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Abstract

Hydrogen combustion in a sequential combustor with
a propagation-stabilized flame in the first stage and an
autoignition-stabilized flame in the second reheat stage
offers fuel flexible and efficient power generation with
minimal greenhouse gas emissions. However, unsteady
thermoacoustic phenomena driven by the interactions
between the flame dynamics and the combustor acoustics
can result in large amplitude heat release rate and
pressure oscillations, which can cause hardware damage
and performance losses. A key component required to
understand and predict thermoacoustic oscillations in reheat
combustors is the knowledge of the response of the
autoignition-stabilized flame to unsteady acoustic and
convective disturbances. In this paper, we extend a simplified
particle based framework, originally proposed for computing
the flame response in a simple one-dimensional reheat
combustor configuration (Gopalakrishnan et al. 2021), to
a two-dimensional backward-facing step geometry. The
present particle based framework treats the flow as a
collection of independent Lagrangian fluid elements which
evolve in time. The temperature evolution of each fluid
particle is computed by integrating the momentum, energy
and species mass balance equations for that particle in
time. The unsteady heat release rate and instantaneous
flame position are then computed by stitching together the
particle evolution data. The predictions of the flame response
framework are thereafter compared with fully compressible
Large eddy simulations (LES) of a reheat flame forced
by acoustic and entropy disturbances. The flame response
predictions obtained from the present approach match well
with the LES data, suggesting that the present particle based
framework can be used to compute flame transfer functions
of reheat flames and consequently give insight into the
thermoacoustic stability characteristics of reheat combustors.

Introduction

Power generation in land based gas turbines using hydrogen
as a fuel is gaining interest and popularity due to the
reduced pollutant emissions. However, conventional single-
stage combustors with propagation-stabilized flames face
challenges in burning highly reactive fuels such as hydrogen
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efficiently. This is because the high reactivity of hydrogen
results in an increased flashback tendency. In principle,
a reduction in flame temperature could mitigate this, but
undesirable performance penalties would result. A promising
alternative is to use a two-stage sequential combustor
architecture with a propagation-stabilized flame in the first
stage and an autoignition-stabilized flame in the second,
reheat stage (Pennell et al. 2017; Bothien et al. 2019b,c;
Ciani et al. 2020). In the reheat stage of a sequential burner,
a vitiated mixture of a highly reactive fuel, by virtue of
its high temperature and pressure, autoignites and burns
within a reaction front where the combustion process is
predominantly controlled by spontaneous ignition.
Thermoacoustic instability, which is caused due to the
interaction between flame dynamics and the acoustic modes
of the combustor, results in self-sustained pressure and heat
release oscillations which severely affect the operation of all
combustion systems (Lieuwen and Yang 2005). Since flames
are acoustically active elements, any acoustic disturbance
can modulate the heat release rate of the flame over one cycle
of oscillation. In propagation-stabilized flames, an acoustic
disturbance can create a heat release rate oscillation by
either modulations in flame area (Boyer and Quinard 1990;
Schuller et al. 2003; Preetham et al. 2008), or by forcing
the fuel injection system leading to convected equivalence
ratio fluctuations (Lieuwen et al. 2001; Schuermans et al.
2003; Shreekrishna et al. 2010), or by exciting vortical
structures which wrinkle the flame and create flame area
oscillations (Poinsot et al. 1987; Hemchandra et al. 2018;
Oberleithner et al. 2011; Moeck et al. 2012). These unsteady
integrated heat release rate oscillations associated with the
flame act as a monopole source of sound (Strahle 1971)
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generating acoustic disturbances which in turn perturb the
flame. Under certain conditions this process can be self-
amplifying and lead to an instability.

Autoignition-stabilized flames are governed by the
balance between convective and chemical processes. More
specifically, the stabilization of an autoignition front is
dictated by the balance between the flow residence time
and the mixture ignition time. In view of this fact, finite
Mach numbers (in the range of 0.2 —0.3) are often
required to stabilize these flames in reheat burners. At
these conditions, the normalized pressure and temperature
fluctuations induced by an acoustic wave are comparable
to the velocity fluctuations. Consequently, a key mechanism
leading to self-sustained oscillations in reheat combustors
can be attributed to the modulation of the ignition chemistry
of the reactant mixture by the acoustic temperature and
pressure oscillations, which result in oscillations in the
flame front location and heat release rate (Gant et al. 2020;
Gopalakrishnan et al. 2021).

