bar,
and BR = 0.5.
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temperatures (¢ = 1.0, p = 1 bar, and BR = 0.2). Note that for the species profiles, only
the fuel species, one product (H,0), and two intermediate minor species are shown here for
brevity. For the temperature profiles, the reduced mechanism can well reproduce the POLIMI
mechanism predictions at high initial temperatures (7;,; = 1200 and 1500 K). However, there
is a slight delay when the initial temperature is less than 900 K, which is consistent with
the overestimation trend in Figure 10. For the AtJ-SPK fuel species, the developed reduced
mechanism performs well at all the three temperatures. For I-CgHig and CgH;g in the Jet
A fuel surrogate, the reduced mechanism can accurately reproduce the temporal profiles.
However, at T;,; = 1500 K, the consumption rate of N-C;5Hog is underestimated. It is also
interesting to find that the predicted temperature and other species profiles do not show
obvious deviations compared with the POLIMI mechanism predictions. The HyO profiles
can be reproduced well with a slight delay at T;,; = 900 K, and OH profiles show a similar
trend. The CO profiles first increase sharply and then decrease due to consumption, which
can well captured by the reduced mechanism. However, the final CO mass fractions are

slightly underestimated.

3.2.3 Laminar flame speed

For experimental measurements of laminar flame speeds of pure AtJ-SPK and Jet A, there
have been several studies reported. %2%2° However, there have been none reports for measure-
ments of AtJ-SPK/Jet A blends. The detailed POLIMI mechanism can generally reproduce
laminar flame speeds of pure AtJ-SPK and Jet A under various conditions (see the sup-
porting information). Therefore, the predictions of the POLIMI detailed mechanism are
used as the benchmarks for validation of the developed reduced mechanism in the following
comparisons.

Figure 12 compares laminar flame speeds calculated using the reduced and POLIMI
mechanisms under various equivalence ratios, pressures, unburnt temperatures, and blend-

ing ratios. Under different unburnt temperatures, the laminar flame speed increases as the
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Figure 12: Laminar flame speeds predicted by the reduced and POLIMI mechanisms under various
conditions: (a) different T},;, BR = 0.0, p = 1 bar; (b) different BRs, T},; = 500 K, p = 1 bar;
(c) different pressures, T;,,; = 500 K, BR = 0.2

unburnt temperature increases, and the peak value locates at ¢=1.1 as shown in Fig. 12(a).
This can be captured by the reduced mechanism. However, laminar flame speeds are slightly
underestimated under lean conditions and overestimated under rich conditions, and the rel-
ative errors are less than 20%. With the increasing of blending ratio, laminar flame speeds
predicted using the POLIMI mechanism slightly increase under lean-/stoichiometric- /rich-
conditions as shown in Fig. 12(b). This can not be fully reproduced by the reduced mecha-
nism. Specifically, laminar flame speeds predicted using the developed reduced mechanism do
not change so much as the blending ratio increases under lean conditions; while for stoichio-
metric and rich conditions, this increasing trend with blending ratio can be reproduced; but
as blending ratio increases, laminar flame speed gradually changes from being overestimated

to underestimated, and the best performance occurs at blending ratio equals to 0.5. For
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pure AtJ-SPK, this reduced mechanism obviously underestimates the laminar flame speed.
Therefore it is recommended to use the reduced mechanism obtained in Section 3.1 for pure
AtJ-SPK. As pressure increases, laminar flame speed decreases. The reduced mechanism
can also capture this trend under various pressures but the deviations under lean condition

still remain as shown in Fig. 12(c).

3.2.4 Spatial profiles
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Figure 13: Comparisons of flame structures predicted using the reduced and POLIMI mechanisms
under different blending ratios (¢ = 1.0, p = 10 bar, and T}, = 500 K): (a) BR = 0.2; (b) BR
= 0.5; (c) BR = 1.0. Note that the profiles of major and minor species are shown in the left
and right plots, respectively. OH and I-C4Hg mass fractions are timed with 5 and 10 for a clearer
observation, respectively. Legends (species and temperature) of all the sub-figures are same and
represented with colored variables in the first two plots.
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The flame structures of one-dimensional (1D) freely-propagating premixed flames under
various conditions are also investigated. Figure 13 shows comparisons under different blend-
ing ratios (¢ = 1.0, p = 10 bar, and T}, = 500 K). Note that only the regions of interest
(reaction zones) are shown here for brevity. The flame structures predicted using the re-
duced mechanism are in very good agreements with those of the POLIMI mechanism. In
particular, the predicted profiles of temperature, AtJ-SPK and Jet A fuel components, and
products (H2O and COs) profiles almost coincide with the POLIMI mechanism predictions.
For the minor species, OH profiles also agree well with the POLIMI mechanism predictions.
However, the CO mass fractions are slightly underestimated near the burnt side at low blend-
ing ratios, which is consistent with the results in the 0D calculations as shown in Fig. 10,
and this deviation gradually decreases as blending ratio increases. When the fuel is pure
AtJ-SPK, the CO mass fraction profiles can be accurately reproduced.

