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In advanced propulsion systems such as scramjet engines, endothermic decomposition
of onboard large hydrocarbon fuels can be used effectively for cooling and active ther-
mal protection. During the cooling process, large hydrocarbon fuels absorb heat and
decompose into small fragments. Since fuel decomposition changes the chemical and
transport properties of the reactants, it is expected to affect the combustion afterwards.
In this study, forced ignition in quiescent n-decane/air mixtures with fuel decomposition
is investigated via a simplified model and transient numerical simulations considering
detailed chemistry and transport. The emphasis is placed on assessing the effects of fuel
decomposition on ignition kernel development and minimum ignition energy (MIE) in
both homogenous and fuel-stratified mixtures. Fuel decomposition is modelled by a
homogeneous ignition process in n-decane/air mixture at constant atmospheric pres-
sure and with an initial temperature of 1300 K. Small fragments appear during the
pyrolysis process. The partially-reacted mixture is frozen and cooled to a lower temper-
ature and used as the initial mixture in forced ignition. For homogeneous mixtures, fuel
decomposition can greatly promote ignition for fuel-lean decane/air mixtures while it
has little effect for the stoichiometric case. Fuel decomposition also affects the duration
of unsteady ignition kernel transition. Besides, fuel decomposition and fuel stratifica-
tion are combined to further promote forced ignition. New flame regimes are observed
and an optimum stratification radius is identified. In order to promote the forced
ignition, only the fuel within the optimum stratification radius needs to be decom-
posed. Furthermore, laser and spark ignition experiments are conducted to measure the
MIE of n-decane/ethylene/air mixtures with different equivalence ratios and ethylene
blending ratios. The MIE measured in experiments cannot be directly compared with
simulation results since the simulation model for forced-ignition is simplified. Never-
theless, the experimental results are consistent with simulation results and thus validate
some conclusions mentioned above. The present results provide useful guidance to the
fundamental understanding of forced ignition in a mixture with fuel decomposition.
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1. Introduction

In scramjet, thermal management of the overall vehicle is a significant challenge [1,2]
since the total temperature of incoming flow can be very high at high flight Mach number
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[3]. In practical engines, it is common to cool the combustor with the onboard fuel in
order to reduce the weight of cooling system and to increase the thermal efficiency through
heat recovery [1]. During the cooling process, hydrocarbon fuels absorb heat and undergo
pyrolysis through endothermic reactions. Consequently, the heavy hydrocarbons could
decompose into light gaseous species including hydrogen, methane, ethylene, and butane
[4]. Besides, it was found that for flames propagating in large-hydrocarbon/air mixtures,
fuel pyrolysis occurs in the preheat zone within a temperature range of 1050–1450 K
[5] and that the typical time scale for the overall decomposition process is within 1 ms
[4,6]. Therefore, it is necessary to understand how fuel decomposition/pyrolysis affects the
fundamental combustion processes such as ignition, flame propagation and stabilisation.

Though extensive studies have been conducted to characterise the fuel decomposition
process [4–8], there are only a few studies on how fuel decomposition affects ignition and
flame propagation. Smolke et al. [5] assessed the effects of n-dodecane decomposition on
its mass burning rate and extinction strain rate. They found that the mass-burning rate is
only slightly increased by fuel decomposition while the density-weighted extinction strain
rate is notably more sensitive to fuel decomposition under fuel-lean and stoichiometric
conditions. Zhong and Peng [9] found that the cracking of large hydrocarbon fuels cannot
greatly increase the laminar flame speed and thereby has little effect on the combustion in
a practical combustor.

To the authors’ knowledge, the effects of fuel decomposition on the transient forced igni-
tion process have not been studied before. Forced ignition is one of the most fundamental
combustion processes [10]. Unlike autoignition, forced ignition strongly depends on the
mass diffusivity of the reactant [11–13]. Since the decomposed small fragments have much
larger mass diffusivity compared to the original hydrocarbon fuel, fuel decomposition is
expected to strongly affect the forced ignition process. This motivates the present work,
which aims to assess the effects of fuel decomposition on the ignition kernel propagation
and minimum ignition energy (MIE).

