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ABSTRACT: As one of the major short chain hydrocarbons resulting from the cracking process, 

ethylene is often used as a surrogate for cracked kerosene. In this study, a skeletal mechanism of 

ethylene was developed under the typical working conditions of scramjet combustors. The 

skeletal mechanism was reduced from a fully verified detailed mechanism under the desired 

working conditions. An integrated reducing method containing directed relation graph with error 
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propagation method (DRGEP), sensitivity analysis (SA) and computational singular perturbation 

(CSP) was employed to obtain three skeletal mechanisms. A three-level fidelity validation of the 

skeletal mechanisms respectively comparing the kinetic properties, the global combustor 

performance and the detailed flame structure was proposed to comprehensively evaluate the 

skeletal mechanisms. In the first-level fidelity validation, the three skeletal mechanisms all show 

good agreements with the detailed one in the autoignition delay and laminar flame speed over a 

wide range of working conditions. Then in the second-level fidelity validation, the smallest 

mechanism consisting of 24 species and 86 reactions (24S/86R) was further validated through 

incorporating with the large eddy simulation of a realistic scramjet combustor. Comparisons with 

the experimental data and the predictions by the detailed mechanism show that the global 

combustor performance (e.g., pressure, Mach number and combustion efficiency) was accurately 

predicted by the 24S/86R mechanism. In the third-level fidelity evaluation, the flame structure 

characterized by the distribution of CO, OH and heat release rate was analyzed through 

comparing the predictions by the 24S/86R mechanism with those by the detailed one during 

which the insufficiency of the skeletal mechanism was also recognized. 
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1. INTRODUCTION 

Scramjet is an attractive technology for powering hypersonic vehicles. They introduce 

mechanical simplicity through a lack of moving parts and an increase in efficiency over rocket 

propulsion benefiting from their air-breathing characteristics. However, due to the experimental 

difficulties, a complete understanding of their internal flow, mixing and combustion processes is 

still lacking. With the advance of high-performance computation techniques, high-resolution 

large eddy simulation (LES) is playing an important role in revealing some of the supersonic 

combustion physics, e.g., the ignition
1
, the flame stabilization

2
 and the combustion instability

3
. 

A prior thing to the numerical modeling is to find high-fidelity yet computational efficient 

chemical mechanisms. In the early scramjet designs, hydrogen is usually preferred due to its high 

reactivity and heat of combustion. However, for practical use, hydrocarbon fuels (e.g., kerosene) 

are more economical in the manufacture, storage and flight carrying.
4
 As one of the major 

products resulting from the cracking process of complex hydrocarbons, ethylene is often used as 

a surrogate for the cracked kerosene
5
. However, even as a pure species, the combustion of 

ethylene still involves hundreds of species and thousands reactions. Therefore, reduced or global 

mechanisms are often used instead.
6
 

In addition to the reduction in mechanism size, the fidelity of the mechanism needs to be fully 

validated. Usually, mechanism reductions are conducted only under a single property target, i.e., 

the ignition delay or the laminar flame speed with predefined error threshold. While the other 

kinetic properties still need further posterior validations to confirm the fidelity of the reduced 

mechanisms. More importantly, the complexity induced by turbulence-chemistry interaction 

(TCI) in turbulent reacting flow requires a higher fidelity for the reduced mechanism. Therefore 

rules to comprehensively evaluate the accuracy of the reduced mechanism should be designed. 
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 4

As a base level of fidelity validation, multiple property targets (e.g., ignition delay, laminar 

flame speed, flame temperature, total heat release and extinction strain rate) should be compared 

with the original detailed mechanism. Such base level fidelity validation
7
 considers little the flow 

effect. The second level of fidelity validation needs to couple the mechanism with the reacting 

flows for which it is initially designed. The second level of fidelity validation compares the 

predictions by the reduced mechanism with experimental data or those by the detailed 

mechanism. For example, Hui et al.
8
 and Wang et al.

