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atic integrated skeletal reduction
and tabulation of dynamic adaptive chemistry in
the combustion simulation of ethylene-fueled
scramjet combustor†

Zhongwen Li,ab Jianwen Liuc and Jingbo Wang *ab

The high-fidelity reduced mechanism is one of the key elements in the combustion simulation of scramjet

combustors to reveal their combustion and flow phenomena. In the present work, the hierarchically

constructed NUIGMech1.2 (2857 species and 11 814 reactions) is applied to the combustion simulation of

an ethylene-fueled scramjet combustor using the method of static integrated skeletal reduction and

tabulation of dynamic adaptive chemistry (TDAC). The integrated skeletal reduction strategy successively

consists of species elimination using the revised directed relation graph with error propagation method

of fixed species scheme and improved sensitivity analysis method, and reactions elimination based on

computational singular perturbation importance index. A preferred ethylene skeletal mechanism (26

species and 117 reactions) is obtained through the integrated skeletal reduction strategy under target

working conditions of temperature range of 900–1800 K, pressure range of 1–4 atm, and equivalence

ratio range of 0.25–5.0. The compact skeletal mechanism is comprehensively validated against the

experimental results of ignition delay times, laminar flame speeds, and key species concentration

profiles. Meanwhile, it shows consistent results with the detailed mechanism on the adiabatic flame

temperature profiles and “S”-curves. When applying this skeletal mechanism to combustion simulations

of ethylene-fueled scramjet combustor with double parallel cavities, the path flux analysis method and in

situ adaptive tabulation algorithm of TDAC is further utilized to speed up the chemical reaction solution

process at run-time. Under the scramjet and ramjet modes, the corresponding simulation results in

terms of flame luminosity images, schlieren images, and static pressure distributions, coincide well with

those of experimental measurements. The combustion and flow characteristics of the two modes are

investigated and analyzed comparatively based on above results and combustion performance

parameters. Present work contributes to the application of fuel kinetic mechanisms in scramjet

combustor combustion simulation.
1. Introduction

Ethylene (C2H4) has the advantages of easy storage, short igni-
tion delay time, and great energy per unit volume, which is also
an important intermediate during oxidation and pyrolysis
process of large hydrocarbons.1–5 Thus, it serves as fuel or
surrogate fuel in practical scramjet combustors.3,6–11 Ethylene
kinetic mechanism with high accuracy is one of the key
elements for combustion simulation of ethylene-fueled scram-
jet combustors to reveal their combustion and ow phenomena.
niversity, Chengdu, 610065, P. R. China.

ion and Cooling for Aerospace Power,

hengdu, 610065, P. R. China

100074, P. R. China

tion (ESI) available. See DOI:

5070
Global mechanisms of one step reaction12,13 or several steps
of reactions with hydrogen (H2) and carbon monoxide (CO) as
intermediates14–16 were adopted in previous combustion simu-
lations of scramjet combustors.6,13,16–18 Due to the lack of
universality of this kind of mechanisms, the prediction results
gained are unsatisfactory under some circumstances,17,19 and
the relevant combustion phenomena like ame propagation
and dynamic evolution of combustion processes cannot be
explained reasonably.20,21 Furthermore, they predict mostly
incorrect trends or even fail to be solved in predicting fuel
characteristics in kinetic simulations.20,22 In recent decades,
a variety of detailed kinetic models related to ethylene–air
combustion are developed.23–38 Among them, the NUIG-
Mech1.2,38 including 2857 species and 11 814 reactions, is
hierarchically constructed that well characterize the combus-
tion and pyrolysis characteristics for fuels ranging from C0–C7

hydrocarbons35,36,38–41 under wide working conditions. In terms
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of chemical kinetics, these mechanisms are good in predicting
the characteristics of ethylene combustion. However, their large
size leads to high computational cost when solving the corre-
sponding chemical source terms and brings stiff problem to
numerical solution.42,43 Thus, they cannot be directly applied to
computationally expensive combustion simulation for ethylene-
fueled scramjet combustors.

To facilitate the application of fuel mechanisms in
combustion simulation of combustors, many mechanism
reductionmethods including skeletal reduction, lumping, time-
scale analysis, etc., are developed in recent years to obtain
skeletal mechanism without sacricing accuracy on relevant
combustion characteristics within a certain range of working
conditions.42,44 Skeletal reduction as the main reduction
method eliminates unnecessary species and reactions by
dealing with complex coupling between species or reactions.42,44

