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Auto-ignition and flame propagation are the two different controlling mechanisms for stabilizing the
flame in secondary stage combustion in hot vitiated air environment and at elevated pressure. The pres-
ent work aims at the investigation of the flame stabilization mechanism of flames developing in such an
environment. In order to better understand the structure of turbulent flames at inlet temperature well
above the auto-ignition temperature, the behavior of laminar flames at those conditions needs to be ana-
lyzed. As an alternative to challenging and expensive measurements at high temperature and pressure,
the behavior of laminar flames at such conditions can be predicted from theory using mathematical sim-
ulation. In the present work, the laminar burning velocities and flame structures of premixed stoichiom-
etric methane/air mixtures for inlet temperatures from 300 to 1450 K and absolute pressures from 1 to
8 bar have been calculated using a freely propagating laminar, one dimensional, planar flame model. The
prediction shows that at inlet temperatures below the auto-ignition temperature, the predicted laminar
burning velocity which corresponds to the unburned mixture velocity in order to create a steady laminar
flame decreases with increase in pressure. When the inlet temperature of the mixture goes well beyond
the auto-ignition temperature of the mixture, however, the unburned mixture velocity increases steeply
at higher pressure level, because of a complete transition of the flame structure.

� 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Interest in new combustion concepts has grown significantly in
the last few decades, mainly driven by the need of environmentally
friendly processes. One of the leading concepts is High Tempera-
ture Air Combustion (HiTAC) in which the air is preheated using
preheating by regenerative systems above the self ignition temper-
ature of the mixture. With this concept dilution of the oxidizer
with recirculated exhaust gases inside the combustor prior to com-
bustion results in low levels of oxygen concentration which subse-
quently generates low nitric oxide emissions. The advantages of
HiTAC are, therefore, low pollutant emission levels and high energy
efficiency. This concept is called also Flameless Oxidation or Mild
Combustion [1–3]. Another successful technology is the Reheat
Gas Turbine Technology or Sequential Gas Turbine Technology
where the excess enthalpy and the remaining oxygen in the ex-
haust gases after the primary turbine stage are used to combust
fuel or fuel–air mixture by injecting them into the exhaust gases
[4]. The exhaust gases have high temperature, i.e., above the
auto-ignition temperature of the mixture injected, and low oxygen
concentration. This concept results in high efficiency, good opera-
tional flexibility and low pollutant emission. Hayashi and Yamada
[5] reported that under these conditions, flame stabilization in the
exhaust gases is due to auto-ignition. They developed a two-stage
combustion system in which the first stage operates in a lean pre-
mixed mode, and in the secondary stage, a lean premixed fuel–air
mixture is injected into the exhaust gases of the primary stage. The
temperature of the exhaust gases from the primary stage is signif-
icantly higher than the auto-ignition temperature of the secondary
stage mixture, resulting in stabilizing the secondary stage combus-
tion. They reported several advantages of this staged combustion
system, like very low NOX emissions and wider operational limits
compared to a single staged combustion system. Later, they tested
this system for higher pressures and also extended it to a three-
stage combustion system for the utilization of low calorific fuels.
They did not comment on the stabilization mechanism of the
flames anchored in the second stage. Similarly, in a recent work
Prathap et al. [6] performed emission measurements in a two-stage
combustion system where the primary stage operated in a lean
mode to generate vitiated air with the following characteristics:
T = 1473–1673 K, mole fraction of O2 in the vitiated air = 8–10%
and p0 = 5–8 bar. In the secondary stage, methane was injected at
an angle of 30� into the cross flow of vitiated air. They measured
the penetration depth of the secondary stage flame using a
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Nomenclature

a� effective thermal diffusivity (m2/s)
cp mixture averaged heat capacity at constant pressure (J/

kg K)
h specific enthalpy (J/kg)
p pressure (Pa)
q net rate of progress of a reaction (mol/m3 s)
u velocity of fluid mixture (m/s)
t time (s)
A cross sectional area (m2)
_M mass flow rate (kg/s)

NR NS number of considered reactions or species in a chemical
kinetic scheme

R universal gas constant (J/mol K)
SL laminar burning velocity (m/s)
T temperature (K)
Vk diffusion velocity of the kth species (m/s)
W molar mass (kg/mol)
Y mass fraction
x 1D spatial coordinate (m)

Greek
k thermal conductivity (W/m K)
m stoichiometric coefficient of a species in a reaction
q mass density (kg/m3)
_x molar rate of production (mol/m3 s)
sHR characteristic time scale of heat release (s)
n time integral contribution of a reaction to the formation

of a species
/ equivalence ratio
sid ignition delay time

Subscripts
0 unburned gas
b burned gas
k kth species
i ith reaction
L laminar
tp point of inflection
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movable gas suction probe and reported that penetration depth
measured at 8 bar is less than compared to the penetration depth
measured at 5 bar. They mentioned that the flame at 8 bar, under
the operating conditions studied, was more reactive than the flame
generated at 5 bar, and they supported this result by numerical
simulation. The possible flame stabilization mechanism in the sec-
ondary stage could be either auto-ignition or turbulent flame prop-
agation. In contrary to results reported by Prathap et al. [6], the
laminar burning velocity of methane–air flames at ambient tem-
perature decreases with an increase in pressure [7,18–20]. No liter-
ature data on burning velocity are available for the operating
conditions realized by Prathap et al. [6].