9
 compared the capability of the skeletal 

mechanism in predicting the pressure profiles in HCCI-like engine and compression ignition 

engine simulation. For scramjet combustor modeling, Yao et al.
10

 validated the second level of 

mechanism fidelity by comparing with the experimental pressure distribution which is often the 

only available data from scramjet experiments. The above levels of fidelity validations care 

about only the steady statuses, while the third level of fidelity validation cares about the accurate 

predictions of intermediate species when the modeling focuses on unsteady combustion 

processes, such as the ignition and flame stabilization. Especially in supersonic combustion, 

puny deficiency in the skeletal mechanism such as 10
-4 

s error in ignition delay time will be 

magnified into	~0.1 m error in ignition distance in supersonic flow. Regarding the third level of 

fidelity evaluation about chemical kinetics, scarce work can be found at present due to the lack 

of detailed experimental data. 

This study will elaborate the integrated process of skeletal mechanism development for 

scramjet combustor modeling along with its fidelity evaluation on basic kinetic properties as well 

as its accuracy in realistic scramjet modeling. The mechanism reduction is presented in section 2, 

followed by the first level of fidelity validation in section 3. The experimental and numerical 
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 5

details along with modeling results are respectively presented in section 4 and 5, then concluded 

in section 6. 

2. CONSTRUCTION OF THE SKELETAL MECHANISM 

The prior to mechanism reduction and the three-level fidelity evaluation of skeletal 

mechanisms is to determine a suitable detailed mechanism under expected operating conditions. 

Table 1 summarizes seven detailed mechanisms
11-17

 for ethylene-air combustion. Four of them 

namely USCII, USCD, LLNL and Konnov mechanisms have been systematically validated by 

Xu and Konnov.
18

 Because LLNL mechanism is mainly developed for n-Butane while the 

validated temperature range of 630-1040 K for Konnov mechanism is far below the operating 

condition of scramjets, these two mechanisms will be excluded from the following discussion.  

Table 1. Summary of the detailed ethylene mechanisms 

Mechanism GRI 3.0
11

 LLNL
12

 UCSD
13

 USCⅡ14
 Laskin

15
 Konnov

16
 Qin

17
 

Species 53 155 57 111 75 127 70 

Reactions 325 689 269 784 529 1207 463 

 

2.1. Verification of the Detailed Mechanisms 

The kinetic properties of the detailed mechanisms will be validated under typical working 

conditions of scramjet, which are temperature from 1000 to 2000 K, global equivalence ratio 

from 0.5 to 2.0, and pressure around 1.0 atm.
19

 Both ignition delay and laminar flame speed will 

be compared with the experimental data. The SENKIN subroutine program of the CHEMKIN II 

package
20

 is used to calculate the ignition delay under constant pressure and adiabatic conditions. 

The ignition delay is registered as the inflection on the OH concentration profile. 

Figure 1 shows the ignition delay time for the five detailed mechanisms together with 

experimental data
21

 at different pressures. In Figure 1(a), where the pressure is close to the 
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 6

standard atmospheric pressure, the UCSD and UCSII mechanisms show extremely good 

agreement with the experimental data. The Qin mechanism reproduces a similar trend but 

considerably overpredicts the magnitude. The Laskin mechanism underpredicts the ignition 

delay in the low-temperature range while well predicts above 1425 K. On the contrary, the GRI 

3.0 mechanism overpredicts the ignition delay on the high-temperature side. With increased 

pressure, the prediction by the UCSD mechanism still closely follows the experimental data 

while the UCSII under predicts on the low-temperature range. The Qin mechanism still 

overpredicts the ignition delay on the entire temperature range where experimental 

measurements available. For the GRI 3.0 mechanism, its prediction agrees better at the elevated 

pressure, but the deviations still exist in the low-temperature range. 

 

Figure 1. Ignition delays predicted by different detailed mechanisms, and the experimental data 

from Kalitan et al.
22

 for pressure (a) 1.13 atm, and (b) 2.91 atm. 

The laminar flame speed S� is calculated by the PREMIX subroutine of the CHEMKIN II 

package for stoichiometric ethylene-air mixture under 1.0 atm and initial temperature of 298 K. 

Figure 2 (a) and (b) compare the predictions with two different sets of experimental data. The 

GRI 3.0 mechanism considerably over predicted S�, with averaged relative errors of 27.9% and 
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 7

20.8% respectively compared with the data from Egolfopoulos et al.
23

 and Kumar et al.
22

. The 

Qin and UCSD mechanisms show good agreements with the both data sets. The prediction by the 

Laskin mechanism is fairly good but with slightly larger errors. More quantitative comparisons 

are listed in the supporting information. 

