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Abstract 
This study investigates the transition from autoignition to flame propagation at 
elevated temperatures and atmospheric pressure with 1-D flame simulations.  
These simulations were performed for mixtures of methane, and vitiated gas at 
1000 K to 1600 K. The examined conditions are relevant for the operation of the 
second stage of sequential combustors. Steady-state simulations with varying 
flame positions and mixture compositions identify the boundaries between three 
combustion regimes: (i) autoignition, (ii) flame propagation assisted by 
autoignition, and (iii) pure flame propagation. The effect of varying the 
temperature of the reactants on the three regimes is investigated. A transient 1-D 
flame simulation with an inlet mixture at 1400 K was performed. Results show that 
the mixture auto-ignites and subsequently, a flame propagates towards the inlet of 
the computational domain. All of the three combustion regimes are present in this 
simulation.  
 
Introduction 
Autoignition and flame propagation are two different mechanisms that can 
stabilize flames in high temperature flows. There exist many studies that report 
flame stabilization due to autoignition (e.g. [1], [2]), flame propagation (e.g. [3], 
[4]) or a mix between the two (e.g. [5], [6], [7]). 
This paper investigates the transition between the two regimes using canonical 1-D 
flames at conditions that are relevant for sequential combustion system [6]. 
Sequential combustors [8] represent a significant technology change for gas 
turbine combustor architectures towards pollutant emission reduction and higher 
performance [8]. Such systems feature two flames in series. The first flame is a 
“classical” turbulent-premixed propagating flame. The second one auto-ignites 
after fuel injection into a hot vitiated crossflow and it can subsequently stabilize 
via flame propagation [6], which is the topic of the present work. 
The first part of the study introduces the combustion regimes maps that were 
obtained from steady-state 1-D flame simulations. It also investigates the effect of 
varying the mixture temperature. Finally, a transient 1-D flame simulation that 
features three distinct combustion regimes is presented.  
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Figure 1. Top: contours of inlet velocity uin normalized by the laminar flame speed 
sL (left), and flame residence time tres normalized by the autoignition delay τAI 

(right), extracted from 0-D reactor simulations. Bottom: combustion regime map 
created from the top contours. Vitiated gas temperature at 1450 K.  

 
Combustion regimes maps obtained from steady-state simulations 
We performed 1-D flame simulations using Cantera with the detailed GRI-Mech 
3.0 mechanism to investigate the boundaries between autoignition and flame 
propagation at atmospheric pressure.  
In [6] and [8], fuel is injected substantially upstream of the high heat release rate 
region, where the “visible” second stage flame is located. This is because the 
autoignition time of lean mixtures at relevant pressure and temperatures is long 
enough (couple of ms) in order to ensure good mixing of the fuel with the vitiated 
flow, before the former is consumed. This architecture is particularly suited for 
very low NOx emissions and homogeneous hot gas temperature distribution. In 
general, it falls into the category of partially premixed combustion. Therefore, in 
this work, the effect of varying mixture fraction Z on the combustion mode is 
investigated.  
Here, Z describes the mixing between two streams: (i) vitiated gas with a certain 
vitiated gas temperature (1000 K - 1600 K) coming from the first stage operated at 
φ = 0.75, and (ii) methane at ambient temperature. For more details about species 
composition and the sequential combustor configuration, one can refer to [6]. 
Figure 1 shows two contour plots (top) that were used to obtain a combustion  
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Figure 2. Sketch of three 1-D steady-state flames: (I) – pure propagating flame, 
(II) – propagating flame assisted by autoignition and (III) – autoignition flame 

(compare with Fig. 1). The red contour depicts heat release rate q. 
 
regimes map (bottom) for varying flame position xF and mixture fraction Z. Each 
circle represents one 1-D flame simulation. For a single simulation, Cantera 
provides a solution in which the flame is located between one fourth and half of 
domain length Ld. We varied Ld between 2 and 100 mm, resulting in a change of 
the flame position xF. Cantera solves an eigenvalue problem in which the inlet 
velocity uin is the solution. For a freely propagating flame, uin equals the laminar 
flame speed sL. The top left plot of Fig. 1 shows the inlet velocity uin normalized 
by the laminar flame speed sL. Here, sL is assumed to be the inlet velocity for a 
simulation with the shortest domain length and therefore the smallest flame 
position. We define a region (I) in which uin changes ≤ 2% compared to sL and 
which represents flame propagation; this region is colored in white. For xF above 
(I), the influence of autoignition chemistry starts leading to an increase of uin. 
The top right contour plot in Fig. 1 shows the flame residence time tres normalized 
by the autoignition delay τAI. The flame residence time was computed with a 
velocity that was integrated from the inlet of the domain to xF. The autoignition 
delays were computed with 0-D Cantera reactor simulations at the respective Z. 
Here, we define a region (III) in which the flame residence time is ≥ 95% of τAI 
and which represents autoignition; this region is colored in white. A combined 
representation of the two zones is shown in the bottom plot. In between (I) and 
(III), another zone (II) is defined. It represents propagating flames that are assisted 
by autoignition chemistry upstream of the actual flame front.  
Figure 2 presents sketches of three flames located in (I), (II) and (III). We assume 
that all flames have the same Z and therefore also the same equivalence ratio.  
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Figure 3. The effect of inlet temperature on combustion regimes maps obtained 

from 1-D simulations. Contours of inlet velocity uin for three vitiated gas 
temperatures: (a) 1000 K, (b) 1450 K and (c) 1600 K. Lines highlight the regimes 

boundaries shown in Fig. 1. 
 
