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a b s t r a c t 

A non-premixed methane/air flame under a transverse acoustic mode is studied by combining theoret- 

ical analysis and numerical simulations to understand the acoustic and flow mechanisms affecting the 

flame response. The experimental configuration under investigation consists of a combustion chamber, a 

coaxial injector with coflow, and speakers inducing stationary transverse acoustic waves. Numerical sim- 

ulations reveal a strong response of the flow in the injector to transverse acoustic excitation, resulting in 

large fluctuations in the mass flow rates of the fuel and oxidizer streams. An analytical model is devel- 

oped to describe the acoustic response of the flow in the injector to transverse excitation. This model is 

employed to describe unsteady inflow conditions in large-eddy simulations for different excitation ampli- 

tudes. The simulations show that the injector acoustic coupling must be considered to accurately predict 

the flame lift-off dynamics. Comparisons of numerical results with experimental measurements reveal 

similar flame structures arising from the longitudinal forcing and good agreement in the lift-off behavior. 

Further analyses of the flow field, mixing, and flame structure show that the coflow longitudinal forcing 

induces vortices that corrugate the stoichiometric surface. In addition, the jet forcing enhances the mixing 

at greater radial locations. The combination of these two mechanisms results in a periodically increased 

mixing at the stoichiometric surface, leading to significant heat release rate oscillations near the inflow. 

This work supports the hypothesis that strong acoustic/flame coupling can be present in non-premixed 

systems when the injectors are longitudinally excited by transverse acoustic waves. 

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Combustion instabilities (CIs) are one of the major challenges 

or the design and operation of gas turbines and rocket engines 

1] . These instabilities are characterized by large self-sustaining 

scillations in pressure and heat release, arising from the coupling 

etween combustion, acoustics, and unsteady flow field. Recent 

tudies examined CIs in annular combustors to study the nature 

f transverse modes [2–4] and global flame dynamics [5,6] . More 

undamental studies have used acoustic forcing to mimic the 

coustic field with either longitudinal [7,8] or transverse [9–

1] forcing. Acoustic excitation enables the thorough investigation 

f the flame and flow behavior and has helped in understanding 

he physical mechanisms leading to CIs. 
∗ Corresponding author. 

E-mail address: dbrouzet@stanford.edu (D. Brouzet) . 
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When transverse CIs occur, the acoustic field introduces trans- 

erse velocity fluctuations inside the combustion chamber and 

 fluctuating pressure difference between the chamber and the 

lenum. O’Connor et al. [12] and Urbano and Selle [13] noted that 

ransverse fluctuations do not directly affect the heat release rate 

n gas turbine and liquid rocket engine configurations. However, 

ressure fluctuations induce longitudinal waves in burners, noz- 

les and injectors, which in turn cause heat release fluctuations 

14–16] . The acoustic response from different combustor elements 

re then necessary for the accurate prediction of the injector flow 

ate and the combustor stability. 

Several studies computed the injector or burner velocity fluc- 

uations using linear acoustic models. This enabled the predic- 

ion of the combustor stability by describing the flame response 

ith a time-lag model [17,18] or with a numerically-computed and 

requency-dependent function [19] . From a configuration point of 

iew, the longitudinal fluctuations inside the injector are dras- 

ically affected by the location of the inflow nozzle relative to 

he acoustic field [20] , and by the impedance difference between 
. 

https://doi.org/10.1016/j.combustflame.2022.112330
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2022.112330&domain=pdf
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Fig. 1. a) Assembly illustrating details of the combustion chamber and injector, b) 

schematic of the coaxial jet injector with coflow, and c) detailed view of the injector 

exit. 
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he plenum and combustion section [19] . Changes in the plenum 

mpedance can significantly affect the combustor stability. 

While most studies examined CIs in premixed systems due to 

heir propensity to be more unstable, instabilities have also been 

bserved in partially premixed and non-premixed flames [21–23] . 

his paper considers two aspects crucial to the understanding of 

ransverse CIs in non-premixed systems: the response of the injec- 

or flow to transverse acoustic excitation and the coupling mecha- 

isms occurring in acoustically excited flames. 

In a series of experiments [23] and simulations [24] of a Con- 

inuously Variable Resonance Combustor (CVRC), it was shown 

hat altering the length of the oxidizer injector in a shear-coaxial 

ombustor affects the combustion stability. From studies on coax- 

al [25] and swirling [26] non-premixed flames, it was concluded 

hat the greatest inflow perturbations and flame coupling were 

chieved when resonance occurred in the injector. However, these 

tudies were limited to longitudinal acoustic perturbations. The re- 

ponse of coaxial injectors to transverse acoustic waves and the 

odification of the resulting flow field have not been examined 

et. 