 

Figure 2. Laminar flame speeds predicted by different detailed mechanisms, and the 

experimental data at � 	 1.0	atm and	
 	 298 K for stoichiometric ethylene/air mixture. 

From the above comparisons, the UCSD and USCII mechanisms outperform the other 

mechanisms in the desired operating conditions. Since the UCSD mechanism is smaller than the 

UCSII mechanism, it is selected as the base mechanism for the following reduction. 

2.2. Reduction Methodology and Procedures 

A number of mechanism reduction methods have been developed in recent years, as reviewed 

by Lu et al.
24

 The various method can be roughly divided into serval categories. Most methods 

focus on identifying and trimming unimportant species and their associated reactions, including 

sensitivity analysis
25

, DRG
26

, DRG with error propagation (DRGEP)
27

, DRG-aided sensitivity 

analysis (DRGSA)
28

 and path flux analysis (PFA)
7
. Other reduction methods focus on time-scale 

analysis, splitting the reaction into fast and slow manifolds then removing the short time-scales 
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 8

which cause chemical stiffness. These approaches rely on the classical quasi-steady state (QSS)
29

 

and partial equilibrium approximations (PEA)
30

, including intrinsic low dimensional manifold 

(ILDM)
31

, and computational singular perturbation (CSP)
32

. 

 

Figure 3. Flow chart of the integrated mechanism reduction method used in the present study. 

In this study, as visualized in Figure 3, an integrated reduction method of DRGEP, SA and 

CSP was used to construct the skeletal mechanism. The reduction procedure used both auto-

ignition and PSR simulations to generate the thermochemical data and evaluate the resulting 

skeletal mechanism’s performance. Firstly, DRGEP is used to quantify the relative importance of 

each species to the predetermined target species, which were chosen as C2H4, O2 and N2 

following Niemeyer et al.
28, 33

. The initial conditions of the auto-ignition simulations are 1000-

1800 K for temperature, 1.0-5.0 atm for pressure, and 0.5-1.5 for � (overall equivalence ratio, 

ethylene/air mixture). Here the interested temperature is above 1000 K since the mechanism is 

developed for scramjet modeling. The threshold for ignition delay error in the DRGEP stage is 
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 9

set to 10%. Table 2 shows that most of the unimportant species have been filtered out by the 

DRGEP to produce a skeletal mechanism near half-sized.  

Table 2. Comparison for three different assemblies of methods 

DRGEP DRGEPSA RGEPSACSP 

δDRGEP S R S R S R 

0.00  57 269 57 269 57 269 

0.05  30 143 26 114 26 102 

0.10  30 143 24 101 24 86 

Final δDRGEP=10% δSA =10% and δCSP =10% 

 

SA and CSP are subsequently applied to further reduce the mechanism. The SA phase was 

carried out with an error limit of 10% by using the SENKIN subroutine of the CHEMKIN II 

package. After the SA phase, 20% of the remaining species were removed. Further application of 

CSP to identify and trim the reactions in fast manifold can still remove near 15% reactions of the 

mechanism from the SA phase. Three sets of skeletal mechanisms shown in Table 2 are 

constructed by using different combinations of DRGEP, SA and CSP, namely DRGEP (30 

species and 143 reactions, referred to 30S/143R), DRGEPSA (24S/101R) and DRGEPSACSP 

(24S/86R). 

3. FIRST LEVEL OF FIDELITY EVALUATION OF THE PROPOSED MECHANISM 

3.1. Homogeneous Auto-ignition 

Figure 4(a) compares the ignition delay times for stoichiometric ethylene-air mixture at 

p 	 1.0 atm predicted by the skeletal and detailed mechanisms. Below 1350 K, the predictions 

by the three skeletal mechanisms all agree well with those given by the detailed mechanism. 

Above 1350 K, the three skeletal mechanisms predict a maximum discrepancy of 5% compared 

with thoes by the detailed mechanism. Furthermore, the time evolution of temperature for 
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 10

ethylene-air mixture at the same pressure and equivalence ratio condition is presented in Figure 

4(b) shows that for initial temperatures ranging from 1100 to 1700 K, the time-variant 

temperature profiles predicted by three skeletal mechanisms all agree well with that of the 

detailed mechanism.  

