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Abstract 

This study is concerned with investigating the stability limits and physical mechanisms of flame blow-out 
in non-premixed combustion through theoretical analysis and numerical simulations. By applying expres- 
sions for fuel/air equivalence ratio and strain rate to diffusion flames, stability conditions are derived that 
arise from modulating fuel- and air-flow rates in combustors. One-dimensional flame calculations are per- 
formed to construct a stability diagram, and three distinct stability limits are identified that are associated 

with strain-induced extinction, fuel-lean extinction and fuel-rich extinction. Experimental data are examined 

to verify these stability limits, and large-eddy simulations of a swirl-stabilized combustor are performed to 

computationally explore these stability boundaries, showing good agreement with theoretical predictions. 
© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Flame extinction by blow-out is of main con-
cern for the stable operation of gas turbines that
are commonly operated at fuel-lean conditions. Ob-
taining improved understanding of the underly-
ing physical mechanisms of flame blow-out is of 
primary importance for practical applications. De-
spite significant progress through theoretical, com-
putational and experimental investigations [1–3] ,
blow-out mechanisms are not yet fully understood
due to their complex interaction between turbu-
lence, chemistry and combustor geometry. 

Early investigations of extinction have focused
on laminar counterflow flames that were operated
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at premixed and non-premixed conditions [4–6] . 
The extinction of laminar diffusion flames is 
commonly achieved by varying the strain rate or 
by dilution. When the strain rate exceeds a critical 
value, the flame extinguishes. Several laboratory 
experiments have been conducted to measure the 
extinction strain rate in counterflow diffusion 

flames [7,8] . In contrast, laminar premixed flames 
will quench if the equivalence ratio is increased or 
decreased to a point that exceeds either the rich or 
the lean flammability limit [9,10] . 

The blow-out dynamics of turbulent jet diffu- 
sion flames has been examined theoretically and 

experimentally, showing that the scalar dissipa- 
tion rate plays a significant role in the local ex- 
tinction [11,12] . For bluff-body stabilized premixed 

flames, a number of semi-empirical correlations 
have been proposed to estimate lean and rich 

blow-out limits [13] . These blow-out criteria can 
ier Inc. All rights reserved. 
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Fig. 1. Schematic of the counterflow diffusion flame con- 
figuration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

e characterized in terms of the equivalence ra-
io [1,14,15] or a Damköhler criterion [16] . Close
o the lean blow-out limit, the flame becomes highly
nsteady, and local extinction and reignition events
ltimately lead to a complete extinction of the
ame [1,17] . While previous studies have largely fo-
used on premixed flames, the investigation of sta-
ility limits in diffusion flame is less explored [5,18] .
ecently, Jerzak [19] evaluated the extinction limits
f fuel-lean and fuel-rich flames in a non-premixed
urner. By considering three different fuels, these
easurements showed that the extinction limits are

elated to the equivalence ratio. 
In order to extend the blow-out limit, turbulent

ames are commonly stabilized by swirl [20] .
avaliere et al. [21] experimentally examined the
low-out behavior of turbulent swirl-stabilized
ames that were operated at different combustion
egimes. These experiments have been utilized
n large-eddy simulation (LES) to examine the
ccuracy of combustion models in predicting
low-off conditions [22,23] . Different physical
echanisms control the stabilization and transient

low-out dynamics in turbulent flames. Lean
low-out in premixed flames is commonly induced
y approaching the lean flammability limit by
educing the fuel mass flow rate or equivalence
atio [1,17,21] . In contrast, blow-out in non-
remixed flames is largely triggered by increasing
he air or fuel mass flow rate [21–23] . 

The objective of this study is to examine,
hrough theoretical analysis and computational
imulations, the blow-out mechanisms arising from
odulations of fuel- and air-mass flow rates in

on-premixed flames. This investigation is guided
y theoretical analysis, presented in Section 2 ,
o derive a relationship between mass-flow rates,
train rate and equivalence ratio, and relate these
arameters to key-physical mechanisms respon-
ible for flame blow-out. Comparisons with ex-
erimentally observed stability margins are made.
o confirm these stability limits computationally,
ES calculations of a swirl-stabilized flame are
erformed by considering three different blow-out
onditions and the underlying mechanisms respon-
ible for the blow-out dynamics are investigated in
ection 3 . The manuscript finishes with conclusions

n Section 4 . 