A widely used property for the characterization of reactivity of
combustible mixtures together with molecular transport is given
by the propagation speed of the laminar, premixed, 1-d flame. To-
gether with turbulence parameter this property exhibits a basis for
the numerical description as well as for the design of real combus-
tion devices. Unfortunately, at the ultra-high preheating tempera-
tures of more than 1000 K experiments on laminar, premixed
flame propagation can hardly be performed and therefore numer-
ical simulations using detailed reaction schemes are often used. In
the present work, numerical simulations of methane–air flames
have been conducted at pressures ranging from 1 bar to 8 bar
and for initial temperatures ranging from 300 K to 1450 K, in order
to further investigate the reason for the change in reactivity with
the change of pressure as reported by Prathap et al. [6]. At high
temperatures it was found that the laminar flame speed exhibits
extremely high values that can hardly be explained by the balance
of heat release and molecular heat transport alone. Therefore, it
was suspected that auto-ignition plays a major role for the stabil-
ization of flames under these conditions and the basic intention of
the current work was to get knowledge on the flame behavior
when auto-ignition overtakes flame propagation as stabilizing
mechanism.

Zabetakis [9] had reported that the auto-ignition temperature
of methane at atmospheric pressure is 810 K. Smyth and Bryner
[10] reported that auto-ignition temperature of a combustible mix-
ture strongly depends on the residence time of the combustible
mixture at or near to the heat source on the equivalence ratio,
and the temperature of the heat source. They found that the
auto-ignition temperature of stoichiometric methane–air mixtures
at 1 bar and for a residence time of less than 130 ms is 1087 ± 10 K,
measured in the presence of stainless steel foil, and 1313 ± 10 K,
measured with nickel foil. Caron et al. [11] measured the auto-igni-
tion temperatures of methane–air mixtures for / = 4.08–46.48 at
2–47 bar and indicated that auto-ignition temperature is a strong
function of pressure and decreases with increase in pressure.
Although they did not measure the auto-ignition temperature for
stoichiometric methane–air mixture, it becomes evident from their
study that the same behavior would apply for stoichiometric meth-
ane–air mixtures. Many of the early experimental results of meth-
ane/oxygen ignition delay [12–16] were correlated with initial
conditions using an Arrhenius-type formula and the concentra-
tions of oxygen and methane which indicates that the type of dilu-
tion gas has negligible effect on the delay time. Huang et al. [17]
summarized these correlations and compared them to own
measurements.
2. Computational methods

In the present study, the numerical simulations of steady-state,
one-dimensional laminar premixed flames were performed using
the code PREMIX [22]. The PREMIX code solves the one-dimen-
sional, laminar, steady state equations of continuity, species and
energy balance. It accounts for finite-rate chemical kinetics and
multi-component molecular transport. The freely propagating pla-
nar flame model was used along with the mixture averaged trans-
port properties evaluated using the CHEMKIN-II subroutine library
[23]. This model imposes that the mass flux _M is an eigenvalue of
the problem and must be determined as a part of the solution. The
additional condition that is required in this context in order to re-
duce the problem by one degree of freedom is chosen by fixing the
location of the flame through specifying the temperature at one
point. For this condition an additional requirement is that the do-
main has to be sufficiently large to ensure that all gradients at the
inlet and outlet boundary vanish. At the inlet or cold flow bound-
ary the mass flux fractions and the temperature is specified, while
at the outlet or hot boundary all gradients are specified to vanish.
The solution is calculated on an adaptive mesh that takes into



Fig. 1. Variation of laminar burning velocity SL with pressure for CH4/air/He
mixture, / = 1.0, He = 10% in volume. Solid lines, present simulations; symbols
denote measurements and dashed lines simulations from Ogami and Kobayashi [7].
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account a relative gradient and curvature of the solution vector. In
order to ensure an accurate converged and grid independent solu-
tion, the adaptive mesh criteria for the largest relative gradient and
curvature were toughly selected as 0.04 and 0.07. The equations
governing steady, isobaric, quasi-one-dimensional flame propaga-
tion used by PREMIX are as follows [22]:

Continuity _M ¼ quA ð1Þ

Energy _M
dT
dx
� 1

cp
d
dx
þ kA

dT
dx

� �
þ A

cp

XK

k¼1

qYkVkcpk
dT
dx

þ A
cp

XNs

k¼1

_xkhkWk ¼ 0 ð2Þ

Species _M
dYk

dx
þ @

@x
ðqAYkVkÞ � A _xkWk ¼ 0 ðk ¼ 1; . . . ;KÞ ð3Þ

Equation of State q ¼ pW
RT

ð4Þ

The individual contribution of the different terms of the energy
equation for a given set of operating condition is required in this
work for the discussion of the results. The four terms of the energy
equation, as to be observed from left to right, are: (1) heat convec-
tion, (2) heat conduction, (3) thermal diffusion and (4) heat release
due to chemical reaction.

The following chemical-kinetic reaction mechanisms were
used: the GRI 3.0 [24], GRI 2.11 [25], UBC 2.1 [30], LEEDS [26]
and SAN DIEGO (USCD) [27] mechanisms for methane, and the n-
decane mechanisms developed by Honneta et al. [28] (referred to
as RWTH) and developed by Muharam and Warnatz [29] (referred
to as IWR). As the present simulations involve high pressure and
temperature of premixed methane/air mixtures, it is important to
validate the chemical kinetic schemes used in the present work
with the experimental data available in the literature. Ogami and
Kobayashi [7] had measured the laminar burning velocity, SL, of
CH4–air and CH4–air–He mixtures using the burner method at ele-
vated pressures and temperatures. To predict the laminar burning
velocities of CH4–air–He mixtures measured by Ogami and Kobay-
ashi [7], the Chaperon efficiencies of helium are needed. In the
present work, the Chaperon efficiencies of argon have been used
for helium due to their thermo-chemical similarity as proposed
by Kwon et al. [33].

