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Abstract: Large eddy simulations (LESs) of cavity ignition processes were performed in a 2D ethylene-fueled supersonic com-
bustor with a single rear-wall-expansion cavity based on OpenFOAM. The ethylene combustion was modelled using a 35-step
with 20-specie ethylene chemical mechanism, which had been validated by CHEMKIN calculations. The effect on the ignition
process of different ignition sites inside the cavity was then studied. It was found that the rear region of the cavity floor is an
optimized ignition site where successful ignitions will be achieved. According to different ignition behaviors, two flame extin-
guishing modes could be identified: blown-off extinguishing mode and flow dissipation extinguishing mode. Blown-off extin-
guishing mode mainly occurred after ignition near the cavity shear layer, in which the initial flame was blown off directly due to
the high speed of the supersonic core flow. Flow dissipation extinguishing mode is likely to occur after ignition near the front and
middle cavity floor as a result of severe turbulent dissipations and limited chemical reactions. The study indicates that the
movement routine of the initial flame is important for the ignition process, including both moving towards a favorable flow field

and forming a large heat release region along the movement.
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1 Introduction

The scramjet propulsion system is currently the
most promising air-breathing propulsion technology
for commercial flight and space access (Curran, 2001;
Huang et al., 2016; Lv et al., 2017; Chang et al.,
2018). To achieve a successful ignition and a stabi-
lized flame in a supersonic flow, cavity-based flame
holders are widely used in the scramjet combustor
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(Ben-Yakar and Hanson, 2001; Mathur et al., 2001;
Huang and Yan, 2013; Huang et al., 2013). The
cavity-based flame holders are more effective in a real
scramjet combustor with fuel injectors integrated into
the flame holders (Sun et al., 2012). In the past dec-
ades, cavity-stabilized ignition and combustion have
been widely investigated (Wang et al., 2014; Barnes
and Segal, 2015).

Due to the harsh supersonic flow and limited
chemical reaction environment, successful ignition
processes are still difficult to achieve even with a
cavity flame holder. To make it easier to investigate
the simulation of cavity ignition and flame stabiliza-
tion in real scramjet applications, ethylene is often
used as fuel in a model cavity-based supersonic
combustor as the C/H ratio of ethylene is very close to
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that of kerosene. Potturi and Edwards (2015) applied
a hybrid large eddy simulation/Reynolds-averaged
Navier—Stokes (LES/RANS) method to investigate
ethylene combustion in a cavity flame holder using a
22-specie chemical mechanism. It appeared that the
flame propagated into a stoichiometric to fuel-rich
mixture near the cavity according to the analysis of
the flame structure predicted by the LES/RANS
method. In addition, both the premixed and non-
premixed flames existed in the combustion process
(Potturi and Edwards, 2015). Wang et al. (2015)
conducted RANS with a shear stress transport (SST)
k- turbulence model to investigate the combustion
process based on a classical three-step ethylene
chemical mechanism. They found that fuel/air mixing
and combustion occurred mainly in the vicinity of the
bottom wall of the combustor due to fuel injection on
that wall. Besides, high non-symmetry in the distri-
butions of the bottom and the top wall heat fluxes was
observed (Wang et al., 2015). Li et al. (2015) studied
the ethylene ignition transient assisted by air throt-
tling numerically by using a two-step global chemical
mechanism. In their study, air throttling was activated
once fuel injection was steady and the spark plug was
on, then air throttling was removed immediately after
flame stabilization was achieved. They found that a
shock train was generated in the isolator as a conse-
quence of back pressurization by the throttling air,
which decelerated the high-speed in the supersonic
core flow, enhanced the fuel/oxidizer mixing, and
increased the temperature and pressure in the com-
bustor (Li et al., 2007; Yang et al., 2010).

