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a b s t r a c t 

This numerical study investigates the combustion modes in the second stage of a sequential combustor at 

atmospheric and high pressure. The sequential burner (SB) features a mixing section with fuel injection 

into a hot vitiated crossflow. Depending on the dominant combustion mode, a recirculation zone assists 

flame anchoring in the combustion chamber. The flame is located sufficiently downstream of the injector 

resulting in partially-premixed conditions. First, combustion regime maps are obtained from 0-D and 1-D 

simulations showing the co-existence of three combustion modes: autoignition, flame propagation and 

flame propagation assisted by autoignition. These regime maps can be used to understand the combus- 

tion modes at play in turbulent sequential combustors, as shown with 3-D large eddy simulations (LES) 

with semi-detailed chemistry. In addition to the simulation of steady-state combustion at three different 

operating conditions, transient simulations are performed: (i) ignition of the combustor with autoignition 

as the dominant mode, (ii) ignition that is initiated by autoignition and that is followed by a transition to 

a propagation stabilized flame, and (iii) a transient change of the inlet temperature (decrease by 150 K) 

resulting into a change of the combustion regime. These results show the importance of the recirculation 

zone for the ignition and the anchoring of a propagating type flame. On the contrary, the autoignition 

flame stabilizes due to continuous self-ignition of the mixture and the recirculation zone does not play 

an important role for the flame anchoring. These findings are important for the design and operation of 

practical sequential combustion systems. 

© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Constant-pressure sequential combustion systems [1] , or ax-

al staging concepts [2] , provide significantly higher operational

nd fuel flexibility compared to conventional single stage combus-

ors. These new type of combustor architectures have emerged in

ecent years in very large gas turbines (above 500 MW electri-

al output in single cycle) in order to respond to the needs for

ast compensation of inherently-intermittent renewable sources, 

nd for machines which can burn natural gas (NG), but also

yngas and hydrogen-enriched NG. In such systems, combustion

akes place in two successive stages at constant pressure. The first

ne features “classical” lean turbulent premixed flames, usually

wirled. The second stage flame results from fuel injection into

ir-diluted [1] or non-diluted [2] hot gases produced by the lean

ame of the first stage. An increasing number of studies dealing

ith second stage combustion have been published recently. For
∗ Corresponding author. 
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nstance, experimental works investigated the flame stabilization

echanism of non-premixed [3–6] and premixed [7,8] reactive jet

n hot crossflow configurations. In their respective configurations,

ullivan et al. [3] and Fleck et al. [5] proposed autoignition as the

ominant flame stabilization mechanism, while Micka and Driscoll

9] , and Wagner et al. [8] identified a mix of autoignition and flame

ropagation stabilizing the flame. Premixed and non-premixed re-

ctive jets in vitiated crossflows were also investigated with large

ddy simulation (LES), e.g. [10–12] and direct numerical simula-

ions (DNS), e.g. [13–15] , giving further insight in the associated

omplex stabilization mechanisms. These examples feature a flame

hat is stabilized close to the fuel injection by partially-premixed

ombustion [13,14] , differential diffusion initiating chemical reac-

ions [15] or mix between premixed and partially-premixed com-

ustion [10,11] , and they display a similar configuration as the axial

taging concept presented in [2] . 

Another type of sequential combustor [1] features a flame that

s stabilized substantially downstream of the fuel injector in or-

er to ensure good mixing of the fuel with the vitiated flow be-

ore the former is consumed, and it falls into the category of
. 

https://doi.org/10.1016/j.combustflame.2019.03.014
http://www.ScienceDirect.com
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partially-premixed combustion. The response of these flames to

different types of perturbation, such as acoustic velocity [16,17] or

temperature fluctuations [18–20] have been investigated numeri-

cally in the context of thermoacoustic instabilities in sequential

combustors [21,22] . 

The operation of current practical sequential burners (SB), and

the development of future SBs would benefit from an improved

understanding of the combustion regimes that can exist in these

systems. Recently, the existence of both autoignition-based and

propagation-based flame anchoring in a generic SB operated at at-

mospheric pressure was demonstrated experimentally [23] . This

study follows up on a numerical investigation of the same com-

bustor highlighting the importance of the combustion mode on the

flame dynamics at atmospheric condition [18] . In the latter refer-

ence, as well as in [24–26] , the transition between autoignition and

propagation has been investigated for one dimensional (1-D) lam-

inar flames. In [27] , the effect of turbulence and low temperature

chemistry on flame propagation in mixtures exhibiting two-stage

ignition is quantified using DNS. Habisreuther et al. [24] showed

that when the temperature of methane-air mixtures is increased

well above the autoignition temperature, the flame structure sig-

nificantly changes and the reactants consumption speed increases.

They also formulate a limiting criterion for the onset of this effect,

which is based on autoignition delay time, laminar flame speed

and residence time of the mixture before the “flame foot” posi-

tion. These findings were confirmed by Schulz and Noiray [18] for

a range of mixture fractions and reactants residence times, and the

increase of burning velocity was linked to the heat release rate as-

sociated with autoignition reactions upstream of the flame front.

These conclusions have also been drawn by Krisman et al. [25] , 26 ]

for ethanol- and dimethyl ether-air flames [25] , and for natural gas

flames with hydrogen addition [26] . The above mentioned numer-

ical investigations consider steady-state 1-D flames [18,24,25] or

steady-state operation at atmospheric condition of a generic SB

[18] . In the present numerical work, the combustion regimes of

both steady-state and transient operation (ignition and change of

operating conditions) are investigated in order to complement the

experimental work from Ebi et al. [23] . Also, the present LES inves-

tigation (with semi-detailed chemistry) aims at bringing a deeper

understanding of the combustion regimes at atmospheric and high

pressure (10 bar) in this generic SB configuration. 

In general, autoignition and flame propagation are two different

mechanisms that can stabilize flames in high-temperature flows.

Lifted flames have been largely investigated for various configu-

rations experimentally [28–32] and numerically [11,28,33–39] . The

main anchoring mechanism is sometimes attributed to autoignition

(e.g. [28–30,32–35,39] ), in other situations to flame propagation

(e.g. [36,37] ), to a mix between the two depending on the flame

branch (e.g. [11,31] ), or to flame propagation enhanced by autoigni-

tion [38] . Considering the mixing of two or more streams in ho-

mogeneous 0-D reactors, the shortest autoignition time is obtained

for the most reactive mixture fraction Z mr in the mixture fraction

space Z (see for instance [40] ). In many cases (e.g. [28,39] ), Z mr 

corresponds to very lean compositions, and the associated flow re-

gions, where induction reactions and autoignition take place, are

difficult to identify experimentally because fuel concentration and

heat release rate are very low [11,30,31] . 

For turbulent flows, Mastorakos et al. [40] highlighted another

important property for autoignition: the scalar dissipation rate χ .

High scalar dissipation rates correspond to large gradients of Z

and therefore large heat losses. Autoignition occurs preferentially

at low χ conditioned on the most reactive mixture fraction as

shown in many subsequent studies, for example [11,18,41,42] . Re-

gions with low χ can occur for example in the core of vortices, as

shown, for example, with DNS simulations in [43] . Other studies,

however, also observed an acceleration of autoignition due to tur-
ulence and molecular transport. For a review about non-premixed

utoignition, one can refer to [44] . 

