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Abstract 

Many modeling strategies for combustion rely on laminar flamelet concepts to determine structure and prop- 
erties of multi-dimensional and turbulent flames. Using flamelet tabulation strategies, the user anticipates 
certain aspects of the combustion process prior to the simulation and selects a flamelet model which mimics 
local flame conditions in the more complex configuration. Flame stretch, which can be decomposed into con- 
tributions from strain and curvature, is one of the conditions influencing a flame’s properties, structure, and 

stability. The objective of this work is to study premixed flame structures in the strain-curvature space using 
a recently published composition space model (CSM) and three physical space models for canonical flame 
configurations (stagnation flame, spherical expanding flame and inwardly propagating flame). Flames with 

effective Lewis numbers both smaller and larger than unity are considered. For canonical laminar flames, 
the stretch components are inherently determined through boundary conditions and their specific flame con- 
figuration. Therefore, canonical flames can only represent a certain sub-set of stretch effects experienced by 
multi-dimensional and turbulent flames. On the contrary, the CSM allows arbitrary combinations of strain 

and curvature to be prescribed for premixed flames exceeding the conditions attainable with the canonical 
flame setups. Thereby, also influences of negative strain effects and large curvatures can be studied. A param- 
eter variation with the CSM shows that flame structures still significantly change outside the region of the 
canonical flame configurations. Furthermore, limits in the strain-curvature space are discussed. The present 
paper highlights advantages of composition space modeling which is achieved by detaching the representa- 
tion of the flame structure from a specific canonical flame configuration in physical space. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

CFD simulations with flamelet-based chemistry
abulation, as utilized in flamelet-generated mani-
olds (FGM) [1] or flame-prolongiation of ILDM
FPI) [2] , rely on the assumption that a turbu-
ent flame can be considered a statistical ensem-
le of one-dimensional laminar flamelets [3] . These
amelets can be computed prior to the combustion
imulation and tabulated as a function of a reduced
et of scalars. During simulation runtime, thermo-
hemical quantities and source terms are obtained
rom the table instead of computing them in every
ell and time step. The application of the approach
equires the user to anticipate certain aspects of the
ombustion process prior to the simulation and se-
ect a flamelet model which mimics local conditions
or the turbulent flame as best as possible. 

It is well-established, e.g. from studies of lam-
nar and turbulent fully resolved numerical simu-
ations, that flame physics are significantly affected
y flame stretch, flame-wall interactions, multiple
uel streams, or multi-phase characteristics, among
thers. These effects potentially have to be con-
idered in the flamelet tabulation to improve the
verall model fidelity. For tabulation, the user can
hoose from physical space models, which rep-
esent canonical flame configurations subject to
ome of the aforementioned effects, or composition
pace models, which have been obtained by a math-
matical transformation of the transport equations
f species, temperature or enthalpy. However, these
odels do not necessarily cover the full parameter

ange or relevant scales which are to be expected in
he combustion simulation. For instance, physical
pace flame configurations are inherently unstable
t negative strain conditions (e.g. the rearward stag-
ation flame [4] ). Furthermore, canonical curved
ames, such as tubular flames [5] , can only cover a

imited curvature range due to geometrical restric-
ions (e.g. minimum realizable nozzle radius). On
he contrary, it was shown for turbulent combus-
ion that multi-dimensional flame configurations
an experience a much wider range of stretch con-
itions, including substantial negative strain effects
nd large curvatures [6] . 

This serves as the motivation for this work
here premixed flame structures are analyzed for
 wide range of flame stretch conditions. Flames
ith effective Lewis numbers smaller and greater

han unity are considered. Three physical space
odels for canonical flame configurations (stagna-

ion flame, spherical expanding flame and inwardly
ropagating flame) and a recently published com-
osition space model (CSM) [7,8] are utilized. For
he latter, the representation of the flame structure
s detached from a specific physical space flame
onfiguration. In our previous work we showed
hat, when an additional equation for the progress
ariable gradient is being solved, arbitrary com-
binations of strain ( K s ) and curvature ( κ) can be
prescribed as external parameters. Setting both pa-
rameters to zero, the CSM recovers the unstretched
laminar burning velocity s 0 u . Here it is shown that
the CSM can access a larger ( K s , κ)-parameter
space exceeding the capabilities of canonical flame
models, and that this can lead to significant differ-
ences for flame structures. 