Figure 14 demonstrates the spatial profiles of temperature and minor/major species (mass
fraction) predicted using the reduced and POLIMI mechanisms under different pressures (¢
= 1.0, BR = 0.5, and T, = 500 K). The figure legend is the same as that of Figure 13. It is
noted that as pressure increases, the flame thickness becomes much thinner. Therefore, the
interested regions become narrower. Generally, the flame structure under different pressures
can be accurately reproduced by the reduced mechanism. In particular, temperature and
fuel /products species profiles predicted using the developed reduced mechanism agree very
well with the POLIMI mechanism predictions. Note that with the increasing of pressure,
the CO and OH mass fractions decrease and CO, mass fraction increases on the burnt side,
which can be reproduced by the reduced mechanism. For the exact values, OH profiles can
also be accurately reproduced. However, CO mass fractions are slightly underestimated near
the burnt side, and pressure does not have a significant effect on this underestimation.

Figure 15 demonstrates comparisons in reproducing the flame structure under different
equivalence ratios (p = 1 bar, BR = 0.5, and T, = 500 K). The reduced mechanism performs

well in predicting the temperature and major species (fuel species and products) profiles at
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Figure 14: Comparisons of flame structures predicted using the reduced and POLIMI mechanisms
under different pressures (¢ = 1.0, BR = 0.5, and T, = 500 K): (a) p = 1 bar; (b) p = 10 bar;
(c) p = 20 bar. The legend is same as that of Figure 13.

both lean-/stoichiometric-/rich- conditions. For the minor species, the reduced mechanism
can give accurate predictions on OH for both the three equivalence ratios. However, under
the rich condition (¢=1.6), the CO mass fraction is slightly underestimated in the near-burnt
and burnt regions, and the relative error is less than 5%. The reduced mechanism can also
well reproduce the flame structures under different temperatures at the fresh side, as shown
in Fig. 16. Similar as those in other conditions, the temperature and major species (fuel
species and products) profiles can be accurately predicted. The underestimation of CO mass
fraction in the burnt side still remains at both the three unburnt temperatures, and the

unburnt temperature does not affect this underestimation.
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Figure 15: Comparisons of flame structures predicted using the reduced and POLIMI mechanisms
under different equivalence ratios (p = 1 bar, BR = 0.5, and T, = 500 K): (a) ¢ = 0.6; (b) ¢
= 1.0; (c) ¢ = 1.6. The legend is same as that of Figure 13.

In summary, the reduced mechanism can accurately reproduce the flame structure (pro-
files of fuel species, OH, and products) predicted using the POLIMI mechanism under var-
ious conditions. However, CO mass fraction is slightly underestimated in the near-burnt
and burnt regions, and the relative error is less than 5%. Note that for pure AtJ-SPK, it
is recommended to use the reduced mechanism developed from the LLNL-AtJ-SPK in Sec-
tion 3.1 as much better predictions on ignition delay times and laminar flame speeds can
be obtained for pure AtJ-SPK, through comparing with the experimental data? (see the

Supporting Information).
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Figure 16: Comparisons of flame structures predicted using the reduced and POLIMI mechanisms
under different unburnt temperatures (p = 10 bar, BR = 0.5, and phi = 1.0): (a) T, = 300 K;
(b) Ty = 400 K; (c) T\w» = 500 K. The legend is same as that of Figure 13.

4 Computational cost analysis

As demonstrated above, the developed reduced mechanisms can accurately reproduce pre-
dictions of the master detailed mechanisms on ignition delay time, laminar flame speed, and
temporal /spatial profiles of gas temperature and major/minor species. The computational
cost is also an important concern in numerical simulations. In this part, the computational
costs of reduced and master detailed mechanisms are compared and discussed under different

dimensions of calculation.
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Figure 17: Comparisons of the mechanism size and computational cost of the reduced and
master detailed mechanisms (Left: reduced/detailed LLNL-AtJ-SPK mechanism; Right: re-
duced/detailed POLIMI mechanism).