The goal of this work is to provide a deeper understanding of

he combustion regimes in sequential combustors. As a first step,

-D and 1-D simulations are performed in order to grasp the key

onditions leading to autoignition or front propagation for a given

utoignitive mixture, under homogeneous and turbulence-free con-

itions. In Section 2 the effect of vitiated hot gas temperature

s further investigated and the capability of the chemical explo-

ive mode analysis (CEMA) [45] to distinguish between autoigni-

ion and flame propagation at elevated temperatures is scrutinized.

inally, Section 2 presents a transient 1-D simulation of the com-

ustion of an autoignitive methane-air mixture with a transition

rom autoignition to propagation. In Section 3 , 3-D LESs of the

equential combustor are performed. The section starts with the

ntroduction of the geometry and the numerical methods. Then,

he steady-state combustion process at three operating conditions

s presented and discussed in the light of the results from the

-D simulations of Section 2 . Finally, the transient ignition se-

uence for two of these operating conditions, which are respec-

ively characterized by different dominant steady-state combustion

egimes (autoignition and propagation). A simulation with a tran-

ient change of operating condition resulting in a change of the

ombustion regime is also presented. 

. Autoignition and propagation at elevated gas temperatures 

.1. Combustion regime maps obtained from 0-D reactor and 1-D 

ame simulations 

In this section, 1-D flame simulations using Cantera [46] with

he detailed GRI-Mech 3.0 mechanism [47] are performed in or-

er to investigate the conditions for which autoignition and flame

ropagation respectively govern the combustion process at atmo-

pheric pressure. Several simulations are performed for a range

f mixture fraction Z , which describes the mixing between two

treams: (i) air-diluted products from a lean ( φ = 0 . 75 ) methane-

ir flame at different temperatures (in this section: 10 0 0 , 1450 and

600 K), and (ii) “cold” methane at 320 K. More details about the

as composition are given in Fig. 1 . 

Figure 1 shows two contour plots (top) that were used to ob-

ain a combustion regimes map (bottom) for varying flame position

 F and mixture fraction Z . Each circle represents one 1-D steady

ame solution computed with Cantera. To compute each of these

olutions, the required input parameters are the pressure, the mix-

ng temperature and the species composition at the inlet of the

omain. For a given domain length L d and a given inlet mixture

raction Z , Cantera provides a unique steady flame solution where

he flame is located between one fourth and half of domain length

 d . This eigenvalue-problem solution is the spatial distribution of

he mixture velocity, temperature and composition obtained from

he detailed chemical scheme. Upstream of the flame front, the

ixture velocity is close to the inlet velocity u in . For each mix-

ure fraction considered, the length L d was varied between 2 and

00 mm in order to get solutions for several flame positions x F . 

For a freely propagating flame u in equals the laminar flame

peed s L . In Fig. 1 a the inlet velocity u in (Z, x F ) is normalized by

he laminar flame speed s L ( Z ). Here, s L is assumed to be the in-

et velocity for short domain solutions, where the residence time of

he reactants is so short that autoignition chemistry does not sig-

ificantly influence the reactants consumption speed, i.e. s L (Z) ≈
 in (Z, x F,min ) . One can define a “flame propagation” region (I) in

hich the increase of the reactants consumption speed u in (Z, x F )

rom the laminar flame speed s L (Z) does not exceed 2% of s L (Z) ;

his region is colored in white. Out of region (I) the influence of

utoignition chemistry can significantly contribute to the reactants
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a b

c

Fig. 1. a) Normalized inlet velocity u in (Z, x F ) for converged 1-D steady flame solutions (obtained from Cantera) with mixture fraction Z and a flame front located at x F . The 

inlet velocity u in (Z, x F ) is normalized by the velocity at the shortest flame position u in ( Z, x F,min ), which is assumed to be the laminar flame speed s L (Z) . b) Reactants resi- 

dence time t res (Z, x F ) � x F /u in (Z, x F ) of the same 1-D flame solutions as in a), normalized by the autoignition delays τAI (Z) , which were obtained from 0-D reactor simulations. 

c) Combustion regime diagram deduced from a) and b). Pressure: 1 bar. 
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Fig. 2. Sketch of three 1-D steady-state flames located in (I) – pure propagating 

flame, (II) – propagating flame assisted by autoignition and (III) – autoignition flame 

(compare with Fig. 1 ). The red contour represents heat release rate ˙ q . 
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t  
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t

onsumption speed. As a consequence, a unique flame speed does

ot exist anymore and the flame stabilization velocity depends on

he configuration, for example, as considered in this work, the po-

ition where the flame stabilizes. Flames away from region (I) sta-

ilize at inlet velocities that are substantially larger than s L (up

o 5 times larger), which is in agreement with [18,25] . 

Figure 1 b shows the residence time of the reactants normalized

y the autoignition delay τ AI ( Z ). The reactants residence time was

omputed by integrating the velocity from the inlet to the flame

osition x F : t res (Z, x F ) = 

∫ x F 
0 

dx/u � x F / (u in (Z, x F )) . The autoigni-

ion delays τ AI ( Z ) were computed with 0-D Cantera reactor sim-

lations. The autoignition time is defined at the highest tempera-

ure gradient throughout the paper. An “autoignition” region (III) is

efined in which the reactants residence time is ≥ 95% of τ AI ( Z )

white region in contour plot). A combined representation of the

wo zones is shown in Fig. 1 c. In between (I) and (III), another

one (II) is defined. It represents propagating flames that are as-

isted by autoignition chemistry upstream of the high heat release

ate flame front. In [18] , a comparison of two 1-D flames which

ere located in (I) and (II) was presented. It was shown that the

eat release rate ˙ q sharply increases across the flame front for the

egime (I). For the flame in (II), a moderate increase of ˙ q was al-

eady observed upstream of the flame front leading to an increase

f the reactants temperature in this region. 

Figure 2 presents sketches of three flames located in (I), (II) and

III). The same Z and, therefore, also the same equivalence ration φ
as assumed for the three flames. (I) shows a pure propagating

ame without any heat release rate ˙ q upstream of the flame front.

or (II), a stable flame is established with an inlet velocity that is
lightly higher than s L . In this case, the theoretical autoignition

ength l AI = u in τAI is therefore located downstream compared to

I). The red hue indicates a moderate ˙ q upstream of x F . For (III),

he front position x F is defined by the autoignition length l AI ,

.e. the reactants residence time x F / u in equals the autoignition

ime τ . 
AI 
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Fig. 3. The effect of the vitiated hot gas temperature on combustion regimes maps obtained from 1-D Cantera simulations. Top: contours of inlet velocity of 1-D flame 

simulations u in ( Z, x F ) for three vitiated hot gas temperatures: (a) 10 0 0 K, (b) 1450 K and (c) 1600 K. The lines highlight the regimes boundaries that are shown in Fig. 1 . 

The vertical black dashed lines indicate the stoichiometric condition. Bottom: The same data are presented as a 3-D surface, which gives the “coordinates” of steady flames 

solutions. This surface is colored by u in ( Z, x F )/ s L ( Z ). Pressure: 1 bar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Contour of autoignition time τ AI ( T, P ) for varying temperature T and pres- 

sure P obtained from 0-D reactor simulations. Black line at the maximum residence 

time τ res, max of a burner shown in a simplified sketch in the top right corner. For 

τ AI ( T, P ) < τ res, max the mixture auto-ignites; for τ AI ( T, P ) > τ res, max the mixture 

does not auto-ignite but a propagating flame can exists (“B”) after autoignition of 

the mixture (“A”). 
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Figure 3 presents inlet velocity u in ( Z, x F ) maps with regime

boundaries (top) and 3-D representations of u in ( Z, x F )/ s L ( Z )

(bottom) for three air-diluted lean flame product temperatures: (a)

10 0 0 K, (b) 1450 K and (c) 1600 K. As in Fig. 1 , the axis in the

top row are flame position x F and mixture fraction Z . Each cir-

cle represents a steady 1-D Cantera flame solution. The contour

colorbar scale is changed from (a) to (c). For (a), only freely prop-

agating flame solutions were obtained (regime (I)). As shown in

the top and bottom, for any x F at constant Z , the inlet veloc-

ity does not change, and therefore, a unique laminar flame speed

s L (Z) = u in (Z) is determined. 