First, the required theory of flame stretch, the
CSM, and the canonical flame models is briefly re-
visited. Then, different flame structures obtained
for the canonical flame configurations are dis-
cussed and compared. Thereafter, composition
space flame solutions are analyzed in the ( K s , κ)-
region beyond the limits of canonical flame models.
The paper ends with a summary. 

2. Flame stretch effects 

Flame stretch influences the structure and burn-
ing rate of a premixed flame and can lead to flame
extinction if increased above a critical value. It is
defined as the fractional area change of a flame sur-
face element [9,10] 

K = 

1 
A 

d A 

d t 
= ∇ t · u t + (s f · n )(∇ · n ) , (1)

where ∇ t · u t represents flame-tangential straining
by the flow, s f is the flame speed, and n is the
flame-normal unit vector ( n points towards the
burnt gases). Introducing the decomposition of the
flame speed into flow velocity and flame displace-
ment speed, s f = u − s d n , Eq. (1) can be reformu-
lated [11] 

K = ∇ t · u t − ( u · n ) κ︸ ︷︷ ︸ 
K s 

+ s d κ︸︷︷︸ 
K c 

, (2)

where κ = −∇ · n is the flame curvature, K s marks
strain imposed on the flame by the flow, and K c is a
stretch component which originates from the self-
propagation of the (curved) flame. This distinction
is of importance here since the CSM presented in
the next section requires K s and the flow topology
information κ as external parameters. On the con-
trary, K c is tied to the flame displacement speed,
which is obtained as a flame-response to the exter-
nal flame parameters. The Markstein length L is of-
ten used to describe the relation between burning
velocity s u and stretch [12] 

s u = s 0 u − L K + H.O.T . (3)

Its dimensionless form is denoted as Markstein
number M = L /l f with the flame thickness l f .
However, the linear relation is limited to weakly
stretched flames and higher order terms ( H.O.T )
gain importance with increasing stretch. 
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Fig. 1. Schematic models of the canonical flame configurations considered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 
Overview of stretch effects in the canonical 
flames considered. 

Type Stretch 
K = K s + K c 

Strain K s Curvature 
stretch K c 

STAG K > 0 K s > 0 K c = 0 
SEF K > 0 K s > 0 K c > 0 
IPF K < 0 K s = 0 K c < 0 
3. Composition space model (CSM) 

For a premixed flame, the reaction progress vari-
able Y c can be utilized as a flame-attached coor-
dinate which spans the so-called progress variable
space. Here, it is defined as a weighted sum of 
species, Y c = 

∑ n s 
i αi Y i . With this, a transport equa-

tion for Y c can be formulated 

ρ
∂Y c 

∂t 
+ ρu · ∇Y c = −∇ · ( ρY c V c ) + ˙ ω c , (4)

where ρ is the density and Y c V c = 

∑ n s 
i αi Y i V i the

diffusive flux of the progress variable, with V i be-
ing the diffusion velocity of species i . Further, the
source term is defined as a weighted sum of species
source terms ˙ ω c = 

∑ n s 
i αi ̇  ω i . The motion of the

flame surface, represented by a collection of Y c -
isosurfaces, is then described by the kinematic con-
dition [1,13] 

d Y c 

d t 
= 

∂Y c 

∂t 
+ s f · ∇Y c = 0 , (5)

and the unit vector along the flame-normal is
defined as n = ∇ Y c / |∇ Y c | . The temperature and
species balance equations can be transformed into
Y c -space given a suitable choice for the progress
variable. Furthermore, an equation for the progress
variable gradient g c = |∇Y c | is required as a clo-
sure [7] . The final set of equations reads [8] 