In the present work, simulations have been conducted for stoi-
chiometric methane–air-helium mixtures, varying for validation
purposes inlet temperatures from 400 to 600 K and pressures from
1 to 7 bar with the GRI 3.0 chemical mechanism. After that, laminar
burning velocities of stoichiometric methane–air mixtures were
predicted using the five detailed reaction mechanisms GRI 3.0,
GRI 2.11, UBC 2.1, IWR and RWTH for initial temperatures varied
from 298 to 1450 K and for pressures varied from 1 to 8 bar. De-
spite the fact that the RWTH and IWR chemical-kinetic schemes
have been optimized for isomers of decane, their application to
methane is feasible because of their hierarchical structure. Laminar
burning velocity, i.e. the velocity of the incoming mixture normal
to the flame front, has been predicted for the above mentioned
operating conditions and is being discussed in the following
sections.

3. Results and discussion

3.1. Validation

It is essential to validate the present numerical procedure and
the implemented different kinetic schemes with measured data
from literature. Hence, simulations have been conducted for all
the operating conditions of the measured burning velocity data
of Ogami and Kobayashi [7]. Figure 1 shows the comparison of
the predicted laminar burning velocity of stoichiometric meth-
ane–air mixtures diluted with 10% helium by volume with the
Ogami and Kobayashi [7] measured and calculated data for un-
burned mixture temperatures of 400 and 600 K and at varying ini-
tial pressures ranging from 1 to 8 bar. The GRI 3.0 reaction
mechanism was used in our PREMIX simulations as well as in
[7]. The agreement of the simulations with the measurements is
very good and even outreaches the agreement that was obtained
by Ogami and Kobayashi using the same chemical scheme. This
can be attributed to the very fine resolution in the current simula-
tions that was forced by the very strict convergence criteria used,
as mentioned above. At 600 K, the present simulation slightly un-
der predicts the laminar burning velocity at 5 and 7 bar, but the er-
ror remains low. Figure 1 shows that both, the predicted and
measured burning velocities decreased with an increase in initial
pressure for both the initial temperatures 400 and 600 K.
3.2. Effect of initial temperature of reactants on burning velocity

As explained in the preceding sections, in new combustion con-
cepts, the initial temperature of the reactants is chosen well above
the auto-ignition temperature of the reactants. Hence, in the pres-
ent work the laminar flame characteristics of stoichiometric meth-
ane–air mixture for initial temperature values ranging from 300 to
1450 K at 1 bar are studied. The predicted laminar burning veloci-
ties of stoichiometric methane–air mixture for 600 K and 1450 K,
i.e., typical temperatures in the experiments of Prathap et al. [6],
at 1 bar are shown in Fig. 2. Initially, the GRI 3.0 chemical-kinetic
scheme was used. At 600 K, the laminar burning velocity scales
down with increasing pressures, and this trend of burning velocity
decreasing with pressure had been frequently reported in the liter-
ature [7,18–20]. However, at an initial temperature of 1450 K and
when keeping all other operating conditions constant, Figure 2
shows very high values of burning velocity compared to 600 K,
and moreover the burning velocity increases with increasing initial
pressure. In order to assure that this result is not a spurious effect
of the chemical-kinetic scheme, different chemical mechanisms
have been implemented in the present simulations for cross-
validation and the results are also shown in Fig. 2. It is necessary
to specify that none of the implemented reaction mechanisms
had been validated at 1450 K. Although the scatter in the magni-
tude of the predicted values of burning velocity with different
chemical schemes is evident, the trend of variation for the burning
velocity with increasing pressure is the same for all reaction mech-
anisms. As the calculated burning velocity of the stoichiometric
methane/air mixture at 1 bar and 1450 K is substantially higher
than the values at 600 K it is not clear whether the denotation



Fig. 2. Laminar burning velocity SL over pressure of stoichiometric methane/air
mixture using different reaction mechanisms. Unburned mixture temperature is
1450 K (top) and 600 K (bottom).

Fig. 3. Reaction flux analysis of integral contributions of selected reactions,
normalized by the integral methane reaction rate for CH4/air mixture, / = 1.0,
p0 = 5 bar, with unburned mixture temperatures of 600 and 1450 K using the GRI
3.0 mechanism.
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‘‘burning velocity’’ is justified in all cases reported. Therefore, in
the present work it will be referred to as ‘‘velocity of incoming
mixture’’, which is valid for any type of flame stabilization mecha-
nism. Hence, at 1450 K, the velocity of the incoming mixture in-
creases with an increase in the pressure and also exhibits
extremely high velocities (please note the different scales of the
diagrams in Fig. 2). The possible reasons and mechanisms are ana-
lyzed and discussed in the following sections.