Figure 17 shows the comparisons of mechanism size and computational cost. As for
pure AtJ-SPK combustion, the corresponding reduced mechanism can reduce the numbers
of species and reactions by 92% and 90%, respectively, compared with those of the LLNL-
AtJ-SPK mechanism. For the 0D ignition delay calculations, the reduced mechanism can
reduce the computational time by 89%. While for the laminar flame speed calculations (1D
freely-propagating premixed flame), the reduction percentage could reach 99.8%. Regarding
the developed reduced mechanism for AtJ-SPK/Jet A blends, the species number is reduced
by 80%, from 368 to 75. This reduction percentage is slightly lower than that for pure AtJ-
SPK, which is because the mean reaction number per species in the POLIMI mechanism
(39.2)* is much higher than that in the LLNL-AtJ-SPK mechanism (4.0).* Therefore, it
is relatively hard to deeply reduce the species number. The reaction number is reduced by
92.4%, from 14462 to 1099. For the 0D ignition delay calculations, the mean calculation
time for one case is decreased by 92.3%, from 20.12 to 1.54 seconds. For calculations of the
1D freely propagating premixed flames, the mean computational time for one case is reduced
by 99.5%, from 2166.41 to 5.45 seconds. We also test the computational cost of reduced and
master detailed mechanisms on the Fugaku Supercomputer for direct numerical simulations
(DNS) of spray flames of AtJ/SPK and its blends with Jet A in a two-dimensional (2D)

temporally evolving jet (0.26 million grids), which has a similar configuration as that in our
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previous study.®® Note that because the static memory needs to be attributed to all species
scalars in the DNS and the maximum memory for one computational node in FUGAKU is
fixed and relatively limited, 32 cores and 8 cores are used in each computational node (48
cores) when using the reduced and master detailed mechanisms, respectively. As for the
developed reduced mechanism for pure AtJ-SPK, 192 seconds are required for one time-step
calculation using 8 nodes, 256 cores. However, when the LLNL-AtJ-SPK detailed mechanism
is used, one time-step cannot be successfully calculated within 24 hours (32 nodes, 256
cores). The computational cost could be reduced by more than 5000 times for the 2D
calculations, which indicates the computational efficiency could be significantly improved by
three orders of magnitude. As for the developed reduced mechanism for AtJ-SPK/Jet A
blends, 239.83 seconds are required for the calculation of 0.1 ms physical time. However,
it takes 31736.84 seconds when using the POLIMI detailed mechanism. The computational
cost of the present developed reduced mechanism only account for 1.89% of that of the
POLIMI detailed mechanism in the 2D DNS calculation, which means calculation speed

could be impressively accelerated by more than 529 times.

5 Conclusions

In the present study, reduced mechanisms were developed for pure AtJ-SPK and its blends
with Jet A from the LLNL-AtJ-SPK and POLIMI detailed mechanisms, respectively. The
DRGEP, DRGPFA, and FSSA methods were used sequentially during the reduction process.
The developed reduced mechanisms can achieve 80%/92.4% and 92%/90% reductions of the
species/reaction numbers for pure AtJ-SPK and its blends with Jet A, respectively, compared
with those of the master detailed mechanisms. The developed reduced mechanisms were
comprehensively proven to well reproduce the ignition delay times, laminar flame speeds, and
temporal /spatial profiles predicted using the master detailed mechanisms and measured in

the experiments under various conditions. The computational cost comparison demonstrated
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that the developed reduced mechanisms can impressively accelerate the calculation speed by
more than 5000 and 529 times for 2D-DNSs of spray flames of pure AtJ-SPK and its blends

with Jet A, respectively.

Supporting Information

The supporting information contains the following three materials and their descriptions are

also listed below.

e Sl.pdf: Comparisons of laminar flame speeds and ignition delay times predicted by
the POLIMI detailed mechanism and measured in the experiments; Comparisons of
performances of the reduced LLNL-AtJ-SPK and POLIMI mechanisms for pure AtJ-

SPK combustion.

e Reduced-LLNL-AtK-SPK.zip: This material provides the CHEMKIN, Cantera and
OpenFOAM formats of the reduced LLNL-AtK-SPK mechanism for the convenience

of potential users.

e Reduced-POLIMI.zip: This material provides the CHEMKIN, Cantera and Open-
FOAM formats of the reduced POLIMI mechanism for the convenience of potential

users.

Note that since the OpenFOAM thermo-physical module does not support PLOG reactions,
the users need to artificially alter the reaction kinetic parameters under their operation
pressures, and the operation pressure is 1 bar in the provided OpenFOAM formats of the

reduced mechanisms.
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