Lu et al.45 rst proposed the directed relation graph (DRG)
method, and then a series of derivative methods including
revised-DRG (r-DRG),46 DRG with error propagation (DRGEP),47

revised-DRGEP (r-DRGEP),44 path ux analysis (PFA),48 linear-
ized error propagation (LEP),49 etc., are successively developed.
Sensitivity analysis (SA) based methods are created later to aid
reduction process, which eliminate unnecessary species by
performing sensitivity analyses on certain retained species set.
Given these methods are computationally expensive, they are
oen combined with DRG-related methods, and the corre-
sponding methods include DRGASA,50 DRGEPASA51 and
ISASA.52 Xue et al.44 recently proposed a xed species (FS)
scheme for six DRG-related methods to retain the species
increasing the maximum error of ignition delay time sharply in
skeletal reduction processes. The r-DRGEP method with the FS
scheme showed good performance in the reduction of Ara-
mcoMech3.0 33 for fourteen C0–C4 hydrocarbon and oxygenated
fuels. Xi et al.53 improved SA method by introducing the scheme
of recognition of strongly coupled species pairs and incre-
mental deletion. As demonstrated in the reduction of n-heptane
mechanism, the computational cost is greatly decreased
compared with the traditional SA method. Moreover, reaction
elimination methods for skeletal reduction are also developed,
like elementary ux analysis (EFA)54 method and reaction
elimination based on the computational singular perturbation
(CSP) importance index.55 Lumping method is also introduced
to reduce the mechanism size by combining similar species and
reaction pathways.42 Although time-scale analysis reduction,
such as quasi steady state approximation (QSSA),56,57 CSP,58 etc.,
can signicantly reduce the mechanism size, the derived
mechanism lacks universality for applications in customized or
commercial soware as reactions are not expressed in the
extended Arrhenius format.59 In view of each reduction method
is tailored for a certain reduction stage, integrated strategies are
preferred in mechanism reduction process, which are proved to
be reliable and efficient to achieve maximal reduction of many
fuels.11,55,59

Considering the application of reduction methods to the
detailed mechanisms of ethylene, some skeletal mechanisms
obtained under specic reduction conditions are summarized
in Table 1. As for the detailed mechanisms adopted for
© 2024 The Author(s). Published by the Royal Society of Chemistry
reduction, Laskin Mech,23 USC-II,28 LLNL Mech24 and UCSD32

focus more on high temperature combustion of small hydro-
carbons.34 GRI-Mech 3.0 25 is mainly optimized for natural gas
combustion. Therefore, these mechanisms are not well suited
for wide conditions of ethylene combustion in combustion
simulation of scramjet combustor. Different combustion char-
acteristics can be as reduction target, such as ignition delay
time (IDT), laminar ame speed (LFS), “S”-curve,60 the ignition
characteristics deserve more attentions than other kinetics
properties for scramjet combustors.4 Under narrow reduction
conditions of single temperature and pressure point (298 K, 1
atm), a compact ethylene skeletal mechanism 23S–55R was
obtained with an integrated reduction strategy. However, under
wide temperature range of 800–1600 K, a larger skeletal mech-
anism 70S–451R was obtained by the single reduction method
of DRGEP with FS scheme. Given the wide range of temperature,
pressure, and equivalence ratio for scramjet combustor, there is
still lack of a compact and comprehensively validated ethylene
skeletal mechanism suitable for combustion simulation of
scramjet combustors.

The tabulation of dynamic adaptive chemistry (TDAC)
method is proved to be a promising method to utilize skeletal or
detailed mechanisms in combustion simulation of
combustors.66–69 The TDAC method66 reduce prohibitive
computational cost in the solution of species transport equa-
tions by coupling in situ adaptive tabulation algorithm (ISAT)70

and dynamic adaptive chemistry (DAC).71 The ISAT algorithm
decreases the effect of the number of cells by tabulating and
reusing previously solutions, whereas the DAC method
decreases the effect of the mechanism size by acquiring local
reduced mechanisms at run-time.66–68 Preliminary static reduc-
tion of detailed mechanisms before applying DAC or TDAC
method can dramatically decrease computational cost and
storage requirements while guaranteeing accuracy and good
acceleration performance.67,68,71,72 Li et al.67 evaluated the speed-
up performance of different dynamic reduction methods (DRG,
DRGEP, DAC, PFA, and EFA) with ISAT turned on for skeletal
and detailed mechanisms of natural gas and biogas in
combustion simulation of Del jet in hot co-ow (DJHC)
burner, and found that PFA provides a slightly larger speed-up
factor for skeletal mechanism.