. Extinction analysis of counterflow diffusion 
ame 

.1. Flame stability limits 

To examine the stability limits of diffusion
ames, we consider a counterflow configuration
hat is schematically illustrated in Fig. 1 . In this
onfiguration, fuel with composition Y F , density ρF 

nd velocity u F is supplied by the left stream and
he right stream provides oxidizer with composition
Y O 

, density ρO 

and velocity u O 

. In this study, the
mixture composition is fixed in both streams and
effects of varying the nozzle-exit velocity on the
flame extinction will be examined. This introduces
two independent parameters, namely the global
strain rate a g and the global fuel/air equivalence ra-
tio φg , defined as 

a g = 

u F + u O 

d 
and φg = 

ζ

f st 

u F 
u O 

, (1)

where u F and u O 

are, respectively, the fuel and
oxidizer velocities at the nozzle exit plane, ζ =
( ρF A F ) / ( ρO 

A O 

) represents the area-weighted mass
ratios between both streams, and f st is the stoi-
chiometric fuel/air mass ratio. Note that φg is de-
fined with respect to the mass flow rates in both
streams, thereby introducing a direct dependence
on the velocity. For simplicity, the global strain rate
is utilized, which appears adequate for developing a
stability diagram and comparing with experimental
data. The local maximum strain rate or the char-
acteristic strain rate expression accounting for the
density variation between fuel and oxidizer streams
are other formulations that would provide compa-
rable stability results [24,25] . With this, the fuel and
oxidizer inlet velocities can be expressed as a func-
tion of global strain rate, fuel/air equivalence ratio,
and separation distance. 

To eliminate the dependence of the flame solu-
tion on the separation distance, the reference strain
rate and reference equivalence ratio are introduced
(defined with respect to a stable operating point): 

a ∗g = 

u ∗F + u ∗O 

d 
and φ∗

g = 

ζ

f st 

u ∗F 
u ∗O 

, (2)

where u ∗F and u ∗O 

denote, respectively, the reference
fuel and oxidizer velocities at the inlet plane. By
combining Eqs. (1) and (2) , two conditions are ob-
tained relating the strain rate to the lean and rich
flammability limits: 

� = 

⎧ ⎨ 

⎩ 

�

U O 
(1 + ϕ) − ϕ, 

ϕ 

�

U F 
(1 + ϕ) − 1 

, (3)
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Fig. 2. Stability diagram of 1D laminar counterflow dif- 
fusion flames obtained by varying fuel and air veloci- 
ties. Blue line represents the curve U O 

= 1 and red line 
the curve U F = 1 . Dashed-dotted line denotes the bound- 
ary of the stability diagram. Circles indicate flame condi- 
tions that are investigated in Fig. 3 , while triangles indi- 
cate specific blow-out conditions investigated in Section 3 . 
(For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this 
article.) 
where � and � are the equivalence ratio and strain
rate normalized by their corresponding reference
values, i.e. � = φg / φ

∗
g and � = a g / a ∗g ; U F = u F / u ∗F 

and U O 

= u O 

/ u ∗O 

are the dimensionless fuel and ox-
idizer inlet velocities; and ϕ = u ∗O 

/ u ∗F represents the
velocity ratio of the oxidizer and fuel streams at ref-
erence conditions. By treating � and � as indepen-
dent parameters, Eq. (3) provides three extinction
limits, namely (i) the quenching limit for the con-
dition � → �q (corresponding to the conventional
strain-induced extinction limit [4] ), (ii) the lean ex-
tinction limit for �/ U O 

→ ϕ( 1 + ϕ ) −1 , and (iii) the
rich extinction limit for �/ U F → ( 1 + ϕ ) −1 . Flame
extinction will take place if the fuel/air ratio ex-
ceeds the rich/lean flammability limits or the strain
rate imposed on a diffusion flame exceeds the ex-
tinction limits. In the limit of a simple jet diffusion
flame, the global equivalence ratio � becomes sin-
gular so that this formulation reduces to the con-
ventional strain-induced extinction limit and the
lean/rich extinction limits become irrelevant. It is
noted that these extinction limits differ from the
flammability limits reported for premixed and ho-
mogeneous reaction systems [10] . Furthermore, we
note that the second and third extinction limits in-
troduce additional constraints that require consid-
eration in transient blow-out simulations in which
the fuel or oxidizer stream is modulated to achieve
blow-out [21,26] . In the following, we show that
these conditions lead to distinctly different stabil-
ity behaviors. 