For Z < 0.008, Cantera did not converge to a solution reaching

the flammability limit. As the vitiated hot gas temperature is in-

creased to 1450 K (same case as in Fig. 1 ), autoignition chemistry

can contribute to the reactants consumption and the three regimes

can coexist depending on x F and Z . The onset of autoignition is

visible where the 3-D iso-surface, which gives the “coordinates” of

steady flame solutions, bends towards higher inlet velocities. This

effect manif ests itself in a more pronounced manner for increas-

ing x F at small Z . As the vitiated hot gas temperature is further

increased to 1600 K, only a small region (I) with pure flame propa-

gation is identified. Reactants residence times approach τ AI even

for flame positions that are very close to the domain inlet, and fast

autoignition of the mixtures dominates allowing flame stabilization

at very high inlet velocities (up to 70 m/s). 

2.2. The transient evolution from autoignition to propagation 

Figure 4 shows the contour of autoignition times τ AI ( T, P ) for

varying temperature T and pressure P . These results were derived
rom 0-D reactor simulations using Cantera with a species com-

osition that is characteristic for the investigated burner of this

tudy ( φ = 0 . 4 ). For each condition, the mixture has the property

o eventually auto-ignite after τ AI . However, in the simplified

onfiguration sketched in the upper part of Fig. 4 , a maximum

esidence time τ res, max that depends on the combustor length

 and the inlet velocity u can be defined, and it is
combustor in 
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a b

Fig. 5. 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, propagates towards the 

domain inlet. b) Transient flame displacement velocity u d obtained from the same simulation as in (a). Species composition ( φ = 1 ): Y CH 4 = 0 . 033 , Y N 2 = 0 . 716 , Y O 2 = 0 . 131 , 

Y H 2 O = 0 . 054 and Y CO 2 = 0 . 066 . 
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ere exemplified with the black line. For τ AI ( T, P ) < τ res, max 

dark contour), the unburnt mixture auto-ignites in the com-

ustor. Depending on u in , the resulting flame can be stabilized

y autoignition or evolve into a propagating flame, as shown

ith a transient 1-D flame simulation in the next paragraph. For

AI ( T, P ) > τ res,max (light contour), the mixture does not ignite

n the domain, similar to the “no ignition” regime reported by

arkides and Mastorakos [48] . However, one could imagine the

ollowing scenario: the mixture auto-ignites (marked with an “A”

n Fig. 4 ) and, subsequently, boundary conditions are changed

uch that τ AI ( T, P ) > τ res, max ( T, P ), for example by decreasing

he inlet temperature (marked with a “B”). This would result in a

ropagating type flame that was initiated by autoignition. Such a

ransient change of boundary conditions resulting in a shift of the

ominant combustion regime is presented in subsection 3.4 for

he 3-D sequential combustor. 

Figure 5 shows the transient evolution from an auto-igniting

nburnt mixture to a propagating flame. The unburnt gas has a

emperature of 1400 K at stoichiometric equivalence ratio. The 1-D

imulation was performed with the time advancement solver AVBP.

he velocity at the inlet of the computational domain (x = 0 mm)

as fixed at u in = 2 m/s . The starting point of the simulation was

t t = 0 . Figure 5 a shows temperature profiles at different instants

f time. The unburnt mixture has the property to auto-ignite at

he autoignition time τAI = 8 . 5 ms , which was computed with a 0-

 reactor simulation. The autoignition length l AI is marked with

 dashed vertical line. Indeed, one can observe a rapid increase

f temperature T , as shown at instants from 0.9 τ AI to 1.1 τ AI .

fterward, from 1.1 τ AI to 1.5 τ AI , the flame propagates against

he incoming flow. The inlet velocity u in = 2 m/s is smaller than

he laminar flame speed s L = 5 m/s , which was computed by a 1-D

antera simulation with very short domain length. This leads to a

ontinuous flame displacement towards the inlet of the domain.

he flame displacement velocity u d defined as the flame front

peed relative to the flow is shown in Fig. 5 b starting from 1.1 τ AI .

lose to l AI , the displacement speed reaches values of 4 m/s. Dur-

ng this initial stage of the flame propagation, the sum of displace-

ent speed and the inlet velocity is higher than s L = 5 m/s, which

ontrasts with classical stationary 1D premix flame propagation

here u d = s L − u in and therefore u d = 0 when u in = s L . This is

ue to autoignition chemistry in the unburnt gases, correspond-

ng to the “flame propagation assisted by autoignition” regime (II)

n Fig. 1 . Consequently, also the fresh gas temperature upstream of

he pre-ignition zone increases, which is shown in Fig. 5 a. From

he instant t ≈ 1.4 τ , the displacement speed approaches a con-
AI 
tant value of u d ≈ 3 m/s and, therefore, the sum of u d and u in 

quals s L . Here, the residence time of the unburnt gases is short

nough such that the effect of autoignition chemistry vanishes up-

tream of the flame front corresponding to regime (I). These re-

ults show that all three regimes can exist in reactants at elevated

emperatures. 

.3. Chemical explosive mode analysis (CEMA) 

CEMA was developed by Lu et al. [45] as a diagnostic tool

o identify flame and ignition structures, and has been applied

n many studies, such as [11,37,49,50] . In the present study, we

nvestigate the capability of CEMA to detect autoignition and prop-

gation type flames for unburnt mixtures at elevated temperatures.

Local species concentrations and temperature were given as an

nput to pyJac [51] that outputs an analytical expression of J ω ,

he Jacobian matrix of the chemical source terms. Chemical explo-

ive modes (CEMs) are defined as the eigenmodes of J ω associ-

ted with positive real part eigenvalues λ e . This means that an

nfinitesimal small perturbation of this chemical mode would ex-

onentially grow in an adiabatic, isolated environment. A continu-

tion approach was used to track the CEM across the front, where

e( λ e ) changes sign and the modes associated with energy and

lement conservations were discarded. 

Figure 6 presents profiles of temperature T (left y -axis) and the

rder of magnitude of the growth rate Re( λ e ) of the least sta-

le chemical mode (right y -axis) for three 1-D flames (a)–(c). For

he right y -axis, the same normalization as in [50] was used. The

ropagating flame with cold reactants (a) is characterized by zero

e in the unburnt mixture. The eigenvalue becomes positive in

he preheat zone of the flame, which is highlighted with the blue

atch. This zone is driven by back diffusion of energy and radicals

nd eventually ignites. The crossover point of the CEM separates

re- and post-ignition zones. On the contrary, flame (b) is gov-

rned by autoignition after a length l AI , highlighted with a dashed

ertical line. This length depends on the inlet velocity u in = 6 . 7 m/s

nd the autoignition delay τAI = 1 . 79 ms , which was computed

ith a 0-D reactor simulation. Indeed, an explosive mode is de-

ected in the unburnt reactants, highlighted in blue. For bound-

ry conditions (a) and (b), CEMA can be applied to distinguish be-

ween autoignition and propagation type flame fronts. However, at

onditions with elevated unburnt gas temperatures, we observed

ropagating flames with a CEM in the unburnt mixture ( Fig. 6 c).

he mixture has, therefore, the tendency to auto-ignite (see tran-

ient simulation in Fig. 5 ). However, after the autoignition event,
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Fig. 6. Profiles of temperature and order of magnitude of the growth rate of the least stable chemical mode for three 1-D flames. Positive real part of eigenvalues Re( λe ) 

indicate chemical explosive modes (CEM) highlighted in blue. (a) propagating flame without CEM in unburnt reactants. b) autoignition flame with CEM in unburnt reactants. 

