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Abstract

This paper examines the combustion dynamics of a methane/air premixed flame establishing past a backward-facing step placed
in a ducted combustor. Spectral analysis performed on high-speed recordings of the flame allows to show that the flame dynamics
is governed by two main components. The first one is an acoustic longitudinal resonance, which imposes a flapping motion of
the flame around the step. The second one is a hydrodynamic instability, which corresponds to the roll-up of the flame by the
recirculation region in the trail of the step. When the frequencies associated to each mechanism are far apart, the flame is relatively
stable. When the two frequencies get closer, the roll-up process is amplified and leads to a more pronounced dilatation of the
recirculation bubble, as well as an enhanced vertical flame flapping. When the two frequencies coincide, a fully-coupled hydro-
acoustic instability is established and prompts the flame to periodically flashback in that it is favored by the fact that the fluctuations
of the hydro-acoustically modulated flow velocity are so large that the flow velocity drops below the flame speed. Besides, an
acoustic analysis of the ducted combustor reveals the presence of an acoustic velocity anti-node at the position of the step, which
is exacerbating the amplitude of the fluctuations. Time series analyses of the flame position, reduced to a 1D description of its
rotational motion, reveals that the flashback dynamics is locked to a limit-cycle attractor. The flashback motion is intermittently
accompanied with the stochastic generation of an autoignition front developing from a hot spot located on the top wall.
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Novelty and Significance Statement

This work further analyses the high-speed recordings [1–
4] of a premixed flame front establishing past a backward-
facing step using a spectral analysis based on the rather re-
cent SPOD technique [5]. The mechanism responsible for
the flame flashback limit-cycle is clearly identified as resulting
from (i) a hydro-acoustic coupling, and (ii) the large modula-
tion of the flow velocity induced by the coupling such that the
flame speed periodically overtakes the flow velocity. A kine-
matic model for the flame front position is proposed and is in
good agreement with the observations. The work constitutes a
case where the hydro-acoustic coupling is self-sufficient to ex-
plain the observed combustion instability. Finally, we complete
the experimental observations of [1–4], whereby the stochas-
tic generation of an autoignition front during some flashback
cycles was missed.
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1. Introduction

Flame flashback is still a major concern for the design of
combustion chambers [6, 7], for which the structural integrity
may be compromised by the massive motion of the flame to-
wards the injection, in possibly uncooled locations, as well as
by pressure oscillations caused by the thermo-acoustic feed-
back.

Such a flame propagation is either caused by (i) a process
of autoignition, whereby abnormally high temperatures of the
fresh mixture could prompt the development of new reaction
spots [8], or (ii) a process of convection-diffusion, whereby the
flow velocity u falls below the flame propagation speed sf [9].
The latter occasionally occurs in a great number of practi-
cal combustion devices, where a flame has to be stabilized in
flows where u is greater than sf [10]. Flame anchoring is in-
deed not achievable in uniform flows without the use of special
geometries such as swirlers, bluff-bodies or Backward-Facing
Steps (BFS) [11, 12]. These solutions create flow recirculation,
which aims at creating local stagnation spots, i.e., regions where
u ≈ sf , thereby favoring the flame stabilization. However, one
intrinsic drawback of implementing low-velocity stagnating re-
gions is the increased propensity for flashback, through mecha-
nisms like vortex breakdown [13], core flow flashback [6], or
boundary layer flashback [14, 15]. Flashback is even more
likely to occur in the presence of combustion instabilities [16],
because the flame anchoring spot could follow velocity oscilla-
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tions and in turn prompts the flame to propagate towards critical
regions such as boundary layers [16–19]. In the worst case sce-
nario where the reactants need to be premixed before reaching
the combustor and no flame arrestors are installed upstream, the
flashback can escalate into a detonation, resulting in even more
catastrophic consequences. Moreover, with the current trend
towards the use of hydrogen (H2) or hydrogen-enriched fuel in
gas-turbine combustors, the tendency for the flame to flashback
may increase due to the fact that the speed of hydrogen-fueled
flames is generally one order of magnitude higher than that of
flames fueled by kerosene [20] or natural gas [21].

Many studies aimed at studying the structure, natural fre-
quencies, and growth rates of both (i) acoustic and (ii) hydro-
dynamic modes, whose coupling could lead to flashback [22].
The first kind (i) relates to the onset of standing acoustic waves
within a combustor. They depend on the geometry and bound-
ary conditions, as well as on the sound speed a [23] and on
the flow characteristics. Furthermore, the presence of heat re-
lease in the process could contribute to the amplification of
the instability by the generation of sound in response to fluc-
tuations of the Heat-Release-Rate (HRR) in a process com-
monly referred to as a thermo-acoustic coupling. The second
kind (ii) relates to the evolution of vorticity in non-uniform
flows [24]. This is, in particular, the case of shear or mixing lay-
ers, whereby coherent motions and quasi-periodic flow patterns
such as the Kelvin-Helmholtz or the Benard-Von Karman in-
stabilities are occurring [25, 26]. These phenomena are usually
self-similar such that their characteristic frequencies fh could
be non-dimensionalized by means of a Strouhal number:

St =
fhd
u

(1)

where u denotes the characteristic velocity of the problem (gen-
erally that of the bulk flow) and d is a characteristic length rep-
resentative of the geometry responsible for the instability. In
addition, the superimposition of a flame to these instabilities
may alter the hydrodynamic modes through density gradients,
which can generate (or annihilate) vorticity according to mech-
anisms such as dilatation or baroclinic torque [27, 28].

Furthermore, the presence of both acoustic and hydrody-
namic modes can lead to additional couplings prone to trigger
combustion instabilities. To this extent, Hemchandra et. al. [22]
proposed two scenarios in which this could occur. First, if an
hydrodynamic mode appears to be self-excited, it could trigger
excitations at the frequency fh regardless of the acoustic eigen-
frequency fa. The closer fa and fh get, the stronger the coupling
with the acoustic mode is [26, 29, 30] (because perturbations at
the frequency fh become less evanescent), resulting in stronger
HRR oscillations. Secondly, an hydrodynamic mode, which is
globally stable but receptive to an excitation at the frequency fa,
could generate HRR oscillations, which - if a thermo-acoustic
coupling is at play - could trigger additional acoustic velocity
fluctuations, thus closing the loop with the excited hydrody-
namic mode [22, 31].

One well known combustor geometry is the Backward-
Facing Step (BFS), represented in Figure 1. The presence of
the step dictates the formation of a shear-layer consecutive to
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Figure 1: Main flow features of a flame stabilized behind a backward-facing
step.

the detachment of the boundary-layer. The flow ultimately
re-attaches some distance downstream enclosing a recircula-
tion bubble, which contains a recirculation and a counterrotat-
ing vortex. In reacting conditions, the presence of recirculat-
ing hot gases is favoring the stabilization of the flame front,
about the shear-layer. Various studies focused on the hydrody-
namic instabilities (and associated Strouhal numbers) resulting
from BFS geometries [32–35]. These are the Kelvin-Helmholtz
instability [32, 36, 37], and the phenomena of vortex pair-
ing [38], or shear-layer flapping [39–42]. Combustors equipped
with BFS are indeed prone to all of the couplings discussed
above. Depending on the operating conditions [43–45], the tur-
bulence levels [46], and on the boundary conditions [3, 19], the
flame could oscillate in various ways and at several frequen-
cies. These oscillations root from the shear-layer unsteadiness,
which is either self-excited or externally (acoustically) forced.
The flame responds back by the generation of pressure fluctu-
ations according to a process by which the ignition of rolled-
up reactant pockets induces fluctuations of the flame surface
area [11, 29, 30, 47]. In some cases, the shear-layer oscilla-
tions are so much amplified that the rolled-up reactants reach
the bottom wall. As sketched in Figure 2, the roll-up actually
occurs around the whole recirculation area, resulting in fresh
gases trapped between the combustor wall and the recirculation
bubble (a). These fresh gases then react leading to the overall
dilatation of the bubble (b). In response, this entails the vortices
and the flame front to ascent above the step (c). Such a sce-
nario is favorable for the onset of the flashback [19, 43, 44, 48]
since it implies that the flame front locally circumvents the tip
of the step to reach the low-velocity region found in the bound-
ary layer.