Besides, in practical combustion facilities, perfectly homogenous mixture is difficult
to be achieved and non-uniform spatial distribution of mixtures always exists. Previous
studies have shown that fuel-stratification has the advantages in improving flame stability
[14] and extending lean flammability [15]. Recently, Wang et al. [16] has demonstrated
that fuel stratification can greatly promote the forced ignition in fuel-lean n-decane/air
mixtures. This is because the ignition kernel develops much more easily in a mixture with
lower Lewis number. As mentioned before, fuel decomposition helps to increase the mass
diffusivity and thereby reduce the effective Lewis number. Therefore, the combination of
fuel decomposition and fuel stratification is expected to promote forced ignition. This is
also investigated in the present work.

The objective of this study is to assess the effects of fuel decomposition on forced
ignition in homogenous and fuel-stratified mixtures. N-decane/air mixtures are consid-
ered in this study since n-decane is popularly used as a component in surrogate jet fuels.
Transient numerical simulations considering detailed high-temperature chemistry as well
as temperature-dependent thermal and transport properties are conducted. Moreover, the
laser and spark ignition experiments are conducted to validate the conclusions drawn from
simulation results.

It is noted that the forced ignition process in practical combustion engines is extremely
complex since it consists of complicated plasma formation, spark-induced shock wave,
turbulence-chemistry interaction, etc. As a crucial first step to assess the effects of
fuel decomposition and stratification, here we consider forced ignition caused by heat
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deposition in a static flammable mixture. Including additional physics such as flow and
turbulence and their effects on ignition are outside of the scope of this study and need to
be explored in future studies.

2. Numerical model and methods

Here, we consider the simulations of forced ignition process induced by energy deposition
in n-decane/air mixtures. The one-dimensional computational domain is 0 ≤ r ≤ 25 cm in
a spherical coordinate. It is initially filled with static mixture at a temperature of T0 = 400
K and pressure of P0 = 1 atm. At both boundaries, r = 0 and 25 cm, zero flow velocities
and zero gradients of mass fractions and temperature are enforced.

The transient forced ignition process is simulated using the in-house code A-SURF
[12,17,18]. A-SURF solves the following conservation equations (including species,
momentum and energy conservation equations) for one-dimensional, adiabatic, multi-
component, reactive flow in a spherical coordinate:
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in which ρ is the density, Yk the mass fraction of the kth species, u the radial flow velocity
and E the total energy per unit mass. Instead of solving the continuity equation, the species
conservation equations for all n species are solved in A-SURF. The continuity equation is
recovered from the summation of all species conservation equations. In the species conser-
vation equations, the subscript r in Fv(U) represents the partial derivative with respect to
r. ωk and V’k are the production rate and diffusion velocity of species k, respectively. The
production rate ωk is specified via collection of elementary reactions and the species dif-
fusion velocity V’k is evaluated based on the mixture-averaged model. A correction term
for the diffusion velocity of each species is included so that the summation of all species
conservation equations yields the continuity equation. CHEMKIN [19] and TRANSPORT
[20] packages are incorporated into A-SURF to calculate the thermodynamic and transport
properties. In simulations, the pyrolysis and oxidation of n-decane are modelled using the
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high-temperature mechanism of Chaos et al. [21], which contains of 54 species and 382
elementary reactions.

In the momentum equation, P is the pressure and the viscous stresses, τ 1 and τ 2, are
defined as:
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where μ is the dynamic viscosity of the mixture.
In the energy conservation equation, the total energy, E, is defined via:

E = −P + ρu2
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where hk is the enthalpy of the kth species, hk ,0 the species formation enthalpy at the
reference temperature T0, and CP,k the specific heat of the kth species at constant pressure.
The heat flux q is:
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in which λ is the thermal conductivity of the mixture. is the viscous dissipation rate, which
is defined through:
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The pressure can be obtained from the density, temperature and mean molecular weight
using the ideal gas state equation:

P = ρRT

M̄
(7)

where R = 8.314 J/(mol·K) is the universal gas constant.
The finite volume method is used to discretize the governing equations (1). The second-

order accurate, Strang splitting fractional-step procedure is utilised to separate the time
evolution of the stiff reaction term SR from that of the convection and diffusion terms.
In the first fractional step, the non-reactive flow is solved by employing Runge–Kutta,
MUSCL-Hancock, and central difference schemes, all of second-order accuracy, for the
calculation of temporal integration, convective flux, and diffusive flux, respectively. The
chemistry is solved in the second fractional step for a homogeneous system at each grid
using the VODE solver [22]. Dynamically adaptive mesh refinement is employed and the
reaction front is always fully covered by the finest mesh with a size of 7.8 μm. Numerical
convergence is checked and ensured by further decreasing the time step and mesh size in
simulation. ASURF has been successfully used in previous studies on ignition and flame
propagation [16,23–25].

In simulations, the mixture is centrally ignited through energy deposition given by the
following source term in the energy equation [26]:
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r
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)

2
]ift < τig
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(8)

where Eig is the total input ignition energy, τ ig the duration of energy deposition, and rig the
radius of the energy deposited region. In simulations, the MIE is obtained by the method of
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trial and error with error below 2%. Previous studies [10,27] showed that the MIE depends
on both τ ig and rig. Similar to our previous work [16], the duration and radius of ignition
energy deposition are fixed to be τ ig = 0.5 ms and rig = 0.5 mm, respectively.

Fuel decomposition is studied in a homogeneous adiabatic and isobaric process follow-
ing the same methodology proposed by Smolke et al. [5]. The pyrolysis of homogeneous
nC10H22/air mixtures is modelled under isobaric and adiabatic conditions at the same atmo-
spheric pressure but a high initial temperature of TP,0 = 1300 K. During the transient
homogeneous pyrolysis process, the species concentrations evolve and they are frozen
at a certain value of fuel decomposition fraction, C, which is defined as the percentage
of fuel decomposed. The frozen mixture is then cooled to a temperature T i to match the
enthalpy of the initial undecomposed nC10H22/air mixture at T0 = 400 K [5]. Then this
frozen mixture at T i is used as the initial reactant in the transient ignition simulation.

Moreover, we also consider forced ignition in a fuel-stratified mixture: the ignition ker-
nel first develops in a fuel-decomposed mixture and then it propagates into an n-decane/air
mixture without fuel decomposition. The initial molar fraction distribution for the ith
specie is specified by the following hyperbolic tangent function [16]:

xi(r, t = 0) = xi
in + xi

out

2
− xi

in − xi
out

2
tanh

(
r − RS

δ

)
(9)

where xi in and xi out are respectively the inner and outer molar fractions of the ith species,
RS the stratification radius, and δ the mixing layer thickness. Same as the case of homo-
geneous mixture, the mixture composition (i.e. the values of xi

in) in the inner zone is
determined by fuel decomposition fraction C and its temperature Ti is calculated based
on the constant total enthalpy [5]. The mixture composition in the outer zone, xi

out, is
determined by the equivalence ratio and there is no fuel decomposition. In the inner and
outer zones, the mixtures have the same equivalence ratio. In all simulations, the mixing
layer thickness is fixed to be δ = 0.04 mm. Consequently, fuel stratification is characterised
only by three parameters: the stratification radius RS , the equivalence ratio φ and the fuel
decomposition fraction C in the inner zone.

3. Numerical results and discussion

3.1. Pyrolysis of n-decane in an isobaric homogeneous system

We first model the pyrolysis and oxidation of n-decane/air under homogeneous isobaric
and adiabatic conditions. The results are shown in Figures 1 and 2.

According to previous studies [5,28], first n-decane decomposes through the break of
C–C bond. Then C2H4 is produced through β-scission via alkyl radicals and H-abstraction
by OH radicals. As shown in Figure 1, the typical time for complete decomposition of n-
decane is around 0.3 ms at the cracking temperature of TP ,0 = 1300 K. In the early stage,
the temperature decreases slightly due to the endothermic decomposition of large hydro-
carbon molecules. With the growth of radical pool, the system is dominated by exothermic
oxidation which leads to temperature rise. During the pyrolysis process, the concentration
of C2H4 increases continuously.