(c) propagating flame with CEM in unburnt reactants. Species composition in (a) and (c): Y CH 4 = 0 . 033 , Y N 2 = 0 . 716 , Y O 2 = 0 . 131 , Y H 2 O = 0 . 054 and Y CO 2 = 0 . 066 . Species 

composition in (b): Y CH 4 = 0 . 0 0 05 , Y N 2 = 0 . 74 , Y O 2 = 0 . 1354 , Y H 2 O = 0 . 056 and Y CO 2 = 0 . 068 . P = 1 bar . 

a b

Fig. 7. (a): Sketch of the simulated second stage sequential combustion system. (b): Instantaneous iso-contours of Q -criterion [52] (5 × 10 7 ), methane mass fraction ( Y CH 4 = 

0 . 04 ) and heat release rate (1 × 10 8 W/m 

3 ) at 10 bar. 
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the flame can propagate against the incoming flow, as captured in

the steady state solution in Fig. 6 c. Both regimes can exist in re-

actants characterized by a CEM, and CEMA would suggest an au-

toignition flame although the flame propagates into the reactants.

After the submission of this paper, Xu et al. [53] introduced an up-

dated version of CEMA that besides the chemical source terms also

takes into account the effect of the diffusion source terms. This

improvement allows CEMA to distinguish between the combustion

regimes in the canonical problems presented in Figs. 5 and 6 and

it has been successfully applied to post-process the DNS of a small

perfectly-premixed reheat combustor [54] . Further effort will be

necessary to extend the method to the partially-premixed configu-

ration considered in the present work. 

3. Application to a generic sequential combustor 

3.1. Configuration and numerical methodology 

A sketch of the configuration is shown in Fig. 7 a. Only the

second stage of the ETH sequential combustor [21] was simulated.

A mixture of combustion products from a perfectly-premixed

first stage and of fresh dilution air was imposed at the domain

inlet with a bulk velocity of 60 m/s. The composition of this

vitiated inlet, which acts as a crossflow for the fuel jet, was the

same as in [18] : Y N 2 = 0 . 7405 , Y O 2 = 0 . 1355 , Y H 2 O = 0 . 056 and

 CO 2 
= 0 . 068 . Figure 7 b shows a 3-D rendering of the iso-contours
f the Q -criterion [52] , CH 4 mass fraction, and heat release rate

or an instantaneous snapshot at 10 bar. Three different cases were

imulated: (a) vitiated crossflow temperature T CF of 1350 K, and

perating pressure P of 10 bar, (b) T CF of 1200 K and P of 10 bar,

nd (c) T CF of 1450 K and P of 1 bar. Fuel (90% Y CH 4 
and 10% Y Air )

t 320 K was injected as a jet in crossflow ( d jet = 2 . 6 mm ) 180 mm

pstream of the combustion chamber inlet. Two vortex generators

nsure an improved mixing between the fuel stream and the hot

itiated crossflow. More details about the simulated cases such

s the boundary conditions, the main physical and numerical

arameters, and the performed LESs can be found in Table 1 ; a

ore detailed description of the configuration was presented in

18] . For the present study, minor species, including NO x from the

ean combustion process in the first stage, were neglected. 

Compressible large eddy simulations (LESs) with analytically

educed chemistry (ARC) were performed using the explicit cell-

ertex code AVBP [55] . One can refer to [56] for the LES equations.

he numerical two-step Taylor-Galerkin scheme TTGC [57] gives

hird-order accuracy in space and time. The time step is 1 × 10 −7 s

or atmospheric pressure, and 0 . 4 × 10 −7 s for high pressure (based

n the acoustic CFL condition). The Smagorinsky approach [58] was

sed to model the sub-grid Reynolds stress with a constant of

.18 which has been proven to yield reliable results in numer-

us studies (e.g. [11,21,59,60] ). Navier-Stokes characteristic bound-

ry conditions (NSCBC) [61] were imposed at the inlets and the

utlet. The the following heat loss formulation was applied to
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Table 1 

Boundary conditions and main physical and numerical parameters for the three simulated operating conditions. The last 

three rows show the investigated LESs. The integral length scale l t corresponds to 1/5 of the mixing section height. < · > 

denotes spatial averaging. u ′ rms denotes the spatially filtered turbulent intensity which was resolved on the LES mesh. There- 

fore, Re t is also a spatially filtered quantity. 

Simulation 10B_1350K 10B_1200K 1B_1450K 

Pressure [bar] 10 10 1 

Vitiated crossflow temperature T CF [K] 1350 1200 1450 

Vitiated crossflow mass flow [g/s] 240 270 23 

Crossflow velocity u CF [m/s] 60 60 60 

Fuel mass flow [g/s] 6.6 6.6 0.66 

Jet-to-crossflow momentum ratio (ρ jet u 
2 
jet 

) / (ρCF u 
2 
CF ) 27 24 29 

Thermal power [kW] 300 300 30 

Y O 2 (O 2 from both lean combustion in 1 st stage and dilution air) [–] 0.1355 0.1355 0.1355 

Global equivalence ratio φ g [g/s] 0.7 0.62 0.76 

Thermal power [kW] 300 300 30 

Laminar flame speed S L at φ g and T CF [m/s] 1.1 0.62 4.5 

Laminar flame thickness δ L (propagating flame) at φ g and T CF [mm] 0.08 0.1 0.37 

Turbulence strength spatially-averaged in flame region < u ′ rms > [m/s] 7.8 7.8 8.0 

Integral length scale l t [mm] 8 8 8 

Turbulent Reynolds number Re t = 

< u ′ rms > l t 

S L δ L 

709 1006 38 

Dominant combustion regime Autoignition Propagation Propagation 

Number of tetrahedral grid cells ≈60 million ≈74 million ≈16 million 

Thermal resistance R in mixing section [K/W] 0.005 0.005 0.02 

R in combustion chamber [K/W] 0.01 0.01 0.04 

LES of the ignition sequence × – ×
LES of the transient change of operating condition × × –

LES of the steady-state operation × × ×

a

b

Fig. 8. Comparison between analytically reduced chemistry (ARC) mechanism 

(symbols) and detailed chemistry (lines) at 10 bar. a) Autoignition times τ AI from 

0-D reactor simulations. b): Profiles of temperature and mass fractions of a stoichio- 

metric 1-D autoignition flame. The width of blue region highlights flame thickness 

δ L . Top part shows the temperature profile with autoignition length τ AI u in . 
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he domain walls: ˙ q = (T wall − T ∞ 

) /R w 

, with reference tempera-

ure T ∞ 

= 300 K . The thermal resistances R w 

are given in Table 1 .

 priori, we determined wall temperatures at these R w 

with 2-

, wall-resolved simulations at characteristic velocities, pressures,

nd temperatures. This resulted in wall temperatures of 700 K

n the mixing zone and 10 0 0 K in the combustion chamber. We

sed a coupled velocity/temperature wall-model [62] with the

xtension for non- isothermal configurations of Schmitt et al.

60] . The dynamic thickened flame (DTF) model [59] was used

or turbulent combustion modeling. The DTF model in combina-

ion with ARC has been successfully applied in previous stud-

es with similar operating conditions [10,11,21,39] . Schulz et al.

21] demonstrated that AVBP with ARC and DTF quantitatively

aptures the different combustion modes (autoignition and prop-

gation) in this sequential combustor, provided that the mesh in

egions where autoignition takes place is sufficiently fine for i)

esolving most of the turbulent kinetic energy and ii) for not

riggering the DTF. These results were in excellent agreement

ith experimental hydroxyl planar laser-induced fluorescence 

OH-PLIF). 