The essential observations of Fig. 2 are: (1) the predicted laminar
burning velocities of stoichiometric methane–air mixture at 600 K,
which is less than auto-ignition temperature compares well with
Sharma et al. [8] data; and (2) the predicted velocity of the incom-
ing mixture at 1450 K preheating temperature, which is well above
the auto-ignition temperature, from all the implemented chemical
reaction schemes are extremely high. One possible reason for this
increase of the velocities at the high initial temperature could be
due to a corresponding increase in the magnitude of transport prop-
erties and the specific heat capacities of the reactants. But this rea-
son is not sufficient to explain the order of magnitude increase in
the burning velocities between 600 and 1450 K. The second possi-
ble explanation could be that the chemical reaction follows a differ-
ent path for very high initial temperatures, resulting in high
reaction rates and higher velocities. Hu et al. [21] investigated the
influence of chemical kinetics on the flame speed of methane–
hydrogen–air flames at moderately elevated temperatures (up to
450 K) and stated that the laminar burning velocity is depended
on the competition between the main chain branching reactions
and chain recombination reactions. They concluded that with an in-
crease of initial temperature, the two-body chain branching reac-
tions are temperature-sensitive, and the recombination reactions
represent temperature-insensitive three-body reactions. The
branching reaction and recombination reaction are enhanced rela-
tive to each other by increasing the flame temperature and system
pressure, respectively. Nevertheless, the overall sensitivity de-
creases when increasing the preheating temperature.

In order to understand the change in the reaction rate of the dif-
ferent reactions in the GRI 3.0 reaction mechanism with a massive
increase of initial temperature in the current work a reaction flux
analysis on basis of the species profiles of laminar flame calcula-
tions using the GRI 3.0 mechanism for two different preheating
temperatures such as 298 K and 1450 K at 5 bar has been under-
taken. It has to be mentioned that the analyzed profiles, being a re-
sult of the laminar flame calculations, represent the result of
reactive conversion as well as diffusive transport. For stoichiome-
tric methane–air mixture at 5 bar the corresponding predicted
laminar burning velocities or velocities of incoming mixture are
0.73 m/s for 600 K and 35.53 m/s for 1450 K initial temperature,
which represents an increase of almost two orders of magnitude.
Figure 3 shows the time integral contributions of all reactions of
the GRI 3.0 chemical-kinetic scheme that contribute to the meth-
ane conversion, normalized by the time integral value of the net
conversion rate of methane:

nCH4 i ¼
R s

0 mCH4;i � qi dtR s
0

PNR
j¼0mCH4 j � qj

� �
dt

ð5Þ

with mCH4 i denoting the stoichiometric coefficient of methane in
reaction i, qi the net rate of progress of reaction i and NR being the
number of reactions.

Figure 3 shows that at 600 K, the intermediate reactions involv-
ing methane with OH, H and O are predominant, and a significant
contribution stems also from the third-body break-up of methane.
At an initial temperature of 1450 K, the relative contribution of the
break-up reaction 52 is reduced, and subsequently the contribu-
tion of the reaction with HCO (reaction 161) is increased.

Although these small differences are also not appropriate to ex-
plain the increase of the incoming mixture speed at 1450 K com-
pared to that of 600 K by two orders of magnitude, they give a
hint on the underlying phenomenon: the change of the internal
flame structure in terms of heat and mass transport has to be
considered.
3.3. Flame structure

As the foregoing discussion could not explain the reason for the
extremely high velocities at an initial temperature of 1450 K, a
comparison of the flame structures is carried out in this section.
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Following the thermal theory of laminar flame propagation devel-
oped by Zeldovich and Frank-Kamenetsky [31] and discussed by
Evans [32] the laminar flame structure is divided into a preheat
and a reaction zone. In the relatively thick preheat zone, diffusive
and convective transport processes dominate without any chemi-
cal reaction. In the comparatively thin reaction zone, the chemical
reaction of the preheated reactants occurs, leading to intense re-
lease of thermal energy and resulting in the formation of hot prod-
ucts. In the reaction zone, the mass transport term is considered
small compared to the other three terms in the energy equation
(see Fig. 4). This theory defines the laminar burning velocity SL as
a function of an effective thermal diffusivity a� and a characteristic
reaction time, sHR:
SL /
a�

sHR

� �1
2

; with a� ¼ kb

q0cp;0
ð6Þ

In the flame front, conduction and convection of heat from the
reaction zone into the preheat zone determines the thickness of
the flame and the laminar burning velocity. In order to understand
the balance between heat release and transport mechanisms in the
flame front, the variation of the magnitudes of the different terms
in the energy equation within the flame structure of stoichiometric
methane–air mixture at T0 = 298 K and p0 = 5 bar is plotted in
Fig. 4. The dashed line represents the energy transfer due to con-
vection from the reaction zone to the unburned reactants in the
preheat zone (first term in Eq. (2)), the dash-dot-line represents
the energy release due to chemical reaction (fourth term in Eq.
(2)), and the continuous line represents the energy transfer due
to diffusion from reaction zone to the unburned reactants in the
preheat zone (summation of second and third term in Eq. (2)). It
is important to mention that all the terms have been divided by
the product of density and cross-sectional area to improve the
readability of the profiles. In Fig. 4, the flow direction is from the
left side (fresh mixture) to the right (hot products) side. Figure 4
Fig. 4. Profiles of the terms of the energy equation for CH4/air mixture, / = 1.0,
p0 = 5 bar and T0 = 298 K.
clearly indicates that in the reaction zone the heat release term
and the diffusive term balance each other, and in the preheating
zone the convection and diffusive term almost balance each other.