ρ
∂Y i 

∂τ
= −g c 

∂ 

∂Y c 

(
g c ρY i ̃  V i 

) + g c 
∂ 

∂Y c 

(
g c ρY c ̃  V c 

) ∂Y i

∂Y c

+ ρg c κ
(

Y i ̃  V i − Y c ̃  V c 
∂Y i 

∂Y c 

)
− ˙ ω c 

∂Y i 

∂Y c 
+ ˙ ω i (6)

ρ
∂T 

∂τ
= 

g c 
c p 

∂ 

∂Y c 

(
g c λ

∂T 

∂Y c 

)
+ g c 

∂ 

∂Y c 

(
g c ρY c ̃  V c 

) ∂T 

∂Y c 

−ρg 2 c 

n s ∑ 

k 

c p,k 
c p 

Y k ̃  V k 
∂T 

∂Y c 
− ρg c κ

(
λ

ρc p 
+ Y c ̃  V c 

)
∂T 

∂Y c

− ˙ ω c 
∂T 

∂Y c 
+ 

˙ ω T 

c p 
, (7)

0 = −g 2 c 
∂ 2 

∂ Y c 
2 

(
g c ρY c ̃  V c 

) + g 2 c 
∂ 

∂Y c 

(
κ ρY c ̃  V c 

)

− ˙ ω c 
∂g c 
∂Y c 

+ g c 
∂ ̇  ω c 

∂Y c 
+ ρK s g c , (8)
where ˜ V i represents the diffusion velocity of species 
i with respect to the Y c -composition space, λ is the 
heat conductivity, c p is the heat capacity and ˙ ω T is 
the heat release rate. 

Solutions of these equations recover structure 
and characteristics of canonical flame configura- 
tions, and it has been shown that it is sufficient 
to approximate the external parameters strain K s 

and curvature κ by representative values [8] . Set- 
ting strain and curvature to zero, the laminar burn- 
ing velocity can be computed by solving the closed 

system of equations [7] . Homogeneous ignition is 
recovered by the CSM in the asymptotic limit of 
g c → 0 [7,8] . While the CSM can capture tran- 
sient effects (ignition, flame structure of a spherical 
flame), it should be noted that it cannot account 
for very high transients or cases exhibiting multi- 
dimensional structures. 

4. Canonical premixed flame configurations 

Besides the composition space model (CSM), 
three physical space models for canonical flame 
configurations are considered which are shown 

schematically in Fig. 1 . Planar stagnation flames 
(STAG) can be stabilized in a stream of premixed 

fresh gases towards a wall or an opposed stream of 
equivalent composition (twin-configuration). The 
governing equations can be found in Kee et al. [14] . 
In a quiescent mixture of fresh gases, a spherical 
expanding flame (SEF) can be created using an ig- 
nition source. This flame is stretched and curved at 
the same time and both quantities change as the 
flame evolves over time. Unlike SEF, an inwardly 
propagating flame (IPF) is obtained by igniting a 
quiescent mixture of fresh gases in perfect spheri- 
cal shape. The flame then propagates inwards con- 
suming the remaining fresh gases. Although such 

an idealized flame can hardly be established in ex- 
periments, it can be computed numerically [15,16] . 
Both spherical flames are computed using the code 
A-SURF [17] . Table 1 summarizes the stretch con- 
ditions for all three configurations. 

5. Results 

With the possibility to choose arbitrary combi- 
nations of strain and curvature, the CSM allows 
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tudying the influence of K s and κ on premixed
ame structures systematically, which is the objec-
ive in the following. By contrast, strain and curva-
ure are inherently determined through the bound-
ry conditions and configuration for the canoni-
al flames. Exemplary canonical flame solutions are
nalyzed and compared against the CSM in the
 K s , κ)-parameter space. As an estimate for the pa-
ameter variation, Fru et al. [6] found strain and
urvature in the order of K s ≈ ±10 4 s −1 and κ ≈
10 4 m 