In short, unsteady motion of a flame anchored about a BFS
could be caused by a self-excited (absolutely unstable) hydro-
dynamic mode [22, 28] combined or not to a thermo-acoustic
coupling depending on whether the dilatation (HRR maximum)
is in-phase with a pressure maximum imposed by the acoustic
resonance [19, 44].

In this paper, we re-investigate results of experimental cam-
paigns [1–4] conducted at the LAERTE facility of ONERA be-
tween the years 2004 and 2006. More specifically, we anal-
yse the recordings of visible luminosity and OH* chemilumi-
nescence of a premixed methane/air flame stabilized more or
less steadily in a ducted combustor by means of a BFS. The
coherent motions of the flame front are extracted by means
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Figure 2: Schematic view of the flame roll-up and bubble dilatation mecha-
nisms favoring the onset of a flashback. (a) trapped reactants, (b) burning of
the fresh gas pocket leading to dilatation, (c) upward motion of the flame and
tendency for it to flashback in the boundary layer.

of a modal analysis and are examined in light of the above-
mentioned thermo-hydro-acoustic couplings. The conditions
leading to the flashback limit-cycle are identified and put into
perspective with those previously described in BFS combustors.

In Sect. 2, we briefly remind the experimental setup, the op-
erating conditions of the cases of which the imaging results
are provided in Sect. 3. In this section, an analytical acous-
tic model is also provided in order to help at the identification
of the coherent motions constituent of the flame dynamics and
extracted by means of a Spectral Proper Orthogonal Decom-
position (SPOD) analysis conducted in Sect. 4. In particular,
the hydro-acoustic coupling responsible for the flashback is de-
scribed. In Sect. 5, we provide a quantitative argument explain-
ing how the flashback emerges when the hydro-acoustically
modulated velocity of the flow drops below the flame speed. In
Sect. 6, the nature of the flashback limit-cycle is characterized.

2. Experimental setup

2.1. Backward-facing step ducted-combustor

Two versions of a ducted combustion chamber were used in
the experiments. They are labeled Cfg. A and Cfg. B. Both se-
tups consist of a tunnelled combustion chamber equipped with a
backward-facing step at about its mid-section. This simple de-
sign was thought as a mean for the study of the mechanisms of
flame stabilization behind obstacles, with applications ranging
from afterburners to ramjets. Both setups are sketched in Fig-
ure 3. The combustion chamber has a 100 × 100-mm2-square
cross-section. The step height is hs = 35 mm. At the front-end,
preheated air of mass flow-rate ṁair is delivered to the combus-
tion chamber by means of a choked nozzle. The main difference
between the two configurations resides in their inlet geometries
(1a or 1b) and on their acoustic properties. The shape of the
throttling plug (8) also sligthly changes from one configuration
to the other.

For the Cfg. A, a nozzle is located much upstream of the
combustor (not represented in Fig. 3). Downstream of the noz-
zle, the choked air flows through an intake manifold (a plenum),
whereby it is distributed towards four inlets connected to the
ducted combustor (1a). Then, the air passes through a 100-mm-
long honeycomb grid (triangular pattern of ∆ = 10-mm-pitch
size) (2a). The purpose of the grid is to straighten the turning
flow created by the 90° injection and to soften the turbulence
intensity generated by the impingement of the four intakes.

For the Cfg. B, which was implemented after the Cfg. A,
the complex flow pattern was simplified, in that the inlet noz-
zle (1b) was moved much closer to the combustion chamber.
The choked flow imposes the creation of a shock train along
which the flow transits from supersonic to subsonic condi-
tions. This phenomenon has ill-understood acoustic proper-
ties. Culick and Rogers [49, 50] proposed to model it as a nor-
mal shock. To a first-order approximation, this shock could be
treated as a closed acoustic boundary condition.

Methane (CH4) of mass flow-rate ṁCH4 at the ambient tem-
perature is injected through 55 regularly spaced holes drilled in
five vertical manifolds (3). The then formed methane/air mix-
ture passes through a 100-mm-long honeycomb grid (4) (tri-
angular pattern of ∆ = 5-mm-pitch size) whose purpose is
to homogenize the flow velocity profile and the mixture com-
position, while decreasing the turbulence level. After the
flow passes by the honeycomb grid, its composition can rea-
sonably be considered as uniform with an equivalence ratio
ϕ = (ṁair/ṁCH4)st./(ṁair/ṁCH4), where (ṁair/ṁCH4)st. = 17.3 is
the stoichiometric air-to-fuel ratio. Downstream of the BFS (5),
a spark-igniter (6) is flush-mounted to the bottom wall sur-
face. In nominal operation, once ignited, the flame front sta-
bilizes about the position of the step because of the recircu-
lation zone formed on its trail and thanks to the low-velocity
regions thereby created. The inlet temperature of the airflow T0
can be controlled up to a limit of 650 K, which is much lower
than the ∼ 800−900 K autoignition temperature of methane/air
mixtures [51]. At the back-end of the combustor, a converging
nozzle completes the system (8). The surface area of its throat
can be adjusted by means of a throttling plug travelling horizon-
tally. As such, the chamber pressure P can be controlled. An
indirect consequence of throttling the plug is to alter the back-
end acoustic impedance. The pressure oscillations were moni-
tored by means of two dynamics pressure transducers mounted
on the top-wall. Their recordings and analyses are provided in
[1–4].

At about the position of the step, two 260-mm-long, 100-
mm-high fused silica windows (7) are placed providing lat-
eral visualization accesses. The combustion chamber walls are
water-cooled except around the locations of the visualization
windows. Throughout the different experimental campaigns, a
variety of optical diagnoses were implemented: Particle Image
Velocimetry (PIV) [2–4], Planar Laser Induced Fluorescence
of the OH radicals (PLIF-OH) imaging [1–4], visible luminos-
ity imaging [1], CH* chemiluminescence imaging [1] and OH*
chemiluminescence imaging [1–4]. For the PIV and PLIF-OH
measurement techniques, a third optical access is mounted on
the top walls for the purpose of generating laser sheets. In the
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Figure 3: Schematic views of the backward-facing step ducted-combustor in the Cfg. A (a) and Cfg. B (b). The horizontal lengths are not to scale and specified in
meter.

following, we re-examine the flame recordings obtained with
high-speed acquisition rates, i.e., the flame visible luminos-
ity recordings of [1] acquired with a 1-kHz-rate and the OH*
chemiluminescence recordings of [1–4] acquired with a 4-kHz-
rate. Details of the visualization techniques as well as equip-
ments used at the time can be found in the above-mentioned
references.