Recent studies (Bothien et al. 2019a; Gruber et al. 2021)
conducted large eddy simulations (LES) and direct numerical
simulations (DNS) of autoignition fronts in simple geo-
metrical configurations and showed that autoignition fronts
are highly sensitive to temperature fluctuations induced by
acoustic disturbances and exhibit, under special conditions,
unstable self-sustained thermoacoustic oscillations. Ther-
moacoustic instability linked to autoignition flame front
dynamics was also observed in a laboratory-scale sequen-
tial combustor by Noiray and co-workers (Schulz et al.
2019). A variety of instability mechanisms can cause self-
sustained oscillations in reheat combustors. First, entropy
waves, which are temperature fluctuations generated by the
first-stage flame, convect downstream and result in flame
position and heat release rate fluctuations of the reheat
flame (Bothien et al. 2019a; Gant et al. 2019, 2020). Second,
the upstream-traveling acoustic disturbance generated by
the unsteady autoignition front also modulates the ignition
chemistry of the upstream unburnt reactant mixture resulting
in flame front oscillations (Gopalakrishnan et al. 2023a,b).
Both these mechanisms have been investigated extensively
in the framework of a one-dimensional reheat combustor
configuration in the aforementioned works.

An important component to understand and predict
thermoacoustic instability in combustors is the knowledge
of the response of the flame to acoustic and convective
disturbances. While detailed numerical computations and
experiments can be used to obtain the flame response,
they are expensive and time-consuming. Thus, one usually
resorts to physics-based simplified frameworks to obtain
the flame response over the extensive parameter space.
One such example is the G-equation based framework to
compute the response of propagation-stabilized flames to
velocity and equivalence ratio disturbances (Fleifil et al.
1996; Schuller et al. 2003; Preetham et al. 2008). In such
a framework, the propagating flame is described as a thin
surface (G = 0) which separates reactants (G < 0) and
products (G > 0). A transport equation is then derived for
the G field which, when solved using suitable methods,
yields the flame front kinematics and heat release dynamics.
With regards to autoignition-stabilized flames, simplified
models to describe the flame dynamics were based on a
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slightly different approach. Since autoignition fronts are
predominantly controlled by the interplay of convective and
chemical kinetic mechanisms, these flames are conveniently
described by the evolution of a series of non-interacting
reactive fluid parcels. In other words, the flow was treated
as a collection of fluid particles whose temperature, pressure
and velocity are modulated by both the acoustic disturbances
and the chemical reactions. Such an approach formed
the basis for computing the autoignition-stabilized flame
dynamics in the prior works of Zellhuber et al. (2014), Gant
et al. (2020) and Gopalakrishnan et al. (2021). This particle
based Lagrangian approach was also validated with detailed
flow computations in these works.

Practical reheat combustors contain flames which are
stabilized both by propagation and autoignition. Consider,
for example, the Ansaldo Energia GT36 gas turbine
engine (Pennell et al. 2017). Majority of prior works
get insight into the flame dynamics in this configuration
by modeling the reheat stage of the sequential burner
as a backward-facing step geometry (Yang et al. 2015;
Scarpato et al. 2016; Schulz and Noiray 2018, 2019;
Konduri et al. 2019; Bothien et al. 2019a). In such a
geometry, part of the flame stabilization occurs due to flame
propagation mechanism assisted by the recirculation zone
formed downstream of the step, while part of the flame
stabilization occurs due to autoignition. Indeed, the work
of Schulz and Noiray (2019) showed that three regimes
of flame-stabilization are possible even in a geometry as
simplistic as a one-dimensional duct. This was concluded
by computing a wide range of 1D flame solutions in
Cantera (Goodwin et al. 2018) and plotting these solutions
in a parameter space of wi,/S; and Tyes/TAr, Where
uy, and S; are the inlet mixture velocity and laminar
consumption speed, and T..s and T4; are the residence
time and ignition time of the reactant mixture, respectively.
The three regimes of flame stabilization observed in their
work (propagation, propagation assisted by autoignition and
autoignition) were also observed in the backward-facing step
combustor geometry as well.