In the open literature, the flame stabilization
process inside an ethylene-fueled cavity has been
widely emphasized, while the ignition process has
been less focused upon and has been investigated with
a less accurate chemical mechanism. Furthermore,
flame extinction during the ignition process and its
mechanism are rarely mentioned. To ensure suc-
cessful ignition processes, both flame growing and
extinguishing mechanisms should be comprehen-
sively understood. In this study, 2D ethylene ignition
processes inside a rear-wall-expansion cavity based
on a 35-step with 20-specie chemical mechanism are
conducted by LES. The effect of the ignition site on
the ignition process is discussed. Mechanisms re-
garding flame growing and extinguishing processes
are emphasized.

2 Model and numerical method
2.1 Boundary conditions

Since the initial flame behaviors mainly occur in
the stream-wise direction and to reduce the computa-
tional cost, a 2D simulation is sufficient and is applied
in this study. A schematic of the 2D computational
domain investigated in this study is given in Fig. 1.
The supersonic combustor is made up of an isolator, a
rear-wall-expansion cavity, and an expansion section.
The isolator is applied to constrain the interaction
between the shock-wave trains and the inflow during
the combustion process. The expansion section is an
extended part of the combustor, and is used to im-
prove combustion in the combustor and to generate
thrust for the scramjet engine.
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Fig. 1 Combustor and grid for the simulations: (a) sche-

matic of the supersonic combustor; (b) grid used for the
simulations

As depicted in Fig. 1a, the front wall depth, rear
wall depth, cavity floor length, and aft ramp angle of
the cavity are 20 mm, 10 mm, 90 mm, and 45°, re-
spectively. As the rear wall depth is lower than the
front wall depth, the cavity geometry is referred to a
rear-wall-expansion cavity. The bottom wall of the
combustor has an expansion angle of 1°. There is an
injection slot located at 10 mm upstream the cavity
with a width of 0.25 mm. Pure ethylene is used as fuel
and is injected through the injection slot.

In the computational domain, adiabatic and
non-slip boundary conditions are applied to the top
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and bottom walls. Pressure inlet conditions are ap-
plied at the inlet of the combustor and the injection
slot, where static pressure and static temperature are
specified. In the span-wise direction (z), the periodic
condition is used. The inflow conditions as well as the
injection conditions are set according to the experi-
mental related parameters (Cai et al., 2018a), as listed
in Table 1.

Table 1 Boundary conditions for the computational
domain

Value
Parameter

Inflow Fuel
Total temperature (K) 1530 300
Total pressure (MPa) 2.6 1.5
Mach number, Ma 2.92 1.0
Yo, (%) 233 0.0
Yo (%) 5.9 0.0
Yoo, (%) 9.6 0.0
T, (%) 61.2 0.0
You, (%) 0.0 100.0
Equivalence ratio, ¢ 0.30 0.30
Characteristic length, / (m) 0.635 0.635
Reynolds number, Re 5.7x107 5.7x107

Y indicates the specie mass fraction

2.2 Grid generation

To better solve the flow field, uniform structured
grids are generated by Gridgen. Most typical flow
field characteristics such as shock waves, vortex
structures, and boundary layers are captured well by
the grid. The grids are clustered towards the top and
bottom walls of the combustor as well as the injection
slot and are relaxed towards the inlet and outlet. The
height of the first cell is 0.01 mm inside both the top
and bottom walls of the combustor, leading to a fa-
vorable value of y+ of the grid. A grid with 134167
cells is employed in the present study, and y+ is 1-40.
The grid used for simulations is shown in Fig. 1b. To
clearly show the grid, the total cell number shown in
Fig. 1b is 27000, which is less than that used for
simulations.

2.3 Numerical methods

In this study, the LES method is applied for all
the ignition cases. One-equation eddy model is used

to solve the unclosed sub-grid terms in the Navier—
Stokes equations. The partially stirred reactor (PaSR)
model is used as the chemical reaction model. For
detailed descriptions of the LES equations as well as
the chemical reaction model, please refer to Cai et al.
(2016, 2018b) and Wang et al. (2016).

An open-source computational fluid dynamics
(CFD) library OpenFOAM is used in this study,
which is based on finite volume methods. The nu-
merical solver used is an improved version based on a
density-based fully compressible flow solver, which
is suitable for solving multi-specie non-reaction and
reacting supersonic issues. The convective terms are
discrete by using the second-order Kurganov and
Tadmor approach with the van Leer limiter. The
temporal terms are discrete by using the second-order
backward Euler scheme. The Courant-Friedrichs-
Lewy (CFL) number used in this study is about 0.2
leading to a physical time step of 1x 10%s. Each case
is run for 10 flow-through times.