Furthermore, most of the literature studied the response of 

on-premixed flames to longitudinal acoustic forcing. Using an an- 

lytical solution to the mixture fraction governing equation, Mag- 

na et al. [27 , 28] showed that longitudinal velocity perturbations 

ead to vortical disturbances that induce flame wrinkling and lo- 

al heat release rate fluctuations. The disturbances convect axi- 

lly at the local flow velocity and decay in amplitude. These stud- 

es also noted that heat release rate fluctuations are concentrated 

ear the burner outlet where mixture fraction gradients are high- 

st. These results are supported by experimental findings on lam- 

nar flames [8] , even though it was noted that natural unstable 

odes tend to dominate the forced mode, potentially weakening 

he coupling between heat release and pressure. Forcing these low- 

requency buoyancy modes produced large-scale flame structures 

ownstream [29] . Forcing frequencies an order of magnitude larger, 

hich are more likely to be observed in CIs, were found to alter 

he local mixing and combustion close to the jet exit. Kim et al. 

25] examined coaxial, turbulent, H 2 /air flames, showing that large 

ortical structures in the near field enhanced the mixing. 

Increasing inlet flow velocities also induces a flame lifting pro- 

ess. For given coflow conditions, as the fuel mass flow rate is in- 

reased, the flame remains attached before it lifts off. If the jet 

elocity is then decreased, the flame reattaches at a significantly 

ower amplitude, creating a hysteresis [30,31] . Considering longi- 

udinal acoustic fluctuations of the order of 100 Hz, Baillot and 

emare [32] noted that the flame can be lifted when the maxi- 

um velocity amplitude is attained and remains lifted during the 

hole forcing process. Longitudinal forcing can even change the 

ombustion regime depending on the forcing amplitude and fre- 

uency [33] . 

Plascencia et al. [34] are one of the few to have studied non- 

remixed flames under transverse acoustic modes. This study con- 

idered two conditions, in which either the pressure node (PN) 

r the pressure anti-node (PAN), i.e. the location of the maximum 

ressure amplitude, aligns with the centerplane of the jet. For PN 

onditions, they found that the flame becomes more wrinkled but 

emains anchored even for a large forcing amplitude. In contrast, 

nder a PAN mode, the flame would periodically or completely lift- 

ff and exhibit ‘puff-like’ structures. Detailed numerical studies of 

coustically excited turbulent non-premixed flames are lacking in 

rder to explain the flame response mechanisms under longitudi- 

al and transverse excitation. 

From the literature, it is clear that transverse acoustic modes 

an greatly affect the behavior of non-premixed flames. However, 

ongitudinal disturbances resulting from the acoustic response of 

oaxial injectors are not well documented. The added complexity 
2 
f this configuration compared to simple injectors requires a thor- 

ugh analysis and a low order acoustic model is lacking. In addi- 

ion, our knowledge of how non-premixed flames respond to trans- 

erse and longitudinal disturbances is still incomplete. Specifically, 

he flow, mixing, and combustion processes require further exami- 

ation to understand their coupling and how they lead to heat re- 

ease rate fluctuations. This paper addresses these two aspects that 

re at the core of transverse CIs. 

To this end, an acoustic analysis and large-eddy simulations 

LES) of the non-premixed burner studied by Plascencia et al. 

34] are conducted. The experimental configuration is first pre- 

ented in Section 2 . In Section 3 , the numerical methods are dis- 

ussed. Following this, an analytical model for the acoustic re- 

ponse of the injector is developed, which is subsequently used to 

rescribe inlet boundary conditions in the LES. Section 4 presents 

he results, starting by a comparison between the analytical model 

nd simulation results. The LES results of an acoustically forced 

ame are then compared to available experimental data, particu- 

arly focusing on the lifting behavior. Subsequently, the flow, mix- 

ng and combustion processes are examined to understand how 

he non-premixed flame responds to acoustic disturbances. Finally, 

onclusions are presented in Section 5 . 

. Experimental configuration 

The experiments were conducted at the Air Force Research 

aboratory Edwards Air Force Base. Figure 1 (a) shows an assem- 

ly drawing of the hardware used in this experiment. The in- 

ector is located at the bottom of the combustion chamber. The 

nner dimensions of the aluminum chamber are 914.4 × 355.6 

108.0 mm 

3 . Two horizontal baffles (dashed white lines) were 

laced above the chamber floor to suppress vertical acoustic 
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odes. These baffles are made of aluminum having dimensions of 

54 × 104.8 × 3.2 mm 

3 . 

An exhaust port with a diameter of 88.9 mm is positioned con- 

entrically above the injector. The speakers were threaded directly 

nto the side walls and were attached symmetrically at both ends 

f the waveguide (4 on each end). One ignition port with diameter 

f 25.4 mm is located on the back side of the chamber near the 

ottom wall. Two large rectangular (165.1 × 279.4 mm 

2 ) quartz 

indows provide optical access to the flame and sit flush with the 

luminum walls. Nitrogen is purged near the speakers to push the 

ases inside the chamber towards the exhaust port. This procedure 

orces the variations in the speed of sound caused by the presence 

f the flame to remain near the center of the chamber. 