On this basis, the variation of the different energy terms in Eq. (2)
with increase in initial temperature was studied for 400 K, 600 K and
1450 K at a pressure of 5 bar for stoichiometric methane–air mix-
ture, and the results are shown in Fig. 5. At initial temperatures,
400 K and 600 K, the profiles of the different energy terms are sim-
ilar to the profiles predicted at 298 K. However, at an inlet temper-
ature of 1450 K, which is significantly above the auto-ignition
temperature of the mixture, the profiles of the different energy
terms completely change when being compared to temperatures
below 600 K. At 1450 K, the sum of the diffusive terms did not bal-
ance the heat release term which is substantially larger than the dif-
fusive term. An important observation from the profiles of energy
terms at 1450 K is that the chemical reaction starts in the preheat
zone itself and, hence, the basic assumption of a chemically inert
preheating zone becomes invalid for the preheating temperature
at 1450 K. Also, the reaction zone of the flame at 1450 K is thicker
than the flames studied at preheating temperatures between
298 K and 600 K. In order to have more insight into change of the
flame structure for preheating temperature well above the auto-
ignition temperature of the combustible mixture, the abscissa of
Fig. 5 in length scale had been transformed into time scales. For that
transformation from length to time the following transformation
rule dt ¼ qA= _M dx has been applied. The profiles of the different en-
ergy terms at time coordinates are displayed in the bottom row of
Fig. 5. For better comparability, the time coordinate in Fig. 5 has
been offset by the time the reactants pass from inlet to the position
of the peak value of the reaction source term. These profiles clearly
demonstrate that the chemical reaction time, i.e. the duration of the
heat release, is very short at 1450 K compared to the case with lower
preheating temperatures, and it indicates that reaction propagates
much faster at 1450 K than at the lower preheating temperatures.
Also, the profiles of the energy terms at 1450 K displayed that the
energy transported due to diffusion terms lose their importance as
compared to the heat release and convection term. At 1450 K, the
profile of the convection term almost mirrors the profile of the heat
release term, while for lower preheating temperatures such at
298 K, 400 K and 600 K, energy transportation due to diffusion plays
a predominant role in comparison to the convection and heat re-
lease terms. Figure 5 suggests that with increase in the preheating
temperature well above the auto-ignition temperature, the impor-
tance of diffusion decreases and the structure of the flame ap-
proaches that of a plug flow reactor model in which the transport
due to diffusion is being neglected completely. These observations
are supported by comparing the mole fraction profiles of CH4,
CH2O, HCO and CO for the initial temperatures 600 K and 1450 K
in Fig. 6. While for the 600 K case the mole fractions remain constant
up to below 1 mm prior to the flame region, in the 1450 K case the
species CH2O and HCO that are known to be important for auto igni-
tion start to increase immediately after the inlet boundary. This also
reflects the results of the reaction flux analysis shown above. For
sake of a better visibility of the main reaction zone the abscissa of
the right plot in Fig. 6 has been scaled towards the inlet and outlet
boundary.

Similar results were obtained in calculations when using
incoming mixtures that were diluted by exhaust gas when compar-
ing the results of calculations with incoming mixtures of compara-
ble oxygen content. This indicates that the type of dilution gas
(excess air or products) has small effect on the phenomenon.

3.4. Velocity of incoming mixture or laminar burning velocity

In order to further quantify the effect of initial temperatures,
either above or below the limit of auto-ignition, the velocities of



Fig. 5. Profiles of the terms of the energy equation for stoichiometric CH4/air mixture at p0 = 5 bar, and initial temperatures 400, 600 and 1450 K calculated by the GRI 3.0
mechanism. Diagrams displayed in space (top) and time (bottom) coordinates.

Fig. 6. Comparison of mole fraction profiles of CH4, CH2O, HCO and CO for laminar flame calculations of stoichiometric CH4/air mixture at 5 bar at initial temperatures 600 K
and 1450 K.
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the incoming mixtures were calculated using the GRI 3.0 mecha-
nism for stoichiometric methane/air mixture at 1 and 5 bar for
different preheating temperatures and different sizes of
computational domain varied from 0.32 to 1.58 m. The intention
of varying the length of the computational domain was to take a
look at the flame structure when the residence time of the
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reactants before reaction in the calculation domain increases up to
the point when auto ignition overtakes flame propagations. An
additional spin-off from varying the calculation domain is that
the independence of the laminar flame speed on the inlet condition
could be validated. It also has to be emphasized that even after
auto ignition controls the flame, the governing equations that con-
tain diffusion and conduction terms and describe the laminar pre-
mixed 1-d flame converge for an individual, distinct inlet velocity
and the used calculation domain. The resulting velocities of the
incoming mixture are displayed in Fig. 7, which shows that for ini-
tial temperatures up to a certain limit, the velocity of the incoming
mixture is independent of the domain size and therefore also inde-
pendent on the residence time upstream of the flame and can,
therefore, be called ‘‘laminar burning velocity’’. It is an essential re-
sult, that even for the considered large calculation domain (>1 m),
this laminar burning velocity up to a specific initial mixture tem-
perature is independent of the domain size, for preheating temper-
atures below 1100 K at 1 bar and 1000 K at 5 bar. These limiting
temperatures are in the order of the ignition temperature of meth-
ane reported in the literature [10].
Fig. 7. Predicted velocity of the incoming mixture, i.e., laminar burning velocity, of
mechanism for different calculation domains at 1 bar (left) and 5 bar (right).

Fig. 8. Profiles of the terms of the energy equation for CH4/air mixture, / = 1.0, p0 = 1 bar,
mechanism.
For preheating temperatures higher than the above specified
limits, however, the calculated incoming mixture velocity in-
creases much faster and also turned out to be dependent of the do-
main size. At these conditions the incoming mixture velocity can,
therefore, no longer be termed as laminar burning velocity.