Considering the extensive applications of ethylene as fuel or
surrogate fuel and the lack of its skeletal mechanism with high-
delity applicable for wide range of operating conditions of
scramjet combustors, present work aims to obtain a compact
and comprehensively validated ethylene skeletal mechanism
based on the development of ethylene mechanisms and newly
proposed mechanism reduction methods. A static integrated
skeletal reduction is performed for the high accuracy NUIG-
Mech1.2 38 containing ethylene sub-mechanism to obtain
a preferred skeletal mechanism under target operating condi-
tions. Aer systematic kinetic verications for reliability on the
skeletal mechanism, it is applied to the combustion simula-
tions of an ethylene-fueled scramjet combustor combined with
the TDAC method.66 And then the ow and combustion char-
acteristics under a scramjet and a ramjet operating modes are
RSC Adv., 2024, 14, 15058–15070 | 15059
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Table 1 Some representative ethylene skeletal mechanisms recently obtained by reduction of detailed mechanisms for specific working
conditions

Detailed mechanism Target Reduction method Reduction conditionsa Skeletal mechanismb

Laskin Mech23 — DRGEPSA T: 1100–1500 K 25S–131R61

p: 1 atm
F: 1.0

GRI-Mech 3.0 25 — DRG T: 1300–1700 K 19S–32R62

CSP importance index p: 1 atm
F: 0.4–1.4

UCSD32 IDT DRGEP T: 1000–1800 K 24S–86R11

SA p: 1.0–5.0 atm
CSP F: 0.5–1.5

USC-II28 IDT DRG T: 1200–1800 K 38S–230R63

p: 1–3 atm
F: 0.6–1.4

LLNL Mech24 LFS DRGEP T: 298 K 23S–55R64

QSSA p: 1 atm
SA F: 0.6–1.2

USC-II28 “S”-curve LEP T: 1000 − (adiabatic ame temperature − 100) K 35S–228R49

p: 0.5–10 atm
F: 0.5–1.5

AramcoMech 3.0 33 IDT DRGEP with FS T: 800–1600 K 70S–451R44

p: 1–10 atm
F: 0.5–1.5

USC-II28 IDT PFA modied SA T: 1500–2500 K 26S–55R65

p: 20–60 atm
F: 0.5–1.5

a Symbol T, p, and F respectively mean temperature, pressure, and equivalence ratio for reduction conditions. b Labelled by the number of species
and reactions in the corresponding skeletal mechanism.
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investigated according to the results of combustion simulations
and the discussion of combustion performance parameters.
2. Computational specifications
2.1. Static reduction setup

The owchart of the static integrated reduction with NUIG-
Mech1.2 38 as the detailed mechanism is illustrated in Fig. 1.
Mechanism extraction and clean-up is rst carried out to extract
sub-mechanism of species with carbon number #4 (including
H2 mechanism) and clean unnecessary sub-mechanisms of NOx
Fig. 1 The integrated skeletal reduction strategy.

15060 | RSC Adv., 2024, 14, 15058–15070
and NH3. According to the operating conditions of the ethylene-
fueled scramjet combustor,3,5,10,11,22,73 the temperature range of
900–1800 K, pressure range of 1–4 atm, and equivalence ratio
range of 0.25–5.0 are chosen as the reduction conditions. The
cost-effective r-DRGEP with FS method44 and the efficient but
slightly expensive improved SA method53 are employed to
perform the two stage species eliminations, followed by the
reactions elimination based on the method of CSP importance
index.55 Systematic kinetic verications are conducted on the
preferred skeletal mechanism intended for combustion simu-
lation to check its reliability. These verications, including
ignition delay times (IDTs), laminar ame speeds (LFSs),
species concentration proles (SCPs), adiabatic ame temper-
ature proles (AFTPs) and “S”-curves, are performed by the
Chemkin-pro package.74 Present integrated skeletal reduction is
performed by the automatic mechanism reduction program
ReaxRed44,75 adopting the relative error of IDTs as the indicator,
which has proven to be effective in extensive reduction
practices.44,53,55,76,77
2.2. Computational domain and boundary conditions

The structure and experimental measurement data of investi-
gated model scramjet combustor are taken from the researches
of Zhong et al.3,10 As shown in Fig. 2(a), the scramjet combustor
consists of an isolator section of 674 mm in length (equal-area
of 75 mm × 54.5 mm), and three unilaterally diverging
combustor sections with lengths of 480 mm, 702 mm, and 344
mm, respectively. The divergence angles are 2.5°, 3.5°, and 4° in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The schematic diagramof scramjet combustor10 (unit inmm); (b) Ooverall computational mesh; (c) mesh refinement around integrated
fuel-injection/flame-holder cavity modules.