Figure 1 (b,c) shows the coaxial jet injector. The injector con- 

ists of a center tube (inner diameter D f = 4 . 0 mm, length L f =
05 mm, post thickness w p = 0 . 36 mm) which supplies the fuel

methane). Surrounding the fuel tube is an oxidizer coflow sec- 

ion (outer diameter D c = 88 . 9 mm, length L c = 168 . 4 mm) to

hield the jet from entertainment and to suppress re-circulation. 

uantities associated with the fuel tube and the coflow annulus 

re denoted by subscripts f and c, respectively. The coflow oxidizer 

as supplied at a velocity of 1 m/s and consists of a mixture of 

0% nitrogen and 40% oxygen by mass. Both flows were controlled 

y choked conditions upstream of the injector using sonic orifices, 

hich provided a constant mass flow rate and well-defined flow 

nd acoustic boundary conditions. The center tube was designed 

o have a fully developed turbulent flow at the exit. 

The Reynolds number in this study ( Re = 5,300) is evaluated 

t the fuel injection condition and is based on the tube exit di- 

meter, the bulk velocity ( U b = 25 m/s), and the fluid properties of

ethane calculated at atmospheric chamber conditions. To achieve 

 uniform coflow, the flow was passed through a honeycomb and 

etal spheres. The honeycomb has a diameter of 88.0 mm and is 

5.4 mm thick, with a cell to thickness ratio of 8:1. 

. Methodology and mathematical models 

In Section 3.1 , we first describe the methodologies for the 

coustic simulation and LES. To model the unsteady inflow bound- 

ry conditions, we then develop an analytical model for the acous- 

ic response of the coaxial injector in Section 3.2 . Finally, we 

resent the configurations considered for the acoustic simulation 

nd the LES of the reacting flow in Section 3.3 . 

.1. LES equations 

To analyze how the acoustic field couples to the flame dynam- 

cs, LES are conducted in this work. A fully compressible finite- 

olume solver [35,36] is used to conduct the simulations. It solves 

he following Favre-filtered governing equations for conservation of 

ass, momentum and energy: 

 t ρ + ∇ · ( ρ˜ u ) = 0 (1) 

 t ( ρ˜ u ) + ∇ · ( ρ˜ u ̃

 u ) = −∇ p + ∇ · τν+ t (2) 

 t ( ρ˜ e tot ) + ∇ · [ ̃  u ( ρ˜ e tot + p )] = ∇ · ( τν+ t ·˜ u ) − ∇ · q ν+ t (3) 

ith density ρ , gas velocity vector u = [ u, v , w ] T , pressure p, spe-

ific total energy e tot , stress tensor τ and heat flux q . Overbars and 

ildes denote Reynolds and Favre filtering, respectively. Subscripts 

and t denote viscous and turbulent contributions, respectively. 

The flamelet/progress-variable (FPV) approach [37,38] is used to 

odel the combustion process in which the thermochemical prop- 

rties are a function of mixture fraction ̃

 Z , progress variable ˜ C and 
3 
ixture fraction variance ˜ Z ′′ 2 . The solved LES equations for these 

uantities are as follows: 

 t ( ρ˜ Z ) + ∇ · ( ρ˜ u ̃

 Z ) = −∇ · j Z,ν+ t (4) 

 t ( ρ˜ C ) + ∇ · ( ρ˜ u ̃

 C ) = −∇ · j C,ν+ t + ˙ ω C (5) 

 t ( ρ˜ Z ′′ 2 ) + ∇ · ( ρ˜ u ̃

 Z ′′ 2 ) = −∇ · j Z ′′ 2 ,ν+ t . (6) 

n assumed beta PDF is used to model the subgrid fluctua- 

ions in 

˜ Z and 

˜ C so that the progress variable source term ˙ ω C = 

˙  C ( ̃  Z , ̃  C , ̃  Z ′′ 2 ) . The diffusive and turbulent fluxes for the scalar �

re computed as j �,ν = −ρD �∇� and j �,t = −μt /Sc t ∇� , respec- 

ively, where D � is the diffusion coefficient, μt is the subgrid scale 

iscosity and Sc t is the turbulent Schmidt number. The system is 

losed with the ideal gas equation of state. 

The equations are discretized using a hybrid scheme that com- 

ines a 4th order accurate central spatial scheme with a 2nd order 

NO reconstruction scheme in regions of high density gradients 

36] . A strong stability preserving 3rd order Runge-Kutta scheme 

s employed for time-advancement with a maximum CFL number 

f 1.5. 