In consistent with previous work [6], Figure 2 shows that the mainly products from
nC10H22 decomposition are mainly CH4, H2, and small alkene (CnH2n with n = 2, 3 and
4) fragments. Their mass fractions are normalised by the initial mass fraction of nC10H22.
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Figure 1. Evolution of temperature and molar fractions of C2H4 and nC10H22 during homoge-
neous ignition of stoichiometric nC10H22/air at TP ,0 = 1300 K and P = 1 atm.

Figure 2. Mass percentages of key products and cooled temperature computed for nC10H22
decomposition in air with φ = 1.0, TP ,0 = 1300 K and P = 1 atm.

Being the most abundant intermediate, the weighted mass of C2H4 is about one magni-
tude larger than other products. On one hand, fuel decomposition produces lighter and
more reactive fragments. On the other hand, the temperature decreases due to endother-
mic decomposition reactions. These two factors are coupled and compete with each other.
Their overall effects on forced ignition are assessed in the following two sub-sections.

It is worth noting that in practical scramjet, large hydrocarbons undergo thermal cracking
reactions first before they are injected into the combustor and mixed with the supersonic
incoming flow [2]. Therefore, fuel pyrolysis in real engines is not exactly a homogeneous
ignition process of premixed mixture. In our study, an ideal partial oxidation model is used
here in order to get a simplified fundamental scientific problem. As observed by You et al.
[6] and Malewicki et al. [29,30], during the homogenous ignition process, obvious oxygen
decay begins after most of the fuel decomposes. This suggests that pyrolytic reactions of
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Figure 3. Comparison of mass percentages of key products computed for nC10H22 decomposition
in air with φ = 1.0 and nC10H22 pyrolysis at T = 1300 K and P = 1 atm.

the fuel are mostly responsible for fuel decay during the partial oxidation process. A quan-
titative comparison of mass fractions of pyrolysis products from partial oxidation and fuel
pyrolysis is made in Figure 3. The n-decane pyrolysis is modelled under homogenous iso-
baric and isothermal conditions at a fixed temperature of T = 1300 K, which is consistent
with thermal cracking experiments in previous studies [6,31]. It is shown that the main
products are in comparable amount in these two models, except for the subordinate species
such as CH4. That is because during the partial oxidation process, some of CH4 are con-
verted to CH2O and other radicals by oxidation reactions. As will be discussed later, the
concentrations of subordinate pyrolysis products have a minor effect on the ignition pro-
cess. Therefore, it is reasonable to study the fuel pyrolysis through homogenous ignition
process.

Besides, unlike the autoignition process which is fully controlled by chain-initiation and
chain-branching reactions and thereby is greatly affected by the appearance of radical, the
forced-ignition process considered in the present work is mainly heat balance around the
ignition kernel and thereby the appearance of small amount of radical is expected to have
weaker influence on the MIE than on the autoignition delay time.

3.2. Forced ignition in a homogenous mixture

In this subsection, we assess the effects of fuel decomposition on forced ignition in an
initially homogenous mixture (i.e. initially the mixture composition is the same at every
position).

Figure 4(a) shows the propagation speeds of ignition kernels/spherical flames initiated
by different ignition energies in a fuel-lean (φ = 0.7) nC10H22/air mixture without fuel
decomposition (i.e. C = 0). In simulation, the flame radius, Rf , is defined as the location
where local maximum heat release rate occurs, and the flame propagation speed is obtained
from numerical differentiation according to Sb = dRf /dt. Figure 4(b) shows the change
of flame propagation speed with the stretch rate, which is K = 2Sb/Rf for propagating
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Figure 4. Change of the flame propagation speed with flame radius and stretch rate for an
nC10H22/air mixture with φ = 0.7 and different ignition energies.

spherical flames. The MIE is Emin = 7.9 mJ and successful ignition can only be achieved
for E ≥ Emin. Similar to previous studies [16,32,33], four distinct flame regimes are
observed for the successful ignition case: spark-assisted ignition kernel propagation regime
(AB in Figure 4), unsteady flame transition regime (BC), overdriven flame propagation
regime (CD), and quasi-steady flame propagation regime (DE).