The unstructured computational mesh is refined in the vicinity

f the fuel injector, the mixing section, and the flame region. We

sed Pope’s [63] criterion to determine the quality of our LESs. The

riterion reveals that a reliable LES should resolve at least 80% of

he total kinetic energy. Therefore, we computed the ratio between

he resolved part of the turbulent kinetic energy and the total ki-

etic energy a posteriori. Results in [18] show that more than 95%

f the total kinetic energy was resolved for the atmospheric case

 ≈ 16 million cells). For the cases at 10 bar, the mesh was signif-

cantly refined to resolve at least 80% of the total kinetic energy

 ≈ 60 and ≈ 74 million cells; see Table 1 ). 

An analytically reduced chemistry (ARC) scheme with 22 trans-

orted species was used for simulations at 1 bar. One can refer

o [18,39,64] for a detailed validation of the scheme. For simula-

ions at 10 bar, a different ARC scheme was obtained from the de-

ailed mechanism GRI-mech 3.0 [47] . The directed relation graph

ith error propagation (DRGEP) method [65] was used to re-

ove 29 species in a first reduction step. Second, the following

pecies were identified as suitable for quasi-steady state (QSS) as-
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Fig. 9. Dominant combustion regimes for the cases (a) to (c). The top row shows combustion regime maps from 1-D simulations similar to Fig. 1 . Bottom plots show the 

residence time of the reactants t res for 1-D simulations plotted over mixture fraction Z . In the top and bottom rows, the diameter of the circles is proportional to the flame 

position x F allowing the reader to recognize the same circles in the top and bottom. The red line highlights the autoignition delay computed from 0-D reactor simulations. 

Blue patches show a rough estimation of the residence time range of the combustor. The maximum residence time was computed as l combustor / u CF . The combustor length 

l combustor is defined from the end of the mixing section to the end of the combustion chamber (280 mm). 
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sumption: HCNN, CH 2 GSG-CH 2 , CH 3 O, HCO, CH 2 , C 2 H 5 , H 2 O 2 , and

C 2 H 3 . Their concentrations are described by analytical expressions

[65] . Hence, the following 16 transported species remained in the

scheme, named ARC_10bar: N 2 , H, H 2 , O, OH, O 2 , H 2 O, HO 2 , CH 3 ,

CH 2 O, CO 2 , CO, CH 3 OH, CH 4 , C 2 H 6 and C 2 H 4 . 

The validation of ARC at 10 bar in terms of autoignition times

(a), and profiles of temperature and species mass fractions for a

1-D autoignition flame (b) is shown in Fig. 8 . The lines show re-

sults from simulations with Cantera (0-D and 1-D) using GRI-Mech

3.0 [47] ; results with ARC (symbols) were obtained with 0-D re-

actor simulations for (a) and a 1-D AVBP simulation for (b). For

(b), the inlet velocity u in is set to 10 m/s. An autoignition de-

lay τ AI of 4.4 ms results in an autoignition length of τAI u in =
44 mm . Autoignition times and profiles for temperature and

species mass fractions are in excellent agreement with the detailed

chemistry. 

3.2. Combustion regimes from 0-D reactors and 1-D flames 

Figure 9 investigates the dominant combustion regimes for the

three mixtures presented in Table 1 from (a) to (c). The top row

shows the regime maps as presented in Fig. 3 . From these maps,

the reactants residence times t res = 

∫ x F 
0 

dx/u were computed and

shown in the bottom row of Fig. 9 . These maps were obtained

from laminar adiabatic perfectly-premixed 1-D flames with de-

tailed chemistry, which is far from the 3-D partially-premixed tur-

bulent configurations investigated in this paper. Nevertheless, it is

very informative to compare the residence times t res of the ide-

alized laminar configuration to an estimate of the residence time

of the sequential combustor l comb / u CF , keeping in mind that it is a

crude comparison. Many features of the sequential combustor af-

fecting the residence time are not included, for example, recircu-

lation zones, boundary layers, the wake of the jet in crossflow or
urbulent fluctuations. Neglecting these possible effects, the blue

atch highlights the residence time range of the combustor where

he combustor length l comb is defined from the end of the mixing

ection to the domain outlet (280 mm). 

At 10 bar and high inlet temperature (10B_1350K) in (a), mix-

ures for Z < 0.45 exhibit autoignition within the residence time

f the combustor. Autoignition time-scales were extracted from

-D reactor simulations and are highlighted by the red solid

ine. On the contrary, at 10 bar and decreased inlet temperature

10B_1250K) in (b), autoignition is not expected to occur. Here, the

utoignition times are smaller than the residence time of the com-

ustor for any Z . Therefore, flame propagation dominates for (b).

t atmospheric pressure (1B_1450K) in (c), autoignition can oc-

ur for very lean Z < 0.1. For increasing Z the autoignition delay

urve is significantly steeper compared to 10B_1350K in (a). For

xample, for the global equivalence ratio of case 1B_1450K ( φ g =
 . 76 ), it is not expected that autoignition occurs within the resi-

ence time of the combustor and that, therefore, flame propagation

ominates. 

Of course, as already pointed out, these results from 1-D flame

olutions and 0-D simulations do not incorporate effects of turbu-

ence. They also do not account for the increased residence times

n the wake of jet in crossflow or in the recirculation region of

he combustion chamber, which can play an important role dur-

ng the ignition sequence of the combustor. These points are now

crutinized using data from transient and steady-state turbulent

ESs. 

.3. Transient LESs of ignition sequences 

This subsection investigates transient ignition sequences for

hese two cases: 10B_1350K and 1B_1450K. Figure 10 shows the

equence for case 10B_1350K. Instantaneous snapshots of a 3-D
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Fig. 10. Ignition sequence for case 10B_1350K with the time trace of volume inte- 

grated temperature (top), and instantaneous snapshots of a 3-D rendering of tem- 

perature iso-surface at 1500 K conditioned on Y CH 4 > 10 −3 (left column) and tem- 

perature contour of a 2-D y − z-cut through the domain centerline (right column). 

Fuel injected at t = 0 . Pressure: 10 bar. 
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Fig. 11. Time-averaged shape of the recirculation zone in the combustion chamber obtain

at the following distances with respect to the combustion chamber inlet: 30, 90, 150, 2

highlighted at 210 mm. (b): x − z-cut showing the axial velocity u contour overlaid with 
endering of a temperature iso-surface at 1500 K (left column) rep-

esenting the flame front, and the temperature T contour of a

-D y − z-cut through the domain centerline (right column) are vi-

ualized. The temperature iso-surface is conditioned on fuel mass

raction ( Y CH 4 
> 10 −3 ) allowing to discard regions with burnt gas

emperatures that are reduced due to wall heat losses. Eight sub-

equent snapshots from (a) to (i) are shown from top to bot-

om. The instants of time are marked in the top graph, which

ives the domain-volume-integrated temperature T volume for each

napshot. The simulation was initialized by the mixture and tem-

erature of the vitiated hos gas inlet. Once the flow without fuel

njection reached a fully developed state after approximately two

ow-through times (10ms), the simulation was stopped and then

estarted with fuel mass flow injection (this instant is defined as

 = 0 ). Approximately 2 ms after fuel injection, T volume increases,

nd autoignition occurs first in the mixing section as shown in

b). At this instant of time, no fuel has reached the combus-

ion chamber. Indeed, the first occurrence of autoignition corre-

ponds roughly to the convective delay of ≈ 2.5 ms between the

uel injector to the autoignition position, computed with a bulk

elocity of 60 m/s. The moment of autoignition onset is in very

ood agreement with results from 0-D and 1-D simulations (see

ig. 9 a) showing that autoignition occurs first for very lean mix-

ures after ≈ 1–2 ms. At (c), autoignition occurs also further down-

tream in the combustion chamber. Here, richer mixtures auto-

gnite leading to higher burnt gas temperatures, as seen in the

-D T contour. From (d) to (i), the overall flame shape does not

hange anymore: the turbulent flame is anchored in the mixing

ection and extends axially into the combustion chamber, as seen

n the 3-D snapshots. The 2-D cuts show that the flame also ex-

ends over the whole mixing section height ( y -direction). The same

as observed for the z -direction (not shown). Autoignition is ini-

iated first in the bottom of the mixing section due to the pres-

nce of regions with lower velocities in the wake of the jet and

herefore longer residence times. From (d) to (i), merely the re-

irculation zone fills with hot burnt gases, as visualized in the

-D plots. 