In order to acquire more information on the transition of the
flame structure occurring when the initial temperature exceeds
the auto-ignition temperature of the mixtures, the profiles of dif-
ferent terms of the energy equation of the stoichiometric meth-
ane/air mixture at 1 bar and different preheating temperatures
such as 1083, 1113 and 1143 K are shown in Fig. 8. These three
preheating temperatures have been chosen near to 1100 K, i.e. near
the presumed transition temperature of the flame structure. The
domain size used for these simulations is Dx = 158 cm (denoted
by gray diamonds in Fig. 7, left). At an initial temperature of
1083 K, i.e. slightly below the steep velocity gradient in Fig. 7 the
profiles of the energy terms in Fig. 8 represent laminar flame
behavior, since the location of peak of the diffusion term slightly
precedes the peak of the heat release term according to the
thermal theory. However, at T0 = 1143 K, i.e. slightly above the
stoichiometric CH4/air mixture as a function of initial temperature from GRI 3.0

with unburned mixture temperatures T0 of 1083, 1113 and 1143 K using the GRI 3.0



Fig. 9. Profiles of the terms of selected species mass fraction balance equations and temperature profiles at / = 1.0, p0 = 1 bar, with unburned mixture temperatures T0 of
1083, 1113 and 1143 K using the GRI 3.0 mechanism.
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Fig. 11. Ignition delay times of methane–air mixtures as a function of the
preheating temperature at different equivalence ratios and for three pressure
levels p0 = 1, 5 and 8 bar, calculated from the GRI 3.0 mechanism.

Fig. 12. Residence time from inlet to temperature inflection point (being charac-
teristic for auto-ignition) as predicted from laminar, premixed flame calculations
(lines with symbols) and ignition delay time (dashed line) predicted by the plug
flow reactor model, as a function of unburned mixture preheating temperature
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transition temperature Fig. 8 shows that an increase of the abso-
lute value of the heat release term can be observed already up-
stream of the corresponding increase of the diffusive sum term.
This correspondence indicates obviously that auto-ignition has al-
ready taken place prior to the main reaction zone, defined by the
peak in the heat release term. For the intermediate case at
T0 = 1113 K, the start of increase of both, the absolute values of
heat release term and the diffusive sum term spatially coincide.

A similar behavior as found for the energy balance equation can
be observed when the terms of the species balance equations (Eq.
(2)) are evaluated. Figure 9 depicts the profiles of the equation
terms for the species CH4, CH2O and HCO. Note, that for a better
comparability of the profiles the convection term has been in-
verted, so that at the leading edge of the flame all profiles of one
diagram are positive or negative. Also, to provide better orientation
the profiles of temperature have been added. Taking a look at the
leading edge of the profiles one can see that for the 1143 K case
the formation term of species in concordance with the heat release
term in the energy equation increases prior to the diffusive sum
term, while for 1083 K the opposite can be observed. This behavior
is especially pronounced for the species CH2O and CHO emphasiz-
ing the importance of these species for the auto-ignition process.
As a result the temperature profile for the 1083 K case shows an
unchanged (inlet) temperature up to the beginning of the peak of
heat release and in the 1143 K case a significant temperature rise
of at least 400 K prior to the main reaction zone can be seen.

As it is also interesting to take a look on the effect of diluted
mixtures, additional calculations have been performed at varying
equivalence ratio. Figure 10 shows selected results for two compu-
tational domain sizes and two equivalence ratios. It can be seen
that the equivalence ratio has only negligible influence on the tran-
sition temperature while the influence of the domain size and the
corresponding residence time upstream of the flame is larger.

3.5. Ignition delay time

The preceding discussion indicates that at preheating tempera-
tures well above the auto-ignition temperature, the structure of
the flame or reaction domain is similar to a reaction under plug
flow conditions, i.e. without the contribution of diffusion or con-
duction. In order to validate the plug flow behavior of the reaction
at high initial temperatures, the reaction progress has been quan-
tified using the SENKIN program of the CHEMKIN II package [34],
Fig. 10. Dependency of the incoming mixture velocity on preheating temperature
varying equivalence ratio and domain size and using the GRI 3.0 mechanism at
p0 = 1 bar.

(parameters: calculation domain size Dx in the laminar flame calculation, varied
from 0.32 to 1.58 m; / = 1.0, p0 = 1 bar).
which calculates the species and temperature evolution in a tran-
sient homogeneous reactor. Assuming a constant mass flow in a
plug flow reactor the position in such a reactor can be easily trans-
formed to the time coordinate of the homogeneous reaction using
the transformation rule dt ¼ qA _M dx. Even though the used GRI 3.0
chemical-kinetic mechanism was not specifically optimized for the
prediction of auto-ignition temperatures, it has been applied in the
present work in order to provide comparability to the laminar
flame calculations. Using the SENKIN program, ignition delay times
have been calculated for methane–air mixtures at different initial
pressures, temperatures and equivalence ratios (Fig. 11). The defi-
nition of the ignition delay time used in this work is the residence
time of the reactants between the start of the calculation and the
occurrence of an inflection point in the time evolution of the tem-
perature in the homogeneous reactor. The consideration that auto
ignition of the incoming mixture may be the reason for the steep
increase of the laminar flame velocity in the high temperature re-
gion can be supported by comparing the residence time in the lam-
inar flame calculation with the auto ignition time from the
homogeneous reactor calculation.
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For the laminar flame calculations a delay time can be defined
using the time evolution of the concentration profiles and choosing
the time duration that reactants travel in the laminar flame calcu-
lations from inlet to the temperature inflection point. This criterion
has been used as well as other criteria commonly applied in liter-
ature for the determination of the ignition delay time like the time
until a maximum of selected radical concentrations (e.g. C2H2) is
reached. But, as the differences observed were small (5–10%) com-
pared with the order of magnitude changes caused by a change of
the preheating temperature, only the result of the temperature cri-
teria is displayed. Figure 12 compares the so defined residence
times for different sizes of the calculation domain (0.32–1.58 m),
for stoichiometric methane/air mixture at 1 bar and for preheating
temperatures from 900 to 1500 K. The extension of the calculation
domain was done upstream of the flame, so that the residence time
upstream of the flame increases accordingly.