.2. Acoustic model for the inlet boundary conditions 

In this section, we develop an analytical model to describe 

he acoustic response of the coaxial injector to transverse acous- 

ic waves in the chamber. The following analysis assumes that the 

coustic wavelength, λ, is large compared to the injector diameters, 

o that only planar waves are present. The most restrictive condi- 

ion is therefore imposed by the coflow diameter D c /λ ≤ 0 . 61 [39] ,

roviding a constraint for the frequency of f ≤ 0 . 61 c/D c � 2350 Hz,

ith c being the speed of sound in the injector. The highest fre- 

uency considered in this study is equal to 1150 Hz and therefore 

he longitudinal waves in the injector are assumed to be planar. 

ith this, the pressure and streamwise velocity fluctuations in the 

njector can be written as a function of the upstream and down- 

tream propagating acoustic wave amplitudes A 

− and A 

+ , respec- 

ively: 

p ′ (x, t) = � 

{[
A 

+ exp ( jkx ) + A 

−exp ( − jkx ) 
]
exp ( − jωt ) 

}
(7a) 

 

′ (x, t) = 

1 

ρc 
� 

{[
A 

+ exp ( jkx ) − A 

−exp ( − jkx ) 
]
exp ( − jωt ) 

}
(7b) 

here j represents the imaginary unit, k = 2 π f/c is the wavenum- 

er, ω = 2 π f is the angular frequency and � { ·} means that only 

he real part is considered. 

We first consider the response of the coflow. The transverse 

aves generated by the speakers will diffract in the coflow annu- 

us, leading to an upstream propagating wave of amplitude A 

−
c = 

p, equal to the combined amplitudes of the two transverse waves 

n the chamber. As the boundary condition at the bottom of the 

nnulus x = −L c is fully reflective, an upstream propagating wave 

f amplitude A 

+ 
c will be created. A schematic of the waves is 

hown in Fig. 2 . Solving Eq. (7) by applying the wall boundary con- 

ition u ′ c (−L c , t) = 0 leads to the following solution at the coflow

xit, 

p ′ c (0 , t) = 	p� { [ exp ( 2 jkL c ) + 1 ] exp ( − jωt ) } (8a) 

 

′ 
c (0 , t) = 

	p 

ρc 
� { [ exp ( 2 jkL c ) − 1 ] exp ( − jωt ) } . (8b) 

Equations (8a) and (8b) show that the pressure and velocity at 

he coflow annulus exit have an amplitude and phase difference 
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Fig. 2. Schematic of the acoustic waves in the coaxial injector. The blue and red 

dashed arrows represent the waves in the coflow annulus and jet tube, respectively. 

(For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 
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elative to the incoming transverse waves, which is a function of 

he annulus length L c . 

As it will be confirmed and discussed in Section 4.1 , the down- 

tream propagating wave will then diffract into the combustion 

hamber, with negligible reflection back into the coflow annulus. 

onsidering our model, this means that the pressure at the fuel 

ozzle is imposed by Eq. (8a) , which can be written as, 

p ′ f (0 , t) = 	p f � { exp ( − jωt + φ) } (9) 

here 	p f = max 
[

p ′ c (0 , t) 
]

and φ are the amplitude and phase of 

he pressure fluctuations. The condition of zero pressure differen- 

ial across the nozzle is a well-known result for sharp-edge open 

ipes with small diameters [40] . 

We therefore have an acoustic problem in the fuel tube with 

he two following boundary conditions; the upstream propagating 

ave with amplitude A 

−
f 

is reflected at x = −L f by the choked flow

ondition, and the downstream propagating wave with amplitude 

 

+ 
f 

is reflected by the imposed harmonic pressure condition at the 

uel tube outlet ( Eq. (9) ). To analytically solve this problem of re-

ected waves both at the bottom and at the top of the fuel tube, 

he method of characteristics is used [41] . This method leads to the 

ollowing solution for the downstream and upstream propagating 

aves, 

 

−
f 

= 	p f � 

{ 

N 1 ∑ 

n =0 

(−1) n exp 

(
2 jknL f 

)} 

(10a) 

 

+ 
f 

= −	p f � 

{ 

N 2 ∑ 

n =1 

(−1) n exp 

(
2 jknL f 

)} 

(10b) 

here the integers N 1 = 

⌊
(ct + x ) / 2 L f 

⌋
and N 2 = 

⌊
(ct − x ) / 2 L f 

⌋
ct as counters for the reflected waves. Knowing the analytical 

orm of the geometric series, one can combine Eqs. (7b) and (10) to 

xpress the velocity fluctuations at the fuel tube outlet, 

 

′ 
f (0 , t) = −	p f 

ρc 
� 

{ [ 1 + (−1) N exp 

[
2 jk (N + 1) L f 

]
1 + exp 

(
2 jkL f 

)
+ exp 

(
2 jkL f 

)−1 + (−1) N exp 

(
2 jkNL f 

)
1 + exp 

(
2 jkL f 

) ] 
exp ( − jωt + φ) 

} 

(11a) 
4 
here N = N 1 = N 2 and the pressure fluctuations at this location 

re computed from Eq. (9) . In addition, the developed model ex- 

licitly gives the amplitudes of the downstream propagating acous- 

ic waves exiting the injector, both in the coflow and in the fuel 

ube. The acoustic response of the injector can therefore be mod- 

led in the LES by considering a non-reflecting injector inlet while 

mposing the incoming acoustic waves. The filtered quantities ũ 

nd p are imposed using the NSCBC formulation described in Ap- 

endix A. 