2.2. Operating conditions

We focus our analysis on three cases, for which the flame
exhibited three distinct behaviors: a stable behaviour (Stable
Case), a near-stable behaviour (Metastable Case) and an un-
stable behaviour, that of a periodic flame flashback (Unstable
Case). The later has already been described in [1–4], whereas
the Stable and Metastable cases were not. These two were ob-
tained in Cfg. A, while the Unstable Case was observed in
Cfg. B. For each case, Table 1 lists the operating conditions
achieved in terms of the chamber pressure P, the inlet air tem-
perature T0, the air mass flow-rate ṁair and of the equivalence
ratio ϕ of the ideal methane/air mixture. Table 1 also provides
with the cross-sectional average inlet velocity u0, i.e., that be-
fore the step. The inlet flow is characterized by a Reynolds
number (based on the duct heigth h − hs) of 1.2 × 105, which
is one to two order(s) of magnitude larger than those reported
in similar works related to flame instabilities in combustors
equipped with BFS [44, 45, 52, 53]. As such, the proposed
work is more representative of industrial applications such as
ramjets or thrust augmentors. In [2–4], the rms of the velocity
fluctuations upstream of the step (Stable Case) was measured
to urms ≈ 10 m/s by means of a PIV setup. For now, let us sup-
pose that theses fluctuations are only of turbulent, i.e., stochas-
tic nature. For the equivalence ratio and mixture temperature
considered in this work (Tab. 1), the laminar flame speed is
evaluated to sL ≈ 0.5 m/s for the Stable and Metastable cases,

Case Stable Metastable Unstable
Cfg. A A B
P (bar) 1.05 1.44 1.35
T0 (K) 460 460 550
ṁair (kg/s) 0.28 0.28 0.27
ϕ 0.82 0.82 0.82
u0 (m/s) 59 44 51
M0 0.14 0.10 0.11

Table 1: Experimental conditions (averaged values) of the cases reported,
P: combustor pressure, T0: inlet air temperature, ṁair: air mass flow-rate,
ϕ: methane/air mixture equivalence ratio, u0: inlet velocity, M0: inlet Mach
number.

and sL ≈ 0.8 m/s for the Unstable Case [54]. Hence, the ratio
u′/sL is framed such that 10 ≲ u′/sL ≲ 20. The turbulence in-
tegral length scale is estimated using the correlation for fully
developed pipe flow: ℓt = 0.038dh, with dh the hydraulic diam-
eter of the combustor upstream of the step, i.e., dh = 79 mm.
This yields ℓt ≈ 3 mm. At this point, it should be emphasized
that the integral length scale could also depend on the honey-
comb (4), whose triangular cells admit an hydraulic diameter
of 3.33 mm, very close to the value deduced from the cor-
relation. As for the flame thickness, δ0

ℓ
, it is estimated from

δ0
ℓ
= Dth./sL, where Dth. is the thermal diffusivity of the mix-

ture (mostly composed of air). The value of δ0
ℓ

is hence framed
to within 80 ≲ δ0

ℓ
≲ 100 µm, which yields 30 ≲ ℓt/δ0ℓ ≲ 40.

Consequently, the combustion is supposed to occur in the
thickened flames (thin reaction zones) regime according to
the classification of turbulent combustion regimes proposed by
Borghi [55]. More precisely, this corresponds to the follow-
ing ranges of turbulent Reynolds, Dahmköhler, and Karlovitz
numbers: Ret = u′(h − hs)/νair ∈ [1.1 × 103, 1.3 × 103] (νair is
the air kinematic viscosity), Dat = (ℓt/δ0ℓ )/(u

′/sL) ∈ [1.5, 4] and
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Ka =
√

Ret/Dat ∈ [8, 24]. Therefore, it is assumed that the
flame dynamics is dominated by three components: thickening,
wrinkling and motions.

2.3. Preliminary acoustic characterization
Before presenting and analysing the results, we propose

to first determine the acoustic eigenfrequencies of the geom-
etry. If we neglect, in a first approach, the potential ef-
fects induced by the inlet shock train (for Cfg. B), the up-
stream converging section, the honeycomb grid(s) and the fuel
manifolds, the upstream boundary condition is assumed to
be that of a rigid wall. The critical pressure of the flow is
Pcrit. = (2/(γ + 1))γ/(1−γ)Patm., where Patm. is the atmospheric
pressure. Thus, for a stream of heat capacity ratio γ framed such
that 1.2 < γ < 1.4, it follows that 1.8 < Pcrit. < 1.9 bar. There-
fore, for the combustor pressure considered here (see Tab. 1):
P < Pcrit., which implies that the flow is not choked in the
duct. Thus, from the acoustic viewpoint, the constricted area
formed by the throttling plug at the back end of the combus-
tor is not equivalent to a rigid wall reflecting the sound waves.
For both configurations, Figure 4 schematically shows the sim-
plified acoustic configuration by which the combustor is mod-
eled. It consists of two connected cavities (labeled ”0” and

a0, u0 a1, u1Zi

L1 = LcL0 = Lin

Z0

Figure 4: Schematic view of the acoustic model of the ducted combustors.

”1”) of uniform physical properties separated by an interface
which represents the flame front. These cavities are character-
ized by their lengths L0 = Lin and L1 = Lc, and cross-sections
S 0 = h(h − hs) and S 1 = h2 (see Fig. 3 for reference). The in-
let and outlet impedances are labeled Zi and Zo, respectively.
The first cavity (”0”) is filled with unburnt gases of which the
sound speed is a = a0, which writes a0 =

√
γ0R/W0T0, with

R = 8.314 J/mol/K the universal gas constant and W0 the molec-
ular weight of the gas. In a first approach, we consider that
the unburnt gas are only composed of air at the temperature
T0, i.e., the mixing with the colder methane is not considered:
γ0 = γair = 1.4 and W0 = Wair = 29 g/mol. As for the second
cavity (”1”), we consider that it is filled with combustion prod-
ucts of which the properties, γ1, W1, T1 and a1 =

√
γ1R/W1T1

are evaluated by means of the NASA-CEA thermochemical
code. The values for T1 and a1 are absolute upper limits, con-
sidering that the combustion is, with certainty, not perfect. The
velocity u1 of the flow in the burnt gases is evaluated owing to
the mass conservation: u1 = (ρ0/ρ1)(1 − hs/h)u0. Note that
this approach neglects the active flame effects on the acoustic.
Table 2 compiles the values used for the evaluation of the eigen-
frequencies proposed in the following.

In the ideal case with a sufficiently small cross dimen-
sion, i.e., h ≪ L1 + L2, we consider that the acoustic pressure
and velocity perturbations, p̃ and ũ, are the same over the cross-
section. That is the wave front is treated as a plane normal to

Case Stable Metastable Unstable
Cfg. A A B
L0 (m) 2.015 2.015 1.67
L1 (m) 1.4 1.4 1.4
S0 (m2) 6.5 × 10−3 6.5 × 10−3 6.5 × 10−3

S1 (m2) 1.0 × 10−2 1.0 × 10−2 1.0 × 10−2

a0 (m/s) 430 430 470
a1 (m/s) 880 881 889
u0 (m/s) 59 44 51
u1 (m/s) 182 136 135

Table 2: Physical properties considered for the low-order acoustic modeling of
the ducted combustor.

the longitudinal direction. In the framework of the linear acous-
tic theory of an inviscid stationary medium (labeled m), the one
dimensional homogeneous partial differential equation for the
pressure fluctuations writes:

∂2 p̃
∂t2 + 2um

∂2 p̃
∂t∂x

+ (u2
m − a2

m)
∂2 p̃
∂x2 = 0 (2)

In the frequency space, the general solution is:
p̂(x, f ) = e jMkc,m x

(
AIe− jkc,m x + ARe jkc,m x

)
q̂(x, f ) =

e jMkc,m x

Ym

(
AIe− jkc,m x − ARe jkc,m x

)
with kc,m =

km

1 − M2
m

and km =
2π f
am

(3)

where ·̂ denotes the Fourier transform of a given quantity,
q̂ = ρmS mû is the acoustic mass flow rate, k is the wave num-
ber, Mm = um/am is the Mach number, Ym = am/S m is an
acoustic characteristic of the medium, and AI and AR are two
constants associated to the incident and reflected waves, respec-
tively. Meissner [56] derived a simple analytical method to esti-
mate the eigenfrequencies of longitudinal modes in ducts with
discontinuities based on a general expression of the acoustic
impedance Z = p̂/̂q. We extend this method to account for the
differences of sound speed and flow velocity across the inter-
face separating the two cavities. The eigenfrequencies could be
computed by cancelling the following G-function, i.e. a disper-
sion relation, of which f is the unknown. Formally, this writes:

G( f ) = Y0 − Y1 tan
(
kc,1L1

)
tan

(
kc,0L0

)
= 0 (4)

This equation assumes a rigid wall at the inlet (Zi = ∞) and
an open boundary at the outlet (Zo = 0). In the case of rigid
walls placed at both extremities (Zi = Zo = ∞), the G-function
is slightly different:

G( f ) = Y0 tan
(
kc,1L1

)
+ Y1 tan

(
kc,0L0

)
= 0 (5)

Since the outlet acoustic impedance Zo is unknown, we can
only, at this stage, frame the value of the expected eigenfre-
quencies between the two limiting models of a closed/open
tube (Eq.(4), i.e., a quarter-wave resonance, and a closed/closed
tube (Eq.(5), i.e., a half-wave resonance. Table 3 provides with
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Case Stable Metastable Unstable
Cfg. A A B
Closed-open tube
f1L (Hz) 35 36 44
f2L (Hz) 113 115 143
Closed-closed tube
f1L (Hz) 80 81 99
f2L (Hz) 152 155 187

Table 3: Framing of the eigenfrequencies f1L and f2L for the three cases be-
tween the limiting acoustic models of the closed-open tube (quarter-wave reso-
nance) and the closed-closed tube (half-wave resonance).

the values of the eigenfrequencies (fundamental and first har-
monic) returned in both configurations and for the three cases
considered. As mentioned above, the flow is not choked at
the outlet of the combustion chamber. Thus, from the acous-
tic viewpoint, the measured acoustic eigenfrequencies, should
be closer to the values calculated with the closed/open approx-
imation. For the closed/closed configuration, we observe that
the frequency f2L is not exactly twice the frequency f1L, as it
would have been expected for a pure half-wave resonator. Sim-
ilarly, for the closed/open configuration, f2L is not exactly 3 f1L,
as it would have been expected for a pure quarter-wave res-
onator. This is explained by the fact that the physical properties
as well as the cross-sectional area jump from one cavity to the
other.

The overestimation of the sound speed in the burnt gases (do-
main ”1”) is of second order importance in the evaluation of the
eigenfrequencies. For example, a 10% overestimation of burnt
gases temperature would only induce a 5% overestimation of
the sound speed in the domain since a1 ∝

√
T1, which in turn

only overestimate the frequencies f1L according to:

∆ f1L

f1L
≈ 1 +

L1

L0 + L1

∆a1

a1
≈ 1 +

L1

2(L0 + L1)
∆T1

T1
≈ 1.02 (6)

, that is a 2% overestimation. Here, we have neglected the re-
duction of the flow velocity u1 because its influence is of second
order (the term 1−M2

1 in Eq.(3)) in the evaluation of the eigen-
frequencies.

As for the transverse eigenmodes in the direction y and z, the
frequencies of the fundamental modes could be framed such
that 3310 < f1Ty < 3620 Hz and 2150 < f1Tz < 2350 Hz in
the first cavity (upstream of the step) and 4400 < f1Ty = f1Tz <
4445 Hz in the second cavity (downstream of the step).

3. Results

In this section, we provide a qualitative description of the
flame dynamics obtained in the three different cases. Fig-
ure 5 shows instantaneous snapshots of the recordings associ-
ated to each case (visible luminosity imaging for the Stable and
Metastable cases and OH* chemiluminescence imaging for the
Unstable Case). In order to better appreciate the different dy-
namics returned by each case, we refer the readers to the videos
included in the Supplementary materials S1, S2 and S3. Fig-
ure 6 provides with the mean and Root Mean Square (RMS)

fields computed over the recording periods. For the Stable and
Metastable cases, the mean position of the flame front is indi-
cated by a red-dotted line. This will be used in the quantitative
argument of Sect. 5.
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Figure 5: Fluctuations of the normalized flame intensity captured by means of
visible luminosity (a, b) or OH* chemiluminescence (c) high-speed imagings
for the Stable (a), Metastable (b) and Unstable (c) cases. The time-step between
each frame is 3 ms. The dashed box on the bottom left corner represents the
backward-facing step. Videos showing each case dynamics are provided in the
Supplementary materials S1, S2 and S3.

For the Stable Case (Fig. 5(a)), we observe that the flame
is anchored in the vicinity of the step and that it moves about
its mean position according to an up-and-down flapping mo-
tion. Qualitatively, the flame motion of the Stable Case is a
composite between the stable and buzzing cases reported by
Keller et al. [52]. The interface delineating the burnt gases
from the fresh gases, i.e., the flame front, is wrinkled by shed-
ded vortices (a characteristic trait of the stable case) as a re-
sult of the density and velocity gradients across the shear layer
(commonly referred to as Kelvin-Helmholtz instability [33]).
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This is quite observable on the time frame t = 0 ms of Fig. 5(a).
The flame wrinkling also combines with some vertical flapping
motion (a characteristic trait of the buzzing case).
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Figure 6: Normalized Mean and Root Mean Square (RMS) fields for the Sta-
ble (a), Metastable (b) and Unstable (c) cases. The dashed box on the bottom
left corner represents the backward-facing step. The red-dotted line represents
the mean position of the flame front.

For the Metastable Case (Fig. 5(b)), the flapping motion of
the flame is already much pronounced. This is clearly ob-
servable on the mean and RMS fields shown in Figure 6(b),
whereby it is inferred that the spatial extent of the flame has
progressed upward. Between t = 12 and t = 15 ms, we even
observe that the flame circumvents the step tip in the upstream
direction. This event could be viewed as a gentle flashback.
Qualitatively, the flame motion of the Metastable Case is simi-
lar to the buzzing case reported in [52].

For the Unstable Case (Fig. 5(c)), the upstream incursion of
the flame is here massive. However its amplitude is not constant
(see the related video in the Supplementary material S3). It
sometimes extend much upstream of the visualizations window.
Qualitatively, the Unstable Case is similar to the chucking case
reported by Keller et al. [52]. Note that the vertical flapping
motion, although, here being much more massive, is somewhat
similar to the flapping observed on the Stable and Metastable
cases. One should also note that other studies, such as those of
Altay et. al. [44, 53] or Hong et. al [45], reported experiments
similar to those presented above and observed that the flashback
was associated with the flame roll-up mechanism described in
Sect. 1 (see Fig. 2). This roll-up mechanism also seems to be
present in our experiments, e.g., at t = 12 ms for the Unstable
Case, or at t = 18 ms for the Metastable Case. Eventually, it
should be emphasized that the ascent of the recirculation vortex,
following the flame roll-up may also be linked to the vertical
flapping motions described in both the present study and that of
Keller et al. [52].

The next section provides with a modal analysis which aims
at decomposing the flame motions, which, for now, has only be
described on the surface. As it will be demonstrated in §4.3,
the flashback motion reported in the present paper results from
a coupling between the first longitudinal acoustic mode of the
duct, which imposes a vertical flapping motion of the flame,

and the hydrodynamic instability, that of the flame roll-up, de-
veloping in the trail of the step. The coupling induces massive
velocity fluctuations up to the point that during the phase of de-
creasing velocity, the flow velocity at the step position drops
below that of the flame, triggering the flashback event. This
point will be quantitatively discussed in Sect. 5.