The effects of fuel decomposition on ignition kernel and spherical flame propagation
are shown in Figure 5. Different Sb-K curves are obtained for fuel-lean nC10H22/air mix-
tures with different fuel decomposition fractions. The ignition energy is chosen to be the
MIE for each case: E = Emin = 7.9 mJ for C = 0%, E = Emin = 2.3 mJ for C = 30%,
and E = Emin = 1.06 mJ for C = 50%, indicating that the MIE deceases dramatically as
the fuel decomposition fraction increases.
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Figure 5. Flame propagation speed Sb as a function of stretch rate K for fuel-lean nC10H22/air
(φ = 0.7) with different fuel decomposition fractions.

In spark-assisted ignition kernel propagation regime, the flame propagation strongly
depends on the ignition energy. Since the ignition energy decreases from E = 7.9 mJ for
C = 0% to E = 1.06 mJ for C = 50%, the ignition kernel propagates much slower at
higher fuel decomposition fraction. The propagation speed of the ignition kernel decays
quickly since the excess enthalpy from the ignition energy becomes lower at larger flame
radius [32]. Then the ignition kernel evolves into the unsteady flame transition regime,
in which flame propagation is mainly driven by chemical reactions and transport. With
the increase of fuel decomposition, the effective Lewis number of the mixture becomes
smaller, corresponding to a normal flame with smaller flame thickness and higher flame
speed. Figure 5 shows that with the increase of fuel decomposition, the duration of
unsteady flame transition becomes shorter. This is because of the increase in the radical
concentration after fuel cracking, which accelerates the transition process. Moreover, in
Figure 5 the overdriven flame regime is clearly shown for C = 0%, while it becomes less
obvious for C = 50%. This is due to the shorter duration of the reaction acceleration and
the smaller Lewis number of the fragments from fuel decomposition. When the over-driven
flame accelerated to the peak flame propagation speed, it slows down and transits into a
quasi-steady flame propagating outwards.

In order to quantity the fuel decomposition effects on forced ignition, the MIEs are calcu-
lated for different values of equivalence ratio and fuel decomposition fraction. The results
are summarised in Figure 6. Besides C10H22/air with fuel decomposition, Figure 6(a)
also shows the results for C10H22/C2H4/air without fuel decomposition, which will be
discussed in Section 4. Figure 6(a) shows that for a stoichiometric nC10H22/air mix-
ture, the MIE remains nearly constant, indicating that fuel decomposition has little effect
on its MIE. However, substantial reduction in the MIE is observed for the fuel-lean
case with φ = 0.7: for 70% n-decane decomposition (i.e. C = 70%), the MIE decreases
to be about one-tenth of that for the case without fuel decomposition (i.e. C = 0%).
Therefore, fuel decomposition can greatly promote ignition for fuel-lean nC10H22/air
mixtures. Besides, it is noticed that there exists a lower limit of MIE around 0.75 mJ.
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Figure 6. Change of the MIE with (a) fuel decomposition fraction and (b) equivalence ratio.
The lines are results for C10H22/air with fuel decomposition. The symbols represent results for
[(1-α)C10H22 + αC2H4]/air without fuel decomposition; and the symbols from the left to the right
are respectively for α = 0, 0.2, 0.4, 0.6, 0.7 and 0.8.

Once the MIE decreases to this limit, further fuel decomposition does not help to reduce
the MIE.

Figure 6(b) shows that for the case without fuel decomposition (i.e. C = 0%), the
MIE first decreases dramatically with the increase of the equivalence ratio and then it
approaches a constant value. Similar trend was observed in previous studies [10,12,27].
With the increase of fuel decomposition, the dependence of the MIE on equivalence ratio
becomes weaker. This is because more fuel decomposition results in lower effective Lewis
number (or Markstein length) and weaker stretch effect on the propagation of the ignition
kernel which has high stretch rate [17].
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Figure 7. Change of the unstretched flame propagation speed and Markstein length with (a) fuel
decomposition fraction and (b) equivalence ratio.

