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Taking the surrogate fuel (64% ethylene and 36% methane in mole percentage) for
regenerative cooling pyrolysis products used in HIFIRE-2 scramjet combustor as
an example, present work systematically explores the workflow of the integrated
mechanism reduction for surrogate fuel of pyrolysis products, the kinetic perfor-
mance verification of the preferred reduced mechanism, and the combustion sim-
ulation application of the reduced mechanism in scramjet combustor. A static in-
tegrated reduction strategy is performed to obtain reduced mechanism for the sur-
rogate fuel with the NUIGMech1.2 as detailed mechanism under wide conditions
for temperature range of 900-1800 K, pressure range of 1-4 atmosphere, and
equivalence ratio range of 0.25-5.0. A reduced mechanism (34 species and 181
reactions) with remarkably reduced size is obtained, which presents favorable per-
formance in comprehensive kinetic validations. With this compact and high-fidelity
reduced mechanism, the combustion simulations for the scramjet combustor are
carried out combining with tabulation of dynamic adaptive chemistry for run-time
speed-up. The simulation results of static pressure profiles obtained for cold and
hot states match well with the experimental measurements for the two conditions
with flight Mach number of 5.84 and 6.50. Meanwhile, the flow and combustion
characteristics of the two conditions are investigated based on simulation results.
The integrated reduction strategy and systematic kinetic verification used in pre-
sent work provide reference values for the application of more complex surrogate
fuel mechanisms in scramjet combustor combustion simulation.

Key words: pyrolysis products, surrogate fuel, integrated reduction strategy,
reduced mechanism, scramjet combustor, combustion simulation

Introduction

As the increase in flight speed and time, the thermal environment of scramjet engines
becomes even harsher, thermal protection issue increasingly become a technological bottleneck
for reliable operation of scramjet engines [1]. Regenerative cooling is one of the key technolo-
gies of thermal protection for scramjet combustor, which uses onboard liquid endothermic hy-
drocarbon fuel as cooling medium [2, 3]. Fuel such as aviation kerosene first flows through
cooling channels surrounding the combustor and carries heat away from wall via convection
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heat transfer and endothermic reactions [4]. As pyrolysis occurs, large molecules of fuel de-
compose into small molecule hydrocarbons and hydrogen [2, 3, 5]. Previous studies on pyrol-
ysis of aviation fuels have shown high total molar fraction of ethylene and methane [2, 3, 5],
they bound the range of ignition delay times associated with hydrocarbon fuels over a broad
range of operating conditions [6]. Thus, hypersonic international flight research experimenta-
tion flight 2 (HIFIRE-2) [7, 8] adopted an surrogate fuel with a binary blend of 64% ethylene
and 36% methane (in mole percentage) to characterize the ignition and flameholding character-
istics of partially-cracked JP-7 [9]. Given that the HIFIRE-2 scramjet combustor adopts a rela-
tively simple pyrolysis product surrogate fuel, and has relatively detailed configuration param-
eters and experimental data from ground direct-connect rig platform, it is well suited for the
study of mechanism reduction methods for surrogate fuel, kinetic performance verification
scheme for preferred reduced mechanism, and the application of reduced mechanism in com-
bustion simulation of scramjet combustor.