2.2. Stability diagram 

In previous studies, the fuel and air velocities are
generally used as parameters to analyze the flame
stability [20,21,27–29] . Different operating condi-
tions may involve different mechanisms that lead
to flame extinction. However, the underlying phys-
ical mechanisms that control flame extinction are
not fully described by these existing regime dia-
grams. Therefore, in the present study the strain
rate and equivalence ratio are employed to char-
acterize the flame stability limits. To this end, a
series of 1D laminar flame calculations are per-
formed using Cantera [30] with the detailed GRI
3.0 mechanism [31] , starting from a steady state so-
lution with u ∗F = 29 . 2 m / s and u ∗O 

= 15 . 3 m / s with
reactant temperatures of 298K and a pressure of 
1 bar. These conditions correspond to the sta-
ble operating point of the turbulent bluff-body
swirl-stabilized flame by Cavaliere et al. [21] that
will be examined through LES in Section 3 . The
separation distance between fuel and air inlets is
set equal to d = 0 . 15m , which corresponds to the
length of a 3D Lagrangian flamelet extracted from
the unsteady LES-calculation (not shown). The
area-weighted mass ratio is computed from the
cross-sectional areas of the fuel- and air-streams
at the nozzle exit plane of the swirl-flame (see
Section 3.1 ). These conditions lead to a ∗g = 297 s −1
and φ∗
g = 0 . 39 , which is near but below the extinc- 

tion limit. 
To examine the stability limits, the strain rate 

and equivalence ratio are modified by gradually 
changing the inlet velocities of the fuel and air 
streams until the flame is extinguished. In this way, 
the extinction limits for a wide range of operating 
conditions are recorded and the stability regimes 
for the laminar counterflow diffusion flames are 
generated. Figure 2 shows stability curves for 1D 

laminar counterflow diffusion flames obtained by 
varying fuel and air velocities. The lean and rich 

flame extinction limits (corresponding to the con- 
ditions � → 0 and � → ∞ , respectively) are deter- 
mined by observing a rapid reduction in the flame 
temperature. These results show that the extinc- 
tion limits are a function of the strain rate, and ex- 
tend beyond the lean and rich flammability limits 
of a corresponding premixed flame. The stability 
boundary narrows for � → 0 and approaches that 
of a unstrained premixed flame. 

The curve for � = 1 is generated by simulta- 
neously varying the fuel and air velocities until 
flame extinction occurs, while the fuel/air velocity 
ratio and therefore the global equivalence ratio 

is held constant. Similarly, the line � = 1 can 

be generated. For the curve with U F = 1 (shown 

in red), the extinction limit is obtained by fixing 
the fuel velocity and gradually changing the air 
velocity. For the curve with U O 

= 1 (shown in 

blue), we incrementally vary the fuel velocity 
while keeping the velocity in the oxidizer stream 

constant. These four conditions divide the stability 
diagram into eight sectors. They are numbered in 

clockwise direction starting from the upper right 
octant. As shown in Fig. 2 , � directly impacts the 
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ame extinction in the second and third octant.
ith increasing fuel and oxidizer velocities, the

train rate incrementally increases until extinction.
n the fifth and sixth octant, the fuel/air equiva-
ence ratio is gradually decreased by modulating
he flow conditions. In contrast, by increasing the
uel/air equivalence ratio, in the seventh and eighth
ctant, the flame will extinguish if the fuel/air
atio exceeds the rich flammability limit. There-
ore, these lean/rich flammability limits should be
egarded as the dominant extinction mechanism
or � < 1, while strain-induced extinction occurs
n the second and third quadrant. In the first and
ourth quadrant, the physical mechanisms of flame
xtinction can be determined by the competition
etween strain rate and equivalence ratio. Note
hat the formulation put forward in this work fol-
ows a global view and is developed with the goal
f reconciling experimentally observed blow-out

imits in confined combustors. This is in contrast to
 local analysis that considers the balance between
ame-speed and convection, such as lift-off theory
ased on a triple flame [32] . As such, both theories
re complementary to each other. 