4. Spectral analysis

In this section, we further examine the dynamics qualitatively
described above. To do so, we perform analyses based on the
Spectral Proper Orthogonal Decomposition (SPOD) technique,
whereby the flame motion is decomposed into coherent orthog-
onal modes (both in space and time) in an attempt to high-
light the governing mechanisms responsible for the flame mo-
tion. The SPOD technique, in the form derived by Towne et
al. [5], is a rather recent modal decomposition technique, which
aims at extracting coherent mechanisms contained in a flow.
We do not describe here the algebraic details of the tech-
nique. Thorough descriptions of modal decomposition meth-
ods applied to various fluid dynamics problems and compar-
isons between techniques could otherwise be found in [5, 57].
In [58], we have successfully applied the method to the case
of a subscale rocket combustor and managed to spectrally char-
acterize a combustion instability occurring within the combus-
tor. We use again the same Matlab implementation (spod)
of the algorithm [59]. Because of the memory limitation of
the cameras used for the recordings, we choose to guarantee
the most refined frequency resolution δ f . As such, we set
the number of blocks to its minimum, i.e., Nblck = 2, with a
50-percent-overlap. The resulting frequency resolution is then
δ f ≈ 1.5 Hz for the Stable and Metastable cases (visible lumi-
nosity imaging composed of Nt = 1018 snapshots recorded at
a fs = 1 kHz-acquisition rate) and δ f ≈ 0.5 Hz for the Un-
stable Case (OH* chemiluminescence imaging composed of
Nt = 12282 snapshots recorded at a fs = 4 kHz-acquisition
rate). According to Nyquist theory, the spectral content achiev-
able by the method reaches fs/2 = 0.5 kHz for the visible lumi-
nosity imaging and fs/2 = 2 kHz for the OH* chemilumines-
cence imaging. Although the recordings shown in Fig. 5 do not
suggest that the transverse acoustic modes are excited, the lim-
itations impaired by the quite low acquisition rates would have
excluded the modes from being captured by the SPOD tech-
nique: f1T > fs/2.

4.1. Stable Case

Figure 7(a) shows the spectral density distribution computed
by the SPOD for the Stable Case. Two peaks of small am-
plitudes emerge from the background: one at f = 45 Hz and
the other one at f = 73 Hz. The shapes computed for these
two modes are shown in Fig. 7(b) and (c), respectively. The
shape of the first mode (Fig. 7(b)), at the frequency f = 45 Hz,
suggests the vertical flapping of the flame front, which also re-
calls the flapping instability of the flame anchored at the lip
of a coaxial rocket injector described in [58]. Its frequency
lies well in-between the two limiting values determined in
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Figure 7: (a) SPOD spectrum of the recordings for the Stable Case. (b) SPOD
shape of the f = 45-Hz mode. (c) SPOD shape of the f = 73-Hz mode. For
each mode, an animation of the shape is provided in the Supplementary mate-
rials S4 and S5.

the preliminary acoustic characterization of §2.3 (see also Ta-
ble 3): 35 < f < 80 Hz, more so to the model of a closed-open
tube associated to a quarter-wave resonance. This gives us rea-
sons to associate the flapping motion to an acoustic resonance
of the ducted combustor. The frequency of this mode is hence-
forth referred to as fa. Phenomenologically, we can understand
it as coming from the interaction of the flame with a stand-
ing acoustic wave.The flame responds to the perturbation of the
flow velocity induced by the wave by adjusting its position ac-
cording to a rotational motion (the flapping) around the flame
anchoring point, located in the vicinity of the step corner. This
point will be quantitatively examined in Sect. 5.

The shape of the second mode (Fig. 7(c)), at the frequency
f = 73 Hz, suggests the flame roll-up in the recirculation bub-
ble combined with a wrinkling of the flame front. It corresponds
to a hydrodynamic instability, thereby justifying the notation fh.
We characterize this instability by means of a Strouhal number
Sth based on the step height hs, and the bulk flow velocity u0.
We obtain a value Sth = fhhs/u0 = 0.0433.

4.2. Metastable Case

Figure 8(a) shows the spectral density distribution returned
by the SPOD for the Metastable Case. Here, we observed
four peaks of higher amplitudes standing out from the back-
ground: the first one at f = 46 Hz, the second one at f = 52 Hz,
the third one at f = 94 Hz and the last one at f = 148 Hz. The
shapes computed for these four modes are shown in Fig. 8(b),
(c), (d) and (e), respectively. At higher frequencies, the spec-
trum follows a power law with an exponent −3. It would seem
plausible to relate this to the inertial range observed in two-
dimensional turbulence [60], for which the vorticity flow oc-
curs at small scales. As opposed to this, for the Stable Case
(see Fig. 7), the turbulence is three-dimensional (including in
the shear layer). As such, the spectrum follows the classical
−5/3 power law proposed by Kolmogorov for the turbulent en-
ergy spectra [61].
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Figure 8: (a) SPOD spectrum of the recordings for the Metastable Case.
(b) SPOD shape of the f = 46-Hz mode. (c) SPOD shape of the f = 52-
Hz mode. (d) SPOD shape of the f = 94-Hz mode. (e) SPOD shape of the
f = 148-Hz mode. For each mode, an animation of the shape is provided in the
Supplementary materials S6 through S9.

Qualitatively, the mode at the frequency
f = 46 Hz (Fig. 8(b)) resembles to the mode linked to
the acoustic resonance obtained for the Stable Case. Again, its
frequency is well framed by the two limiting values determined
in §2.3 (see also Table 3): 36 < f < 81 Hz. Hence, we can
reasonably presume that it is that of the longitudinal acoustic
resonance. As a matter of fact, the sound speed is almost
the same between the Stable and the Metastable cases (see
Table 2). Therefore, there is no particular reason - if we neglect
the flame response - for the combustor natural frequencies to
change from one case to the other.

In contrast, the velocity u0 significantly changes between
the two cases (see also Table 2). As such, the mode at fre-
quency f = 52 Hz (Fig. 8(c)) is associated to a Strouhal num-
ber Sth = 0.0414, a value within 5% of the one evaluated for
the Stable Case. This confirms the self-similar nature of the
identified hydrodynamic instability.

The proximity between the two frequencies
(∆ f = | fa − fh| = 6 Hz) explains the broadening of the
spectrum on the right side of the peak at f = fa, and results
from the coupling between the flame flapping due to both the
acoustic resonance and the roll-up associated to the hydrody-
namic instability. This phenomenon is well documented and
identified as resulting from the coexistence between an abso-
lutely unstable hydrodynamic mode and an acoustic mode [26].
The coupling is responsible for the overall higher amplitude
observed on the frequency domain and for the larger amplitude
of motion observed in the time domain. It also appears that
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this mode has switched to a counter-clockwise rotation (see
the Supplementary material S7). In fact, this mode shape now
recalls the unsteady motion of the flame sketched in Fig. 2, and
gives an even more clear interpretation of the process by which
the hydro-acoustic coupling is amplified as ∆ f decreases: the
vertical flapping ”pushes” fresh gases toward the bottom wall,
and the closer its frequency gets to that of the roll-up motion,
the greater the amount of trapped gases. This mechanism tends
to amplify the flapping motion, of which the signature is now
also discernible on the shape of the mode at f = fh.

The mode at the frequency f = 94 Hz (Fig. 8(d)) falls in be-
tween 2 fa = 92 Hz and 2 fh = 104 Hz. The shape is clearly re-
sulting from the hydro-acoustic coupling. The spectrum broad-
ening associated to the coupling is again observed. The entan-
glement of the shapes associated to the acoustic and hydrody-
namic motions can also be noted (better appreciated on the an-
imation of the Supplementary material S8). It is interesting to
note that the presence of a peak at 2 fa is not expected: consider-
ing the combustor as a closed-open tube, only odd multiples of
the fundamental frequency are supposed to get excited. Hence,
the first harmonic should be found at f2L = 3 f1L. For example,
this was observed in [58] for which a quarter-wave resonance
was observed in the oxygen feed line of the combustor. The ex-
citation of both even and odd harmonics is a typical signature
of a non-linear behaviour.