A variety of detailed kinetic models related to the combustion of small molecules
(Co-C.) of hydrogen and hydrocarbon fuels are developed in recent decades [10-14]. Among
them, the NUIGMech1.2 [14] including 2,857 species and 11,814 reactions can well character-
ize the combustion and pyrolysis characteristics for single-component and multi-component
blended fuels under wide working conditions [14-17]. However, its large size leads to prohibi-
tive computational cost and brings stiff problem to numerical solution [18]. To facilitate the
application of fuel mechanism in combustion simulation of combustors, many static mechanism
reduction methods are developed in recent years to obtain reduced mechanism without sacri-
ficing accuracy on relevant combustion characteristics within a certain range of operating con-
ditions [18, 19]. Direct relation graph (DRG) related methods yield a good compromise between
reduction accuracy and computational cost, hence they are often employed first in multi-stage
reductions [18, 19]. Xue et al. [19] recently proposed the path flux analysis with error propaga-
tion (PFAEP) method, this method presents excellent performance among six DRG-related
methods in the reduction of isobutene [18, 19]. Sensitivity analysis (SA) based methods usually
eliminate unnecessary species in uncertain species set derived by DRG-related methods, and
these methods are created to efficiently aid reduction process [18, 20]. The traditional SA meth-
ods need to iteratively compute the sensitivity coefficients of species to eliminate unnecessary
species, resulting in very high computational cost [20]. Xi etal. [20] improved SA based
method by firstly identifying of strongly-coupled species pairs and then performing incremental
species deletion. As demonstrated in the reduction of n-heptane mechanism, the computational
cost is greatly decreased [20]. After the stages of species elimination reduction, mechanisms
can be further reduced by eliminating unimportant reactions. Lu and Law [21] developed the
reaction elimination method based on the computational singular perturbation (CSP) im-
portance index. Considering each reduction method is tailored for a specific reduction stage,
integrated strategies are preferred in mechanism reduction process, which are proved to be re-
liable and efficient to achieve maximal reduction of many fuels [21-23]. Additionally, the tab-
ulation of dynamic adaptive chemistry (TDAC) method is proved to be promising in decreasing
prohibitive computational cost in combustion simulation of combustors with reduced or de-
tailed mechanisms [24-27]. The dynamic adaptive chemistry (DAC) method acquires local re-
duced mechanism at run-time, and the in-situ adaptive tabulation (ISAT) algorithm tabulates
and reuses previously solutions [24-26]. Li et al. [25] evaluated the speed-up performance of
different dynamic reduction methods with ISAT turned on for reduced and detailed mechanisms
of natural gas and biogas in combustion simulation of Delft jet in hot co-flow burner, and found
that elementary flux analysis (EFA) [28] presents superior performances.
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Some researchers have carried out mechanism reduction for small molecule fuels,
However, the reduced mechanism applicable for multi-component fuels is larger in size, and
fewer mechanisms are specialized for dual fuel of methane and ethylene. Sharma et al. [29]
yielded a skeletal mechanism for high temperature combustion of H,/CO/C1-C4 compounds
with 50 species and 373 reactions by reducing USC Mech-11 [11]. Xue et al. [19] derived a
skeletal mechanism suitable for oxidation of hydrocarbon and oxygenated Co-C4 fuels under
wide range of conditions containing 149 species and 925 reactions by performing reductions
for AramcoMech 3.0 [30]. Luo et al. [31] achieved a skeletal mechanism for ethylene/methane
mixtures with excessive NO enrichment consisting of 44 species and 269 reactions by reducing
an integrated mechanism of USC Mech-Il [11] and GRI-Mech 3.0 [13]. Concerning the com-
bustion simulation of HIFIRE-2 combustor, based on the detailed mechanism GRI-Mech 3.0
(53 species and 325 reactions) [13], Saghafian et al. [32] conducted a large eddy simulation
study using compressible flamelet/progress variable approach. In the Reynolds-averaged Na-
vier-Stokes simulations [7, 33], a reduced Taitech-Princeton ethylene model of 22 species and
over 200 reactions was developed based on the mechanism of Wang and Laskin [10]. However,
more details about this specialized mechanism are not provided. Therefore, it is necessary to
propose a compact and comprehensively validated reduction mechanism specialized for dual
fuel of methane and ethylene.

Given the promising application of regenerative cooling technology for scramjet com-
bustor and the lack of integrated reduction strategy for surrogate fuel of pyrolysis products,
present work aims to explore the whole workflow from the integrated reduction of surrogate
fuel, comprehensive kinetic performance verification of preferred reduced mechanism, to the
combustion simulation application of the mechanism in scramjet combustor. Based on the de-
velopment of mechanism reduction methods in recent years, a static integrated reduction strat-
egy is proposed and performed to obtain a high-fidelity reduced mechanism of surrogate fuel
with NUIGMechl.2 [14] as the detailed mechanism. To ensure the reliability of obtained re-
duced mechanism, systematic validations are conducted on Kinetic characteristics. Combined
with the TDAC method [24], this mechanism is applied to the combustion simulations of
HIFIRE-2 scramjet combustor. Then the flow and combustion characteristics are investigated
according to the results of combustion simulations under two conditions with flight Mach num-
ber of 5.84 and 6.50.

Computational specifications

Static reduction set-up

The flowchart of the static integrated reduction strategy with NUIGMech1.2 [14] as
the detailed mechanism is illustrated in fig. 1. Mechanism extraction and clean-up is first carried
out to extract sub-mechanism of species with carbon number < 4 (including H2 mechanism)
and clean unnecessary sub-mechanisms of NOy and NHas. According to the operating conditions
of HIFIRE-2 scramjet combustor [7, 8], the temperature range of 900-1800 K, pressure range
of 1-4 atmosphere, and equivalence ratio range of 0.25-5.0 are chosen as the target reduction
conditions. Two stages species elimination are performed in sequence by the cost-effective
PFAEP [19] method and the relatively costly but efficient improved SA method [20], followed
by further reaction elimination based on the CSP importance index [21]. Systematic kinetic
verifications are then conducted on the preferred reduced mechanism intended for combustion
simulation to check its reliability. These kinetic verifications, including ignition delay times
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(IDT), laminar flame speeds (LFS), species concentration profiles (SCP), adiabatic flame tem-
perature profiles (AFTP) and “S”-curves, are performed by the Chemkin-pro package [34]. Pre-
sent integrated skeletal reduction is performed by the automatic mechanism reduction
program ReaxRed [19, 35] adopting the relative error of IDT as the indicator, which has
proven to be effective in extensive reduction practices [19-21].