The recirculation zone plays an important role for flame sta-

ilization in the ignition sequence at atmospheric pressure (case

B_1450K). The time-averaged borders of this recirculation zone

re obtained from a steady-state simulation of case 1B_1450K, and

isualized in several x − y -cuts at 30, 90, 150, 210 and 270 mm

ith respect to the combustion chamber inlet in Fig. 11 a. The

arker areas in the x − y -cuts highlight regions with negative axial

elocity u . Figure 11 b shows the axial velocity u contour overlaid

ith the velocity vectors in a x − z-cut. Velocity field vectors are

isplayed with the same size. Otherwise the vectors in the recir-
ed from a steady-state simulation of case 1B_1450K. (a): the x − y -cuts are located 

10 and 270 mm. The approximate length of the recirculation zone is defined and 

the velocity vectors of the cut. All vectors are visualized at the same size. 
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Fig. 12. Ignition sequence for case 1B_1450K with the time trace of volume inte- 

grated temperature (top), and instantaneous snapshots of a 3-D rendering of tem- 

perature iso-surface at 1500 K conditioned on Y CH 4 > 10 −3 in red (left column) and 

temperature contour of a 2-D y − z-cut through the domain centerline (right col- 

umn). In (b), the temperature iso-surface at 1470 K is also shown. The vertical ar- 

row in the 2-D y − z-cut at (i) shows the approximate length of the recircula- 

tion zone shown in Fig. 11 . The zoom at (i) shows the isolines of T = 1500 K and 

˙ q = 3 × 10 8 W/m 

3 
both conditioned on Y CH 4 > 10 −3 . Fuel injected at t = 0 . Pressure: 

1 bar. 
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t  
culation zones would not be visible due to the strong differences

between u in the bulk flow and in the recirculation zone. One

can see the the presence of 4 corner vortices in the upper and

lower corners close to the combustion chamber inlet from x = 0

to x ≈ 50 mm. The present objective is not to provide an in-depth

analysis of the flow dynamics but rather to give an estimate of

the length of the recirculation zones in axial direction. From these

data, the approximate length of the recirculation zone is defined

at 210 mm with respect to the combustion chamber inlet and is

highlighted in Fig. 11 a. 

The ignition sequence at atmospheric pressure is shown in

Fig. 12 . The left column visualizes the flame front with 3-D ren-

dering of a temperature iso-surface at 1500 K (conditioned on

 CH 4 
> 10 −3 ). The right column shows the T contour of the 2-D

centerline y − z-cut and the approximate length of the recircula-

tion zone presented in Fig. 11 . The snapshots are marked in the

top volume-integrated temperature T volume time trace. The in-

set zoom at (i) showing shows two isolines of T = 1500 K and

˙ q = 3 × 10 8 W/m 

3 both conditioned on Y CH 4 
> 10 −3 . The simulation

1B_1450K was initialized as in the high-pressure case 10B_1350K

(see Fig. 10 ) (but with a temperature of 1450 K) and again after

two flow-through times, fuel was injected; this instant is again de-

fined as t = 0 . After ≈ 7–8 ms, a 1500 K iso-surface is observed in

the combustion chamber for the first time, as seen in (b). An iso-

surface at 1470 K is also shown (light blue), and corresponds to

autoignition of very lean mixture with low heat release rate and

therefore a low increase of the temperature (20 K for that iso-

surface). The drop of the volume-integrated temperature T volume 

induced by the injection of cold fuel at the beginning of the se-

quence (during the first 4–5 ms) is followed by a steady rise of

the temperature due to the autoignition process in the chamber.

The regions with moderate T are mainly located in the recircula-

tion zone of the combustion chamber. This is in agreement with

results from 0-D and 1-D simulations (see Fig. 9 c) showing that the

smallest autoignition times τ AI are found for very lean conditions

(very small Z ), and that the τ AI curve is significantly steeper for

increasing Z compared to, for example, Fig. 9 a. Therefore, the res-

idence time of the ignitable mixture needs to be sufficiently large

to initiate autoignition with increased heat release rates, which is

achieved in the recirculation zone, as shown in the 3-D LES. With-

out recirculation zone, we would expect a “no ignition” regime

[48] . For (c), the flame front spreads and one observes a transi-

tion to a “lifted” flame (see (d)) that propagates against the in-

coming flow and whose stabilization is supported by the hot gases

in the downstream part of the recirculation zone. Here, the term

“lifted” means that the flame is stabilized downstream of the com-

bustion chamber inlet. From (d) to (f), also the upstream part of

the recirculation zone gradually fills with hot gases (see 2-D con-

tours) allowing the flame stabilization position to move towards

the combustion chamber inlet, as highlighted with the blue arrows

in the 3-D plots. Finally, from (g) to (i), the recirculation zone is

almost completely filled with burnt hot gases leading to a flame

that is anchored very close to the combustion chamber inlet. Here,

the stabilized turbulent propagating flame has a typical conical

shape. 

These transient simulations give substantial insight into the

dominant combustion regimes that are responsible for ignition

and subsequent flame anchoring. For the high-pressure case

(10B_1350K), the fuel hot gas mixture auto-ignites in the mix-

ing section and the flame stabilizes due to continuous autoigni-

tion of the mixture. The reaction zone extends over the whole

mixing section height and width into the combustion chamber.

The most upstream positions of “first” autoignition and subsequent

flame stabilization are almost identical and do not change on aver-

age. For the atmospheric case (1B_1450K), the mixture auto-ignites

in the recirculation zone, followed by a transition to a propagat-
ng “lifted” flame. Subsequently, the flame stabilizes close to the

ombustion chamber inlet in presence of hot burnt gases in the

ecirculation zone. These recirculating burnt gases determine the

ransient position of the propagating flame during the stabilization

rocess. 

.4. Transient LES of a changing operating condition 

Figure 13 presents instantaneous snapshots from (a) to (g) of a

ransient 3-D simulation with changing operating conditions from
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Fig. 13. Transient change of operating condition from 10B_1350K to 10B_1200K (vitiated hot gas temperature decreased by 150 K). Left and right columns show 3-D rendering 

of temperature iso-surface at 1500 K conditioned on Y CH 4 > 10 −3 , and temperature contour of a 2-D y − z-cut through the domain centerline. Top time trace shows the 

temperature at the domain inlet T in and in the mixing section T mixing (spatial average on an x − y -cut marked in (a)). Pressure: 10 bar. 
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ase 10B_1350K to 10B_1200K. The simulation was started from a

olution at steady-state operation of case 10B_1350K; the instant of

tart is defined as t = 0 . After 2.5 ms, the simulation was stopped

nd the temperature of the vitiated hot gas inlet was decreased by

50 K; then the simulation was restarted, as seen in the top time

race of T in . This plot also shows the temperature in the mix-

ng section extracted 50 mm upstream of the combustion chamber

nlet, marked in (a). The snapshots (marked in the time plot) in

he left and right column show the 3-D rendering of a tempera-

ure iso-surface at 1500 K (conditioned on Y CH 4 
> 10 −3 ), and the T

ontour of the 2-D centerline y − z-cut, respectively. The steady-

tate flame of case 10B_1350K in the snapshot (a) is stabilized by

ontinuous autoignition of the mixture of the jet and the vitiated

ot gas, as shown in Fig. 10 . When the vitiated gases with de-
reased T reach the jet in crossflow mixing section (b), the mix-

ure does not auto-ignite anymore (c) and the reaction zone gets

ushed into the combustion chamber, as seen from (c) to (d). Sub-

equently, a turbulent flame with a classical cone shape develops,

hown from (d) to (e). Snapshots (f) and (g) show a typical propa-

ating type flame front which is significantly more wrinkled due

o the increased turbulent Reynolds number ( Re t ≈ 1006), and

ence, higher flame surface density [66] compared to the atmo-

pheric case in Fig. 12 ( Re t ≈ 38). It is also shown that the flame

ngle decreases leading to an increase of the flame length com-

ared to 1B_1450K. These findings are in very good agreement

ith results from 0-D and 1-D simulations (see Fig. 9 b), identi-

ying flame propagation as the dominant combustion regime for

0B_1200K. 