Table 2 Flow parameters and components of vitiated air and ethylene
fuel jets for the two operating modes

Parameter Vitiated air Scramjet mode Ramjet mode

F — 0.26 0.51
T0 [K] 1430 305 305
T [K] 485.68 272.37 272.37
p0 [Pa] 3.60 × 106 1.06 × 106 2.05 × 106

p [Pa] 4.00 × 104 5.90 × 105 1.14 × 106

Ma 3.46 1.00 1.00
U [m s−1] 1491.29 316.30 316.30
YO2

0.2495 0.00 0.00
YH2O 0.0356 0.00 0.00
YCO2

0.1414 0.00 0.00
YN2

0.5735 0.00 0.00
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sequence. Two integrated fuel-injection/ame-holder cavity
modules are installed on the upper and lower walls of
combustor Section I. The fuel-injection part is located 8 mm
upstream of the leading edge of the cavity and has three 2.0 mm
diameter holes symmetrically spaced 18 mm apart. The depth,
length, width, and a ramp angle of ame-holder cavity are
respectively 15 mm, 110 mm, 75 mm, and 45°. For more details
on the combustor conguration, the experimental setup and
data measurements please refer to the experimental
researches.3,10 According to the mesh independent analysis in
ESI,† the hexahedral structured mesh containing approximately
4.89 million cells is utilized to discrete the computational
domain, as illustrated in Fig. 2(b) and (c). The outer and inner O
grid block schemes are adopted for six ethylene jet holes, and
the cells are clustered towards shear layers of cavities and
downstream of the ethylene jets.

The total temperature T0, total pressure p0, and Mach
number Ma of the vitiated air at combustor inlet is about 1430
K, 3.6 MPa, and 3.46. The ethylene injection pressure of injec-
tors I1 and I2 are used to adjust the global equivalence ratio to
perform a series of combustion experimental studies and there
is a certain degree of uctuations in the injection pressure of
the ethylene jets.10 In the present work, combustion simulations
are performed for two typical operating conditions with rela-
tively comprehensive experimental data belonging to a scramjet
(F = 0.26) and a ramjet (F = 0.51) operating mode.10 Their
mode classications are based on the quasi-one-dimensional
(1-D) data analysis method.78 The ow parameters and compo-
nents (in mass fraction) of the vitiated air and fuel jets
prescribed under the two modes are summarized in Table 2.
The turbulent intensities I of vitiated air and ethylene jets are
taken as 1% and 5%. The turbulent kinetic energy k and specic
dissipation rate u are respectively estimated by 1.5(UI)2 and k0.5/
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Cm
0.25l), where U is the magnitude of velocity and constant Cm

equals to 0.09. Turbulent length scale l is calculated by 0.07L,
where the relevant dimension L are the diameter of the injector
for ethylene jets and the hydraulic diameter for combustor inlet.
Wall functions of kqRWallFunction, omegaWallFunction,
alphatWallFunction, and nutkWallFunction are adopted and
targeted for high Reynolds number ow to model correspond-
ing turbulence variables in boundary layers.

2.3. Numerical simulation setup

The combustion simulations are carried out using the high
speed gas phase compressible combustion solver79 developed
on the open-source platform OpenFOAM.80 The inviscid
convective uxes are evaluated by Kurganov and Tadmor (KT)
scheme81,82 that considers the wave transmission speed based
on the central scheme, and determines a smaller dissipation
coefficient according to the wave speed. Second-order backward
YC2H4
0.00 1.00 1.00

RSC Adv., 2024, 14, 15058–15070 | 15061
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time integration scheme is used.83 Second-order total variation
decreasing scheme (van Leer ux limiter84) is used for diver-
gence schemes of velocity, species mass fraction, internal
energy, and turbulence variable uxes. Laplacian schemes are
Gauss linear corrected and the surface normal gradient scheme
is corrected. The gradient schemes of turbulence variables,
velocity, and pressure are cellLimited Gauss Linear 1, and the
others are Gauss 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. Adjust-
able time step is used and the maximum Courant–Friedrichs–
Lewy (CFL) number is set to 0.3. Turbulent Schmidt number Sct
and turbulent Prandtl number Prt are respectively set to 0.9 and
0.72.

The SST k–u turbulence model85–87 and the partially stirred
reactor (PaSR) combustion model88–90 are respectively used to
model turbulent ow, turbulence and combustion interaction.
The model constant Cmix in PaSR is taken as 0.01.16,22 The
mechanism reduction method for TDAC part is PFA reduction
method48,67 and ISAT algorithm.70 On the TDAC reduction, the
ISAT tabulation tolerance 3ISAT and the reduction tolerance 3PFA
are both set to 1 × 10−4 according to previous related
studies.66–68 Previous studies indicated that thermal radiation
can affect the combustion characteristics of premixed
combustible mixtures in one-dimensional laminar burning
velocity.91,92 Whereas the radiation effect is usually ignored in
the combustion simulations in engineering scale scramjet
combustors,17,22,73,93 and therefore its effect is not considered in
current simulations.
3. Results and discussions
3.1. Acquisition of preferred skeletal mechanism and its
systematic kinetic verications