Given the fact that flames in practical reheat combustion
systems are stabilized both by propagation and autoignition,
there arises a need for us to develop a simplified model
which can predict the flame dynamics of this composite
flame. In this regard, an important question that needs
to be answered is: even in conditions wherein a two-
dimensional reheat flame is predominantly stabilized by
autoignition (see, for example, Bothien et al. (2019a)
and Schulz and Noiray (2019)), how do the Lagrangian
based models originally proposed for a one-dimensional
front in prior papers (Zellhuber et al. 2011; Gant et al. 2020;
Gopalakrishnan et al. 2021) perform ?

The main objective of the present paper is to extend the
Lagrangian particle based framework proposed in Gopalakr-
ishnan et al. (2021) to compute the dynamics of autoignition-
stabilized flames in a more realistic two-dimensional
backward-facing step reheat combustor. This flow consists
of a vitiated hydrogen—air reactant mixture entering the
combustor at a sufficiently high temperature and pressure
such that this mixture spontaneously ignites downstream and
results in an autoignition front. To study flame dynamics, the



Gopalakrishnan et al.

Fluid particle with

position (x*,y*) at
inlet -
' time t* Ignition front
1 composed of
o 0 e .4A. . 9 - initing i
o el i \/ B particles
o0 o B2,
DU KN
i" g :" ‘\xlllx,"
e o y
Lot Lat Lig
N y
Set of particles
injected at Downstream
subsequent time evotl.ut||on of
instants ¢; particies

Figure 1. Schematic of the combustor geometry with the imposed disturbances and the particle injection scheme.

combustor inlet is forced by downstream traveling acous-
tic and entropy disturbances. The predictions of the flame
response framework are compared with LES computations
to establish its validity.

Flame response framework and LES
computations

In this section, the flame response framework and the
LES computations used to validate the flame response
predictions are described. As discussed previously, the
geometrical configuration considered for the computations
is a simplified model representation of a realistic reheat
combustor. This model consists of a backward-facing step
combustor through which a hydrogen—air reactant mixture
enters at high temperature and pressure (Figure 1). Owing
to the high temperature of the reactants, chemical reactions
are already initiated at the combustor inlet, and the reactant
mixture spontaneously ignites at a downstream location
resulting in the formation of a stabilized autoignition front.
The location of the autoignition-stabilized flame in the
combustor is governed by the balance between residence
time and mixture ignition time. This flow is also forced
at the inlet by downstream-traveling acoustic and entropy
disturbances (waves A and C in Figure 1). In addition to
these disturbances, the ignition front generates an upstream-
traveling acoustic disturbance (wave B in Figure 1),
which also modulates the incoming reactant mixture. The
combustor geometry is essentially two-dimensional with
a mixing duct of length 0.03 m and with a transverse
dimension of 0.01 m. This is followed by an area expansion
with an expansion ratio of 2 and a combustion chamber of
length 0.06 m. The dimensions of the backward-facing step
configuration are chosen such that the length of the mixing
duct matches closely with the mean ignition location of the
autoignitive mixture. This ensures that the flame is stabilized
just downstream of the step.

To validate the flame response framework proposed in this
work, we carry out compressible forced LES computations
wherein the inlet of the combustor is forced by small
amplitude acoustic and convective entropy disturbances. The
Navier-Stokes equations are solved within the framework of
the open source code OpenFOAM (Weller et al. 1998). The
partially-stirred reactor (PaSR) turbulent combustion model
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is used for the LES computations. The mean flow parameters
and the species mass fractions used correspond to typical
inlet conditions of a realistic reheat combustor. The reader
is referred to our prior paper (Gopalakrishnan et al. 2021)
for these values. All the combustor walls are maintained as
no-slip with a specified fixed temperature of 750 K. The
LES computations are performed at three different forcing
frequencies namely 100 Hz, 500 Hz and 1000 Hz.

To compute the flame response to the imposed dis-
turbances, the reacting flow is visualized as a series of
non-interacting, independently evolving fluid particles. The
flame response is computed at discrete time instants ¢; €
[0, 7], where T is the time period of the imposed acous-
tic/convective disturbances. At each time instant ¢;, a number
of fluid particles are injected across the combustor inlet
plane (see Figure 1). The evolution of each fluid particle in
Lagrangian time t* is then computed by time integrating the
governing equations for each particle. It is important to note
that ¢* is a fictitious local time assigned to each particle for
the purpose of tracking that particle. For any given particle,
t* = 0 at the instant this particle is injected at the combustor
inlet. t* is different from the physical global time ¢. If ¢; is
the time at which a particle is injected at the combustor inlet,
the relation between global time and particle time is given by
t=t; +t*.