3 Results and discussion

In this section, the ethylene chemical mechanism
used in this study is first validated against available
experimental data to make sure that the present
mechanism is favorable for the ignition simulation.
As the numerical solver has been proved to be suita-
ble for simulating the supersonic combustion process
by many related validations (Cai et al., 2016, 2017,
2018a, 2018b, 2018d; Wang et al., 2016), the valida-
tion of the numerical solver is ignored here. However,
the combustion processes regarding different ignition
sites will be discussed comprehensively.

3.1 Validation

Because its C/H ratio is very close to that of
kerosene, ethylene is widely used in supersonic
combustion simulations. In the open literature, many
ethylene chemical mechanisms have been reported
ranging from detailed (hundred steps) to reduced
(three steps or even global) mechanisms. In this
study, the three most widely used mechanisms were
selected to validate 0D and 1D flame calculations in
CHEMKIN and Cantera. These mechanisms are
referred to as 35-step with 20-specie (Dong et al.,
2008), 10-step with 10-specie (Baurle et al., 1998),
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and 3-step with 7-specie (Baurle et al., 1998) mech-
anisms. Laminar flame burning velocity, adiabatic
temperature, and ignition delay time and process are
the most typical combustion characteristics and are
often selected as key comparison parameters for
chemical kinetic mechanism validations. Fig. 2 pre-
sents the comparative results of the calculations for the
above three mechanisms with the available experi-
mental data (Egolfopoulos and Law, 1991; Hassan et
al., 1998; Jomaas et al., 2005; Kumar et al., 2008; Liu
etal., 2017) and mechanism of University of Southern
California (USC), the USA (Wang et al., 2007).

Laminar flame velocity is calculated in Fig. 2a
at298 K and 1 atm (1 atm=101 325 Pa). It is observed
that the laminar flame velocity of the 35-step
mechanism at different equivalence ratios shows a
good agreement with the experimental data and USC.
However, the 10-step and 3-step mechanisms obvi-
ously under-predict the experimental data and even
present wrong variation tendencies. For the adiabatic
temperature in Fig. 2b, it is seen that all the mecha-
nisms present a similar tendency and the 35-step
mechanism matches the USC quite well at an equiv-
alence ratio larger than 1.5.

The ignition delay time is calculated at both
different temperatures and different pressures as
shown in Fig. 2c. It is found that, because of their
consideration of the intermediate species, both the
35-step and 10-step mechanisms could well predict
the ignition delay time. The ignition process is also
validated by comparing the 35-step mechanism with
the USC as depicted in Fig. 2d. Although the ignition
process is a little slower using the 35-step mecha-
nism, it only causes minor differences in the variation
tendency. Therefore, taking the computational cost
and accuracy into consideration, the 35-step mecha-
nism is most suitable for the simulation of ethylene
supersonic combustion, especially for the case of
ignition transience and initial flame spreading.

3.2 Ignition process simulations

In this study, ignition process will be empha-
sized numerically by comparing different ignition
sites inside the cavity. The ignition method is to
patch a square region (5 mmx5 mm) with a local high
temperature of 2000 K in the steady non-reaction
flow field, and then calculate the unsteady reacting
flow field. It should be noted that the patch location is
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Fig. 2 Comparisons of different mechanisms with ex-
perimental data (Egolfopoulos and Law, 1991; Hassan et
al., 1998; Jomaas et al., 2005; Wang et al., 2007; Kumar et
al., 2008): (a) laminar flame speed; (b) adiabatic temper-
ature; (c) ignition delay; (d) ignition process
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related to the experimental setup (Cai et al., 2018a,
2018c), while the size of the square region is ap-
proximately equal to that of the spark (Cai et al.,
2018e). In addition, it is also revealed that a square
region with a high temperature of 2000 K (Cai et al.,
2017) is favorable for the simulation of the ignition
process.