.3. Flame structure 

Of these different stability curves, shown in
ig. 2 , two isopleths are of particular interest. They
orrespond to conditions of constant fuel ( U F = 1 )
nd oxidizer ( U O 

= 1 ) velocities, while changing the
elocity in the respective other stream. As shown in
q. (3) , the fuel/air equivalence ratio � increases

inearly with increasing strain rate � along the
urve U O 

= 1 , while the equivalence ratio � is pro-
ortional to the inverse of the strain rate � along
he curve U F = 1 . Figure 3 shows temperature pro-
les of 1D flame solutions in composition space
nd in physical space along these two trajectories.
tarting from the initial steady flame solution, the
emperature along the trajectory U F = 1 progres-
ively decreases with increasing �, as a result of 
eactant leakage. The temperature profiles shift
owards the fuel-rich side. Along the upper branch
f the trajectory U F = 1 , the peak temperature

ncreases with increasing � until reaching a condi-
ion near the rich flammability limit. By decreasing

the temperature gradually increases along the
ower branch of U O 

= 1 . As a consequence of the
ifferent stabilization locations with respect to the
uel-streams, different values for the lean and rich
xtinction limits are obtained. This is illustrated in
he bottom panels of Fig. 3 , showing that, while
he strain-induced extinction limits ( �q ) are com-
arable, the lean and rich extinction limits differ by
 factor of two, with the rich extinction limit being
arger compared to that for the lean condition. 

.4. Comparison with experimental data 

To compare results from this analysis with
xperimentally observed stability margins, we
present stable and blow-out conditions of turbu-
lent diffusion flames from previous experiments
[21,27–29,33,34] in Fig. 4 . These experiments
include bluff-body stabilized flames [27,28,33] ,
swirl flows [29,34] , and a combination of both [21] .
These data are marked in the stability diagram by
normalizing these data with respect to their stable
conditions. These comparisons show that the flame
extinction limits obtained through the analysis of 
1D laminar counterflow diffusion flames are in
good agreement with experimentally determined
blow-out limits for a range of different flame
configurations. 

In this context, it is noted that effects of turbu-
lence and wall heat losses are not considered in the
construction of the stability diagram. Compared to
laminar flames, it is expected that the extinction of 
turbulent flames will occur at a lower strain rate
due to the strain augmentation by turbulence. This
will constrain the blow-out boundaries of the sta-
bility diagram especially at high-strain conditions
(corresponding to quadrants 1–4 in Fig. 2 ). In ad-
dition, heat loss facilitates flame quenching as the
flame approaches the wall, which provides an expla-
nation that several measured blow-out conditions
fall within the stable operating region in Fig. 4 . 

3. LES of swirl-stabilized non-premixed flame 

3.1. Configuration and numerical methodology 

We complement this analysis by performing
LES-calculations of a turbulent bluff-body swirl-
stabilized flame. Three different operating con-
ditions are considered that are summarized in
Table 1 , and the corresponding operating points
are indicated in the stability diagram in Fig. 2 .
Note that the operating conditions inside the sta-
ble region for the cases LBO1 and RBO1 were se-
lected to examine the realizability of our theory.
We also examined other conditions in the unsta-
ble region, showing comparable blow-out behav-
ior. The experimental configuration was studied at
the University of Cambridge [21] , and the burner
consists of a conical bluff body with diameter of 
D = 25 mm that is fitted in a 37mm diameter pipe,
where a six-vane swirler is placed upstream of the
bluff body. Swirling air is provided through an an-
nulus between the pipe wall and the bluff body,
while methane is injected through a central fuel
pipe with a diameter of 4mm. The size of the rect-
angular combustion chamber is 95 × 95 × 150mm 

3 .
A detailed description of the experimental config-
uration can be found in Refs. [21–23] . 

Large-eddy simulations with finite-rate chem-
istry are performed using the unstructured com-
pressible flow solver CharLES 

X [35] . The reaction
chemistry is represented by a 20-species skeletal
mechanism that is derived through species elim-
ination [36] from the detailed GRI 3.0 mecha-
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Fig. 3. Temperature profiles of 1D flame solutions in composition space (top) and in physical space (middle) for selected 
operating conditions along the curves U F = 1 (left) and U O 

= 1 (right). Legends are labeled as ( �, �). Bottom panels show 

stoichiometric temperature as a function of global strain rate along the curves U F = 1 (red line), U O 

= 1 (blue line) and 
� = 1 (green line). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

Table 1 
Operating conditions and residence time for the selected flame configuration. 