−1 from direct numerical simulations of tur-
ulent premixed flames in a periodic box. Although
ifferent values might be found in other multi-
imensional flame configurations, these orders of 
agnitude serve as an orientation here. After com-

aring the CSM against canonical flame solutions,
ame structures beyond the limit of canonical
ames are analyzed. Flame databases for two dif-
erent fuels are created: (1) lean hydrogen/air flames
 φ = 0 . 5 , Le H 2 ≈ 0 . 3 , ≈ 12000 flame calculations)
nd (2) lean ethanol flames ( φ = 0 . 7 , Le C 2 H 5 OH 

≈
 . 6 , ≈ 6000 flame calculations). For the flames
pecified above, the fuel is the deficient reactant and
ts Lewis number is considered the effective Lewis
umber [18] . The applied progress variable def-
nitions are Y c = Y H 2 O 

− Y H 2 − Y O 2 for hydrogen
nd Y c = Y H 2 O 

− Y O 2 + Y CO 2 + 10 Y H 2 for ethanol
ames. A mixture averaged diffusion model is uti-

ized [19] and thermal diffusion [20] is additionally
onsidered for hydrogen-air flames. 

.1. Le < 1 flames (H 2 ) 

Figure 2 shows the characteristics of lean H 2 -air
ames in the ( K s , κ)-parameter space obtained with
he CSM. Reference solutions of canonical flames
re included in the figure and it is observed that they
nly cover a small subset of the parameter range
ccessible by the composition space solutions. The
lot on the left shows the burning velocity s u . It is
valuated at the maximum heat release peak, which
ig. 2. ( K s , κ)-parameter space for lean H 2 /air flames ( φ = 0 . 5 , p
 u (left), inner layer temperature T il (middle) and maximum temp
or reference. Furthermore, limits of the parameter space are indic
imit). 
is in agreement with literature as it should be evalu-
ated close to the burned side [11,12] and is weighted
by the fresh gas density ρ0 , according to 

s u = 

ρs d 
ρ0 

= 

1 
ρ0 

(
− ∂ 

∂Y c 

(
ρY c ̃  V c 

) + κρY c ̃  V c + 

˙ ω c 

g c 

)
. 

(9)

This equation can be obtained using the trans-
formed Eqs. (4) and (5) [8] . Furthermore,
Fig. 2 shows the inner layer temperature T il ,
which is the temperature at the maximum heat re-
lease rate (middle), and the maximum temperature
T max (right). Moreover, the limits of the parameter
space are indicated, as discussed further below. 

Positive strain strengthens Le < 1 flames due to
differential diffusion [18] , as reflected in Fig. 2 il-
lustrating that the burning velocity increases by a
factor of approximately 5 from the left to the right
boundary of the parameter space. Furthermore,
the maximum temperature increases substantially
with increasing K s . The influence of strain on the
flame structure is more significant than the effect
resulting from curvature. This is also observed for
the burning velocity, whereas the maximum tem-
perature shows a moderate effect. On the other
hand, both strain and curvature influence the in-
ner layer temperature. T il increases with increasing
strain (decreasing curvature), which indicates that
the heat release peak is shifted to lower (higher)
temperatures, respectively. 

Exemplary flame structures of canonical flame
configurations are compared to corresponding re-
sults from the CSM in Fig. 3 . Temperature, fuel
and OH mass fractions are shown as a function
of the progress variable. Overall, good agreement
is observed between the canonical flame solutions
and the CSM. Slight deviations occur at the right
boundary for STAG flames resulting from restrain-
ment effects which are discussed further below. For
the SEF, small discrepancies can be observed in the
 = 1 atm , T 0 = 300 K ) characterized by burning velocity 
erature T max (right). Canonical flame solutions are shown 
ated (L1: Strain-induced extinction limit, L2: Topological 



H. Böttler, A. Scholtissek and X. Chen et al. / Proceedings of the Combustion Institute 38 (2021) 2031–2039 2035 

Fig. 3. Flame structure for lean H 2 -air flames ( φ = 0 . 5 , p = 1 atm , T 0 = 300 K ) of canonical flames (symbols) compared 
to calculations with the CSM (lines). (STAG: K s = 4800 s −1 and κc = 0 m 