In Fig. 12, these residence times are plotted together with the
ignition delay times of Fig. 11 (dashed line). Figure 12 indicates
that, for very high initial temperatures, the residence time up to
the occurrence of the temperature inflection point from laminar
flame calculations coincide with the curve of the ignition delay
time of the homogeneous reactor calculation for all the studied dif-
ferent domain sizes. This result corroborates the evident idea that,
if the incoming mixture is given sufficient time, the start of reac-
tion is always controlled by auto-ignition provided the incoming
mixture temperature is beyond a mixture-dependent threshold va-
lue called the ‘‘auto-ignition temperature’’. As a consequence of
this control by ignition delay, diffusion plays only a very minor role
for the initiation of combustion reactions, as to be seen from
Fig. 12. As mentioned above the laminar burning velocity is inde-
pendent of the domain length as long as the preheating tempera-
ture T0 is below the auto-ignition temperature, as obvious from
Fig. 8.

The behavior for high preheating temperatures (beyond auto-
ignition) of the laminar flame is similar to that of the ideal plug flow
reactor, where only the time delay is decisive for ignition, whereas
the velocity may exhibit any arbitrary value. Different from a plug
flow reactor computation, in the laminar premixed flame simula-
tions, although the sum of diffusive terms does not control the start
of the reaction, it still remains active in the energy equation and
therefore the velocity that is required to balance the energy equa-
tion is determined by their dependence on gradients, i.e. derivatives
with respect to the spatial coordinate, of temperature and species
Fig. 13. Dependency of the incoming mixture velocity on preheating temperature
for three different pressures (1, 5 and 8 bar) for methane/air mixture using the GRI
3.0 mechanism at / = 1.0.
concentration. Consequently, when the reaction at high preheating
temperature starts by auto-ignition, the velocity that is necessary to
stabilize the stationary flame front is not only a characteristic of the
mixture but also of the domain size. But, in contrast to the flame
propagation domain the velocity is not an eigenvalue of the equa-
tions anymore but controlled by the ignition delay time. This is rec-
ognizable by the fact, that the flame location is not arbitrary
anymore but controlled by the ignition delay time together with
the flame velocity.

3.6. Effect of pressure

In order to explain the increase in the values of incoming mixture
velocity with an increase in initial pressure, as shown in Fig. 2, for
Fig. 14. Dependency of the incoming mixture velocity on preheating temperature
using different chemical mechanisms, at / = 1.0 (top: p0 = 1 bar; middle: 5 bar;
bottom: 8 bar).
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higher preheating temperatures, the comparison of the calculated
incoming velocities of stoichiometric methane–air mixture as a
function of the preheating temperature is shown in Fig. 13 for differ-
ent pressures such as 1, 5 and 8 bar. The calculation domain is main-
tained constant at Dx = 0.32 m. Figure 13 ascertains the existence of
two different regions, in which the burning velocity varies with
change in pressure in the opposite direction. At preheating temper-
atures less than 1200 K (flame propagation domain), the laminar
burning velocity always decreases with increase in pressure. In con-
trast to this and analogous to Fig. 2, the incoming velocity increases
with increasing pressure for preheating temperatures above the
range between 1200 K and 1450 K (auto-ignition domain). More-
over, the transition of the two domains of flame behavior shifts to
lower preheating temperatures with increasing pressure and occurs
in a narrow temperature range. It is essential to mention, that as a
consequence of the considerations above, for the given example in
the preheating temperature range from 1250 K to 1400 K the pres-
sure level is the decisive quantity for the type of flame stabilization
mechanism: while at 1300 K and 1 bar the flame front is controlled
by flame propagation the behavior changes to control by auto-
ignition at 1300 K and 5 bar or 8 bar.

In order to cross-validate the observed result for calculations
with the GRI 3.0 mechanism the calculations have been repeated
Fig. 15. Profiles of the terms of the energy equation for CH4/air mixture, / = 1.0, with pres
T0 is 600 K (top) and 1450 K (bottom).
using the UBC, RWTH, IWR, LEEDS and SAN DIEGO mechanisms.
Figure 14 shows that for all of the applied chemical schemes re-
sults with a simular trend can be obtained while the transition
temperature varies between 1200 K (RWTH) and 1400 K (IWR) at
1 bar, between 950 K (UBC) and 1200 K (IWR) at 5 bar and between
900 K (UBC) and 1100 K (IWR) at 8 bar. The RWTH, LEEDS and SAN
DIEGO mechanisms show very similar trends while the UBC and
IWR mechanisms for all applied pressure levels show the lowest
respectively the highest transition point. The velocities resulting
from using the GRI 3.0 mechanism is in all cases are in between
the extremes. The observed dependency of the laminar flame
speed (low temperature range) of the mechanisms agree well
within a range of 5%.