Finally, the mode at f = 148 Hz (Fig. 8(e)) is clearly that
of a Kelvin-Helmholtz type instability, which seems to con-
tain most of the flame wrinkling. The distinctive wave-packet
structure returned by the SPOD is consistent with those ob-
served in previous works, e.g., [5, 58]. As a matter of fact the
Strouhal number associated to the frequency f = fKH = 148 Hz
is StKH = 0.118, a value in-line with those usually reported in
the literature for this well-known ”step mode” [32–35]. The fre-
quency also falls between 3 fa and 3 fh, which explains why this
mode stands out from the background. This Kelvin-Helmholtz
instability produces quasi-2D vertical structure followed by
stochasticization and vorticity cascade to smaller scales (larger
frequencies). This explains a posteriori the −3 power law trend
obtained for f ≳ fKH.

4.3. Unstable Case
Figure 9(a) shows the spectral density distribution computed

by the SPOD for the Unstable Case. Here, we distinguish as
much as six frequency peaks. They are all multiple of a fun-
damental frequency located at f = 67 Hz. The peaks are even
more pronounced than in the previous cases. Qualitatively, this
corresponds to the higher amplitudes of the flame motion re-
ported for this case. The shapes computed for the two first
modes are shown in Fig. 8(b) and (c). At higher frequencies,
the spectrum is here closer to the −5/3 power law, because the
heat release zone, i.e., the flame front, moves as a whole with
the 3D turbulence contained within it. Since the combustor
acoustic properties, e.g., the sound speeds and the lengths, dif-
fer from those of the two previous cases, there is no reason for
the acoustic eigenfrequency to be conserved. Yet, it still falls
well in-between the two limiting values determined in §2.3 (see
also Table 3): 44 < fa < 99 Hz. The acoustic and hydrodynamic
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Figure 9: (a) SPOD spectrum of the recordings for the Unstable Case.
(b) SPOD shape of the f = 67-Hz mode. (c) SPOD shape of the f = 134-
Hz mode. For each mode, an animation of the shape is provided in the Supple-
mentary materials S10 and S11.

modes now appear to be fully coupled. This manifests by the
presence of a single peak at fa ≈ fh, which results from the shift
of both frequencies to a common value. Indeed, if we admit
that this extreme coupling occurs because fa ≈ fh, then we may
evaluate the Strouhal number of the instability to Sth = 0.0460,
a value within only, 6% and 10% of those obtained for the Sta-
ble and Metastable cases, respectively.

Although the outlet acoustic impedance is unknown, it is pos-
sible to determine the longitudinal profiles of the acoustic pres-
sure p̃ and velocity ũ by specifying the frequency of the longi-
tudinal eigenmode to fa. Figure 10 hence shows the result of
such a computation. It is particularly interesting to note that the
position of the step at x = 0 m coincides with the location of
a velocity anti-node, i.e., a position where the velocity is sub-
jected to the highest amplitude of fluctuations. This point will
prove to be crucial in the emergence of the flashback.
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Figure 10: Profiles of the acoustic pressure and velocity normalized fluctuations
in the Cfg. B for the longitudinal eigenmode at f = fa = 67 Hz. Note the
presence of a velocity anti-node at the location of the step (black circle).

4.4. Summary

The observations gathered so far allow us to assert that the
flame motion can be explained by the coupling, or lack thereof,

9



between two mechanisms: (i) a longitudinal acoustic resonance
of the ducted combustor and (ii) a hydrodynamic instability in-
duced by the step. Each mechanism is characterized by a fre-
quency: (i) fa and (ii) fh. The proximity between the two fre-
quencies ∆ f = | fa − fh| controls the intensity of the coupling.
That is, as ∆ f decreases, the flame motion transits from a stable
to an unstable behaviour. Besides, the SPOD analysis high-
lighted the coherent nature of the motion leading to the hydro-
acoustic coupling, i.e., that of a vertical flapping motion of the
flame (induced by the acoustic resonance), which gets more
and more amplified by the flame roll-up (corresponding to the
hydrodynamic mode) as ∆ f decreases. We suspect that the
presence of heat release in the processes induces non-linearity
which manifests by a characteristic spectrum featuring peaks
at the fundamental acoustic frequency and at every higher har-
monics (both even and odd ones).
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Figure 11: Positions of the studied cases in the ( fh, fa) plane, providing, in
a qualitative sense, a metering of the hydro-acoustic coupling strength. The
expected frequencies for the longitudinal fundamental eigenmode considering
the two-limiting models of a closed-open and a closed-closed ducts are also
indicated. The closer a point is to the fa = fh-line (∆ f → 0), the stronger the
hydro-acoustic coupling is.

The value of ∆ f is specified by the operating conditions.
That is, the hydrodynamic frequency fh is, to the first-order,
controlled by the average flow velocity u0, whereas the acous-
tic frequency fa is controlled by the temperature T0 of the inlet
flow and the length of the duct L = Lin + Lc. Figure 11 shows
how the different cases locate in the ( fh, fa) plane. The expected
frequencies for the longitudinal fundamental eigenmode, con-
sidering the two-limiting models of a closed-open and a closed-
closed ducts, are also indicated. For the Unstable Case, the

proximity fa ≈ fh triggers the hydro-acoustic coupling. This
implies large amplitude fluctuations of the flow velocity up to
the point that it drops below the flame speed, even more so be-
cause the flame locates itself in the vicinity of a velocity anti-
node. This point is quantitatively examined in the following
section.

5. Flame position discussion

In order to analyse how the flame positions itself relative to
the incoming flow, we use the mean position of the flame front
measured in Fig. 6. For the Stable Case, we measure that the
flame front is oriented at a mean angle α0 ≈ 11◦ with respect
to the longitudinal direction. Using a geometrical analogy with
a Bunsen flame, it is possible to evaluate the flame speed sf
according to:

sf = u0 sin(α0) (7)

That is, the component of the flow velocity normal to the flame
front is equal to the flame speed. We obtain sf ≈ 11 m/s.

Lieuwen [27] proposed the triple decomposition concept to
have the flow velocity u(t) written as:

u(t) = u0 + ũ(t) + u′(t) (8)

, where ũ(t) and u′(t) represents the coherent and turbulent fluc-
tuations, respectively. Now suppose that ũ is modulated by a
sine wave of frequency fa and phase Φ (i.e., only the acoustic
fluctuations are considered), and that u′ follows a normal distri-
bution. That is:ũ(t) =

√
2ũrms sin(2π fat + Φ)

u′(t) = N(0, u′rms)
(9)

, where N(0, u′rms) represents a normally distributed random
variable with mean value 0 and standard deviation u′rms. Fil-
tering out the turbulent velocity fluctuations, it is possible to
build a kinematic model for the angle α of the flame front:

u(t) = u0 + ũ(t)

α(t) = sin−1
(

sf

u(t)

)
(10)

We consider that the acoustic velocity amplitude does not sig-
nificantly change at the vicinity of the step. By means of the
model (Eq. (10)) and through a qualitative comparison with the
flame motion recordings (see Fig. 5(a)), it is possible to ap-
proximate the rms of the acoustic velocity fluctuations. We find
ũrms ≈ 7 m/s. The PIV measurements reported in [2–4] for
the Stable Case indicates an overall rms value of urms = 10 m/s.
Hence, the rms of the turbulent fluctuating velocity is evalu-
ated to u′rms =

√
u2

rms − ũ2
rms ≈ 7 m/s. Injecting this value into

the formulation [62, 63] for the turbulent flame speed:

st = sL

√
u′ℓt
sLδ

0
ℓ

(11)
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we obtain sf = st ≈ 11 m/s, i.e., the same value of sf ob-
tained from the evaluation of the mean flame front position (see
Eq. (7)).