264 O. Schulz and N. Noiray / Combustion and Flame 205 (2019) 253–268 

Fig. 14. Typical instantaneous snapshots of the 2-D centerline y − z-cut for the three operating conditions at steady-state operation from (a) to (c). These contours are 

shown from top to bottom: heat release rate ˙ q , scalar dissipation rate χ and mixture fraction Z . Zoom in (a) shows conditions at the upstream autoignition position in 

the mixing section ( χ and Z fields overlaid with ˙ q iso-line). For the propagating flame in (b), no upstream autoignition events are observed. Ellipses in (c) show favorable 

conditions for autoignition (low χ and low Z ) upstream of the stabilized flame. Low heat release rate autoignition events occur occasionally at such favorable conditions. 
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3.5. Comparison of steady-state LESs 

Figure 14 compares typical instantaneous snapshots of the 2-D

centerline y − z-cut for the three operating conditions at steady-

state operation. Three properties are visualized from top to bot-

tom: heat release rate ˙ q , scalar dissipation rate χ (both in loga-

rithmic scale), and mixture fraction Z . The definition 2 D | ∇Z | 2 with

mass diffusivity D was chosen for χ . The zoom with an overlaid

˙ q iso-line at 5 × 10 9 W/m 

3 visualizes the conditions in the most

upstream region of the autoignition stabilized flame in (a). It is

shown that regions with heat release rates coincide with relatively

low χ and Z , which is characteristic for autoignition in turbulent

mixing flows [40] . For (b), regions with relatively low χ and Z

exist, as seen for example in the bottom part of the mixing sec-

tion. Nevertheless, no autoignition events are observed upstream

of the stabilized flame, as seen in the ˙ q contour. For (c), three

regions with low χ and Z are highlighted with ellipses. In these

regions autoignition occurs at heat release rates that are approxi-

mately two orders of magnitudes lower than the ones observed in

the stabilized propagating flame. This is in very good agreement

with results presented in [18] . In [18] , the authors observed co-

herent occurrences of autoignition kernels upstream of the prop-

agating flame for harmonic oscillations of the vitiated crossflow

temperature. A large number of autoignition kernels that were

characterized by elevated heat release rates were observed in the

advected hot streamwise strata. They led to flame front merging

and, therefore, strong heat release rate fluctuations in the combus-
ion chamber. Simulations of this work feature a constant vitiated

ot gas temperature and local autoignition events were only ob-

erved occasionally. They occurred preferably downstream of the

ake of the jet in crossflow as seen in (c) and they did not induce

 merging of the propagating flame front during the entire simu-

ation. This is also in very good agreement with 0-D and 1-D re-

ults (see Fig. 9 c) showing that autoignition times can be smaller

han the maximum combustor residence time for very lean mix-

ures (small Z ). These predictions also show that autoignition de-

ays are significantly bigger than the combustor residence time for

icher mixtures with relatively high heat release rates due to a very

teep τ AI curve. 

Figure 15 compares the normalized global turbulent flame

peed of this work (partially-premixed) with correlations and

xperimental data from the literature (perfectly-premixed). The

lobal turbulent flame speed was computed as S T = (A 0 / A f ) u CF ,

s done for example in [70,71] , by considering mass flow conser-

ation through the mixing section surface A 0 (40 × 40 mm) and

he flame front surface A f . Here, A f is the time-averaged area of

 temperature iso-surface at 1400 K and this temperature corre-

ponds to a progress variable of 0.1. Note that the link between

ame surface area and turbulent flame speed in High Karlovitz

umber flows has been recently revisited and elucidated by Nivarti

t al. [72] . Figure 15 a shows the 2-D centerline y − z-cut of the

ime-averaged mixture fraction Z for case 1B_1450K. The mixture

raction and, therefore, the local laminar flame speed s L are not

onstant over the flame front; they range from 0.013 ≤ Z ≤ 0.038



O. Schulz and N. Noiray / Combustion and Flame 205 (2019) 253–268 265 

a

b

c

Fig. 15. (a): 2-D y − z-cut of time-averaged mixture fraction Z contour used to ex- 

tract the local s L . (b): 2-D y − z-cut of turbulent intensity u ′ rms contour that is 

resolved in the LES. s L and u ′ rms were extracted in each point of a 3-D flame re- 

gion conditioned on 1400 ≤ T ≤ 1500 (here, shown in 2-D for case 1B_1450K). (c): 

Scatter plot of normalized global turbulent flame speed S T over normalized u ′ rms 

(resolved on the LES meshes) for cases 1B_1450K (zoom) and 10B_1200K (ellipse). 

Both cases are partially-premixed. Lines give correlations of Shelkin [67] , Bradley 

[68] and Yakhot [69] ; symbols show experimental data of Daniele et al. [70] and 

Yakhot [69] (all perfectly-premixed). Crosses at S L of global Z , and turbulent in- 

tensity averaged in the flame region < u ′ rms > . < u ′ rms > for 1B_1450K and 10B_1200K 

are 7.8 and 8 m/s. 
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nd 3.6 ≤ s L ≤ 4.5 m/s for 1B_1450K; and 0.01 ≤ Z ≤ 0.032 and

.32 ≤ s L ≤ 0.8 m/s for 10B_1350K. Figure 15 b shows the contour

f the turbulent intensity u ′ rms in the same cut for case 1B_1450K.

or the configurations in this work, u ′ rms is also not constant over

he flame front, which is in contrast to [70] . The range of u ′ rms 

nd the spatially-averaged value < u ′ rms > are comparable for both

ases (1B_1450K and 10B_1200K) in the flame front. The reader

hould be aware that u ′ rms is the turbulent intensity that was re-

olved in the LESs and, therefore, it depends on the grid size. Al-

hough the mesh has a very good resolution in the region used

or data extraction, there is still a contribution of the unresolved

 

′ 
rms which is not accounted for in Fig. 15 . Local s L and u ′ rms 

ere extracted in the 3-D flame front region shown in Fig. 15 a

nd b. 
In Fig. 15 c, the global turbulent flame speed is normalized by

he local s L in each point, and is plotted against the local u ′ rms 

hich is also normalized by the local s L . The scatter plot shows

 wider distribution of points for case 10B_1350K compared to

B_1450K. The range of u ′ rms is comparable for both cases, and

herefore, this difference is attributed to the wider range of the

aminar flame speed s L for 10B_1350K. A finer or coarser mesh

esolution changes the amount of the resolved turbulent kinetic

nergy and, therefore, it is expected that this can induce a shift

f the scatter along the x -axis. Nevertheless, it is not expected

hat this will have a significant effect on the difference between

he scatter distribution of both cases which is driven by the in-

omogeneous mixture fraction and, therefore, the laminar flame

peed distribution in the flame region. Both cases agree best with

he correlation and the experiments presented by Yakhot [69] . The

eviation of points from [69] for higher u ′ rms /s L , and the devia-

ion from correlations of Shelkin [67] and Bradley [68] could be

xplained by the strong mixture fraction fluctuations, as seen in

he instantaneous Z snapshots in Fig. 14 . The average root-mean-

quare mixture fraction fluctuation at the combustion chamber

nlet is < Z rms > ≈ 0.01, corresponding to ≈ 40% of the mean Z

alue. Garrido-López and Sarkar [73] showed that for u ′ rms /s L > 1 ,

ncreasing levels of Z inhomogeneity lead to a reduction of the

urbulent flame speed. They considered Z rms up to 30% of the

ean Z value leading to a decrease of the burning rate up to

5%. 