In Figure 7, the Markstein length, Lb, and the unstretched flame propagation speed, S0
b ,

are obtained from the linear relationship between Sb and K in the quasi-steady flame prop-
agation regime [34,35]. As expected, the unstretched flame propagation speed increases
monotonically with the increase of fuel decomposition and the equivalence ratio, while
the Markstein length shows an opposite trend. This implies that the ignition kernel is less
sensitive to the stretch at the initial stage and can obtain a higher initial speed to prop-
agate outwardly, which makes ignition occur more easily. Besides, the Markstein length
of the mixture is shown to be reduced by fuel decomposition. Therefore, the thermal-
diffusion instability becomes stronger and the cellular structure appears earlier for higher
fuel decomposition.

Figure 8 plots the MIE as a function of Markstein length for different values of equiv-
alence ratio (φ = 0.7–1.0) and fuel decomposition (C = 0%–90%). The MIE is shown to
decrease exponentially with the decrease of the Markstein length. The results at different
equivalence ratios and fuel decomposition fractions are shown to almost collapse onto a
single curve. Therefore, the MIE can be quantified by the Markstein length.

Figures 6 and 8 show that the increase in both fuel decomposition and equivalence ratio
can reduce the MIE. Therefore, the combination of fuel decomposition and fuel stratifica-
tion is expected to further promote forced ignition, which is investigated in the following
subsection.

3.3. Forced ignition in a fuel-stratified mixture

As mentioned previously, fuel stratification is characterised by the following three parame-
ters: the stratification radius RS , the equivalence ratio φ and the fuel decomposition fraction
C in the inner zone. Since the effects of equivalence ratio have been extensively investi-
gated in previous studies [16,36,37], here the equivalence ratio is fixed to be φ = 0.7
and the emphasis is placed on assessing and interpreting the influence of the other two
parameters.

A typical flame propagation process for fuel-stratified nC10H22/air mixture with fuel
decomposition is shown in Figure 9. In addition to the four distinct flame regimes discussed
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Figure 8. Change of the MIE with burned Markstein length for C10H22/air with fuel decomposi-
tion.

Figure 9. Change of the flame propagation speed with stretch rate for fuel-stratified nC10H22/air
with φ = 0.7, C = 50%, E = 1.2 mJ and RS = 4.0 mm.

in the previous section, two new flame regimes are induced by fuel stratification. In
Figure 9, Regimes I, IV, V and VI respectively correspond to the spark-assisted igni-
tion kernel propagation regime, the unsteady flame transition regime, the overdriven
flame regime, and the quasi-steady flame propagation regime. Flame propagations in
Regimes II and IV are driven by chemical reactions without the assistance of the ignition
energy. Regime II is referred as the first unsteady ignition regime. However, as the flame
approaches to the stratification radius, chemical reactions in Regime II slow down due to
fuel stratification. Therefore, a subsequent decrease in flame propagation speed is observed
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Figure 10. Change of the MIE with (a) fuel decomposition fraction and (b) stratification radius for
fuel-stratified nC10H22/air with φ = 0.7.

in regime III, which is called as the fuel-stratification-induced ignition kernel propagation
regime. Then the flame propagates into Regime IV. After passing the overdriven flame
regime V, it propagates outwardly in a quasi-steady manner in regime VI.

The above results show that fuel decomposition and stratification can greatly change the
ignition kernel propagation and flame regimes. Then it is expected that fuel decomposition
and stratification can also affect the MIE. The MIEs for the different values of stratification
radius and fuel decomposition fraction are calculated and plotted in Figure 10.