( Detailed mechanism )

Extraction and clean-up

Species elimination

Improved SA

CSP Importance index } Reaction elimination

Ignition delay times

Laminar flame speeds

Systematic kinetic validations Species concentration profiles
Adiabatic flame temperature profiles
“S” - curves

\ 4
( Preferred skeletal mechanism)

Figure 1. The integrated reduction strategy adopted for mechanism
reduction and verification scheme for preferred reduced mechanism

Computational domain and boundary conditions

The structure and experimental measurement data of investigated model scramjet
combustor are taken from the relevant researches of HIFIRE-2 [7, 8, 36]. As shown in fig. 2(a),
the whole scramjet combustor consists of an isolator (equal-area of 101.6 mm x 25.4 mm) sec-
tion of 203.2 mm in length, and a combustor section dominated by two symmetrically distrib-
uted cavities of 508.1 mm in length with unilateral expansion angle of 1.3°. The fuel is injected
into the combustor from P1 and S1 two-stage injector stations, each stage has four injectors at
the top and bottom that equally spaced with spacing of 25.4 mm. The diameters of the two
stages of injectors are 3.1750 mm and 2.3876 mm with inclination angles of 15° and 90° re-
spectively. For more details on the combustor configuration, the experimental set-up and data
measurements please refer to the relevant references [7, 8, 36, 37]. Due to the symmetry of
combustor structure, one quarter of the rig geometry with symmetry boundary conditions is
used for present simulation to reduce the computational cost [7]. Referring to the mesh resolu-
tion of Storch et al. [7] and the mesh independence analysis in Part 2 of Supplementary mate-
rial, a hexahedral structured mesh consisting of about 1.40 million mesh cells is finally adopted
to discretize the computational domain. Figure 2(c) demonstrates the mesh distribution near the
two-stage fuel jets and the cavity, injectors adopt outer and inner “O” grid block schemes, and
mesh cells are clustered near the fuel jets, shear layers of cavity, and walls.
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Figure 2. (a) The geometry schematic of the HIFIRE-2 scramjet combustor
[mm], (b) the computational mesh of one quarter of the rig geometry, and
(c) mesh refinement around two-stage fuel jet and cavity
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The boundary conditions and experimental data used in the present combustion simula-
tion are determined based on the ground experiment [36] and the accompanying simulation study
[7]- The results of flight Mach numbers, Ma.,, of 5.84 and 6.50 are taken as examples to illustrate
the applicability of the preferred reduced mechanism. The flow paramaters of combustor inlet
and equivalence ratios of two stages (@p and Ps) are summarized in tab. 1. As the experiments
are conducted in arc-heated tunnel, no contaminant component introduced in free incoming air
flow. The mass-flow rate of methane/ethylene duel fuel for each stage is determined by the mass-
flow rate of the air-flow and the corresponding equivalence ratios, and the total temperature of
fuel is 300 K. The turbulent intensity, I, of air-flow and fuel jets are both taken as 5%. The turbu-
lent kinetic energy, k, and specific dissipation rate, w, are, respectively, estimated by 1.5(Ul)? and
k%®/(C*°1), where U is the magnitude of velocity and constant C, equals to 0.09. Turbulent
length scale, I, is calculated by 0.07L, where the characteristic scale, L, are the diameter of fuel
injectors and the hydraulic diameter for combustor inlet. Wall functions of kqRWallFunction,
omegaWallFunction, alphatWallFunction, and nutkWallFunction are adopted and targeted for
high Reynolds number flow to model corresponding turbulence variables in boundary layers.

Table 1. The boundary conditions of two experimental conditions with
flight Mach numbers of 5.84 and 6.50

Ma To [K] T [K] po [MPa] p [MPa] U [ms™] o @p ®s
5.84 1550 751.53 1.482 80.00 1365.71 0.65 0.15 0.50
6.50 1848 895.19 1.496 74.50 1510.84 1.00 0.40 0.60