Cases u F [m/s] u O 

[m/s] a g [ s −1 ] φg � � τ res [ms] 

S1 29.2 15.3 297 0.39 1 1 145.5 
SRBO1 29.2 30.0 395 0.199 1.33 0.51 75.6 
LBO1 0.15 15.3 103 0.002 0.35 0.005 151.4 
RBO1 29.2 0.2 196 29.91 0.66 76.7 2798.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nism [31] . The Vreman model [37] is used to
model the subgrid-scale Reynolds stresses, and
the turbulence/chemistry interaction is modeled
by employing the dynamically thickened flame
model [38] with a maximum thickening factor
of 6. 

The domain is discretized using a structured
mesh with 5.58 million hexahedral elements with
a minimum grid size of 0.1mm. The swirler is not
included in the present simulations, and turbu-
lent inflow conditions are specified at the combus-
tor inlet. The inlet temperatures of both streams
are 298K. No-slip conditions are enforced at the
isothermal chamber walls that is set to a temper-
ature of 298K. To examine the effect of wall-heat
transfer on the blow-out limit, an additional simu-
lation for the case LBO1 was performed in which
adiabatic boundary conditions were prescribed at
the wall. A more detailed description of the LES
configuration and validation of the computational
model for the stable operating point S1 can be
found in Ma et al. [23] . 
3.2. Transient blow-out dynamics 

Figure 5 shows the temporal evolution of 
the volume-integrated heat release rate (HRR), 
volume-averaged OH concentration and tempera- 
ture starting from the stable operating condition S1 
until blow-out is reached. The blow-out sequence 
was initiated at t = 0 by instantaneously changing 
the flow-conditions as specified in Table 1 ; blow-out 
was determined when the volumetric HRR drops 
to zero. Note that the physical time is normalized 

with respect to the residence time τ res in order to 

collapse these blow-out curves with different flow 

conditions. The residence time is defined as the vol- 
ume of the combustion chamber divided by the to- 
tal flow rate entering the combustor. 

Because of run-time limitations the blow-off 
conditions are examined by instantaneously chang- 
ing the mass-flow rate of the fuel or air, repre- 
senting the limiting case of an impulse response. 
To examine the effect of the instantaneous change 
of boundary conditions on the blow-out dynam- 
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Fig. 4. Comparison of stability boundaries with exper- 
imentally reported blow-out limits. Blue line represents 
the curve U O 

= 1 and red line the curve U F = 1 . Open 
symbols denote stable flames and solid symbols indicate 
blow-out conditions; Diamond: Elbaz and Roberts [34] ; 
Square: Elbaz et al. [29] ; Circle: Cavaliere et al. [21] ; 
Left triangle: Masri and Bilger [28] ; Right triangle: Chen 
et al. [27] : gradient, Valdez et al. [33] . (For interpretation 
of the references to color in this figure legend, the reader 
is referred to the web version of this article.) 

Fig. 5. Time evolution of (a) volume-integrated heat re- 
lease rate, (b) volume-averaged OH-concentration and (c) 
volume-averaged temperature for different blow-out con- 
ditions. 
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cs, we have performed an additional simulation
or the fuel-lean condition (LBO2), in which the
uel-flow rate is incrementally decreased in steps
f about 5 m/s every 10 ms (corresponding to one
ow-through time) until complete flame extinc-
ion occurs. As shown in Fig. 5 , the flame in
he case LBO2 exhibits pronounced resistance and
he blow-out process extends over a longer dura-
ion compared to the case LBO1, accompanied
by higher volumetric HRR, OH-concentration and
temperature. 

To examine the effect of wall heat transfer on
the flame blow-out, LES results from the same case
(LBO1) with adiabatic wall boundary conditions
are also presented in Fig. 5 . Compared to the adia-
batic condition, the volumetric OH concentration
and temperature are expected to be lower in the
heat loss case with isothermal wall conditions due
to the flame-wall interaction. The convective wall-
heat loss shows a small but appreciable impact on
the transient blow-out dynamics. 

From the transient evolution, it can be seen
that the cases SRBO1 and LBO1 exhibit an initial
phase ( t ∗ ≤ 0.17) during which the volumetric OH-
concentration and temperature remain nearly un-
changed. However, the volumetric HRR predicted
from case SRBO1 shows a rapid increase in heat
release that is accompanied by strong fluctuations,
which is not observed for the other cases LBO1
and RBO1. In the second phase ( t ∗ > 0.17), the
volumetric HRR progressively decreases and ap-
proaches zero, which defines the blow-out time. The
reduction in the air-flow rate for RBO1 shifts the
mixture composition to stoichiometric and fuel-
rich conditions, which results in an increase in
the volumetric temperature and OH-concentration
as seen in Fig. 5 (b,c). For this fuel-rich extinc-
tion condition, the peak of the volumetric OH-
concentration is obtained at approximately 24ms
( τ ∗ = 0 . 0086 ), and blow-out is reached at t =
550 ms ( τ ∗ = 0 . 197 ). 