−1 , SEF: K s = 900 s −1 and κc = 310 m 

−1 , IPF: 
K s = 0 s −1 and κc = −280 m 

−1 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Restrainment effect for premixed H 2 -air STAG 

flames ( φ = 0 . 5 , p = 1 atm , T 0 = 300 K ) compared to the 
CSM. 
hydrogen profile. These result from using represen-
tative values for strain and curvature in the CSM,
and these are extracted at the maximum heat re-
lease peak for both spherical flames, while they vary
in the physical space (SEF/IPF model). Neverthe-
less, the CSM can recover the flame structure of the
SEF for an instant during its transient evolution [8] .
The larger progress variable domain for the SEF is
a direct consequence of the ignition process, which
produces already burned products and a developed
radical pool [21] . The flame structures of the IPF
are captured well by the CSM. IPF solutions for
large negative curvatures could not be matched by
corresponding composition space solutions, pre-
sumably due to the fact that IPFs are weakly back-
supported by hot products while propagating in-
wardly. This effect is not included in the CSM. 

Restrainment of stagnation flames Although
lean H 2 -flames (Le < 1) are strengthened by pos-
itive strain, the corresponding STAG flames ex-
hibit a positive strain extinction limit. According
to Law [18] , this extinction behavior is due to re-
strainment of the flame and not a stretch effect. In-
creasing the strain rate, extinction of STAG flames
does not occur before the flame reaches the (adi-
abatic) stagnation plane. At the stagnation plane
the flame is restrained, i.e. it cannot occupy enough
space (limited flame thickness) and the residence
times of reactants and intermediates are reduced.
When the strain is further increased, chemical reac-
tions remain incomplete and eventually the flame is
extinguished. Restrainment is specific to the phys-
ical space STAG flame configuration. Such limita-
tions are avoided in composition space. Instead, the
CSM is defined such that both boundary condi-
tions (fresh and burned gases) are far away from
the reaction zone. This is readily understood from
the boundary conditions for the gradient ( g c = 0 ),
which represents the transformation between Y c

and coordinate d x = d Y c /g c measured along the
flame-normal in the physical space. 

For further illustration, Fig. 4 shows STAG so-
lutions subject to restrainment at elevated strain
rates K s and corresponding composition space so-
lutions (unrestrained). Inner layer quantities, such 

as T il , remain unaffected by restrainment until ex- 
tinction of the STAG flames. On the contrary, 
the maximum temperature is affected as T max is 
reached in the post-oxidation zone, which becomes 
restrained at the stagnation plane. 

Flame structure analysis in composition space In 

Fig. 5 the temperature T , the local equivalence ra- 
tio φlocal and the heat release rate ˙ ω T are shown 

in composition space for three different cases with 

constant curvature and increasing strain from case 
A to C, respectively. The maximum of the progress 
variable increases with increasing strain indicating 
super equilibrium conditions (”hot spots”) which 

have been identified for laminar and turbulent 
flames [22,23] . This is further affirmed by the max- 
imum heat release peak and the increased local 
equivalence ratio, which both increase with K s . 
Note that the integral of the heat release across 
the flame remains constant, the flame only becomes 
thinner and the gradient g c assumes larger values 
(not shown). 

Figure 6 shows the complementary result to 

Fig. 5 . Here, the strain rate is fixed, while the curva- 
ture is varied. In accordance with the literature [18] , 
the figure shows that positive curvature strengthens 
the flame, while negative curvature has the opposite 
effect. Interestingly, particularly the flame structure 
for case C can only be realized with the CSM, uti- 
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Fig. 5. Flame structure obtained with the CSM at different locations within the ( K s , κ)-parameter space for lean H 2 -air 
flames ( φ = 0 . 5 , p = 1 atm , T 0 = 300 K ). The temperature profile (left), the local equivalence ratio φlocal (middle) and the 
heat release rate ˙ ω T (right) are shown in Y c -space. The curvature is fixed at κ = 3000m 

−1 while strain K s is increased for 
cases A/B/C according to 6000 / 15 , 000 / 25 , 000s −1 . 