The change in temperature (AT) of a fluid particle
over a small time interval of At* is a combination of the
temperature change due to chemical reactions (A7) and the
temperature change due to acoustic and entropy disturbances
(ATy). Thus, we can write

AT = AT, + AT,. ey

The above equation can be written in terms of derivatives
assuming that At* — 0:

DTy
Dt~

DT DT,
Dt*  Dt*

@)

The first term in the RHS of the above equation, which is
the time rate of change of temperature of a fluid particle due
to chemical reactions, is given by the Lagrangian form of the
energy equation.
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where p, T, p, Y; denote the density, temperature, pressure
and species mass fractions associated with the fluid
particle, respectively. C), represents the specific heat at
constant pressure. The chemical heat release source term is
represented by wy,, A is the thermal conductivity, and z, y are
the axial and transverse spatial locations. In writing the above
equation, it is implicitly assumed that the radiative heat flux,
viscous heating and heat flux due to species diffusion terms
are neglected. Prior works (Gant et al. 2020; Gopalakrishnan
et al. 2021) which computed the autoignition front response
by neglecting diffusive effects showed, by comparison with
detailed DNS computations, that excellent predictions of the
ignition front heat release response can be obtained even
without accounting for diffusive terms. The heat conduction
term has to be included in the present geometry because the
reheat combustor walls are maintained at a lower temperature
(750 K) compared to the reactant temperature (1060 K) and,
thus, there can be significant heat transfer due to conduction
close to the walls.

One important aspect to note in Equation (3) is that
all terms on the right hand side are temporally varying.
Specifically, the heat conduction term is an unsteady
quantity. However, it is crucial to realize that computation
of this unsteady heat transfer term from a particle based
approach is not straightforward. Since these terms involve
axial and transverse spatial derivatives, computation of
these derivatives for any given fluid particle requires the
temperature data of not only that particle but also of
all other particles in a small neighbourhood surrounding
that particle. Since fluid particles lying in the transverse
direction are convected with different mean velocities, the
temperature data of all particles in a small neighbourhood
around a particle is unknown at any time ¢*. To overcome
this difficulty, the heat conduction term in Equation (3)
is assumed to be only spatially dependent (steady) and is
obtained from the time-averaged temperature and the thermal
conductivity fields. Thus, the energy equation is rewritten as:

DT, . . . -
=wn(T,p,Y3) + qu (™, y") + gy (2", y"), 4)

C
P2 D
where x*, y* are the axial and transverse co-ordinates of
the particle at any time ¢*, and g, g, are derived from the
time-averaged variables (Ao, 7p) as

\ aTO),qy: 9] (A

0
" 5o (o 50):

(Jx:%( Oﬁiy

Thus, the effect of heat transfer is taken into account by
imposing a background heat conduction steady source term
on top of the fluid particle evolution. The evolution equations
for the species mass fractions of the reacting fluid particle
and the particle position are given by (these equations help
in calculating z*, y* and wy, terms in the energy equation)

®)

DY, MW,
Dt p

(6)
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Figure 2. Pressure fluctuations at the inlet plane centerline as
a function of time and the corresponding frequency spectrum.
The flow is forced by acoustic and entropy waves at the inlet at
a frequency of 500 Hz.
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where MW; is the molecular weight of the i*" species,

W; is the production rate of the i*" species, and u, v are the

particle velocities in the axial and transverse directions.

It is now apparent from Equations (4) and (7) that in order
to integrate these equations, the instantaneous pressure and
flow velocity has to be known at any spatial point (z*, y*) at
time t*. This is determined from the unsteady LES dataset.
Any flow quantity (®) in the LES data is first decomposed
into a mean and a fluctuating component as follows:

=o(t"), @)