Following the scheduled strategy in Fig. 1, the skeletal reduc-
tion is carried out for NUIGMech1.2 by setting the maximum
relative error (MaxRE) of IDTs #20% 34 under the target reduc-
tion conditions. The ethylene skeletal mechanisms obtained at
different stages are summarized in Table 3. Aer the rst stage
of species eliminations using r-DRGEP with FS scheme,44 the
obtained skeletal mechanism 44S–217R is signicantly reduced
compared to the pre-processed mechanism 581S–3200R. A
more compact skeletal mechanism 26S–153R is derived in the
second stage reduction for uncertain species set by adopting the
Table 3 Skeletal mechanisms obtained in different static reduction stag

Methods

Extraction and clean-up
r-DRGEP with FS
r-DRGEP with FS + improved SA
r-DRGEP with FS + improved SA + CSP importance index

a Maximum relative error and mean relative error under the reduction co

15062 | RSC Adv., 2024, 14, 15058–15070
improved SA method53 with a slight increase in the mean rela-
tive error (MeanRE) of IDTs from 5.07% to 6.40%. Aer elimi-
nation of unimportant reactions based on the method of CSP
importance index,55 the skeletal mechanism 26S–117R is ob-
tained with the MeanRE of 7.16%. Given its compact size and
the ability to predict IDTs within reasonable accuracy,34 the
mechanism 26S–117R is chosen as the preferred skeletal
mechanism. Its comprehensive kinetic verications concerning
IDTs, LFSs, SCPs, etc. under the present reduction conditions
are respectively shown in Fig. 3–7. Furthermore, considering the
mechanisms applicable for ethylene combustion, such as
mechanisms of 24S–86R,11 35S–228R,49 38S–230R,63 and 70S–
451R44 in Table 1, their kinetic performances are systematically
compared with the preferred skeletal mechanism obtained in
present work in the ESI.† Compared to these mechanisms, the
preferred skeletal mechanism has the advantages of favourable
prediction results and compact in size.

Auto-ignition of fuel accounts for ame stabilization mech-
anism in combustion simulations of scramjet combustors,94,95

so the ability to accurately predict IDTs is an important aspect of
high-delity skeletal mechanism.4 The ignition data for wide
range conditions of ethylene/air mixtures in a shock tube was
recently supplemented by Yang et al.34 The relevant experi-
mental data and simulation settings are adopted in present
work to show the performance of the skeletal mechanism. As
illustrated in Fig. 3, the skeletal mechanism well reproduces the
simulation results of the detailed mechanism under various
conditions, and its prediction results match well with the
experimental data. The pressure effect and the two cross-
effects34,96,97 under lean-burn conditions are accurately captured
by the skeletal mechanism.

Although the diffusion process is one or more orders of
magnitude slower than the uid-dynamic time scales at high
speed situation, the residence time can be distinctly longer in
recirculation zone (Ma z 0) formed by ameholder, hence the
accurate prediction of LFSs becomes signicant for the skeletal
mechanism.4 Fig. 4 displays the simulation results of LFSs of
the skeletal and the detailed mechanism for ethylene/air
mixtures under various equivalence ratios. Under the condi-
tions of 298 K with initial pressures of 1 and 2 atm, the skeletal
mechanism gives slightly larger simulation results than those of
detailed mechanism. As shown in Fig. 4(b), the skeletal mech-
anism improves the insufficient prediction of the detailed
mechanism under the conditions of 1 atm with initial temper-
atures of 298, 360 and 470 K, and the corresponding results are
more in line with experimental data. Overall, the skeletal
es

Skeletal mechanisms MaxREa MeanREa

581S–3200R — —
44S–217R 16.24% 5.07%
26S–153R 14.94% 6.40%
26S–117R 16.19% 7.16%

nditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Validation of IDTs of ethylene/air mixture for the skeletal mechanism under the wide temperature, pressures of 1, 4 atm and different
equivalence ratios. Symbols are experimental data;34 solid lines are predictions using the skeletal mechanism; dashed lines are predictions using
NUIGMech1.2.
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mechanism captures the pressure and temperature effect under
the tested conditions.

The SCPs obtained in a jet-stirred reactor (JSR) characterize
the evolution process on the consumption and production of
interested species under operating conditions. Jallais et al.
conducted JSR experiments on the oxidation of ethylene under
various conditions (T = 773–900 K, p = 1.0 atm, and F = 3, 5,
and 10).104 The initial mole fraction is 0.05 for ethylene diluted
by N2, and the residence time is 1.3 s. The simulated concen-
tration proles of fuel (C2H4), and major products (CO, CO2)
against experimental data in ethylene oxidation at different
equivalence ratios are shown in Fig. 5. From the comparison
results, the conclusion can be safely drawn that the skeletal
mechanism presents good prediction for fuel consumption and
major products generation in ethylene oxidation process.
Fig. 4 Validation of LFSs of ethylene/air mixture of various equivalenc
experimental data;98–103 solid lines are predictions using the skeletal mec