To further examine the blow-out dynamics
and reconcile differences in heat-release and
temperature evolution, time sequences of instanta-
neous temperature and HRR during the transient
blow-out process are presented in Fig. 6 . At stable
conditions, combustion occurs in the shear layer
that is formed by the outer swirling air stream and
the inner recirculation zone. For the case SRBO1,
intermittent flame lift-off from the bluff-body
is observed. This is attributed to the elevated
strain rate as a consequence of the increased air
velocity. The highly transient blow-out sequence
shows pronounced levels of local extinction and
reignition events that take place in regions close to
the burner exit, and are characterized by localized
regions of high HRR. The frequent extinction
and spontaneous reignition near the flame base
progressively increases the fraction of local flame
extinction along the stoichiometric surface, even-
tually leading to complete extinction. This is in
agreement with previous investigations [21–23] . 

Compared to the case SRBO1, the blow-out se-
quence for the case LBO1 (see Fig. 6 (middle)) tran-
sits smoothly without appreciable intermittency.
For this case, the reduction in the fuel flow-rate
leads to a collapse of the recirculation region and
an eventual blow-out by fuel depletion. It is noted
that because of the close proximity of the flame to
the surface of the bluff-body, heat transfer and rad-
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Fig. 6. Time sequences of instantaneous temperature and HRR during the transient blow-out process in a central x −
y plane for cases SRBO1 (top), LBO1 (middle) and RBO1 (bottom). Instantaneous stoichiometric mixture fraction is 
indicated by solid line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ical recombination will inevitably contribute to the
extinction, and these processes are not considered
in the model developed in Section 2 . 

A significantly different blow-out dynamics is
found for the case RBO1, corresponding to the
fuel-rich blow-out limit, and the transient extinc-
tion sequence is shown in the bottom of Fig. 6 .
The reduction in the air-flow rate causes the flame
to bifurcate, resulting in a flame anchoring at the
fuel-nozzle, thereby forming a flame that resembles
an under-ventilated jet-diffusion flame. The flame
extends in downstream direction and eventually
propagates upstream ( t = 10 ms, t ∗ = 0 . 0036 ) to
consume the unreacted oxidizer. Unlike the extinc-
tion conditions that were observed for the cases
SRBO1 and LBO1, here the flame extinguishes due
to the depletion of oxidizer by product-gas vitia-
tion. The increase in the flame area increases the
volumetric temperature, which is seen in Fig. 5 (c).
The throttling of the oxidizer mass-flow rate has
the consequence of significantly increasing the res-
idence time so that the hot combustion prod-
ucts remain in the combustor and the tempera-
ture slowly reduces as consequence of convection
and wall-heat transfer, which can be seen at the
end of the simulation sequence for t = 550 ms
( t ∗ = 0 . 197 ). 

4. Conclusions 

In this work, theoretical analysis and numerical
simulations were performed to investigate the
stability limits and blow-out mechanisms in non- 
premixed flames. A stability diagram was devel- 
oped by considering the fuel/air equivalence ratio 

and the global strain rate as controlling parameters. 
Through one-dimensional flame simulations and 

analysis, three distinct blow-out mechanisms were 
identified that are associated with strain-induced 

extinction, fuel-lean extinction and fuel-rich ex- 
tinction. Comparisons of blow-out limits from 

simulations and experiments show good agreement 
with the boundaries of the stability diagram. 

This analysis was complemented by large-eddy 
simulations of a bluff-body swirl-stabilized non- 
premixed flame. Starting from a stable operating 
point that was investigated previously [23] , three 
different blow-out scenarios were considered. 
Volumetric flow-field quantities and instantaneous 
results during the transient blow-out sequence were 
analyzed, revealing appreciably different blow-out 
scenarios. In particular, it was found that strain- 
induced extinction leads to a highly intermittent 
blow-out sequence that exhibits pronounced levels 
of extinction and reignition. In contrast, fuel-lean 

extinction by reducing the fuel-flow rate causes a 
gradual collapse of the recirculation region. The 
fuel-rich extinction limit was found to be initiated 

by flame transition to a jet-like flame that stabilizes 
at the fuel nozzle. The flame extends downstream 

before recirculating to fill the entire combustor. 
While blow-out by strain-induced extinction and 

fuel-lean extinction is a rapid process, fuel-rich ex- 
tinction evolves on significantly longer time-scales 
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s a consequence of the increased combustor
esidence time. 