Other methods have been developed to account for the acoustic 

esponse of injector elements, such as the time domain impedance 

oundary condition (TDIBC) or the delayed-TDBIC. These methods 

ypically prescribe the incoming characteristic wave as a function 

f the outgoing characteristic wave. The TDBIC approach can be 

olved via a variety of algorithms such as a state-space based for- 

ulation [42–44] , an inverse discrete Fourier transform performed 

sing the z-transform [45] , or a convolution integral [46] . Delayed- 

DBIC requires a tedious algorithm to approximate the reflection 

oefficient [47] . Compared to all these techniques, the approach 

mployed in this paper is simpler, since the incoming character- 

stic wave is altered only using Eq. (11a) . However, the current 

ethod is limited to configurations where the analytical solution 

f the acoustic field can be obtained. 

.3. Numerical set-up 

We consider here the burner described in Section 2 . The fuel 

nd the oxidizer are methane and enriched air with 40% O 2 by 

ass, respectively. The flow rates of the fuel and coflow streams 

re equal to ˙ m f = 0 . 164 g/s and ˙ m c = 7 . 34 g/s, respectively. Both

treams are injected at a temperature of 293 K and at atmospheric 

ressure. In the following, we discuss the details relevant to the 

coustic simulation and the LES of the reacting flow. 

Acoustic simulation The block-structured mesh used to study the 

coustics of the system consists of 330,0 0 0 hexahedral elements. 

articular attention is given to ensure that the injector is well re- 

olved. The fuel tube and post thickness wall have 34 and 4 el- 

ments across their width, respectively. A simulation on a finer 

esh was also conducted to ensure that the velocity and pres- 

ure fluctuations inside the injector are converged. Subgrid stresses 

SGS) are not modeled in the acoustic simulation. 

The acoustic waves are prescribed from the two transverse 

oundaries, which model the speakers. The simulation is per- 

ormed for the first PAN mode (i.e. at f = 360 Hz) and there-

ore the waves injected at both ends are in phase, leading to a 

ero transverse velocity amplitude at the injector exit. The out- 

et is modeled as a partially reflecting Navier Stokes Characteris- 

ic Boundary Condition (NSCBC) [48] with a relaxation timescale 

f the order of 15 ms [49] . All other boundaries are modeled as 

lip, adiabatic walls. The complete chamber and injector are con- 

idered in this configuration. The honeycomb and metal sphere 

ections present in the experimental rig are assumed to have neg- 

igible acoustic resistance and are not considered in this geometry. 

LES of the reacting flow 

The computational domain considered for the LES is identi- 

al to the acoustic study, except for the injector geometry. The 

oflow annulus and fuel tube length are reduced to 2 D f and their 

coustic response is modeled (see Section 3.2 ). A block-structured 

esh with 3.9 million hexahedral elements is used, with 40 

nd 8 elements across the fuel tube and post thickness wall, 

espectively. 

Subgrid turbulence is modeled using the Vreman model [50] . 

he reaction chemistry for the methane/air combustion is de- 

cribed by the GRI3.0 mechanism, which consists of 53 species 

nd 325 reactions. The mechanism is enhanced with the DLR 

H 

∗ sub-mechanism [51] to enable comparisons with experi- 
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Table 1 

Summary of LES configurations. 

Case Condition Pressure amplitude 	p [Pa] Injector coupling 

1 Unforced 0 No 

2a Moderate amplitude (w/o injector coupling) 300 No 

2b Moderate amplitude (with injector coupling) 300 Yes 

3 High amplitude 450 Yes 
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Fig. 3. Comparison of the pressure fluctuations inside the injector for case 2b ob- 

tained with the acoustic simulation and the analytical model. 
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ental data. The progress variable is defined as C = Y CO 2 
+ Y CO +

 H 2 O 
+ Y H 2 [52] and the stoichiometric mixture fraction is Z st = 

 . 098 . Constant turbulent Prandtl and Schmidt numbers of 0.7 

re assumed for the scalar SGS model [53] . Due to the high 

roude number, F r = U 

2 
b 
/ (gD f ) = 1 . 6 × 10 4 (with g the gravita-

ional acceleration) buoyancy forces are not considered in the 

imulations. 

Boundary conditions for the speakers and the injector inlet 

re prescribed using the NSCBC method described in Appendix A. 

hile the former boundary only features incoming acoustic waves, 

urbulent inflow conditions are prescribed in the fuel tube. To this 

nd, a synthetic turbulent flow is computed following the method 

roposed by Xie and Castro [54] with the modifications of Touber 

nd Sandham [55] . The mean and root mean square (RMS) profiles 

t an equivalent Reynolds number are used to define the fully de- 

eloped pipe flow characteristics using an integral length scale of 

 . 3 D f . The outlet is modeled by a non-reflecting NSCBC. A damp-

ng region, which relaxes the solution to a target, fully combusted, 

quilibrium state, is used in the exhaust section of the domain. 

his damping region prevents any thermodynamic or chemical in- 

omogeneities at the outlet that would lead to a spurious behavior 

ith the non-reflecting locally one-dimensional and inviscid (LODI) 

oundary conditions. To this end, the formulation developed by 

ogey et al. [56] is used, which is combined with a linear relax- 

tion factor in the streamwise direction. 