© 2024 The Author(s). Published by the Royal Society of Chemistry
AFTPs are of paramount importance to characterize the
stable combustion region when analysing premixed
ames.105,106 Fig. 6 shows the comparison of AFTPs at equiva-
lence ratio rang of 0.1–4.0 under initial temperature of 1000 K
and pressures of 1.0 and 4.0 atm. The initial temperature is
determined by the non-reactive temperature eld adjacent to
the two cavities with fuel injected, and the fuel and oxidizer are
respectively ethylene and the vitiated air mentioned in Table 1.
The obtained AFTPs are basically indistinguishable, which
veries the reliability of the thermochemical characteristics.

“S”-curve characterizes the variation of combustion state of
premixed mixture in perfectly stirred reactor (PSR) with resi-
dence time.49,60 For the large span of residence time for scramjet
combustor combustion conditions,22 the skeletal mechanism
should maintain the prediction performance of the detailed
mechanism on the combustion state of ignition, extinction,
e ratios at different initial pressures and temperatures. Symbols are
hanism; dashed lines are predictions using NUIGMech1.2.
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Fig. 5 Validation of SCPs of fuel and major products for C2H4/O2/N2 mixtures of different equivalence ratios at the pressure of 1.0 atm and
temperature range of 773–900 K. Symbols are experimental data;104 solid lines are predictions using the skeletal mechanism; dashed lines are
predictions using NUIGMech1.2.

Fig. 6 AFTPs of ethylene/vitiated air mixture of different equivalence
ratios under temperature of 1000 K and pressures of 1.0 and 4.0 atm.
Symbols are prediction using NUIGMech1.2; solid lines are prediction
using the skeletal mechanism.
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intermediate unstable combustion, and stable combustion of
premixed mixture. Fig. 7 presents the simulation results of “S”-
curves simulated by the detailed and the skeletal mechanism at
equivalence ratios of 0.5, 1.0 and 2.0 and pressures of 1 and 4
atm. Same to the simulation setting in AFTPs, the fuel and
oxidizer are respectively ethylene and the vitiated air, and the
initial temperature of PSR is 1000 K. The skeletal mechanism
accurately captures important combustion state of premixed
mixture of different equivalence ratios and pressures in
combustion process.

According to above systematic kinetic verications, the
simulation results of the skeletal mechanism are in good
15064 | RSC Adv., 2024, 14, 15058–15070
agreement with the experimental measurements for IDTs, LFSs,
and SCPs. Meanwhile, it provides consistent results with the
detailed mechanism in the aspects of AFTPs and “S”-curves.
Additionally, reaction path analyses of the detailed mechanism
and the skeletal mechanism for the ignition moments relevant
to combustion conditions are provided in ESI.† As can be
concluded from the analysis results, the preferred skeletal
mechanism retains dominant key reaction pathways of ethylene
combustion processes. Therefore, this compact and high-
delity skeletal mechanism is well prepared for the combus-
tion simulations of scramjet combustor in the subsequent
section.

3.2. Application of the skeletal mechanism in combustion
simulations

With the customized solver developed on OpenFOAM plat-
form,79 the comparison of the computational efficiencies of the
skeletal mechanisms of 44S–217R versus 26S–117R is carried out
under other identical setups for combustion simulations. For
the commonly adopted direct stiff integration chemical solu-
tion method, the test results indicate that the latter achieves
1.74 times acceleration performance than the former. Consid-
ering the TDAC method is utilized to speed up the chemical
solution process at run-time, the comparison of computational
efficiency between the TDAC method and the traditional direct
stiff integration method is also performed for the preferred
skeletal mechanism 26S–117R. Corresponding test results
demonstrate that the former provides approximately 2.71 times
acceleration performance compared to the latter. According to
the above results, it can be further proved that the computa-
tional efficiency can be signicantly improved by performing
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 “S”-curves of ethylene/vitiated air mixture in PSR simulated by different mechanisms at equivalence ratios of 0.5, 1.0 and 2.0 and pressures
of 1 and 4 atm. Symbols are prediction using NUIGMech1.2; solid lines are prediction using the skeletal mechanism.
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multi-stage integrated skeletal reduction and using the TDAC
method. Thus, subsequent combustion simulations for the
scramjet combustor adopt the skeletal mechanism 26S–117R of
ethylene and the TDAC method. Two typical operating condi-
tions of a scramjet mode and a ramjet mode are investigated to
reveal their ow and combustion characteristics. The corre-
sponding simulation results on reactive ow eld against
experimental measurements10 of ame luminosity images,
schlieren images, static pressure distribution proles are pre-
sented in Fig. 8–10. Flame luminosity image can intuitively
characterize the outline of combustion zones and serve for the
ame stabilization mechanism analysis in scramjet combus-
tors.10,107,108 The ame luminosity is usually reected by
temperature contours in combustion simulation.17,18 Fig. 8
Fig. 8 The comparison between the experimental flame luminosity imag
the scramjet mode; (c) and (d) for the ramjet mode.