There are four simulation cases conducted in
this study, with the only difference being the ignition
site as depicted in Fig. 3. Inside the cavity, there are
three ignition sites located in the front, middle, and
rear of the cavity, respectively. Outside the cavity,
there is an ignition site located in the rear shear layer
region. The detailed locations of these ignition sites
are depicted clearly in Fig. 3.

[ Ignition site

Case 4
Case 1 5mm 10 mm
L Casemm Case 3
5mm  40mm 40 mm >

Fig. 3 Schematic of the ignition sites

The heat release rate (HRR) and H,O distribu-
tions in the local cavity region during the ignition
process of case 1 are shown in Fig. 4. The HRR
distribution can be used to indicate the chemical
reaction region and the flame, while the H,O dis-
tribution can be used to indicate the hot combustion
product. It can be seen that chemical reactions
around the patch region in the front cavity are initi-
ated at 0.2 ms after the ignition moment (#)); that can
be defined as the initial flame. This initial flame then
propagates upstream towards the cavity leading edge
and causes chemical reactions both in the jet wake
region between the fuel jet and the cavity leading
edge and in the left corner region on the cavity floor.
Finally, the initial flame extinguishes gradually in
the left corner region on the cavity floor. A flame
extinguishing process is shown in Fig. 4 after igni-
tion in the front region inside the cavity. In Fig. 5,
the HRR distribution of the case 2 at #+1.8 ms is
similar with that at #+0.6 ms in case 1; the H,O
evolution of the case 2 after #p+1.8 ms is similar with
that after 7o+0.6 ms in case 1. This indicates that the
mechanisms of the extinguishing process in cases 1
and 2 are similar.

To further investigate the mechanism of the ex-
tinguishing process in case 1, the temperature dis-
tribution and the streamlines for it are shown in
Fig. 6. R; and R; in Fig. 6 indicate the different di-
rections of the flow stream. R, shows the region at
which the flow stream moves toward the shear layer,
while R; shows the region where the flow stream
moves upstream of the cavity. Due to the evolution of
the flow stream, the high temperature region can be
observed at the upstream of the cavity, and it can also
be observed at the shear layer.

The green color in regions T; and T, indicates
that the temperature in these regions is higher com-
pared with that at #5+0.2 ms. The high temperatures in
regions T, and T, are caused by the flow stream
moving towards the shear layer as mentioned above.
The distribution of the shear layer in this combustor
had already been shown by Cai et al. (2016). The
shear layer located in the rear cavity can also be ob-
served in previous study (Zhao et al., 2016). The
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Fig. 4 Dissipation extinguishing mode after ignition in the
front of the cavity floor (case 1). References to color refer
to the online version of this figure
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Fig. 5 Dissipation extinguishing mode after ignition in the
middle of the cavity floor (case 2). References to color
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Fig. 6 Evolution of the high temperature region (case 1).
References to color refer to the online version of this
figure

high temperature stream moves out of the cavity due
to the evolution of the flow stream, which further
induces a decrease in the area of the high temperature
region at #+1.4 ms. The combustion process cannot
be sustained due to the decreasing area of the high
temperature region. This reveals the mechanism of
the extinguishing phenomenon in case 1. As dis-
cussed in Figs. 4 and 5, the mechanisms of the ex-
tinguishing process in cases 1 and 2 are similar.

From the discussions mentioned above, it can be
concluded that the ignition energy in the high tem-
perature region in cases 1 and 2 is dissipated by the
flow stream evolution. In this study, the extinguish-
ing mode in cases 1 and 2 is described as the flow
dissipation extinguishing mode. The flow dissipation
extinguishing mode means the extinguishing process
is caused by the ignition energy dissipation domi-
nated by the flow stream evolution.