 

Figure 4. Comparisons of (a) ignition delay time, and (b) temperature response for the skeletal 

and detailed mechanisms under � 	 1.0	atm and	� 	 1.0 for ethylene-air mixture. 

Figure 5 presents the validations for initial temperatures of 1100 K, 1300 K, 1500 K and 1700 

K under both fuel lean (� 	 0.5 ) and rich (� 	 1.5 ) conditions. The time-evolution of 

temperature predicted by the three skeletal mechanisms are indistinguishable with the one by the 

detailed mechanism over the entire ignition process. The above validations confirm that the 

kinetic properties related to ignition are properly retained after the reduction. 
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 11

 

Figure 5. Comparisons of temperature response at � (a) 0.5 and (b) 1.5 for the skeletal and 

detailed mechanisms under � 	 1.0	atm for ethylene-air mixture. 

3.2. Laminar Flame Speed 

Figure 6 compares the laminar flame speeds predicted by the skeletal mechanisms and the 

detailed mechanism. The skeletal mechanism commonly shows good agreement with its detailed 

contour-part at the fuel lean condition
34

 as also shown in Figure 6(a). However, at fuel-rich 

conditions, the DRGEPSA and DRGEPSACSP mechanisms slightly overpredict the laminar 

flame speed with a maximum relative error of 1.5%, while the predictions by the DRGEP 

mechanism still show reasonably good agreement with those by the detailed mechanism. From 

Figure 6(b), the spatial distributions of the major species predicted by the three skeletal 

mechanisms show excellent agreement with those by the detailed mechanism. Here the H2O and 

CO2 are selected because they are the main products in combustion systems.  

Page 11 of 33

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 12

 

Figure 6. Comparisons of (a) laminar flame speed and (b) species distribution for the skeletal 

and detailed mechanisms for stoichiometric ethylene-air mixture under 
 	 298	K, � 	 1.0. 

Figure 7 presents sensitivity of laminar flame speed to the ten most sensitive reactions for 

different mechanisms under the stoichiometric condition, temperature of 298 K and pressure of 

1.0 atm. It can be seen that the laminar flame speed in the detailed mechanism is mostly 

influenced by the reactions in the H/O/C1 subset, and secondly by the reactions involving C2 

species. This has also been reported by Xu and Konnov
18

, where the H/O/C1 reactions dominate 

under fuel-lean conditions while C2 reactions influence more under fuel-rich conditions. The 

sensitivity spectra of the same reactions in the three skeletal mechanisms and the detailed 

mechanism are similar, indicating that the species and reactions after the reductions still soundly 

characterize the laminar flame speed. To better understand the variances among these 

mechanisms, reaction path way analyses at the same conditions as the sensitivity analysis were 

carried out and shown in the supporting information. Comparing the skeletal mechanisms with 

the detailed one, it can be found that all the skeletal mechanisms faithfully capture the major 

pathways through which the fuel molecule breaks into small radical. From the above 

comparisons, the three skeletal mechanisms show negligible difference. To minimize the 
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 13

computational cost, the smallest DRGEPSACSP mechanism will be selected as the optimized 

one for the following practical combustor modeling. 

 

Figure 7. Sensitivity analysis of laminar flame speed for stoichiometric ethylene-air mixture 

based on the skeletal and detailed mechanisms at an unburned mixture temperature of 298 K and 

pressure of 1.0 atm. 

4. SCRAMJET COMBUSTOR MODELING 

4.1. Experiment Description 

The experiment was carried out in a directly connected-pipe test station by Situ et al.
35

. The 

supersonic combustion test model schematized in Figure 8 is a two-dimensional (2-D) duct with 

a length of 1100 mm. The rectangular duct inlet is 65 mm in height and 40 mm in width. The 

370-mm-long mixing section is followed by a 3.6º unilateral expansion section till the exit of the 

combustor. The vitiated air at Ma=2.15 was supplied by a hydrogen-based heater to increase its 

stagnation temperature to 1700 K. Oxygen was replenished to the vitiated air to recover the 

oxygen concentration to the standard air. The composition of vitiated air stream was calculated 

based on the amount of hydrogen consumed and oxygen replenished to reach desired stagnation 

temperature and pressure by assuming complete combustion.  
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Figure 8. Schematic of the model combustor (unit in mm) with 	��� 	 0.1 , 	��� 	 0.2 , 	��� 	

0.3,	��� 	 0.4,	��� 	 1.0. 