© 2024 The Author(s). Published by the Royal Society of Chemistry
illustrates the simulated temperature contours of the central
cross-section for the two operating modes. Simulation results
well characterize the combustion characteristics around the two
cavities in both operating modes and match well with those of
experimental measurements. The thermodynamic throats
formed owing to combustion heat release are comparable to
those observed in experiments. Besides, the spreading angles
obtained from the simulations are in good agreement with the
corresponding experimental measurements for the two oper-
ating modes. The ames near the T1 and B1 cavities are visually
nearly identical for the scramjet mode, whereas signicant
differences are recognized between the two ames for the
ramjet mode, with distinct ame upstream propagation
observed near the T1 cavity. Wang et al.109 summarized three
es (left column) and the numerical results (right column). (a) and (b) for
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Fig. 9 The comparison of experimental measured schlieren images (left column) and numerical schlieren images (right column). (a) and (b) for
the scramjet mode; (c) and (d) for the ramjet mode.

Fig. 10 The comparison of static pressure profiles for the two
combustion modes. Symbols are experimental data; solid lines are
simulated results.
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different combustion stabilization mechanisms for cavity-based
scramjet combustor based on optical observations. On the
ames in both T1 and B1 cavities of the scramjet mode, the
combustion stabilization attributes to cavity assisted jet-wake
stabilized combustion. Whereas for the ramjet mode, the
ames in T1 and B1 cavities respectively belong to combined
cavity shear-layer/recirculation stabilized combustion and
cavity shear-layer stabilized combustion.

Schlieren images are especially applicable to measuring
density gradient in compressible ow elds, which can be used
to capture shock and expansion waves, and turbulent structures
in mixing and wake ows.110 The numerical schlieren images
(calculated by jVrj) under the two operating modes are pre-
sented in Fig. 9 against corresponding experimentally measured
images. In general, the numerical schlieren images well capture
the complex structure of shock and expansion waves and their
15066 | RSC Adv., 2024, 14, 15058–15070
complex interaction with ethylene jets. For the scramjet mode
as shown in Fig. 9(a) and (b), the heat release of combustion is
quite small and the thermal blockage has minor effect on the
mainstream. Pre-combustion shock waves is generated
upstream of the two cavities due to the slightly ame upstream
propagation and the formation of small recirculation zones
ahead of the ethylene jets.10 Since combustion occurs mainly in
ethylene jet-wake and cavity, cavity shear layers are slightly
curved towards the mainstream side. The shock waves are re-
ected between the shear layers with gradually decreasing
intensity. For the ramjet mode as illustrated in Fig. 9(c) and (d),
the increase of global equivalence ratio results in more heat
release, and then has a greater effect on the mainstream. Due to
the intense thermal blockage, the mainstream is signicantly
slowed down before entering the combustor and the pre-
combustion shock waves shi forward. Meanwhile, the
different ow characteristics presented by ethylene jets injected
by the I1 and I2 injectors using the same injection pressure are
well reproduced by the numerical schlieren images for both
modes.

The static pressure proles along the combustor directly
reect the intensity and distribution of combustion heat
release.10 Fig. 10 provides the simulated pressure proles along
the centreline of the upper wall for the two combustion modes.
The simulated pressure proles coincide well with the corre-
sponding experimental measurements in terms of the initial
pressure rise location and the pressure rise ratio. For the
scramjet mode, the heat release intensity is low and the static
pressure rise is mainly limited in T1 cavity and its downstream.
Whereas for the ramjet mode, more intense and sufficient
combustion around T1 cavity and its downstream causes the
static pressure increased signicantly. Consistent with Fig. 8(c),
the high back pressure caused by intense heat release leads to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The combustion efficiency (a), total pressure loss (b), and net
thrust (c) for the two modes along the streamwise location.
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remarkable ame upstream propagation and the formation of
recirculation zone in the upstream of T1 cavity.10

Above detailed comparison and discussion demonstrates
that present combustion simulation obtains reliable results
using the ethylene skeletal mechanism, which further illus-
trates the applicability of the skeletal mechanism derivate from
the integrated reduction strategy. The corresponding les of
kinetic, thermodynamic, and transport data for this mechanism
are provided in the ESI.† To further demonstrate the advantage
of this mechanism, the corresponding combustion simulation
results of the skeletal mechanism 26S–117R are compared with
those of other mechanisms in related works. Detailed compar-
isons and discussions, as given in the ESI,† demonstrate that
present skeletal mechanism gives predictions more in line with
corresponding experimental measurements. Based on the
numerical simulation results, present work further analyses
combustion performance parameters including combustion
efficiency hcomb,93 total pressure loss hpt,loss,