The chamber walls are treated as no-slip and adiabatic while 

he walls of the injector tube are modeled as no-slip and isother- 

al. The experiment did not include thermocouple measurements 

o literature data were used to estimate the wall temperature. Ex- 

erimental non-premixed methane/air studies with similar flow 

elocities, rim thicknesses and rim material (i.e. copper) measured 

he lip to be at a maximum of 600 K [57,58] , which was prescribed

s the boundary wall temperature in the simulation. Altering the 

all temperature by ±300 K did not significantly change the flame 

tabilization and flame structure close to the boundaries. 

Experimental [59] and numerical [60] studies have examined 

he structure for methane/air flames side-wall-quenching. They 

ave found that 1) chemical wall effects are negligible at tem- 

eratures below 900 K and 2) there are negligible radical concen- 

rations at 600 K. These results indicate that the flame quenches, 

eading to an absence of product species at the wall, which is con- 

istent with the experiments of Kosaka et al. [61] at similar condi- 

ions. To account for these effects in the simulations, we therefore 

mposed a condition of ˜ C = 0 at the injector tube wall, correspond- 

ng to a frozen chemistry [62] . The effects of pressure on chemistry 

re not taken into account given the small pressure fluctuations 

onsidered ( < 1% ). 

Four different configurations were studied, as summarized in 

able 1 . These conditions correspond to experiments reported by 

lascencia et al. [34] . An unforced flame is the baseline configu- 

ation (case 1). Two PAN configurations with moderate amplitude 

nd pressure fluctuations 	p = 300 Pa (cases 2a and 2b) were con- 

idered in order to examine the effect of the injector acoustic cou- 

ling on the lift-off. Finally, a high-amplitude case was considered 

case 3). The excitation was performed at the first PAN mode in all 

ases, corresponding to a frequency of f = 360 Hz and a Strouhal 

umber St = f D f /U b = 0 . 0576 . 
5 
. Results 

.1. Acoustic simulation and modeling 

To assess the analytical model for the inlet boundary condi- 

ions, we perform an acoustic simulation for case 2b at the first 

AN mode and a forcing amplitude of 	p = 300 Pa. In this simu- 

ation, the injector geometry is considered in its entirety. 

Figure 3 shows comparisons of the pressure fluctuations in- 

ide the fuel tube and the coflow between the simulation and the 

odel. Substantial pressure fluctuations are observed inside the in- 

ector and the interaction of the acoustic waves within the injector 

eads to pressure fluctuations that are much higher at the bottom 

f the fuel tube than inside the chamber. The good agreement be- 

ween the simulation and analytical model suggests that the be- 

avior of the acoustic waves described in Section 3.2 is physical. 

Velocity fluctuations obtained at the exits of the coflow annulus 

nd the fuel tube are shown in Fig. 4 , as a function of the normal-

zed time t f = f t . The transverse velocity fluctuations are of the 

rder of 0.01 m/s so only the streamwise component is discussed. 

he fuel tube velocity signal features an acoustic beating mode, re- 

ulting from the superposition of the forcing frequency and the 

rst resonant frequency of the fuel tube f 1 = c/ (4 L f ) � 280 Hz.

his result confirms that the exit of the tube acts as a reflecting 

nterface for the acoustic waves and that losses are negligible, as 

ssumed in the model and supported by the theory of Levine and 

chwinger [39] that predicts a near-unity reflection coefficient for 

he frequency and tube diameter considered. 

In contrast, the coflow signal is quasi-harmonic at the forcing 

requency of f = 360 Hz, showing that the open-end of the an- 

ulus is nearly non-reflecting. According to Levine and Schwinger 

39] , the reflection coefficient for a pipe of equivalent diameter 

hould be 0.86. It is likely that the reflection coefficient in the 

coustic simulation is lower than the theoretical value and we be- 

ieve that the former approach is more reliable to establish that the 

oflow annulus can be approximated as a non-reflecting open-end. 
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Fig. 4. Velocity fluctuations at the exit of a) the fuel tube and b) the coflow 

obtained with the acoustic simulations and the analytical model ( Eq. (11a) and 

Eq. (8b) ). 
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To further assess the analytical model, Eqs. (8b) and (11a) are 

ompared to the simulation results in Fig. 4 . Amplitude and phase 

re in good agreement for the coflow. In addition, the beating be- 

avior in the fuel tube is well captured by the analytical model, es- 

ecially when the velocity fluctuations are maximum. The discrep- 

ncy observed for t f ≤ 1 in Fig. 4 (b) represents the transient be- 

avior of the simulation, which was initialized without any acous- 

ic perturbations in the domain. Overall, these results show that 

he acoustic behavior in the fuel tube is well represented by linear 

coustics with a perfectly reflecting open end and negligible losses. 

urthermore, they illustrate that the acoustic waves can lead to 

trong variations in the mass flow rate, especially in the fuel tube. 