D(z,y,1) = Bo(,y) + (z,y)e™ + Dy(z,y,), (8)

where ®( denotes the time-averaged mean value, D
denotes the Fourier transform of the fluctuations at the
forcing frequency wy, and ®, represents the stochastic
turbulent fluctuations. The above decomposition is motivated
by observation of the frequency spectra of the pressure
fluctuations at any point in the combustor when forced
harmonically, for example, in Figure 2. The pressure
fluctuations show a strong Fourier component at the
frequency of forcing in addition to a small broadband
component. Since the primary interest here is to compute
the linear response of the flame to harmonic acoustic/entropy
forcing, the important component to consider in Equation (8)
is the Fourier component at the forcing frequency. Figure
3 plots the mean and the Fourier decomposed fluctuation
amplitude (at the forcing frequency wy) of the temperature
and axial velocity component obtained from the LES data.
The mean quantities show an autoignition front stabilized
close to the step location. The ignition front creates a region
of high velocity due to gas expansion. One important aspect
should be clarified in this figure. It can be seen that the
Fourier decomposed temperature and velocity oscillations
reach very high values locally near the mean ignition
front location (x = 0.033 m). This is due to the fact
that the autoignition front exhibits harmonic oscillations
in its position in response to the imposed disturbances.
Due to the ignition front position fluctuations and because
the temperature and velocity increase drastically across
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the ignition front, we see a large amplitude fluctuation
region close to the ignition front. The amplitude of the
imposed disturbances is still quite small (around 0.7% of the
respective mean values) to ensure a linear flame response.

The fluctuating flow quantities in the region upstream
of the autoignition front can be obtained by performing a
wave decomposition at the combustor inlet to determine
the acoustic and entropy wave amplitudes. The primitive
variable fluctuations can then be determined using a wave
ansatz. The mean and Fourier transform of any primitive
variable (®) is first averaged over the inlet to determine an
‘effective’ inlet value (®°) of that quantity:

oE = finlet Pody
Jinter
(’Ige _ finlet @dy'
Sinter
This is done because these quantities typically vary over
the inlet cross section. The Fourier amplitudes of the pressure

and density fluctuations associated with the acoustic (A, B)
and entropy waves (C) at the inlet can be written as

9

€))

~_D°+ poeguc
ba = )
2
N D _peceue
Pr = 20 0 , (10)
T
C — p (68)27

where ¢ denotes the speed of sound.

From the amplitudes of the acoustic and entropy waves at
the inlet, the primitive variable fluctuations at any point in
the region upstream of the autoignition front can be written
assuming one-dimensional propagation of these waves. The
density fluctuation is written below as an example:

Z/)\A iwypt —ikax + ﬁi iwfteisz

/
o,y t) = AA certe ¢
()2 (ch)?

+pce

Y

iwfte—ik‘c;c7

where k denotes the wavenumber of the waves, whose
expressions can be found in literature (Dowling 1995). The
temperature (7”), velocity (u/,v’) and pressure fluctuations
(p') can also be written in a similar manner (Dowling
1995; Gopalakrishnan et al. 2021). The wave ansatz form
of the flow field fluctuations together with the mean fields
will completely determine the instantaneous velocity and
pressure experienced by the fluid particle at time ¢*. As an
example, the instantaneous velocity of a fluid particle at time
t* is given by
w(t*) = ug(x*, y*) + o' (x*, y*, t° + t;). (12)
Similarly, the temperature fluctuations experienced by the
fluid particle at time ¢* can be written as
Ty(t*) = T'(z*, y*, t* + t;). (13)
Thus, knowing the mean values of all the primitive variables
and the Fourier decomposed fluctuations of the primitive
variables at the inlet from the LES data will allow us to
construct all the terms in the evolution equations (4), (6), (7).
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The energy and species equations source terms are evaluated
using the detailed chemical mechanism proposed by Li et al.
(2004). The time integration of the evolution equations of a
fluid particle are performed using stiff ode solver routines
available in MATLAB.

Integration of the evolution equations for a particle
injected at the combustor inlet at time ¢; yields the particle
temperature, species mass fractions and position as a
function of the Lagrangian time t*. From this data the
ignition time (7) of this particle can be determined as the
time at which dT'/dt* is maximum. The ignition location
(@ig, Yig) of this particle can be determined as

Tig(t; + 1) = 2™ (1),

14
gt +7) = 5 (7). (1

Repeating this process by injecting particles at the inlet
over different time instants ¢; allows us to construct the
co-ordinates of the ignition front at different instants of
time. The ignition front co-ordinates (Xig, Yiz) at any time
t are obtained as the curve that smoothly connects all fluid
particles which ignite at that instant.

The integrated heat release rate response of the flame at
any time instant can be computed as

Qt) = / pAh.(v — Vig).nds, (15)
c

where the line integral is performed along the ignition front

surface. In the above expression, Ah, is the heat of reaction

of the reactant mixture, v is the flow velocity vector, Vig

is the ignition front velocity vector given by (dXig/dt)i +

(dYig/dt)7, and n is the unit normal vector to the flame.