The Ma=1.25 fuel stream is composed of hot gas products from the kerosene/air combustion in 

an upstream subsonic dump combustor. Since direct measurement of the kerosene/air reaction 

products is experimentally intractable, the composition of the fuel stream was obtained by 

employing a simplified chemistry model
35

. Firstly, after endothermic reactions, gaseous ethylene 

was used as surrogate fuel intended to represent the products of thermal-cracked kerosene
36

. 

Then, the mass fractions of involved species were obtained by adopting one-step global reaction 

to match the combustion efficiency based on measured stagnation temperature and pressure at 

the exit of the subsonic bump combustor. Both the vitiated air and the fuel are axially injected 

into the supersonic combustor and then split by a 6-mm-high splitter. The static pressure along 

the flow direction was measured on the lower wall with 23 pressure taps, and on the upper wall 

with 13 pressure taps. The experimental setups including specific compositions of both fuel and 

air stream are summarized in Table 3.  

Table 3. Numerical setup for the supersonic combustor simulation 

Parameter Air Fuel 

P(MPa) 0.0977 0.1731 

Ma 2.15 1.25 

T(K) 491.9 1771.9 

YN2 0.7150 0.6067 
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YO2 0.2330 0.0103 

YC2H4 0.0 0.1059 

YH2O 0.0520 0.1566 

YCO2 0 0.1205 

 

4.2. Computational Methodology 

The spatially filtered governing equations for mass, momentum, species and energy in LES are 

solved. The gas state is described by the ideal gas law. The viscosity is given by Sutherland’s 

law. Following the thermally perfect gas assumption, thermodynamic data are obtained from the 

NIST-JANAF database
37

. The thermal and mass diffusivities are obtained by assuming constant 

Prandtl number (�� 	 0.7) and Schmidt number (�� 	 0.7). 

The subgrid turbulence terms are closed by employing the one-equation kinetic energy model 

in which a transport equation of subgrid kinetic energy is solved.
38

 Turbulent Prandtl number ��� 

and Schmidt number ��� are set to 0.72 and 0.9, respectively. The filtered reaction rates are 

modeled using a heterogeneous multi-scale method of the first generation, i.e., the partially 

stirred reactor (PaSR) model.
39

 

The three-dimensional, Favre-filtered Navier-Stokes equations together with scalar transport 

equations for species are solved using a density-based solver, astroFoam, which is developed 

based on the OpenFoam CFD package
40

. The convective fluxes at faces are constructed using the 

second-order TVD (Total Variation Diminishing) scheme. The time-integration is advanced by 

the second-order Crank-Nicholson scheme
41

. Details of the numerical methods can refer to Wu et 

al.
2
. The code has been extensively validated for non-reactive highly underexpanded jets

42
 and 

supersonic combustions.
2, 10

 

4.3. Numerical Implementation 
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The schematic of the computational model is shown in Figure 8, in which the streamwise and 

transverse coordinates x� and y� have been normalized respectively using the inlet length L and 

height H. Due to its 2-D flow pattern, a twentieth of the spanwise width of the combustor (2 mm 

in the Z direction) is considered. The block-structured hexahedral grid is employed with 

clustering around the shear layer initiating from the splitter. The shear layer is resolved by a 

refined grid with 61 transverse cells and 5 spanwise grids. The mean and maximum grid sizes in 

the mixing zone are 0.2 mm and 0.35 mm respectively. Since main combustion takes place in the 

interior mixing region, upper and lower combustor walls are treated as slip wall to relieve the 

prohibitive grid resolution in the near-wall regions. Such alleviation in the computational cost 

makes it possible for the combustion modeling based on the detailed mechanism. For grid 

sensitivity analysis, three grid sets with 0.14, 0.28 and 0.36 million cells were employed in the 

present study. 

Fixed values are used for all variables on the combustor inlet except the velocity, which is 

specified as the superposition of a mean profile and sinusoidal perturbations with 5% amplitude 

of the mean values. All the variables are extrapolated from the interior on the combustor exit. 