Figure 16 shows scatter plots of the autoignition length l AI 

logarithmic scale) over mixture fraction Z obtained from 3-D LESs

or the three operating conditions (a) to (c). Data were extracted

rom equidistant points distributed at the combustion chamber

nlet cross section ( x − y plane). At each point, the autoignition

ength was computed with l AI = u τAI using the local axial ve-

ocity u and the autoignition time τ AI . The autoignition time

as computed with the local temperature T and local mixture

omposition obtained from the mixture fraction Z . The minimum

utoignition length l AI = 0 is defined at the axial position used

or data extraction (the end of the mixing section); the hori-

ontal dashed line marks the distance between the data extrac-

ion plane and the domain outlet. The vertical dashed line high-

ights the stoichiometric Z . The aim of this figure is to com-

are the order of magnitude of expected autoignition positions

nd compare them with results from 0-D and 1-D Cantera sim-

lations. The effect of scalar dissipation rates fluctuations, which

an be important for autoignition in turbulent conditions [40] , is

eglected. 

For 10B_1350K in (a), l AI are significantly shorter than the do-

ain outlet for Z < 0.35. In fact, many points already reached ther-

al equilibrium; they were discarded for the calculation of l AI ,

nd they are highlighted in the inset plot of (a). The inset shows

hat these points already transitioned from pure mixing (bottom

ashed line) to complete reaction at thermo-chemical equilibrium

top dashed line). These burnt gases can heat up their neighboring

eactants due to turbulent mixing and diffusion of energy and rad-

cals [11] . This is also promoted by the relatively flat τ AI curve,

hown in Fig. 9 a. Hence, it is expected that autoignition lengths of

igher mixture fractions shift towards smaller l AI and smaller Z

hile being advected downstream. On the contrary, for (b), no au-

oignition events are expected to occur before the combustor out-

et. For (c), autoignition events can occur at very small mixture

ractions. However, most of the points are located at axial locations

hat are larger than the outlet position. The relatively steep τ AI 

urve in Fig. 9 c indicates that very lean mixtures can indeed auto-

gnite. However, for larger Z , autoignition delays and therefore, l AI 

ncrease significantly. 
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Fig. 16. Scatter plot of autoignition length l AI (logarithmic scale) over mixture fraction Z computed from 3-D LESs data extracted at the combustion chamber inlet cross 

section ( x − y plane). The dashed horizontal line marks the position of the domain outlet. The vertical dashed line at stoichiometric Z. l AI computed with the product of 

axial velocity u and autoignition time τ AI at each point. τ AI computed with 0-D reactor simulations. Approximately 4500 points were extracted for each case. Inset in (a) 

shows points in thermo-chemical equilibrium. 
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4. Conclusion 

The paper investigates the dominant combustion regimes in the

second stage of a partially-premixed sequential combustor with a

jet in crossflow fuel injection into vitiated hot gas and flame stabi-

lization sufficiently downstream of the fuel injection. 

The first part of this work investigates the transition from au-

toignition to flame propagation at elevated temperatures and at-

mospheric pressure with 1-D flame simulations. These simulations

were performed for mixtures of methane, and vitiated gas at 10 0 0

to 1600 K. The examined conditions are relevant for the opera-

tion of the second stage of sequential combustors. Steady-state 1-

D simulations with varying flame positions and mixture composi-

tions 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 also investigated. More-

over, 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 com-

putational domain. All of the three combustion regimes are present

in this simulation. 

This work also discusses the applicability of the chemical explo-

sive mode analysis (CEMA) to distinguish autoignition and flame

propagation. Results show that a chemical explosive mode (CEM)

is detected for the propagating flame with hot reactants and the

autoignition flame, both at characteristic conditions of the present

configuration. Indeed, both flames eventually auto-ignite. However,

a propagating flame with CEM in the unburnt reactants can evolve

after autoignition. 

Then, large eddy simulations (LESs) with analytically reduced

chemistry (ARC) were performed for three operating conditions.

The combustion regime maps of the idealized 1-D flames were

used to shed light on the combustion modes at play in these tur-

bulent LESs. First, a comparison of the ignition sequences for two

operating conditions is presented: one with autoignition as the

dominant combustion regime (10 bar) and one that is initiated by

autoignition but that transfers to a flame stabilized by propagation

(1 bar). For the latter one, the mixture auto-ignites in the recircu-

lation zone where residence time of the ignitable mixture are suf-

ficiently large to initiate autoignition with increased heat release

rates. Subsequently, the flame transitions to a “lifted” propagat-

ing flame that moves towards to combustion chamber inlet. The

recirculating burnt gases determine the transient position of the

flame. Finally, in the steady-state, it anchors close to the combus-
ion chamber inlet. On the contrary, for the autoignition dominated

ame, the recirculation zone does not play an important role for

ame stabilization. Here, the flame stabilizes due to continuous au-

oignition of the mixture with a reaction zone that extends over

he whole mixing section height and width into the combustion

hamber. The position of “first” autoignition and subsequent flame

tabilization does not change on average. 0-D and 1-D predictions

how a relatively flat autoignition curve which benefits the contin-

ous self-ignition over the relevant mixture fraction range. 

Second, the inlet temperature of the autoignition flame (10 bar)

s decreased by 150 K in another transient LES. This decrease

esults in a change of the dominant combustion regime from

utoignition to flame propagation. This is in very good agree-

ent with the results from 0-D and 1-D flame simulations. For

oth propagating flames, the global turbulent flame speeds were

omputed and compared to experiments and correlations (both

erfectly-premixed) from the literature. We obtained local lami-

ar speeds and local turbulent intensities over the flame fronts

nd plotted these points into a turbulent flame speed diagram. The

aminar flame speed is not constant over the flame front due to

artially-premixed conditions. This results in a wide distribution of

oints which is particularly large for 10 bar due to a wider range

f the laminar flame speed compared to the atmospheric pressure

ame. 

For practical sequential combustors, the presented results are

mportant for the design and operation of the sequential burner

nd chamber. They show that idealized 0-D reactor simulations

nd 1-D steady-state flame solutions can be valuable indicators

f the dominant combustion regimes at different operating con-

itions in such systems. This is exemplified here for a decrease

f the inlet temperature from 1350 K to 1200 K in a transient

-D LES, which results into such a switch of combustion mode.

part from the challenge of fast mixing of fuel and vitiated stream

or low NO x emissions, a trade-off must be found for the design

f the burner and the area expansion to the sequential chamber:

n the one hand, one needs a sufficiently large area expansion

or hot products recirculation in order to ensure a robust flame

nchoring when flame propagation governs the combustion pro-

ess at the burner outlet. One also needs sufficiently high burner

utlet velocity to prevent flashback when this combustion regime

ominates at the root of the flame. On the other hand, the big-

er the recirculation zone and the flow velocity are, the larger the

urner pressure drop is, which negatively impacts the thermody-

amic efficiency of the gas turbine. Therefore, the burner outlet

ust be carefully designed with respect to the possible changes
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