Numnerical simulation set-up

The combustion simulations are performed using the high speed gas phase compress-
ible combustion solver [38] developed on the open-source platform OpenFOAM [39]. The in-
viscid convective fluxes are evaluated by Kurganov and Tadmor scheme [40, 41]. Second-order
Crank-Nicholson time integration scheme is used [42]. Second-order total variation decreasing
scheme, van Leer flux limiter [43], is used for divergence schemes of velocity, species mass
fraction, internal energy, and turbulence variable fluxes. Laplacian schemes are Gauss linear
corrected and the surface normal gradient scheme is corrected. The gradient schemes of turbu-
lence variables, velocity, and pressure are cellLimited Gauss Linear 1, and the others are Gauss
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linear by default. The interpolation scheme for the reconstructed density, velocity, temperature,
and species mass fraction is van Leer and the others are linear by default. Ignition in simulation
is accomplished by means of adding energy source terms in the patch region over a period.
Adjustable time step is used and the maximum Courant-Friedrichs-Lewy number is set to 0.3.
turbulent Schmidt number and turbulent Prandtl numbers are, respectively, set to 0.9 and 0.72.
The SST k-w turbulence model [44-46] and the partially stirred reactor (PaSR) combustion
model [47-49] are respectively used to model turbulent flow, turbulence and combustion inter-
action. The model constant, Crmix, in PaSR is taken as 0.01 [50, 51]. The mechanism reduction
method for TDAC part is EFA reduction method [25, 52] and ISAT algorithm [53]. On the
TDAC reduction, the ISAT tabulation tolerance, eisat, and the reduction tolerance, eera, are
both set to 1x10* according to previous related studies [24-26]. Previous studies indicated that
thermal radiation can affect the combustion characteristics of premixed combustible mixtures
in 1-D laminar burning velocity [54, 55]. Whereas the radiation effect is usually ignored in the
combustion simulations in engineering scale combustor of HIFIRE-2 scramjet [7, 32, 33, 56],
hence the effect is not considered in the current simulations.

Results and discussions

Acquisition of preferred reduced mechanism
and its systematic Rinetic verifications

Following the scheduled reduction strategy in fig. 1, the skeletal reduction is carried
out for NUIGMech1.2 by setting the maximum relative error (MaxRE) of IDT < 20% [57]
under the target reduction conditions.The reduced mechanisms of the surrogate fuel obtained at
different stages are summarized in tab. 2. After the first stage of species elimination using
PFAEP method [19], the obtained reduced mechanism 78S-472R is significantly reduced com-
pared to the preprocessed mechanism 581S-3200R. A more compact reduced mechanism
34S-208R is derived in the second stage reduction for uncertain species set by adopting the
improved SA method [20] with a slight increase in the mean relative error (MeanRE) of IDT
from 3.83% to 7.44%. After reaction elimination based on the method of CSP importance index
[21], the reduced mechanism 34S-181R is obtained with the MeanRE of 8.02%. Given its com-
pact size and the ability to predict IDT within reasonable accuracy [57], the mechanism 34S-
181R is assumed as the preferred reduced mechanism for the surrogate fuel. Due to the absence
of kinetic experiments for the compositions of current surrogate fuel, the kinetic performance
for its reduced mechanism 34S-181R are validated for methane and ethylene separately under
conditions relevant to the reduction conditions. Furthermore, considering the mechanisms ap-
plicable for dual fuel of methane and ethylene, such as mechanisms of Sharma et al. (50S-373R)
[29], Xue et al. (149S-925R) [19], Luo et al. (44S-269R) [31], and GRI-Mech 3.0 (535-325R)

Table 2. Dual fuel reduced mechanisms obtained at different static reduction stages

Reduction method Reduced mechanisms? MaxRE® MeanRE °
Extraction and clean-up 581S-3200R - -
PFAEP 78S-472R 13.70% 3.83%
PFAEP + improved SA 34S-208R 18.54% 7.44%
PFAEP + Improved SA + CSP importance index 34S-181R 19.64% 8.02%

2L abeled by the number of species and reactions in the corresponding reduced mechanism.
b Maximum relative error and mean relative error under the reduction conditions.
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[13], their kinetic performances are systematically compared with the preferred skeletal mech-
anism obtained in present work in the Supplementary material. Compared to these mechanisms,
the preferred skeletal mechanism not only presents favorable prediction results, but also more
compact in size. Thus, it is more suitable for combustion simulations of HIFIRE-2 combustor
fueled by the surrogate fuel.

Since auto-ignition of fuel has been proved to be responsible for the flame stabiliza-
tion mechanism in combustion simulations of scramjet combustors [58, 59], the capability of
the reduced mechanism on the IDT of fuel/air mixtures is first verified. Hu et al. [60] conducted
the experimental measurements of IDT for methane/air mixture in a shock tube under wide
temperature range, pressure of 1 and 3 atmosphere, and equivalence ratio, &, of 0.5, 1.0, and
2.0. Yang et al. [57] supplemented the experimental measurements of IDT for ethylene/air mix-
tures in a shock tube under wide temperature range, pressure of 1 and 4 atmosphere, and @ of
0.5, 1.0, and 2.0. Figures 3 and 4, respectively, show the comparison of the prediction results
of IDT of the reduced mechanism 34S-181R and the detailed mechanism NUIGMech1.2 for
methane/air and ethylene/air mixture with different equivalent ratios under corresponding con-
ditions. In the figures, symbols are experimental data, solid lines are prediction results using
the reduced mechanism, and the dashed lines are prediction results using the original detailed
mechanism NUIGMech 1.2. This default rule is followed subsequently unless otherwise stated.
As can be observed, the reduced mechanism with significantly reduced size can still well re-
produce the simulation results of the detailed mechanism under various conditions, and its sim-
ulation results are in good agreement with experimental data.
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As the residence time of the fluid in recirculation zones formed by the flame stabilizer
is significantly longer and the flow velocity is lower, the accurate prediction of LFS becomes
relevant under this scenario [61]. Figures 5 and 6, respectively, depict the comparison of the
prediction results of the reduced and detailed mechanisms for LFS of methane/air and eth-
ylene/air mixtures with various equivalence ratios at different initial pressures and tempera-
tures. As can be observed the reduced mechanism can accurately capture the change of LFS
with initial pressure and temperature, and its simulation results coincide well with the experi-
mental data of methane/air [60, 62-64] and ethylene/air [65-70] mixtures provided by different
researchers.