.2. Qualitative comparison to experimental data 

We proceed by analyzing the LES results and compare Schlieren 

mages from the simulations with experimental data. The phase 

aken for comparison in the forced cases is established based on 

he lift-off height. The methodology used to post-process the LES 

esults is described in Appendix B. Even though this comparison 

s mostly qualitative, it enables us to verify that the main flow and 

ame dynamics are captured by the LES. Comparisons of results for 

he cases 1, 2b and 3 are shown in Fig. 5 . 

Figure 5 (a) shows case 1, corresponding to the unforced con- 

guration. The Schlieren images show the location of the flame, 

hich widens as it is convected downstream. The development of 

he jet instability and the mixing is also apparent in the jet region. 

n addition, the flame remains anchored and stable. All these fea- 

ures are captured by the simulation. 

In the moderately forced case 2b, shown in Fig. 5 (b), the flame 

eriodically lifts-off a few mm above the rim and exhibits a puff- 

ike behavior. The small vortical structures present near the injec- 

or coalesce into larger ones and subsequently deform the flame, 

lternatively pushing it away or pulling it closer to the centerline. 

ven though the experimental results display smaller cellular re- 

ions in the downstream region, the main features are also present 

n the LES results. The high-amplitude case 3 is shown in Fig. 5 (c).

he flame is completely lifted, a few jet diameters above the rim. 

he puff-like structures are still present, but are smaller at the 

ame base compared to the lower amplitude forcing. The radial 

xpansion of the flame is also more pronounced for this configura- 

ion. The LES results are again in good qualitative agreement with 

xperimental observations. 

To further assess the simulation results, Fig. 6 compares OH 

∗

mages from numerical and experimental data for the unforced and 

orced cases. An Abel transform of the OH 

∗ mass fraction at the 
6 
 − y centerplane obtained from the LES was performed. The ex- 

erimental results show the average line-of-sight OH 

∗ chemilumi- 

escence imaging. The flame radial expansion and the chemilumi- 

escence amplitude are well predicted by the LES, for both the un- 

orced and for the forced cases. For the forced cases, the mean lift- 

ff height is also well predicted. Overall, Figs. 5 and 6 show that 

he numerical and experimental results are in good agreement, in- 

icating that the modeling approach and boundary conditions are 

ell suited to predict the flame dynamics. 

.3. Lift-off comparison to experimental data 

We proceed by examining the lift-off predictions. Baillot and 

emare [32] , Demare and Baillot [33] have analyzed non-premixed 

ombustion regimes and changes in lift-off height induced by lon- 

itudinal acoustic forcing at the fuel nozzle. For forcing frequencies 

omparable to our study, they showed that a forcing of sufficient 

mplitude leads to a flame which cannot stay anchored. This sug- 

ests that, in our configuration, the fuel tube forcing can lead to 

etachment of the flame. The analytical model provides quantita- 

ive results for the maximum velocity fluctuation amplitude at the 

uel tube outlet u ′ 
f,max 

( Eq. (11a) ), which is shown in Fig. 7 (a) as a

unction of the forcing frequency for 	p = 300 Pa. When the forc- 

ng occurs close to the resonant frequency of the fuel tube (solid 

ed lines), u ′ 
f,max 

attains large values due to the acoustic energy 

uild up. In contrast, u ′ 
f,max 

is zero at the resonant frequency of 

he coflow (dashed blue lines). This can be explained by the zero 

ressure fluctuations at the coflow outlet. Therefore, the fuel tube 

s acoustically not excited, showing that the whole injector config- 

ration needs to be considered to accurately describe the fuel flow 

ate fluctuations. 

Unfortunately, velocity measurements were not performed in 

he experiments. To establish the minimum velocity fluctuations 

ecessary to lift the flame, we calibrate the model with experi- 

ental results of the lift-off data. At f = 360 Hz, the lift-off was 

bserved at 180 < 	p < 220 Pa. The analytical model ( Eq. (11a) )

redicts u ′ 
li f t 

� 4 . 5 m/s, which is therefore used as condition for 

he flame to lift off. Knowing that u ′ 
f,max 

is linearly dependent on 

he forcing amplitude 	p, one can therefore compute the required 

orcing amplitude to lift the flame as 	p li f t = u ′ 
li f t 

	p/u ′ 
f,max 

, 

hich is shown in Fig. 7 (b). In accordance with Fig. 7 (a), only in-

nitesimal pressure perturbations are necessary to lift the flame 

t the resonant frequency of the fuel tube and lift-off cannot be 

chieved at the coflow resonant frequency. Experimental results 

re also shown for the second and third PAN frequencies i.e., at 

75 Hz and 1150 Hz, and agree well with the analytical model. 

Finally, the lift-off dynamics for the forced cases is analyzed. 

he flame location is tracked based on a threshold of the OH 

∗

elds (shown in Fig. 6 ) equal to 20% of the maximum intensity. 