Fig. 5 depicts similar HRR and H,O distribution
variations in the local cavity region of case 2 as in
case 1. After ignition in the middle of the cavity
floor, the initial flame still undergoes an extin-
guishing process which can also be classified as dis-
sipation extinguishing mode. Compared with case 1,
case 2 takes a longer time to achieve the final state of
weakened flame located in the left corner on the
cavity floor, and the flame is stronger than that of
case 1 at the same time. It can be observed from
Figs. 4 and 5 that the mass fraction of H,O in zone 2
is greater than that in zone 1. For all the cases in this
study, the boundary conditions of the inflow and fuel
injection were kept the same. As a result, there is no
difference in the fuel mass fraction distribution be-
fore ignition. The greater mass fraction of H,O in
zone 2 indicates the fuel in zone 2 is consumed more
than that in zone 1. Consuming more fuel in zone 2
forms a larger heat release region, which leads to a
stronger flame and a longer flame extinguishing
process.

Based on the discussion on Figs. 4 and 5, it can
be concluded that forming a larger heat release re-
gion is beneficial for the ignition process. Generally,
there are two ways to increase the heat release region
by consuming more fuel during the ignition process,
either by increasing the local fuel mass fraction or
increasing the initial flame movement towards the
cavity angular recirculation zone where the turbulent
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dissipation effect is the weakest inside the cavity
(Cai et al.,, 2018b). Therefore, both increasing
equivalence ratio and optimizing the ignition site in
the cavity are practical ways to ensure a successful
ignition process.

Fig. 7 shows a successful cavity ignition process
after ignition in the rear of the cavity floor of case 3.
The HRR and H,O distributions in the local cavity
region present different variations compared to that
of cases 1-2. The initial flame propagates towards
the cavity front wall quickly after ignition and forms
a large heat release region inside the cavity. After the
initial flame propagates out of the cavity from the
rear edge, the heat release region inside the cavity
decreases gradually. Finally, a large intense heat
release region is formed in the cavity shear layer with
no heat release region located inside the cavity.

HRR e T H,0 B [
6 3
(x10°JI(m™s))o 250 500 750 1000 0 0.01 0.02 0.03 0.04

~ Xy

to+1.0 ms to+1.0 ms

Fig. 7 Successful cavity ignition process after ignition in
the rear of the cavity floor (case 3). References to color
refer to the online version of this figure

The successful ignition process of case 3
demonstrates that the growing factor has a larger

effect than the decaying factor after ignition in the
rear of the cavity floor. It is shown that there exists a
clockwise direction recirculation flow inside the
cavity and the most intense shearing flow is located
in the rear cavity. The recirculation flow inside the
cavity and the shearing flow can be obtained from
both numerical simulation (Cai et al., 2018b) and
experimental investigation (Kirik et al., 2014). The
shearing flow located in the rear cavity has been
shown by Cai et al. (2018b). The shearing flow in the
rear cavity has also been investigated by other re-
searchers (Beresh et al., 2016; Zhao et al., 2016).
Accordingly, the flame movement speed of case 3 is
the biggest, forming the largest heat release region
compared to those of cases 1-2 at the same time.
Although the turbulent dissipation environment in the
rear cavity is also severe, the growing flame sup-
ported by consuming fuel consistently along the
flame movement routine acts as the dominant effect.

Fig. 8 gives another flame extinguishing process
of case 4 after ignition in the rear side of the cavity
shear layer. The induced heat release region at 0.2 ms
is the smallest compared to those of cases 1-3, and
the initial flame only exists a short time before dis-
appearing. Obviously, the decaying factor exerts a
dominant effect during all time sequences of case 4,
and the flame is seen to be blown off directly in the
cavity shear layer due to the high speed of the su-
personic core flow. The supersonic core flow in the
shear layer has been presented by Cai et al. (2018e)
using numerical simulation. They investigated the
fuel transport and mixing process in a scramjet
combustor. The sonic line can be observed from the
shearing flow, and the sonic line in the shearing flow
indicates that supersonic flow exists in the shear
layer. The supersonic flow in the shear layer can also
be observed by Zhao et al. (2016)’s experimental
research. Based on the earlier discussion regarding
the flame extinguishing mode of cases 1 and 2, the
flame extinguishing mechanism of case 4 is seen to
be different from the above cases and can be desig-
nated as the blown-off extinguishing mode.