The SCP obtained in a jet-stirred reactor (JSR) are able to effectively characterize the
evolution for consumption and production of concerned species under investigated operating
conditions. Cong and Dagaut [71] performed JSR experiments for methane oxidation under
different conditions (T = 900-1450 K, p = 1.0 atmosphere, and @ = 0.1, 0.6, and 1.5) using N>
diluted methane with an initial mole fraction of 0.01 and a residence time of 120 ms. Jallais
et al. [72] performed JSR experiments for ethylene oxidation under different conditions (T =
773-900 K, p = 1.0 atmosphere, and & = 3, 5, and 10) using N diluted ethylene with an initial
molar fraction of 0.05 and a residence time of 1.3 seconds. In comparison with the correspond-
ing experimental data [71, 72], figs. 7 and 8 successively illustrate the simulated concentration
profiles using the reduced and detailed mechanisms for fuel (CH4and C,H4) and major products
(CO, COo, etc.) during oxidation of CH4/O2/N, mixture and C2Ha/O2/N, mixture with different
equivalence ratios. From the comparison results, one can conclude that the reduced mechanism
has a favorable prediction performance on fuel consumption and major product generation.
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When analyzing premixed flames, AFTP are critical for characterizing stable com-
bustion region [73, 74]. Figure 9 provides the comparison of AFTP for the reduced and detailed
mechanisms under initial temperature of 1200 K, pressure of 3 atmosphere, and equivalence
ratios ranging from 0.1-4.0. In following figures, symbols are prediction results using the orig-
inal detailed mechanism NUIGMech 1.2, and solid lines are prediction results using the reduced
mechanism. For simulation settings, the initial temperature is determined by the non-reacting
temperature field with fuel injected around the two cavities, the pressure is determined by the
combusor experimental pressure [7] for the two operating conditions in tab. 1, the fuel and
oxidizer are respectively set to be surrogate fuel and air. The AFTP simulated with the two
mechanisms are visually indistinguishable, which demonstrates the reliability of the predicted
results for the thermochemical properties of the reduced mechanism.

The “S”-curves characterize the evolution of combustion state of premixed mixture in
perfectly stirred reactor with residence time [50, 75]. Figure 10 illustrates the comparison of
“S”-curves simulated by the reduced and detailed mechanism for initial temperature of 1200 K,
pressure of 3 atmosphere, and equivalence ratios of 0.5-1.5. The initial temperature, fuel and
oxidizer in simulation set-up are consistent with the aforementioned description. As can be
observed, the reduced mechanism well maintain the prediction performance of the detailed
mechanism on the combustion states of ignition, extinction, intermediate unstable combustion,
and stable combustion of premixed mixtures.
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According to previous systematic kinetic verifications, the simulation results of the
reduced mechanism match well with corresponding experimental measurements for IDT, LFS,
and SCP. Meanwhile, it provides consistent results with the detailed mechanism in aspect of
AFTP and “S”-curves. Reaction path analyses of the detailed mechanism and the reduced mech-
anism for the ignition moments relevant to combustion conditions are provided in Supplemen-
tary material. As can be concluded from the analysis results, the preferred reduced mechanism
retains dominant key reaction pathways of the surrogate fuel in combustion processes. The re-
sults demonstrate that this compact and high-fidelity reduced mechanism for the surrogate fuel
is well prepared for the combustion simulations of scramjet combustor in next section. This
mechanism can be acquired from the Supplementary material.

Application of the reduced mechanism for surrogate fuel
in combustion simulations

The reduced mechanism 34S-181R of surrogate fuel obtained by the static integrated
reduction method is applied to combustion simulations of HIFIRE-2 combustor. The TDAC
method of dynamic EFA [25] reduction method and the ISAT algorithm [53] is also adopted
for further run-time speed-up.