For (II), the flame stabilizes for an inlet velocity that is slightly higher than sL. 
Therefore, the theoretical autoignition length lAI moves downstream compared to 
(I). The red contour sketches a moderate q upstream of xF.  
In case (III), the flame stabilizes with an inlet velocity that can be significantly 
higher than sL. Therefore, lAI and the onset of moderate q are shifted further 
downstream compared to (II). Here, the flame stabilizes at lAI and therefore, the 
flame residence time tres equals the autoignition delay time τAI. 
Figure 3 compares the inlet velocity uin maps with regime boundaries for three 
different vitiated gas temperatures: (a) 1000 K, (b) 1450 K and (c) 1600 K. As in 
Fig. 1, the axis are flame position xF and mixture fraction Z. Each circle represents 
one Cantera 1-D flame simulation. The contour colorbar scale is changed from (a) 
to (c). For 1000 K in (a), only freely propagating flame solutions were obtained 
within the domain (regime (I)). For any xF, uin does not change, and therefore, a 
unique laminar flame speed sL = uin is determined. For Z < 0.008, Cantera did not 
converge to a solution due to flame extinction. As the vitiated gas temperature is 
increased to 1450 K (b) (same case as in Fig. 1), autoignition chemistry becomes 
important and the three regimes can coexist depending on xF and Z. As the vitiated 
gas temperature is further increased (c), only a small region (I) with pure flame 
propagation is identified. Flame residence times approach τAI even for small flame 
positions and fast autoignition of the mixtures dominates. 
 
The transient from autoignition to flame propagation 
Figure 4 shows the transient evolution from an unburned mixture to a propagating 
flame. The unburned gas has a temperature of 1400 K and an equivalence ratio at 
stoichiometry. The 1-D simulation was performed with the time advancement 
solver AVBP. The velocity at the inlet of the computational domain (x = 0 mm) 
fixed at uin = 2 m/s. The starting point of the simulation is at t = 0.  
Figure 4a shows temperature profiles that were obtained from the simulation at  



JOINT MEETING 
THE GERMAN AND ITALIAN SECTIONS 
OF THE COMBUSTION INSTITUTE  SORRENTO, ITALY –  2018 

 
 
Figure 4. a) Temperature profiles of a transient 1-D simulation at varying instants 

of time. The mixture auto-ignites at τAI = 8.5 ms, and subsequently, a flame 
propagates towards the domain inlet. b) Transient flame displacement velocity 

from t = 1.1 τAI to t = 1.6 τAI obtained from the same simulation as in (a). 
 
different instants of time. The unburned mixture has the property to auto-ignite at 
the autoignition time τAI = 8.5 ms, which was computed with a 0-D reactor 
simulation. The autoignition length lAI is marked with a dashed vertical line. 
Indeed, one can observe a rapid increase of temperature T, as shown at instants 
from 0.9 τAI to 1.1 τAI. Afterwards, from 1.1 τAI to 1.5 τAI, the flame propagates 
against the incoming flow. The inlet velocity uin = 2 m/s is smaller than the laminar 
flame speed sL = 5.0 m/s, which leads to a continuous flame displacement towards 
the inlet of the domain. The flame displacement velocity ud is shown in Fig. 4b 
starting from 1.1 τAI. Close to lAI, the displacement speed reaches values of 4 m/s 
and further downstream it approaches a constant value of ≈ 3 m/s. The increase of 
ud is due to autoignition chemistry in the unburned gases, corresponding to the 
“flame propagation assisted by autoignition” regime (II) in Fig. 1. Consequently, 
also the fresh gas temperature upstream of the pre-ignition zone increases, which is 
shown in Fig. 4a. At approximately 1.4 τAI, the effect of upstream autoignition 
chemistry vanishes, which leads to a constant ud (regime (I)). 
These results show that all three regimes can exist in reactants at elevated 
temperatures. After autoignition, a propagating type flame assisted by autoignition 
can evolve. Further downstream, the effect of autoignition chemistry upstream of 
the flame front vanishes and we observe a purely propagating type flame.  
 
Outlook 
Ongoing work extends the regimes maps for high-pressure conditions and makes 
use of these maps to predict dominant flame stabilization combustion regimes at 
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varying operating conditions. These predictions are validated with 3-D large eddy 
simulations of the second stage sequential combustor [6]. More specifically, the 
ignition sequence of a sequential combustor at atmospheric and high-pressure is 
investigated. These results show that, similar to the canonical transient simulation 
of this work (Fig. 4), a transition from autoignition to flame propagating also 
occurs in the highly turbulent and partially premixed conditions of sequential 
combustor. Further ongoing work focuses on the transition from steady operation 
with pure autoignition stabilization to a condition driven only by flame 
propagation. This transient is induced by a relatively small change of vitiated gas 
temperature (Δ𝑇 = 150 K), which can also have a strong influence on the 
thermoacoustic stability [9, 10] of such a systems. 
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