Results and Discussion

Figure 4 shows a typical result from the forced LES
computations, where the fluctuations in temperature at the
combustor inlet in terms of the acoustic and entropy wave
amplitudes are shown. The amplitudes of the imposed waves
are maintained sufficiently small to capture the linear flame
response. The right plot in Figure 4 shows the integrated heat
release rate in the domain. It can be seen that even though
the forcing is imposed at 500 Hz, the heat release response
does not happen purely at this frequency. Higher frequency
components are superimposed on top of the response at
the forcing frequency. However, in this work we focus
purely on the response of the ignition front at the imposed
forcing frequency. Thus, the heat release response is Fourier-
decomposed at the forcing frequency for the purpose of
comparison with the Lagrangian framework.

Figures 5 and 6 show the results obtained from the flame
response framework in terms of the instantaneous ignition
front shape at different time instants. The ignition front is
stabilized close to the step and exhibits small amplitude
fluctuations in its position in response to the imposed forcing.
Two flame response computations are carried out. In the
first computation, the heat conduction term (last two terms
in the RHS of Equation (4)) are neglected, while in the
second computation the heat conduction term is taken into
account. Figure 6 reveals that in both these computations, the
flame response framework is able to predict, to reasonable
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Figure 3. Mean and Fourier decomposed fluctuation amplitude corresponding to the (a) temperature and (b) axial velocity fields
obtained from the LES data. The magenta solid line in the mean plots denotes the time-averaged autoignition front.
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Figure 4. Typical result from the LES computation showing the temperature fluctuations at the inlet due to the acoustic and entropy
waves propagating upstream of the autoignition front. The right plot shows the normalized global (area) integrated heat release rate

in the combustor domain. The forcing frequency is 500 Hz.

accuracy, the ignition front shape. It is evident that when the
heat transfer terms are neglected, the shape of the ignition
front close to the walls is not accurately predicted. This is to
be expected as we expect the effect of the heat transfer terms
to be significant and important near the walls. In any case,
the Lagrangian flame response framework performs well in
predicting the ignition front dynamics.

The heat release rate response of the autoignition front is
shown in Figure 7. The results are shown for three different
frequencies. First, we observe that the present flame response
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framework is able to predict, with good accuracy, the
integrated heat release rate dynamics. Second, we observe
that incorporating the influence of heat transfer does not
significantly change the predictions. Third, we observe that
the gain of the heat release rate response transfer function
increases with increase in frequency. This observation was
previously observed for one-dimensional autoignition fronts
as well in Gant et al. (2020) and Gopalakrishnan et al.
(2021). One reason for this behaviour is because of the term
Vg in the expression for heat release rate (Equation (15)).
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Figure 5. Typical result from the flame response computation
showing the ignition front at different instants of time over one
forcing cycle. The left plot shows the backward-facing step
combustor geometry, and the right plot shows the ignition front
at different time instants. In the right plot, the x-axis is
normalized by the mean ignition location of the particle at the
centerline to show the amplitude of normalized fluctuations in
the ignition front position, while the y-axis is normalized by the
channel inlet width to show the spatial extent of the ignition
front.

For a given ignition front oscillation amplitude, the Vg
fluctuations increases with an increase in frequency as it
involves a derivative with respect to time.

Conclusion

In this paper, a Lagrangian particle based simplified
framework was developed to compute the autoignition-
stabilized flame dynamics in a two-dimensional backward-
facing step reheat combustor configuration. Understanding
the flame front dynamics is an important aspect to get insight
into the thermoacoustic behaviour of reheat combustors. The
Lagrangian framework works by injecting a series of reacting
fluid particles at the inlet of the combustor. These particles
are evolved in time by integrating the energy, species and
momentum equations. The framework uses as inputs the
mean flow quantities and Fourier decomposed velocity and
pressure oscillations at the combustor inlet extracted from a
CFD computation. In the present paper, we also carried out
reactive LES computations in which the combustor is forced
at the inlet. The predictions of the framework agreed very
well with the LES data both in terms of the ignition front
position dynamics and the global heat release dynamics. This
suggests that simplified frameworks such as the one proposed
in the present paper can be used to compute flame response
transfer functions to assess the thermoacoustic instability of a
combustion system involving autoignition-stabilized flames.
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