The static pressure distribution profiles obtained from simulations of the two operat-
ing conditions in tab. 1 are compared with the corresponding experimental measurements [36].
Numerical schlieren images (calculated by |V o) for cold and hot states are synchronously pro-
vided, due to the flow field shock wave structure can significantly affect the pressure distribu-
tion profiles.

Static pressure profiles and numerical schlieren images of cold and hot states for
Ma., = 5.84 and Ma,, = 6.50 are sequentially presented in figs. 11 and 12. As for the cold
states, the flow structures in the whole combustor are well captured in schlieren images. Ex-
pansion waves formed at starting point of the divergence angle of combustor and their re-
flected waves are observed upstream of the combustor. Besides, the expansion waves formed
at the shear layers of the two cavities are firstly reflected between the shear layers, and then
reflected several times on the upper and lower walls downstream of the combustor. As for the
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pressure profiles, the pressure begins to drop at the starting point of upper cavity and main-
tains essentially uniformity within the cavity, the pressure gradually rises as the shear layer
of the cavity impinges the trailing edge of the cavity, and the pressure rises further due to the
narrowing of the flow path along the trailing edge of the cavity. According to the flow phe-
nomena in the combustor resolved from numerical schlieren images, the distribution charac-
teristics of the pressure profiles at the downstream of combustor upper wall can be interpreted
intuitively. As for the hot states, the simulated pressure profiles agree well with the corre-
sponding experimental measurements in terms of the initial pressure rise position and the
pressure rise ratio. The agreement means current simulations resolve well the combustion
intensity and distribution of heat release that can be reflected by the static pressure profiles
along the combustor [76]. Due to the thermal blockage caused by the combustion occurred in
cavities and the narrowed flow path, there are complex interactions between flow and com-
bustion near the aftwall of the cavities, resulting in some differences between the simulation
results and the experimental measurements. As can be noted in schlieren images, pre-com-
bustion shock waves caused by combustion heat release propagate to upstream of the com-
bustor. As combustion occurs in cavities, shock waves undergo multiple reflections between
cavity shear layers. At the divergence section downstream of cavities, the intensity of the
reflected shock waves gradually decreases, which is well reflected in the upper wall pressure
profile distribution. Additionally, due to the lower global equivalence ratio of the first stage
fuel injection for the case Ma., = 5.84, the intensity of the upstream pre-combustion shock
waves is higher compared to that of Ma.. = 6.50. The wall pressure of the latter is higher near
the first stage fuel injection due to higher global equivalence ratio.
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Figure 11. Static pressure profiles and numerical Figure 12. Static pressure profiles and
schlieren images of cold and hot states for flight numerical schlieren images of cold and hot
Mach number of 5.84 states for flight Mach number of 6.50
Conclusions

Taking the surrogate fuel of partially cracked JP-7 fuel, i.e., 64% ethylene and 36%
methane, utilized in the HIFIRE-2 scramjet combustor as an example, present work systemati-
cally explores the workflow of integrated reduction, comprehensive kinetic validations of ob-
tained reduced mechanism, and the application of the reduced mechanism to combustion sim-
ulation. Under the target reduction conditions for temperature range of 900-1800 K, pressure
range of 1-4 atmosphere, and equivalence ratio range of 0.25-5.0, a preferred reduced mecha-
nism (34 species and 181 reactions) of the surrogate fuel with remarkably reduced size is ob-
tained by the proposed static integrated reduction strategy, which successively consists methods
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of PFAEP, improved SA and CSP importance index. In comprehensive kinetic validations, this
reduced mechanism presents favorable performance in terms of IDT, LFS, SCP, AFTP and
“S”-curves, which demonstrates the reliability of the mechanism derivated from the integrated
reduction strategy. The applicability of this high-fidelity mechanism is illustrated in combustion
simulations for HIFIRE-2 scramjet combustor under two operating conditions with simulated
flight Mach numbers of 5.84 and 6.50 combining with TDAC of EFA dynamic reduction
method and ISAT algorithm for further run-time speed-up. Based on simulation results, the
flow and combustion characteristics in the combustor are investigated jointly for the two cases.
The integrated reduction strategy and systematic kinetic verification method used in present
work provides reference values for the application of more complex surrogate fuel mechanisms
in scramjet combustor simulations.
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Nomenclature
Cmix — mixing constant of PaSR model S — variable at S1 injector station
I —turbulent intensity t — total sum of variable
k  —turbulent kinetic energy, [m?s2] A
L  —characteristic scale, [m] cronyms
I —turbulent length scale, [m] AFTP  —adiabatic flame temperature profiles
Ma. — flight Mach number CSP — computational singular perturbation
po - total pressure, [MPa] DAC — dynamic adaptive chemistry
p - static pressure, [kPa] or [atm] EFA — elementary flux analysis
To —total temperature, [K] HIFIRE-2 — hypersonic international flight
T  —static temperature, [K] research experimentation flight 2
U - magnitude of velocity, [ms™] IDT — ignition delay times
Greek symbols ISAT - in-situ adaptive tabulation
LFS — laminar flame speeds
&  —tolerance MaxRE — maximum relative error
p  —density, [kgm~] MeanRE — mean relative error
@ —equivalence ratio PaSR — partially stirred reactor
o - specific dissipation rate, [1s7] PFAEP - path flux analysis with error
. ropagation
Subscripts SA - Eensitigvity analysis
EFA - indication of elementary flux analysis SCP — species concentration profiles
method TDAC  —tabulation of dynamic adaptive
ISAT — indication of ISAT algorithm chemistry
P — variable at P1 injector station