To understand the change in the effect of pressure on the burn-
ing velocity at higher initial temperatures, the energy equation
terms are plotted in Fig. 15 for two initial temperatures,
T0 = 600 K in the top row and T0 = 1450 K in the bottom row for dif-
ferent pressures such as 1, 5 and 8 bar. Figure 15 shows that at
T0 = 600 K and 1 bar, the reaction zone in the flame spans the
shortest time, and the absolute value of the diffusive sum term
in the energy equation increased prior to the energy release term.
The same trend is to be observed for other pressures such as 5 and
8 bar. Figure 15 indicates that at T0 = 1450 K, however, the profile
sures of 1, 5 and 8 bar using the GRI 3.0 mechanism. Unburned mixture temperature
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of the diffusive sum term in the flame undergoes a drastic change
with an increase in the pressure from 1 to 5 bar. At 1 bar and
1450 K, the diffusive sum terms begins to raise slightly before
the raise in the energy release term, while at 5 and 8 bar the onset
of increase in the absolute value of the energy release term profile
clearly precedes the diffusive sum term. This indicates again that
the chemical reaction at 1450 K and pressures at 5 and 8 bar is
approaching a condition similar to that of a plug flow reactor, i.e.
in the auto-ignition domain.

3.7. Limit of flame propagation mode

At low initial temperatures, the laminar burning velocity is the
velocity of the incoming fluid. If one assumes, following Zeldovic
and Frank-Kamenetsky, that the density and, thus, the velocity up-
stream of the inflection point would be approximately constant,
then, the residence time of the reactants from the inlet (or ‘‘flame
foot’’) position to the temperature inflection point (tp) can be
approximated as stp = Dxtp/SL. At these conditions, the flame is sta-
bilized by means of flame propagation, i.e. a portion of the energy
released in the reaction zone is being transported by diffusive pro-
cesses back to the preheat zone for preheating the reactants above
the self-ignition temperature in order to achieve a sustainable
flame.

At the transition point of preheating temperature, where the
flame behavior changes from self propagation to ignition delay
control, the residence time of the reactants equals the ignition de-
lay time sid for auto-ignition at inlet temperature, and hence the
distance between the inlet and the position of the occurrence of
the inflection in the temperature profile Dxtp may be simply
approximated as:

Dxtp ¼ sid � SL ð7Þ

since mixture density between inlet (or beginning of calculation do-
main) and auto-ignition point is really constant. The ignition delay
time mentioned in the above equation, as well as the laminar flame
speed SL is a function of inlet temperature, pressure and equivalence
ratio. There is a wide range of ignition delay time that spans six or-
ders of magnitude for a range of inlet temperature from 800 to
1600 K (Fig. 8). For this reason, if the computational domain chosen
for the simulations of a combustible mixture well above its auto-
ignition temperature is small enough such that the residence time
of the reactants is shorter than the auto-ignition delay time of the
corresponding mixture, then a laminar flame will stabilize by
means of diffusive controlled flame propagation under such condi-
tions. Of course, flames burning under those conditions certainly
exhibit quite high laminar burning velocities. And, in addition, if
the computation domain upstream of the flame is then increased
above the limit expressed in Eq. (7), the position of the reaction
zone will change over to depend on the residence time of the reac-
tants, i.e. to immediate auto-ignition at the mixture inlet. Therefore,
for the above mentioned conditions, the flame is stabilized by
means of auto-ignition, no more by flame propagation which would
occur, independent of the size of the computational domain.
4. Conclusions

The analysis of the results of freely propagating, one dimen-
sional, laminar premixed flames of stoichiometric methane–air
mixture for different inlet temperatures ranging from 298 K to
1450 K and at different pressures from 1 to 8 bar indicates that:

For inlet temperatures less than 1000 K and at 1 bar, the lami-
nar burning velocity decreases with increased pressures, and this
trend of variation agrees well with experimental data and the ther-
mal theory of laminar flame propagation.
If the inlet temperature increases well above the limit of auto-
ignition temperature, then the velocity of the incoming mixture in-
creases with increased pressures. The present analysis of different
energy terms in the energy equation shows that this behavior is
due to a change in the flame structure induced by the ignition de-
lay time for auto-ignition, which is a strong function of the inlet
temperature.

For inlet temperatures below the auto-ignition temperature, the
flame structure comprises a thick preheating zone and a compara-
tively thin reaction zone, and the flame is stabilized by means of
diffusive controlled flame propagation. For inlet temperatures well
above the auto-ignition temperature of the studied mixture, the
relative influence of the diffusive sum terms in the energy balance
equation decreases drastically due to an increase of the heat re-
lease term which results in very high burning velocities. A limiting
criteria based on the ignition delay time has been formulated in or-
der to distinguish with regard to the stabilization mechanism of a
flame between laminar flame propagation and auto-ignition.

An essential result is also the pressure dependency of the flame
front behavior at high preheating temperatures. As a consequence
for a secondary stage combustion system, when the stabilizing
mechanism is due to flame propagation for low pressure levels,
with an increase of pressure the stabilization region of the second-
ary stage injection will move downstream of the fuel injection
point due to a decrease of the laminar and therefore also of the tur-
bulent flame speed. However, in the case of stabilization due to the
auto-ignition at higher preheating temperature an increase of pres-
sure will reduce the ignition delay time and therefore the stabiliza-
tion region will move upstream to the injection point. Because of
the strong dependency of the ignition delay time on pressure the
pressure dependency of the stabilization region can even change
by increasing pressure as described above.
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