Walls constituting the splitter are treated as adiabatic non-slip condition. The time step is around 

2 × 10#$	s which corresponds to a maximum Courant-Friedrich-Lewy (CFL) number of 0.4. 

The detailed UCSD mechanism and the DRGEPSACSP skeletal mechanism are adopted. The 

coupling of high-resolution LES with the detailed mechanism offers us the uppermost 

information about the reacting flow taking place in the combustor for remedy of scarce high-

resolution measurements available in scramjet experiment, especially associated to chemical 

kinetics.  
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In the following discussion, the pressure, temperature, and velocity are scaled by the air stream 

properties as p� 	 p p&⁄ , T) 	 T T&⁄  and U) 	 U U&⁄ . The heat release rate dQ is scaled in form of 

dQ) 	 -. C0T⁄ , where C0  and T are local constant-pressure specific heat and temperature 

respectively. The flow-through time is defined as t2 	 L U& 4 1.2	ms⁄ . The cold flow modeling 

runs totally for 8t2, where 2t2 is for the development of a statistically steady state and 6t2 is for 

the statistical data collection. For the combustion modeling, a longer run time of 12t2 is needed 

to complete the reacting flow evolution and data collection. 

5. FIDELITY EVALUATION OF THE SKELETAL MECHANISM IN COMBUSTOR 

MODELING 

5.1. Numerical Validation 

Figure 9 shows the results of grid convergence study. The streamwise pressure across the 

middle line of the splitter shows that all the meshes generate almost identical profiles for the 

non-reacting flow. This indicates that the mesh resolution has been fine enough to capture the 

intricate shock/expansion waves filled flow field in the combustor. As a tradeoff, the medium-

size grid with 0.28 million cells was used in the following modeling.  

 

Figure 9. Grid convergence of pressure distribution on the line across the middle of the splitter 

for non-reacting flow modeling. 
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To describe the flow field, the pressure contours predicted by using the skeletal and detailed 

mechanisms are shown in Figure 10. The main flow and wave structures presented by the two 

contours are similar qualitatively. The upper shear layer experiences an expansion followed by 

an oblique shock, which is reflected on the upper wall and interacts with the one reflected from 

the lower wall. The first shock interaction point locates at x� 	 0.115 and is off-center in the Y 

direction due to the asymmetric domain. Two additional intersection points can be observed in 

the downstream. 

 

Figure 10. Time-averaged pressure contours predicted by (a) the DRGEPSACSP mechanism 

and (b) the detailed mechanism (the far downstream of the combustor is omitted for better 

visualization). 

Figure 11 compares the predicted pressure profiles on the upper and lower walls of the 

combustor with the available experimental data. The pressure profiles predicted by the detailed 

mechanism agree with the measurements satisfactorily, especially the locations of turning points 

are well captured. The sharp turning angles also indicate that more pressure taps should be laid to 

allow a denser sampling in experiment. The pressure profiles predicted by the skeletal 

mechanism coincide with those by the detailed mechanism before	x� 	 0.1, where the flow is less 

influenced by the combustion. Since there, the predicted pressure profiles derivate slightly from 
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the detailed ones, especially around the peaks between x� 	 0.3  to 0.7. However, the mean 

relative errors are still as limited as 4.8% and 3.5% for lower and upper walls respectively.  

 

Figure 11. Comparison of the pressure on the (a) upper and (b) lower walls predicted by the 

DRGEPSACSP and detailed mechanisms with the experimental measurements. 

5.2. Second Level of Fidelity Evaluation: Global Performance Analysis 

For scramjet combustor design and global performance assessment, one-dimensional analysis 

is the most powerful and efficient tool
43

. By performing mass-weighted average on the cross-

section at each streamwise location, the pseudo one-dimensional streamwise distribution of static 

pressure and Mach number can be obtained. From Figure 12(a), at locations before x� 	 0.1 or 

after x� 	 0.8 , the pressure distributions predicted by two mechanisms are almost identical, 

except for the slight difference between these two locations. In this intermediate region, the 

pressure by the skeletal mechanism is slightly overpredicted before x� 7 0.28  and then 

underpredicted in comparison with the detailed one. The calculated Mach number profiles show 

the opposite trend since the static pressure is a decreasing function of Ma. The Mach number is 

always larger than unity, indicating a supersonic operating mode. The maximum and mean 

relative errors are 8.9% and 3.7% for the pressure, while 4.2% and 1.8% for the Ma. Generally, 
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the predictions by the skeletal mechanism show reasonably good agreement with those by the 

detailed mechanism. 