Supplementary material

Comparisons on kinetic performance for
mechanisms of methane and ethylene

Considering the mechanisms applicable for dual fuel of methane and ethylene in lit-
erature review in introduction section such as mechanisms of Sharma et al. (50S-373R) [29],
Xue et al. (149S-925R) [19], Luo et al. (44S-269R) [31], and GRI-Mech 3.0 (53S-325R) [13],
their kinetic performances are systematically compared with the preferred skeletal mechanism
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(34S-181R) obtained in present work. Under relevant conditions as involved for comparisons
for the detailed mechanism and preferred skeletal mechanism, the systematic comparisons on
ignition delay times (IDT), laminar flame speeds (LFS), and species concentration profiles
(SCP) for different mechanisms are respectively performed for methane and ethylene.

Figures S1 and S2, respectively, depict the comparisons of IDT for methane/air mix-
ture and ethylene/air mixture predicted by the five mechanisms under wide working conditions.
As for the predictions of IDT for methane/air mixture, All the five mechanisms present good
performance in terms of IDT for methane/air mixture. Among them, GRI-Mech 3.0 [13] is a
detailed mechanism mainly optimized for natural gas combustion. The present skeletal mecha-
nism presents well consistent with that of Xue et al. [19]. The skeletal mechanisms of Sharma
etal. [29] and Luo et al. [31] are basically identical, as they are both reduced from the high
temperature detailed mechanism USC Mech-II [11] and retain the key species and reactions
that dominate ignition processes. As for the predictions of IDT for ethylene/air mixture, the
mechanism of Sharma et al. [29] deviates significantly from the corresponding experimental
measurements under all investigated working conditions. The GRI-Mech 3.0 [13] has barely
satisfactory simulation results at p = 1 atmosphere and presents significant prediction deviations
at p = 4 atmosphere, which indicates that it fails to capture pressure effect on ignitions. The
mechanism of Luo et al. [31] predicts poorly under fuel-lean working conditions (p = 1, 4 at-
mosphere, @ = 0.5). The skeletal mechanism obtained by this work and that of Xue et al. [19]
offer favorable predictions for all working conditions.

Figures S7 and S8 successively present the comparisons of SCP of fuel (CH4 and
C2H4) and major products (CO, COy, etc.) predicted by different mechanisms for CHa/O2/N2
mixture and C2H4/O2/N2 mixture of different equivalence ratios at 1 atmosphere. For the pre-
dictions of species concentration during the oxidation of CH4/O2/N2 mixtures, GRI-Mech 3.0
[13] is unable to yield correct evolution profiles of species concentration with respect to tem-
perature. The skeletal mechanisms of Sharma et al. [29] and Luo et al. [31] present essentially
identical predictions, but both misestimate the location of the temperature for rapid initiation of
reactions. For very lean combustion conditions (@ = 0.1), the predictive performance of the
skeletal mechanism of Xue et al. [19] is also poor. Whereas it is evident that only the skeletal
mechanism obtained in present work is competent for the prediction of species concentration
profiles for all investigated working conditions for CH4/O2/N2 mixture. As for the prediction of
species concentration during the oxidation of CaH4/O2/N2 mixture, GRI-Mech 3.0 [13] even
can not predict the reaction occurrence under the corresponding investigated working condi-
tions, the skeletal mechanism of Luo et al. [31] yields predictions that significantly deviate from
the experimental data, and the skeletal mechanism of Sharma et al. [29] again misestimate the
location of the temperature for rapid initiation of reactions. The predictive performance of the
skeletal mechanism obtained in present work and that of Xue et al. [19] are relatively superior,
and the former being in better agreement with experimental data.