93 and net thrust DF,12

which are difficult to measure experimentally but are important
for combustor design. The denitions of these parameters are
given by eqn (1)–(3).

hcomb ¼
1

n

Xn

1

�ð1�nCO2
ÞÐ ðAðxÞðruxYCO2

ÞÞdA�WCO2

​
�x
inlet

m
�

C2H4

�
WC2H4

(1)

hpt;loss
¼ 1� 1

n

Xn

1

Ð �
AðxÞruxpt;x

�
dA ​Ð �

AðxÞruxpt;inlet
�
dA

(2)

DF ¼ 1

n

Xn

1

� ð
ðAðxÞðruxux þ pÞÞdA

�x
inlet

(3)

where r is gas density, ux is streamwise velocity, pt is the total
pressure. nCO2

, YCO2
and WCO2

are respectively stoichiometric
coefficient, mass fraction and molecular weight of CO2. _mC2H4

and WC2H4
are the mass ow rate and molecular weight of

ethylene. The subscript “inlet” and superscript “x” respectively
denotes inlet plane and different streamwise location. A(x)
represents that the cross-sectional area varies with different
streamwise locations, and n is the number of time sequences.

Fig. 11 compares the combustion performance parameters
of the two operating modes. For the scramjet mode, the
combustion intensity is weak in the wake of ethylene jets and
cavities. The combustion efficiency gradually increases as
combustion proceeds in the near-wall region downstream of the
parallel cavities. For the ramjet mode, the recirculation zone
generated around the T1 cavity provides favourable combustion
conditions, thus higher combustion efficiency is achieved near
here. From x = 1800 mm, the combustion efficiency of the
scramjet mode exceeds that of the ramjet mode, with a nal
value of 0.825 at the combustor outlet, higher than the corre-
sponding value of 0.729 for the ramjet mode. This is attributed
to the richer oxygen condition ensuring a more complete
conversion of the fuel into nal combustion products, whereas
for the ramjet mode, intermediate products (e.g., CO) are still
abundantly exist until the combustor outlet. However, the nal
combustion efficiencies of the two modes are still insufficient
and further method need to be taken to improve them. As for
© 2024 The Author(s). Published by the Royal Society of Chemistry
the total pressure loss, the ramjet mode is in average 0.182 and
in maximum 0.294 higher than that of the scramjet mode.
There is more combustion heat release in the ramjet mode,
thereby the corresponding Rayleigh heat loss leads to a greater
total pressure loss.93 The total pressure losses at the combustor
outlet are respectively 0.753 and 0.871 for the scramjet and
ramjet modes. The proles of net thrust are calculated starting
from the downstream of the two parallel cavities. As can be
noted that the net thrust generated by the ramjet mode is higher
than that of the scramjet mode, with nal values of 533.3 N and
347.4 N at the combustor outlet, respectively.

4. Conclusions

Considering the lack of a high-delity ethylene skeletal mecha-
nism suitable for combustion simulation of scramjet combustors,
present work aims to obtain a compact and comprehensively
validated ethylene skeletal mechanism qualied for wide
combustion conditions. The static integrated skeletal reduction
strategy successively consisting methods of r-DRGEP with FS
scheme, improved SA and CSP importance index is performed for
the hierarchically constructed NUIGMech1.2 under wide reduc-
tion conditions of temperature range of 900–1800 K, pressure
range of 1–4 atm, and equivalence ratio range of 0.25–5.0. A
skeletal mechanism 26S–117R with remarkably reduced size is
obtained, and then it is comprehensively validated in terms of
IDTs, LFSs, SCPs, AFTPs and “S”-curves. While the high-delity
RSC Adv., 2024, 14, 15058–15070 | 15067
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skeletal mechanism is applied to the combustion simulations of
the ethylene-fueled scramjet combustor with double parallel
cavities, the PFA dynamic reduction method and ISAT algorithm
of TDAC is adopted to further speed up the chemical reaction
solution process at run-time. Under the scramjet and the ramjet
mode, the corresponding simulation results of ame luminosity
images, schlieren images, and static pressure distributions,
coincide well with those of experimental measurements, which
further demonstrates the applicability of the skeletal mechanism
derivate from the integrated reduction strategy. According to
combustion efficiency, total pressure loss, and net thrust, the
effects of the two modes on combustion performance are quan-
titatively compared, which are important for combustor design.
The integrated reduction strategy and systematic kinetic veri-
cation used in present work provide reference values for the
application of fuel mechanisms in scramjet combustor combus-
tion simulation.
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