 

Figure 12. Pseudo one-dimensional streamwise distribution of pressure and Mach number 

predicted by the DRGEPSACSP and detailed mechanisms. 

In the experiment process of scramjet combustor, thermochemical data such as temperature 

and stable combustion products are usually probed at the combustor exit to assess the engine’s 

global performance. In this regard, main combustion products including H2O and CO2 along with 

static temperature are sampled at the combustor exit for comparison. In Figure 13(a), the mass 

fractions of H2O predicted by two mechanisms manifest only slight deviations in the central 

region. The mass fraction of CO2 and the static temperature profiles in Figure 13 (b)-(c) also 

show similar trends like YH2O.  
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Figure 13. Time-averaged mass fractions of H2O and CO2, and temperature on the combustor 

exit predicted by the DRGEPSACSP and detailed mechanisms. 

To quantitatively assess the engine’s global performance, combustion efficiency and total 

pressure loss can be calculated based on the sampled data at the combustor exit. The total 

pressure loss is defined as
44

: 

 η� 	 1 9 :p;,=>?�ρudA
:p;,?CD=�ρudA

 (1) 

where p;,?CD=�	and p;,=>?� are the total pressures at combustor inlet and exit, respectively; ρ is 

the density, u is the velocity component in the streamwise direction, and dA is the incremental 

area projection in the streamwise direction. The overall total pressure losses are 45.5% and 

42.5% for the skeletal and the detailed mechanisms respectively. The definition of combustion 

efficiency is reformulated to use the heat release as the combustion progress indicator, rather 

than the traditional definition
45

 based on CO2 or H2O since these species are also contained in the 

fuel stream. The reformulated combustion efficiency is given by: 

Page 21 of 33

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 22

 ηE 	
:ρudQ=>?�dA

∑ GmH 2�=DYEJKLM qE?CD=�
 (2) 

in which dQ=>?� is the heat release the combustor outlet, mH 2�=D is the mass flow rate of the fuel, 

YEJOL is the mass fraction of ethylene in the fuel stream at the combustor inlet, and qE is the heat 

of combustion of ethylene under standard condition. The overall combustion efficiencies are 

58.2% and 57.8% for the skeletal and detailed mechanisms respectively. The overall combustion 

efficiencies and total pressure losses predicted by the skeletal mechanisms agree well with those 

by the detailed mechanism which substantiates the high-level fidelity of the present skeletal 

mechanism when coupling with flow modeling. 

Great computational cost, which is one of the main concerns in supersonic combustion 

modeling, is saved by using the skeletal mechanism. For a typical reacting flow modeling, the 

skeletal mechanism costs only on fifth of the computation time needed by the detailed one. 

5.3. Third Level of Fidelity Evaluation: Flame Structure Analysis 

It can be seen that the spatial distribution of OH radical in Figure 14 shows relatively large 

derivation between the predictions by the two mechanisms. The skeletal mechanism predicts the 

production of OH radical far upstream than that by the detailed mechanism. The first local 

extremum in the prediction by the skeletal mechanism locates at around x� 4 0.15, which is 

almost half shorter than the location of x� 4 0.32 predicted by the detailed mechanism. The flame 

structure represented by the CO radical in Figure 15 shows less difference between the 

predictions by the two mechanisms, with only noticeable derivation in	0.1 7 x� 7 0.2.  
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Figure 14. Time-averaged OH contours predicted by (a) the DRGEPSACSP mechanism and (b) 

the detailed mechanism. 

 

Figure 15. Time-averaged CO contours predicted by (a) the DRGEPSACSP mechanism and (b) 

the detail mechanism. 

To quantify the differences in the reacting zone, Figure 16 shows the streamwise evolution of 

time-averaged mass fraction of OH radical. Consistent with Figure 14, at the most upstream 

location A, no OH radical is produced by the detailed mechanism while the skeletal mechanism 

predicts a remarkable existence. At location B, the OH concentration predicted by the detailed 

mechanism is still weaker than that by the skeletal one. Further downstream, at locations C and 

D, the difference diminishes considerably. In Figure 17, it can be seen that major difference in 

the CO distributions occurs at the upstream locations, suggesting that the skeletal mechanism 
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predicts a shorter ignition distance. At locations C and D, good agreements are achieved, which 

demonstrates the accuracy of the skeletal mechanism in the post-ignition stage. 