Fig. 6. Flame structure obtained with the CSM at different locations within the ( K s , κ)-parameter space for lean H 2 -air 
flames ( φ = 0 . 5 , p = 1 atm , T 0 = 300 K ). The temperature profile (left), the local equivalence ratio φlocal (middle) and the 
heat release rate ˙ ω T (right) are shown as a function of Y c . Strain is fixed at K s = 6000s −1 while curvature κ is increased 
for cases A/D/E according to −3000 / 0 / 3000m 
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izing a compensation between opposing trends for
ositive strain and negative curvature effects. It is
lso found that the maximum heat release peak
hifts towards fresh gases with increasing strain,
hile the opposite is true for increasing curvature. 

Limits in strain-curvature parameter space It is
ndicated in Fig. 2 that the composition space solu-
ions exhibit certain limits in the ( K s , κ)-parameter
pace. These limits originate from considerations
bout flame physics as outlined in the following. 

L1: Strain-induced extinction limit Le < 1 flames
re strengthened (weakened) by positive (negative)
train and vice versa for flames with Le > 1 [18] .
ence, strain can weaken a flame such that heat re-

ease rate and burning velocity become significantly
educed up to a point where the flame quenches.
his strain-induced extinction limit L1 is estimated

n ( K s , κ)-space by extrapolating the burning veloc-
ty to zero. 

L2: Topological limit The CSM assumes that the
ame structure is locally one-dimensional. How-
ver, considering a flame whose flame thickness
s of the order of the curvature length scale (i.e.
he flame radius, l κ = 1 /κ) implies a flame kernel
 

structure rather than a flame surface. Solutions
in the limit of the flame kernel structure require
separate analyses and modeling, which is out of 
scope for this work. Therefore, a topological limit
is introduced which restricts the flame thickness
to be smaller than the curvature length scale by
at least a factor of 3, l f < l κ /3. For this criterion
the Zeldovich thickness is utilized l f = λ/ (c p ρu s u )
instead of a thickness definition based on the
progress variable gradient, as this would introduce
numerical uncertainties due to reconstruction of 
the physical space coordinate. 

5.2. Le > 1 flames (C 2 H 5 OH) 

Figure 7 shows the burning velocity (top)
and inner layer temperature (bottom) for lean
C 2 H 5 OH/air flames. The ( K s , κ)-parameter space
attainable with the CSM is smaller and shaped dif-
ferently than for H 2 -air flames. There is only a small
area with positive strain and positive curvature for
ethanol flames and the strain induced extinction
limit is found for positive strain. This is in agree-
ment with theory [18] since Le > 1 flames are weak-
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Fig. 7. ( K s , κ)-parameter space for lean C 2 H 5 OH/air 
flames ( φ = 0 . 7 , p = 1 atm , T 0 = 363 K ) characterized by 
burning velocity s u (top) and inner layer temperature T il 
(bottom). Further, canonical flame solutions and the re- 
spective limits (L1: Strain-induced extinction limit, L2: 
Topological limit) are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ened by positive stretch. The burning velocity s u in-
creases by a factor of 4 and T il increases by approx-
imately 100K for increasing strain and decreasing
curvature. The variations of maximum temperature
(not shown) are comparable to the ones for T il , with
a slight decrease towards the upper boundary. 