The HRR intensity along the ignition process
can be calculated according to the HRR spatial inte-
gration of the computational domain. As shown in
Fig. 9, the quantitative comparison is in accordance
with the above qualitative descriptions and presents
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more statistical flame behaviors up to 5 ms. We can
see that despite case 3, other cases all achieve flame
extinguishing state with barely no HRR intensity at
the end. Between 0 and 0.5 ms after ignition, it is
interesting to note that the HRR intensity of case 3 is
less than that of case 1. As reported previously (Cai
et al., 2016, 2018b), the turbulent dissipation is the
weakest in the cavity angular recirculation zone and
it is the strongest in the rear cavity region. After
0.5 ms, the HRR intensity of case 3 continued to
increase. Considering the flame movement speed of
case 3, the increase in HRR intensity is due to the
formation of a larger heat release region by con-
suming more fuel. Therefore, it can be concluded
that both the favorable flow field and the large

HRR e T H,0 I [
(x10°J/m*>s))g 250 500 750 1000 0 0.01 0.02 0.03 0.04

ﬂ*
ﬂ“
iﬁ

Fig. 8 Blown-off extinguishing mode after ignition in the
rear side of the cavity shear layer (case 4). References to
color refer to the online version of this figure
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Fig. 9 Comparison of HRR intensities of the supersonic
combustor during the ignition process

heat release region are important for the ignition
process.

Despite the HRR and H,O distributions pre-
sented above, the enstrophy distribution as well as the
most intense HRR region in the local cavity region of
case 3 is given in Fig. 10. Enstrophy (£2°, where Q is
the magnitude of the vorticity) can be used to repre-
sent the local turbulent flow characteristics since it
represents the production of turbulence. The turbulent
flow field in the cavity represented by the enstrophy
distribution of case 3 is in accordance with previous
studies (Cai et al., 2016, 2018b). In Fig. 10, the dis-
tributions of HRR and enstrophy were combined in
one figure to describe the local turbulent flow char-
acteristics where the HRR appears; the distributions
of enstrophy and HRR are shown by two different
colorbars. The HRR distribution is shown by the red
colorbar. It is seen that there exists obvious enstrophy
distributed inside and outside the most intense HRR
region during the ignition process, and the chemical
reaction also influences the turbulent flow field.
Therefore, the growing factor and decaying factor
mentioned above can be used to judge the ignition
process as a whole. Actually, the ignition process is a
complicated interaction between the chemical reac-
tion and the turbulent flow field which should be the
subject of further research.

4 Conclusions

In this study, the ignition process in an ethylene-
fueled supersonic combustor with a rear-wall-
expansion cavity was investigated numerically by a
2D LES method. The ethylene chemical mechanism
of 35-step with 20-specie used in this study was val-
idated comprehensively against both experimental
data and detailed mechanism through CHEMKIN
calculations. The effect of different ignition sites
inside the cavity on the ignition process was then
studied. It was found that the region in the rear of the
cavity floor is an optimized ignition site with a fa-
vorable flow field environment and initial flame
movement routine. According to the different ignition
behaviors after ignition at different sites, two extin-
guishing modes could be identified: blown-off ex-
tinguishing mode and flow dissipation extinguishing
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Fig. 10 Enstrophy distribution together with the most intense HRR distribution in the local cavity region of case 3.

References to color refer to the online version of this figure

mode. Blown-off extinguishing mode mainly occurs
after ignition near the cavity shear layer, in which the
flame kernel will be blown off directly due to the high
speed of the supersonic core flow. The flow dissipa-
tion extinguishing mode is likely to occur after igni-
tion near the front and middle cavity floor as a result
of the flow stream evolution and limited chemical
reactions. Despite the discussion on turbulent flow
field affecting the chemical reaction, it is also
demonstrated that the chemical reaction itself affects
the turbulent flow field. In short, the initial flame
movement routine is an important issue during the
ignition process, including both moving towards a
favorable flow field and forming a large heat release
region. To ensure a successful ignition process, it is
indicated that both increasing equivalence ratio and
optimizing the ignition site in the cavity are practical
routes.
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