Figure 10 depicts the change of the MIE with fuel decomposition fraction in the inner
zone and stratification radius. The largest fuel decomposition fraction considered here
is C = 50%. Similar to the homogenous case, reduction in the MIE is observed due
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to fuel stratification. For a fixed stratification radius, the MIE decreases with the fuel
decomposition. The case of RS = 0 mm corresponds to the homogenous mixture with-
out fuel decomposition, and thereby the MIE is constant, Emin = 7.9 mJ, as shown by the
red line in Figure 10(a). The case of RS=∞ corresponds to the homogenous mixture with
fuel decomposition. Therefore, the results for RS=∞ are the same as those in Figure 6(a)
for homogenous mixtures with φ = 0.7. Figure 10 shows that for a stratification radius of
RS = 3.0 mm, the MIE decreases linearly with fuel decomposition. When the stratification
radius is increased to RS = 4.5 mm, the results are close to those for homogenous mixtures
with RS=∞. Therefore, in order to promote the forced ignition, only the fuel around the
ignition kernel needs to be decomposed.

The influence of stratification radius is further examined in Figure 10(b). It is observed
that for a given fuel decomposition fraction, there exists a threshold value for the stratifica-
tion radius. Reduction in the MIE can be achieved only for stratification radius larger than
this threshold value. With the increase of stratification radius, the MIE decreases dramati-
cally and eventually approaches to a nearly constant value. The smallest MIE appears to be
4.5 mJ for C = 15% at RS = 7 mm, 2.55 mJ for C = 30% at RS = 5.5 mm and 1.075 mJ at
RS = 4.5 mm for C = 50%, which corresponds to the MIE in homogenous mixtures with
fuel decomposition. Therefore, for a fixed extent of fuel decomposition, there is an opti-
mum stratification radius. Once the stratification radius increases to this optimum value,
further increase does not help to enhance the ignition. The above results indicate that the
optimum stratification radius increases when the fuel decomposition fraction decreases.

The above results demonstrate that the combination of fuel decomposition and fuel strat-
ification can promote forced ignition. Substantial reduction in the MIE can be achieved by
increasing the fuel decomposition in the inner zone. Moreover, choosing a proper value of
stratification radius is of particular importance for the ignition enhancement.

4. Experimental validation

To validate the conclusions drawn from simulation results, experiments are conducted to
measure the MIE. However, it is difficult to quantitatively control the fuel decomposi-
tion in our experiments. Instead of C10H22/air with fuel decomposition, in experiments we
consider [(1-α)C10H22 +αC2H4]/air without fuel decomposition where α represents the
molar fraction of ethylene in the n-decane/ethylene blends. As shown in Figures 1 and
2, large amount of ethylene is produced and ethylene is the main product from n-decane
pyrolysis. Therefore, addition of ethylene into n-decane is used to mimic n-decane decom-
position. The validation is divided into two steps: first, Figure 6(a) compares the MIEs of
two mixtures: C10H22/air with fuel decomposition, and [(1-α)C10H22 +αC2H4]/air without
fuel decomposition in numerical simulations. By this treatment, the effects of radicals and
other subordinate products from n-decane pyrolysis are eliminated. For each fuel decom-
position fraction, C, there is a corresponding blending ratio α so that the mass fraction
of ethylene in these two mixtures is the same. Figure 6(a) shows that there is a very
good agreement between the MIEs for these two mixtures. This indicates that the con-
centrations of subordinate pyrolysis products have a minor effect on the ignition process.
Therefore, it is reasonable to study the fuel-decomposition-induced ignition enhancement
through changing the ethylene blending ratio in C10H22/C2H4/air mixtures without fuel
decomposition.

Then two types experiments, laser ignition [38–40] and spark ignition [41], are con-
ducted to measure the MIE of [(1-α)C10H22 +αC2H4]/air without fuel decomposition.
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Reactive mixture is made of vaporised n-decane mixed with ethylene and synthetic
air (21% O2 and 79% N2). The energies giving an ignition probability of 50% (E50)
of C10H22/C2H4/air mixtures are measured at different equivalence ratios and different
ethylene proportions to validate the model.