 

Figure 16. Time-averaged OH distributions predicted by the DRGEPSACSP and detail 

mechanisms at different streamwise locations: (a) location A, (b) location B, (c) location C and 

(d) location D. 

 

Figure 17. Time-averaged CO distributions predicted by the DRGEPSACSP and detail 

mechanisms at different streamwise locations: (a) location A, (b) location B, (c) location C and 

(d) location D. 

In order to assess the kinetic performance in the global sense, pseudo one-dimensional 

distributions of OH, CO and heat release rate predicted by the two mechanisms are compared in 

Figure 18. The value at the streamwise location is calculated as the mass flux weighted average 

on the corresponding cross-section perpendicular to the axis. The OH distributions have 
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relatively large difference for the two mechanism around x� 4 0.6. As has been analyzed before, 

the production of OH radical starts at x� 4 0.08 for the skeletal mechanism and x� 4 0.16 for the 

detailed mechanism. Although the production of OH has been significantly delayed in the 

detailed mechanism, its peak value is nearly doubled compared with the skeletal mechanism. 

Further downstream, these two profiles collide with each other. The difference in the CO 

distributions is larger before x� 	 0.2  and then maintains at a low level till the exit. The 

nondimensional distribution of heat release rate along the streamwise distance is usually the most 

concerned since it exerts the major influence on the wall heat flux distribution and thereby the 

thermal protection design. From Figure 18(c), larger difference exists in range 0.08 7 x� 7 0.4. 

The skeletal mechanism predicts an earlier heat release at x� 4 0.08, but its peak magnitude is 

just half of that predicted by the detailed one, which takes place slightly downstream at x� 4 0.16. 

Referring to Figure 11-12, although the skeletal mechanism shows some deficiency in predicting 

the concentrations of species mainly in the ignition stage, the flow characteristics, e.g., pressure 

and Ma are still in reasonably good agreements with those predicted by the detailed mechanism. 

The current skeletal mechanism is suitable for the performance evaluation of scramjet 

combustors, where accurate pressure distribution, combustion efficiency, and total pressure loss 

are required. However, if the focus is the auto-ignition process and/or the combustion instability, 

chemical mechanisms with a higher fidelity should be adopted to give more reliable information 

on the distributions of key species. A balance between the computational efficiency and the 

modeling fidelity determines the reduction degree of the mechanism. 
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Figure 18. Pseudo one-dimensional streamwise distribution of mass fractions of OH and CO, 

and heat release rate predicted by the DRGEPSACSP and detail mechanisms. 

6. CONCLUDING REMARKS 

In this study, a skeletal mechanism for ethylene-air combustion is developed and validated for 

supersonic combustion modeling. Based on a selected detailed mechanism, DRGEP, SA and 

CSP methods were performed in different combinations to obtain the final skeletal mechanisms. 

The first level of fidelity validation is conducted through comparing the kinetic properties of the 

three skeletal mechanisms with the original detailed mechanism. The three skeletal mechanisms 

show negligible difference in the first level of fidelity validation. To minimize the computational 

cost, the smallest DRGEPSACSP mechanism is selected for the remaining levels of fidelity 

validation.  

The application of the DRGEPSACSP mechanism in a realistic scramjet combustor modeling 

shows reasonably good agreements in the predictions of pressure distribution, combustion 

efficiency, and total pressure loss, in comparison with those by the detailed mechanism. The 

flame structure analysis shows the deficiency of the skeletal mechanism in predicting the 
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distributions of key species mainly in the ignition stage. However, the flow characteristics, e.g., 

pressure and Ma and are still in reasonably good agreements with those predicted by the detailed 

mechanism. Reliable information on the distributions of key species is usually only required for 

the study of ignition process or combustion instability. The current skeletal mechanism gains 

more advantage in the performance evaluation of scramjet combustors, due to its computational 

efficiency and good predictive capability of the combustion-adjoint aerodynamic characteristics. 
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