For the Metastable Case, the flame front is oriented at a mean
angle α0 ≈ 15◦. According to Eq. (7), this yields a flame speed
sf ≈ 11 m/s, the same value obtained for the Stable Case, which
indicates that the incoming flow turbulent conditions are similar
between the two cases.

For the Unstable Case, the very concept of a flame angle no
longer applies, since the flame front never stabilizes itself. Nev-
ertheless, because of the hydro-acoustic coupling occurring for
this case, it is presumed that the flashback of the flame results
from the velocity of the flow falling below the flame speed. As
a matter of fact, we have determined in §4.3 that a velocity anti-
node (i.e., with the largest fluctuations) is present at the position
of the step. This argument is quantitatively analysed in the fol-
lowing.

On the one hand, we suppose that the turbulent fluctuating
velocity is equal to that estimated for the Stable Case, i.e.,
u′rms ≈ 7 m/s. As such, the flame speed is evaluated accord-
ing to Eq. (11) to sf = st ≈ 15 m/s (recall that sL ≈ 0.5 m/s for
the Stable and Metastable cases, and sL ≈ 0.8 m/s for the Un-
stable Case, see §2.2). On the other hand, considering the PIV-
returned rms value of the overall velocity fluctuations reported
in [2–4]: urms = 45 m/s, we evaluate the hydro-acoustic velocity

fluctuations to ũrms =

√
u2

rms − u′rms
2 ≈ 44 m/s. It is now tempt-

ing to evaluate the relative period τfb of the flashback within
one oscillation period τa = 1/ fa. We define it as the time period
during which the flow velocity falls below the flame speed. In
statistical terms, this is evaluated as:

τfb

τa
=

∫ sf

−∞

pdf(u) du (12)

, where pdf(u) is the Probability Density Function (PDF) of u.
Figure 12(a) shows the oscillations of u(t) modeled accord-
ing to Eqs. (8) and (9). Fig. 12(b) provides with the corre-
sponding PDF of u. Numerical integration of Eq. (12) yields

Figure 12: (a) Time fluctuations of u(t) for the Unstable Case modeled accord-
ing to Eqs. (8) and (9). (b) Probability distribution of u. The red color indicates
the flashback condition, i.e., u < sf .

τfb/τa = 0.307. This result is well confirmed by the experimen-
tal observation.

To illustrate this point, Figure 13 displays a selection of snap-
shots selected at regular intervals within one oscillation period
τa ≈ 15 ms. This constitutes one sample of a flashback cycle

out of the 205 recorded. In addition, Figure 13 provides, for
comparison, the evolution of the velocity u of the flow modeled
according to Eqs. (8) and (9). It can be noted that the flashback
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Figure 13: Illustration of the flashback cycle within one oscillation period.
The top graph allows for comparison between the velocity u of the flow mod-
eled according to Eqs. (8) and (9), and the assumed value for the flame speed
sf = 15 m/s. The solid line represents the fluctuations ũ imposed by the hydro-
acoustic coupling, over which the stochastic, i.e., turbulent fluctuations are
added to form the light-blue curve.

motion incepts at the time t ≈ 3.5 ms, which corresponds to
the time at which ũ drops below sf . The flashback motion ends
at t ≈ 8.25 ms and corresponds to the instant around which the
bulk OH* intensity stops from counter-flowing (see the video in
the Supplementary material S3). Again, this is in-line with the
time when ũ exceeds sf . The relative flashback period is there-
fore experimentally estimated to τfb/τa = 0.318, which is very
close to the value obtained from Eq. (12). In fact, by analyzing
the complete set of flashback cycles recorded, we converged to
a mean value of τfb/τa = 0.305 with a standard deviation of
0.04. This results is quite remarkable considering the underly-
ing hypotheses that led to the evaluation of τfb/τa. One of which
is the sine wave form presumed for modelling ũ. Besides, the
existence of a threshold, when u < sf , induces an abrupt shift
in the dynamics of the system, a manifestation of a strong non-
linear behaviour, which could not merely reduce to a sine wave
description. Indeed, in [2, 4], the signal recorded by the pres-
sure transducer, located on the top wall and at an axial position
x = 1.5 cm from the step, follows a non-linear periodical pat-
tern of which the progressive growth and decay phases are dis-
rupted by a sudden rise and drop, respectively. Nonetheless, we
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believe that the sine-wave assumption did not introduce signif-
icant errors because the system dynamics, although non-linear
in nature, still remains periodical.

Besides, time-synchronization with the OH* chemilumines-
cence recording (deemed as an integration in the z-direction of
the heat-release) appears to indicate that the local Rayleigh cri-
terion is negative, that is the period where p̃ > 0 corresponds
to negative fluctuations of the local heat-release. This suggests
that, locally, the pressure and heat release are in phase opposi-
tion. However, this does not mean that the Rayleigh criterion
is negative everywhere, i.e., a thermo-acoustic coupling could
still be at play further downstream.

It is well known that flashback in ducted combustors can de-
velop in near-wall regions [9, 16], especially in the boundary
layer above the step (see the t = 5.25 ms snapshot on Fig. 13).
However, we believe the flame to first propagate towards this
location due to the condition u < sf rather than being initiated
inside of it.

As the velocity of the flow continues to rise, the flame is
pushed downstream because u > sf and stabilizes away from
the step for a brief period of time. Again, the time at which the
velocity reaches its maximum, i.e., t ≈ 13 ms, coincides with
the time when the flame reaches the most downstream position
in Fig. 13.

It is important to note that these observations complete the
interpretations established in [2–4]. The flashback motion was,
at the time, interpreted as resulting from a flow reversal. We
interpret it as originating from the velocity of the flow falling
below that of the flame. Actually, had the flow velocity stayed
positive, the flashback could well have been observed. As a
matter of fact, the integration of the PDF from −∞ to 0 (as op-
posed to integrating from −∞ to sf) yields τfb/τa ≈ 0.18, which
is further away from the value deduced from the experiments.

6. Characterization of the limit-cycle attractor

It is interesting to note the emergence of some sort of order
when the hydro-acoustic coupling is at play. In order to de-
scribe this, we elaborate on a time-series analysis of the system
dynamics.

6.1. Choice of the state variable
We begin by defining a state variable for the system suscep-

tible of capturing the motion dynamics. Natural candidates for
this would be the pressure or velocity fluctuations. However,
we want to limit our analysis to the imaging data, in making a
point that they are efficient at capturing the dynamics of such
a non-linear system. Consequently, possible candidates, would
be the local or space averaged intensities. Other kinds of can-
didates would be geometrical parameters describing the flame
kinematics. It is tempting to use the polar coordinate to de-
scribe the position of the flame, since the flashback motion is
somehow analogue to that of a pendulum, even-though the tip
of the step does not constitute an absolute center of rotation for
the flame. In practice, we use the angle θ measuring the angular
position (relative to the horizontal direction) of the flame inten-
sity centroid (intensity-weighted center of mass) with an origin

placed at the tip of the step. Figure 14 sketches the definition
of θ from the computed location of the flame intensity centroid
(labeled C).
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Figure 14: Definition of the angle θ from the computed location C of the flame
intensity centroid.