It is noted that this work has focused on hydro-
ynamic stability limits and other mechanisms such
s heat losses by flame/wall coupling, turbulence,
wirl or flow reversal have not been considered
n the formulation of the stability diagram. With
elevance to the modeling of these blow-out condi-
ions, it is anticipated that flamelet-based combus-
ion models that only employ the strain rate as con-
rolling parameter require extension to describe the
ifferent extinction regimes that are controlled by
oth variations in strain rate and equivalence ratio.

eclaration of Competing Interest 

The authors declare that they have no known
ompeting financial interests or personal relation-
hips that could have appeared to influence the
ork reported in this paper. 

cknowledgments 

Financial support through the Air Force Office
f Scientific Research with Award # FA8650-17-
2036 and the NASA Transformational Tools and
echnologies Project with Award #NNX15AV04A

s gratefully acknowledged. Resources supporting
his work were provided by the NASA High-
nd Computing (HEC) Program through the
ASA Advanced Supercomputing (NAS) Division

t Ames Research Center. 

upplementary material 

Supplementary material associated with this ar-
icle can be found, in the online version, at doi: 10.
016/j.proci.2020.06.225 . 

eferences 

[1] S.J. Shanbhogue , S. Husain , T. Lieuwen , Prog. En-
ergy Combust. Sci. 35 (2009) 98–120 . 

[2] A. Linán , M. Vera , A.L. Sánchez , Annu. Rev. Fluid
Mech. 47 (2015) 293–314 . 

[3] F. Williams , Fire Saf. J. 3 (1981) 163–175 . 
[4] A. Linán , Acta Astronaut. 1 (1974) 1007–1039 . 
[5] H. Tsuji , Prog. Energy Combust. Sci. 8 (2) (1982)

93–119 . 
[6] R.V. Ravikrishna , A.B. Sahu , Int. J. Spray Combust.

10 (2018) 38–71 . 
[7] H.K. Chelliah , C.K. Law , T. Ueda , M.D. Smooke ,

F.A. Williams , Symp. (Int.) Combust. 23 (1991)
503–511 . 

[8] R. Chen , R.L. Axelbaum , Combust. Flame 142
(2005) 62–71 . 

[9] L.A. Lovachev , V.S. Babkin , V.A. Bunev ,
A.V. V’Yun , V.N. Krivulin , A.N. Baratov , Combust.
Flame 20 (1973) 259–289 . 
[10] F.N. Egolfopoulos , A.T. Holley , C.K. Law , Proc.
Combust. Inst. 31 (2007) 3015–3022 . 

[11] N. Peters , F.A. Williams , AIAA J. 21 (1983) 423–
429 . 

[12] J.A. Sutton , J.F. Driscoll , Proc. Combust. Inst. 31
(2007) 1487–1495 . 

[13] D.R. Ballal , A.H. Lefebvre , J. Eng. Power. 102 (1980)
416–421 . 

[14] S.I. Yang , S.S. Shy , Proc. Combust. Inst. 29 (2002)
1841–1847 . 

[15] S.G. Tuttle , S. Chaudhuri , K.M. Kopp-Vaughan ,
T.R. Jensen , B.M. Cetegen , M.W. Renfro , J.M. Co-
hen , Combust. Flame 160 (2013) 1677–1692 . 

[16] E.E. Zukoski , F.E. Marble , Proc. Gas Dyn. Symp.
Aerothermochem (1956) 205–210 . 

[17] M. Stöhr , I. Boxx , C. Carter , W. Meier , Proc. Com-
bust. Inst. 33 (2011) 2953–2960 . 

[18] A.J. Juanós , W.A. Sirignano , Combust. Sci. Technol.
189 (2017) 2180–2194 . 

[19] W. Jerzak , Energy Fuels 32 (2018) 7179–7187 . 
[20] D. Feikema , R.-H. Chen , J.F. Driscoll , Combust.