Similarly as for H 2 -air flames, the CSM recov-
ers the canonical flame structures for C 2 H 5 OH-air
flames (not shown here, cf. [8] ). Figure 8 shows
temperature T , local equivalence ratio φlocal and
the heat release rate ˙ ω T obtained for C 2 H 5 OH-
air flames with the CSM from parameter variation
(cases F-H, as indicated in Fig. 7 ). For Cases F
to H, curvature decreases and strain rate increases.
The maximum local equivalence ratio and the max-
imum heat release peak increases from F to H,
which is expected for Le > 1 flames. On the other
hand, the temperature profiles are almost identical
and the shift of the maximum heat release peak is
smaller compared to hydrogen. This underlines that
stretch effects are less pronounced for C 2 H 5 OH-air
flames, however, particularly the effects on s u are
significant (cf. Fig. 7 ). 
5.3. Markstein numbers 

Usually the Markstein length is obtained via a 
regression of burning velocity versus stretch [12] . 
In the ( K s , κ)-parameter space the Markstein 

length can be evaluated as the directional deriva- 
tive of the burning velocity with respect to stretch 

L = ∂ s u /∂ K = � s u · � K/ | � K| 2 . Figure 9 shows the
Markstein number for the whole parameter space. 
The Markstein number changes only slightly in 

the region of the canonical flames. This is in 

agreement with theory, since the Markstein num- 
ber can be assumed constant for weakly stretched 

flames [11,12] . The Markstein number decreases 
towards the strain induced extinction limit as the 
burning velocity rapidly approaches zero. Overall, 
it is observed that the Markstein number changes 
significantly with respect to both, K s and κ. 

6. Summary and conclusions 

In this work, stretch effects on premixed flame 
structures are investigated for flames with effective 
Lewis numbers smaller (lean H 2 -air) and larger 
than unity (lean C 2 H 5 OH-air). Three canonical 
flame configurations (expressed and solved with re- 
spect to the physical space) and a recently published 

composition space model (CSM) are considered. 
The latter describes premixed flame structures 
in progress variable space and allows arbitrary 
combinations of strain and curvature to be chosen. 
By this means, the CSM recovers the canonical 
flame structures with one set of equations, while 
different models have to be used when computing 
the same flame structures in the physical space. 
Moreover, a larger region in the strain-curvature 
parameter space becomes attainable with the 
CSM. This has several reasons: (1) strain and cur- 
vature are inherently prescribed through boundary 
conditions for canonical flame configurations, 
and (2) canonical flame configurations are sub- 
ject to certain limitations (e.g. with respect to 

the burner geometry, restrainment of stagnation 

flames). 
The flame structure analysis for the lean H 2 - 

air flames shows that strain effects can lead to 

burning velocities which differ by a factor of more 
than 5 and substantially different flame tempera- 
tures for the same thermochemical state of the fresh 

gases. For lean C 2 H 5 OH-air flames, the variability 
of these flame characteristics is smaller, but also 

significant. The evaluation of the Markstein num- 
ber for hydrogen flames shows that this quantity 
changes only slightly in the region of the canoni- 
cal flames, whereas significant changes are observed 

for higher strain and curvature. 
It is noted, that canonical flames can only rep- 

resent a small part of the strain-curvature pa- 
rameter space and therefore only capture a cer- 
tain portion of stretch effects on premixed flame 
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Fig. 8. Flame structure obtained with the CSM at different locations within the ( K s , κ)-parameter space of lean C 2 H 5 OH- 
air flames ( φ = 0 . 7 , p = 1 atm , T 0 = 363 K ). The temperature profile (left), the local equivalence ratio φlocal (middle) 
and the heat release rate ˙ ω T (right) are shown for three different cases as a function of Y c (Case F: K s = 2000 s −1 , 

κc = −2000 m 

−1 , Case G: K s = 6000 s −1 , κc = −4000 m 

−1 , Case H: K s = 10000 s −1 , κc = −6000 m 

−1 ) 

Fig. 9. Markstein number for lean H 2 -air flames ( φ = 

0 . 5 , p = 1 atm , T 0 = 300 K ) in the ( K s , κ)-parameter 
space. 
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tructures. This could become relevant for multi-
imensional flame modeling in the context of tab-
lated chemistry approaches. These methods of-
en rely on canonical flame solutions for the con-
truction of look-up tables especially considering
he significant changes of key quantities (such as
he burning velocity) with strain and curvature.
ence, these modeling strategies could benefit from

he CSM discussed here, incorporating a wider
ariability of stretch effects on premixed flame
tructures. 
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