6.2. Time-series analysis

Figure 15 shows the variation of θ for the Unstable Case.
We recognize the strong periodical nature of the oscillation, but
with the non sine-wave form imposed by the presence of the
velocity threshold in the dynamics. Note that the variation of θ
are framed such that −15◦ < θ < 130◦. The upper bound is, in
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Figure 15: Unstable Case: time series of the angle θ. The right graph shows
a zoom-in of the fluctuations within the blue-shaded area displayed on the left
graph.

all likelihood, actually higher, because the flame may, at times,
propagate upstream of the zone covered by the visualization
window. The motion amplitude varies from cycle to cycle, of
which the modulation is not quantitatively understood, hence
presumed of stochastic nature. Notice the occasional bursts of
θ as one can be observed around t = 0.45 s in the zoomed-in
graph of Fig. 15. By examining in details the images sequence
around that time (see Fig. 16), we observe the creation of a sec-
ond flame front in the top-left corner of the visualization zone
(x = −50 mm, y = 65 mm), almost at the same time as the flash-
back incepts. We suspect that the second flame is an autoigni-
tion front consecutive of (i) the presence of a local hot spot at
the top wall surface, and (ii) the temporal low-velocity found in
the region, even more so in the boundary layer, thereby favor-
ing its growth. The explanation for the presence of a hot spot at
this location is two-fold. On the one hand, it may come from the
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Figure 16: Sequence of images corresponding to the double burst in θ observed
around t = 0.45 s in Fig. 15 (right). Note the creation and growth of an au-
toignition front originating from the top wall. A videos showing this peculiar
flashback cycle is provided in the Supplementary material 12.

non-nominal increase of the wall temperature resulting from the
previous flashback cycles. On the other hand, it may be caused
by the localized hot spots impaired by the non-uniform cooling
of the combustor walls, in particular at the junction between
the top uncooled quartz window (for the PLIF and PIV laser
sheets, not reported in the present paper) and the water-cooled
wall onto which the window is mounted. As for the intermit-
tency of what could be deemed as an extreme event, we could
only speculate at this stage that it is stochastic. It appears that in
this peculiar cycle, the flame propagates much farther upstream,
and explains why the amplitude of θ is, in this cycle, higher than
in the others. The fact that the visualization windows does not
cover the whole spatial extent of the dynamics induces non-
physical local fluctuations of θ. During the period of time when
the flame front propagates upstream of the visualization win-
dow, the angle of rotation θ is somehow ill-characterized: the
flame intensity centroid is interpreted as lagging downstream in
the burnt gases whereas, it is in reality in the blind upstream
portion of the duct. When the flame is pushed forward, i.e., the
flow velocity increases, a very brief second burst is observed as
a consequence of the flame front re-appearing in the visualiza-
tion zone. In summary, the two apparent peaks observed in the
time-series of Fig. 15 should really be interpreted as a single
one. The generation of autoignition fronts is a stochastic pro-
cess, which is a characteristic trait often encountered in forced
ignition or autoignition of turbulent reactive flows. The event
is actually quite rare as it is only observed six times out of a
total of 205 flashback cycles recorded, i.e., with an occurrence
probability of about 3%.

6.3. Characterization of the limit-cycle attractor

We propose to characterize the nature of the flashback mo-
tion dynamics. To do so, the phase space reconstruction
for the chosen state variable, θ, is performed by means of
delay-coordinated embedding [64]. The embedding parame-
ters, namely the time-lag τ and the embedding dimension m,
are set according to standard practices. The time-lag τ is set
as the time corresponding to the first minimum of the average

mutual information [65], of which Figure 17(a) shows the vari-
ation with τ. The first minimum is thus found at τ = 4 ms.
As for the embedding dimension m, we use the False Nearest
Neighbor (FNN) algorithm proposed by Kennel et al. [66]. As
shown in Fig. 17(b), an m = 3-dimensions embedding is con-
vincingly sufficient to reconstruct the dynamics since the frac-
tion of FNN drops below 3% after three embeddings. Figure 18
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Figure 17: Determination of the embedding parameters for the phase recon-
struction based on the chosen state variable θ. (a) Average Mutual information
for the time-delay τ determination. (b) Fraction of False Nearest Neighbors
(FNN) for the determination of the embedding dimension m.

finally shows the reconstructed trajectory in the phase space.
The trajectory is clearly ordered with its shape threading around
a closed orbit, i.e., that of a limit-cycle attractor. It much dif-
fers from the circular orbit characteristic of a harmonic oscil-
lator, and the spiralling-in or out orbits characteristic of posi-
tively (stable) and negatively (unstable) damped harmonic os-
cillators. The trajectory does not overlap, which indicates that
the m = 3-dimensions embedding is appropriate. The somehow
large thickness of the limit-cycle trajectory, which departs from
a two-dimension object, i.e., a curve, is due to (i) the error in-
duced by the rather crude estimation of θ, which is intrinsically
bounded as a consequence of the visualization zone limitation
and (ii) the stochastic modulation of the flashback motion am-
plitude.

7. Conclusions

This work brings new insights into the comprehension of
the flashback dynamics of a high Reynolds-number ducted pre-
mixed flame establishing around a backward-facing step, a sit-
uation which has direct implication in the design of safer and
reliable propulsive or energy conversion systems. We have re-
sumed the analysis of an experimental database collected at
ONERA some years ago and have based our works on the spec-
tral examination of the high-speed recordings acquired at that
time.

The 1D acoustic analysis combined to the SPOD technique
allowed us to decompose the flame motion into two main com-
ponents: (i) a vertical flapping motion induced by a longitudinal
acoustic resonance of the ducted combustor, and (ii) a hydro-
dynamic instability related to the flame roll-up motion in the
recirculation bubble trailing the step. The latter appears to be
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Figure 18: Reconstructed phase portrait for the angle θ representing the rota-
tional motion of the flame intensity centroid.

self-similar and as such is characterized with a Strouhal Num-
ber, based on the step height hs and bulk flow velocity u0, to
a value Sth = fhhs/u0 = 0.044 ± 5%. When the characteristic
frequencies associated to these two coexisting mechanisms are
far apart, the flame is relatively stable, in that its position is
quite steady. As the frequencies approaches each other, a cou-
pling begins to develop: the amplitude of the flame flapping
motion significantly increases with moderate excursion of the
flame front upstream of the step. When the two frequencies
coincide, the coupling is fully established. This prompts the
emergence of the flashback since the fluctuations of the hydro-
acoustically modulated flow velocity are so large that the flow
velocity temporally drops below the flame speed. The presence
of a velocity anti-node close to the step location amplifies the
level of fluctuations.

Phase space reconstruction of the flame rotation, which de-
fines a state variable for the kinematic characterization of the
system, reveals that the dynamics is locked to a stable limit-
cycle. A certain stochasticity exists in the process, according to
which a concomitant second flame front, seemingly that of an
autoignition front, onsets and grows in the vicinity of the top
wall boundary layer, at the moment where the main front be-
gins to propagate upstream. The autoignition front onsets with-
out any regularity and is observed with a 3% occurrence prob-
ability. We suspect that the intermittent autoignition originates
from the presence of a localized hot spot on the combustion
chamber top wall, which is non-uniformly cooled.

Although a satisfactory flashback scenario relying on the
coupling between an acoustic mode and a hydrodynamic mode
has been proposed, the existence of a thermo-acoustic coupling,
or lack thereof could not be ascertained. Besides, the study of
the flame response to acoustic modulation could constitute an-

other research focus. Accounting for the flame response con-
tribution into the 1D acoustic analysis could enable a clearer
representation of the natural modes shapes, frequencies, and
growth rates. Furthermore, additional works are required to ex-
tract the underlying governing equation describing the flash-
back limit-cycle and the mechanism responsible for the cycle-
to-cycle variation of the motion amplitude.

Another possible extension of this work could be the study
of the transient evolutions leading from the Stable Case dynam-
ics to the Unstable dynamics in the same combustor geometry.
In other words, this means describing the bifurcation dynamics
of the system. Such transient evolutions could be achieved by
ramping-up or down the equivalence ratio ϕ, the inlet tempera-
ture T0 or the combustor pressure P.

This study is part of a larger framework focused on the contri-
bution of the flame motions in destabilizing a flow [67]. Further
exploration of the underlying mechanisms should be performed
in future works, owing to ongoing numerical simulations [19].
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