Flame 80 (1990) 183–195 . 
[21] D.E. Cavaliere , J. Kariuki , E. Mastorakos , Flow

Turb. Combust. 91 (2013) 347–372 . 
[22] H. Zhang , E. Mastorakos , Flow Turb. Combust. 96

(2016) 863–889 . 
[23] P.C. Ma , H. Wu , J.W. Labahn , T. Jaravel , M. Ihme ,

Proc. Combust. Inst. 37 (2019) 5073–5082 . 
[24] K. Seshadri , F. Williams , Int. J. Heat Mass Transfer

21 (2) (1978) 251–253 . 
[25] C.J. Sung , J.B. Liu , C.K. Law , Combust. Flame 102

(4) (1995) 481–492 . 
[26] S. Stouffer, T. Hendershott, J.R. Monfort, J. Diemer,

E. Corporan, P. Wrzesinski, A.W. Caswell, AIAA
Paper2017–1954. 

[27] Y.-c. Chen , C.-c. Chang , K.-L. Pan , J.T. Yang , Com-
bust. Flame 115 (1998) 51–65 . 

[28] A.R. Masri , R.W. Bilger , Symp. (Int.) Combust. 20
(1985) 319–326 . 

[29] A.M. Elbaz , S. Yu , X. Liu , X. Bai , I. Khesho ,
W.L. Roberts , Fuel 236 (2019) 1226–
1242 . 

[30] D.G. Goodwin, H.K. Moffat, R.L. Speth, Cantera:
An Object-Oriented Software Toolkit for Chemi-
cal Kinetics, Thermodynamics, and Transport Pro-
cesses. Version 2.2.1, Cantera Developers, War-
renville, IL, 

[31] G.P. Smith, D.M. Golden, M. Frenklach, N.W. Mo-
riarty, GRI-Mech 3.0 (2000). Available from http://
www.me.berkeley.edu/gri-mech/ 

[32] C. Müller , H. Breitbach , N. Peters , Symp. (Int.)
Combust. 25 (1) (1994) 1099–1106 . 

[33] N. Valdez , D. Honoré, C. Lacour , B. Lecordier ,
A. Cessou , Proc. Eur. Combust. Meet. (2019) 1–6 . 

[34] A.M. Elbaz , W.L. Roberts , Fuel 169 (2016) 120–134 .
[35] Y. Khalighi, J.W. Nichols, F. Ham, S.K. Lele, P.

Moin, AIAA Paper2011–2886. 
[36] T. Jaravel , H. Wu , M. Ihme , Combust. Flame 200

(2019) 192–206 . 
[37] A.W. Vreman , Phys. Fluids 16 (2004) 3670–3681 . 
[38] J.-P. Legier , T. Poinsot , D. Veynante , Proc. Summ.

Prog., Cent. Turb. Res. (2000) 157–168 . 

https://doi.org/10.13039/100000181
https://doi.org/10.1016/j.proci.2020.06.225
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0001
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0001
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0001
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0001
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0002
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0003
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0003
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0004
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0004
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0005
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0006
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0007
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0008
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0008
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0008
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0009
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0010
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0010
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0010
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0010
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0011
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0011
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0011
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0012
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0012
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0012
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0013
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0013
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0013
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0014
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0015
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0016
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0016
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0016
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0017
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0017
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0017
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0017
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0017
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0018
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0018
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0018
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0019
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0019
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0020
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0020
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0020
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0020
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0021
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0021
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0021
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0021
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0022
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0022
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0022
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0023
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0024
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0024
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0024
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0025
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0025
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0025
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0025
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0026
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0026
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0026
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0026
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0026
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0027
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0027
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0027
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0028
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0028
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0028
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0028
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0028
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0028
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0028
http://www.me.berkeley.edu/gri-mech/
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0030
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0030
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0030
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0030
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0031
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0032
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0032
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0032
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0033
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0033
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0033
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0033
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0034
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0034
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0035
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0035
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0035
http://refhub.elsevier.com/S1540-7489(20)30317-5/sbref0035

	Stability diagram and blow-out mechanisms of turbulent non-premixed combustion
	1 Introduction
	2 Extinction analysis of counterflow diffusion flame
	2.1 Flame stability limits
	2.2 Stability diagram
	2.3 Flame structure
	2.4 Comparison with experimental data

	3 LES of swirl-stabilized non-premixed flame
	3.1 Configuration and numerical methodology
	3.2 Transient blow-out dynamics

	4 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Supplementary material
	References