The laser ignition experiments are performed on the LIQUIM (Laser Ignition of QUIes-
cent Mixture) setup of the PRISME Laboratory. Vaporised n-decane from Alfa-Aesar (99%
pure) is mixed in the reactor with ethylene and synthetic air. Three equivalence ratios are
investigated: 0.7, 1 and 1.2 and α is varied between 0 and 0.7. Initial temperature and
absolute pressure are set respectively at 350 K and 1 atm for all experimental conditions.
Ignition is obtained by a Quantel Brilliant Nd:YAG laser operating at 1064 nm with vari-
able energies, from hundreds of µJ to 150 mJ. Energies are measured by two joulemeters
(Ophir Nova) which enables the evaluation of absorbed energy faction inside the vessel.
More details and schemes of the setup are available in [38–40]. In this configuration, waist
(beam diameter at the focal spot) is of 19.76 µm. Pressure sensor (Kistler 603 B) signals
allow to determine whether successful ignition is achieved. E50 is determined using the
Langlie method fitted with a log-normal statistical law. With this method, E50 is obtained
with around 20 shots. Results are given considering incident energies.

The spark ignition experiments are conducted at Air Force Engineering University in
Xi’an. The details on the setup are shown in [41]. The C10H22/C2H4/air mixture is at
400 K and 1 atm. The ignition device consists of a DC power supply with a maximum
voltage of 20 kV and capacitors whose capacitances are in the range from 200 nf to 0.1 μf.
The ignition energy is in the range of 5 ∼ 500 mJ. E50 is determined by a regression
curve derived from the ignition probability model established by the logistic regression
model [41].

Figure 11. The MIE measured for [(1-α)C10H22 + αC2H4]/air mixtures without fuel decomposi-
tion: (a) laser ignition; (b) spark ignition.
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The experimental results are shown in Figure 11. The MIE measure from spark ignition
is much higher than that from laser ignition since large amount of ignition energy goes to
the electrodes in spark ignition experiments. Figure 11 shows that ethylene blending has
little effect on the MIE for φ = 1.0 while it can obviously reduce the MIE for φ = 0.7.
These trends are the same as those from simulations as shown in Figure 6(a). There-
fore, the experiments further demonstrate that fuel decomposition can promote forced
ignition in fuel-lean C10H22/air mixtures while it has little effect on the stoichiometric
case.

It is worth noting that for laser and spark ignition experiments, the decrease in MIE is
less than that for simulations. That is because in simulations, a number of simplifications
are involved in representing the localised ignition in numerical studies (e.g. neglecting
the plasma formation, shock wave, heat loss to electrodes), which preclude a direct com-
parison of the minimum ignition energy obtained from experiments with computational
results (the difference could be in one-order of magnitude according to previous studies,
e.g. [42]). However, in spite of the above limitations, the experimental results qualitatively
demonstrate the validity of some important conclusions drawn from numerical results. Fur-
thermore, since the Markstein length and Lewis number of the mixture is reduced by fuel
decomposition, the thermal-diffusion instability becomes stronger. The cellular structure
may appear earlier in practical combustion engines.

5. Conclusions

One-dimensional transient simulations with detailed chemistry and transport are conducted
to assess the effects of fuel decomposition on forced ignition in both homogenous and
fuel-stratified mixtures. For homogeneous n-decane/air mixtures, fuel decomposition can
greatly promote ignition for fuel-lean case while it has little effect for stoichiometric case.
There exists a lower limit for the MIE, around which further increase in fuel decompo-
sition does not further reduce the MIE. Four distinct flame regimes are identified and it
is found that the duration of the unsteady flame transition regime is shortened by fuel
decomposition. The combination of fuel decomposition and fuel stratification can further
promote forced ignition. A fuel-stratification-induced ignition kernel propagation regime is
observed. There exists an optimum stratification radius, and to promote the forced ignition
only the fuel within the optimum stratification radius needs to be decomposed. The opti-
mum stratification radius is found to increase as the fuel decomposition fraction decreases.
Furthermore, laser and spark ignition experiments are conducted for C10H22/C2H4/air mix-
tures. The experimental results demonstrate the validity of some conclusions drawn from
simulation results.

The forced ignition process in practical combustion engines is much more complicated
than the present model. Here, as a first step, the simplified forced ignition process in a
quiescent mixture is considered. Nevertheless, the present results provide useful guidance
to the understanding how fuel decomposition affects the forced ignition. As an extension
of the present work, future study needs include steady incoming flow and its effects on
forced ignition.
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