Figures S3 and S4 provide the comparisons of LFS for methane/air mixture and eth-
ylene/air mixture predicted by different mechanisms under initial temperature of 298 K and
pressures of 1 and 2 atmosphere. Except for GRI-Mech 3.0 [13], other mechanisms can well
describe the LFS for both methane/air mixture and ethylene/air mixture under investigated con-
ditions, and their simulation results also reproduce well the effect of different equivalence ratios
and pressures on the flame propagation characteristics. Figures S5 and S6 illustrate the com-
parisons of LFS for methane/air mixture and ethylene/air mixture of different equivalence ratios
predicted by different mechanisms under pressure of 1 atmosphere with three different initial
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temperatures. Apart from GRI-Mech 3.0 [13], other mechanisms match well with correspond-
ing experimental data, and can correctly predict the variation of laminar flame speed with dif-
ferent initial temperatures. As mentioned earlier, GRI-Mech 3.0 is primarily geared towards the
combustion of natural gas, and it is not well-suited for ethylene combustion.
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Figure S1. The IDT for methane/air mixture predicted by different mechanisms under wide
temperature range, pressures of 1 and 3 atmosphere, equivalence ratios of 0.5, 1.0, and 2.0;
(a) p =1 atmosphere, @ = 0.5, (b) p = 3 atmosphere, @ = 0.5, (c) p = 1 atmosphere, @ = 1.0,

(d) p =3 atmosphere, @ = 1.0, (e) p = 1 atmosphere, @ = 2.0, and (f) p = 3 atmosphere, @ = 2.0
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Figure S2. The IDT for ethylene/air mixture predicted by different mechanisms under wide
temperature range, pressures of 1 and 4 atmosphere, equivalence ratios of 0.5, 1.0, and 2.0;
(a) p =1 atmosphere, @ = 0.5, (b) p = 4 atmosphere, @ = 0.5, (c) p = 1 atmosphere, @ = 1.0,

(d) p =4 atmosphere, @ = 1.0, (e) p = 1 atmosphere, @ = 2.0, and (f) p = 4 atmosphere, @ = 2.0

By comparing the kinetic performances of the preferred skeletal mechanism with
those of related mechanisms of methane and ethylene in the literature review under the relevant
combustion conditions, the favorable performance of this reduced skeletal mechanism is further
proven in the detailed comparative results and discussions. This is because more new reaction
pathways and updated reaction rates related to methane and ethylene combustion are included
in the newly developed detailed mechanism NUIGMech1.2 [14] compared to GRI-Mech 3.0
[13], USC Mech-1I [11] and AramcoMech 3.0 [30], and they are retained in present reduced
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skeletal mechanism. Furthermore, the present reduced skeletal mechanism has an advantage in
terms of mechanism size compared to the other mechanisms. Thus, it is more suitable for com-
bustion simulations of the surrogate fuel.
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Figure S3. The LFS for methane/air mixture predicted by different mechanisms under initial
temperature 298 K, pressures of 1 and 2 atmosphere; (a) p = 1 atmosphere, T =298 K
and (b) p = 2 atmosphere, T =298 K
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Figure S4. The LFS for ethylene/air mixture predicted by different mechanisms under initial
temperature 298 K, pressures of 1 and 2 atmosphere; (a) p = 1 atmosphere, T =298 K
and (b) p = 2 atmosphere, T =298 K
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Mesh independent analysis

Mesh independent analysis is carried out based on non-reactive flow field of flight
condition of Mach 5.84 to choose proper mesh resolution by employing three meshes respec-
tively consisting of 0.93, 1.40, 2.12 million cells. Figure S9 shows the influence of mesh reso-
lution on pressure profile along the upper wall in the non-reactive flow. To visualize the distri-
bution characteristics of the pressure and shock wave structures more visually, the pressure
contour and numerical schlieren image (calculated by |V o) for the central cross-section of me-
dium mesh are given in the upper and lower parts of the figure. As can be observed, the pressure
distribution profiles obtained by the three mesh are uniform in trend and are visually indistin-
guishable from each other, and they accurately capture the flow structures in this combustor.
Considering the accuracy and computational cost, the medium mesh of 1.40 million cells is
finally adopted for subsequent simulations.

Reaction path analyses for ignition moments
under relevant combustion conditions

Reaction path analyses around the ignition moment of the surrogate fuel are performed
under initial temperature of 1200 K, pressure of 3 atmosphere, and equivalence ratios of 0.5-
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1.5 to validate whether the reduced mechanism retains the key reaction pathways. It is worth
emphasizing that the working conditions investigated for the present kinetic analyses are closely
relevant to the two combustion conditions of this scramjet. The normalized reaction fluxes of
key reaction paths for the detailed and reduced mechanisms are successively compared in
figs. S10-S12. Although some of the normalized reaction flux values change to some extent
after reduction due to the elimination of some species and reactions, it is observed that the
dominant key reaction paths are retained in the reduced mechanism and it can effectively char-
acterize the reaction characteristics under the investigated working conditions.
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Figure S10. Reaction path analysis on ignition moment under initial temperature of 1200 K, pressure of
3.0 atmosphere, and equivalence ratio of 0.5 for the detailed (left column) and reduced (right column)

mechanisms; @ = 0.5
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