he line-of-sight OH 

∗ chemiluminescence and the Y OH ∗ Abel trans- 

orms are used for the experimental and numerical results, respec- 

ively. Instantaneous and phase-averaged results of the lift-off dis- 

ance are reported in Fig. 8 , both for the moderate (case 2) and

igh amplitude (case 3) forcing cases. The results with the injec- 

or coupling (case 2b and case 3, solid red lines) show an overall 

ood agreement in the phase and peak values. Because the lift-off

rocess is affected by turbulence in the fuel nozzle, there are how- 

ver instantaneous differences. Phase-averaged results confirm the 

verall good agreement for phase and amplitude between the two 

ignals, which only differ by a maximum of 0.5 mm and 1 mm for 

ase 2b and case 3, respectively. 

Figure 8 (a) (dashed line) also shows the instantaneous lift-off

btained when the injector coupling is not considered. In this con- 

guration, the transverse acoustic waves diffract in the coflow in- 

ector but are not reflected back, leading to an under-prediction of 
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Fig. 5. Comparison between instantaneous numerical (left panels) and experimental (right panels) Schlieren images for a) the unforced case 1, b) the forced case 2b ( 	p = 

300 Pa) and c) the forced case 3 ( 	p = 450 Pa). 

Fig. 6. Comparison between time-averaged numerical (left panels) and experimental (right panels) OH 

∗ chemiluminescence imaging for a) the unforced case 1, b) the forced 

case 2b ( 	p = 300 Pa) and c) the forced case 3 ( 	p = 450 Pa). The injector is schematized by the white lines. OH 

∗ is normalized with its maximum value. 

Fig. 7. Acoustic response at the fuel tube exit. The black line represents results from the analytical model showing a) the maximum u ′ 
f 

amplitude at the fuel tube outlet for a 

forcing amplitude 	p = 300 Pa and b) the minimum forcing amplitude necessary to lift-off the flame. The red markers represent the experimental results. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

7
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Fig. 8. Instantaneous (left column) and phase-averaged (right column) lift-off distance for (a-b) cases 2a and 2b and (c-d) case 3. The grey lines represent the instantaneous 

experimental data. 
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he streamwise velocity fluctuations at the injector exit. In turn, 

his leads to a substantial under-prediction of the lift-off oscilla- 

ions. This result confirms the importance of the acoustic coupling 

f the injector to predict the lift-off dynamics of the flame. 

Overall, we can draw two major conclusions from the unforced 

nd forced lift-off comparisons. Firstly, it confirms that the mod- 

ling approach described in Section 3.1 is suited to predict the 

ame anchoring and lift-off dynamics. Secondly, the injector acous- 

ic coupling must be considered to accurately predict the lift-off

ynamics. This can be done by including the upstream injector ge- 

metry in the simulations or by modeling their effects on the ve- 

ocity fluctuations, as performed in this study. The latter approach 

s computationally more efficient since the injector can extend spa- 

ially far upstream. 

.4. Flame, flow and mixing dynamics 

We proceed by examining the flame, flow, and mixing dy- 

amics resulting from the acoustic forcing. We only consider the 

oderately forced flame (case 2b) since the results were qualita- 

ively similar at a higher forcing amplitude. We start our analysis 

y discussing snapshots of the results over a forcing cycle in 

ig. 9 (a–e). The temperature field at the x − y centerplane displays 

uff-like characteristics. The isoline indicates the stoichiometric 

ontour with Z st = 0 . 098 which is substantially corrugated by the 

urrounding flow field in the first ten jet diameters downstream of 

he inlet. Further downstream, these wrinkles are then weakened 

y diffusion. The regions with heat release rate larger than 

˙ Q = 5 

W/m 

3 are shown by the white isosurfaces and tend to be located 
8 
n the lower part of the flame. In order to examine the coupling 

etween inlet fluctuations and heat release, we compare the 

emporal evolution of these isosurfaces with the traces of the 

patially integrated heat release rate fluctuations ( ˙ �′ ) and the fuel 

ass flow rate, shown in Fig. 9 (f). From panel (a) to (d), the fuel

ow rate and heat release fluctuations transition from a minimum 

o a maximum value, illustrating the causal relationship between 

nflow and heat release rate fluctuations. Strong mass flow and 

eat release rate oscillations, of the order of 40% and 10% of their 

ominal values, respectively, are observed. In the following, we 

nalyze the physical mechanisms responsible for this coupling. 

To identify the main flame and flow features, Spectral Proper 

rthogonal Decomposition (SPOD) is employed [63] . This method 

dentifies spatially orthogonal modes at particular frequencies, 

ased on a cross-correlation tensor of realizations of the tempo- 

al Fourier transform. A full description of the methodology, which 

as been successfully applied to non-reacting [64] and reacting 

65,66] flows, can be found in [63] . Figure 10 (a) shows the domi- 

ant SPOD modes of the temperature and transverse velocity fields 

t the forcing frequency of 360 Hz. An instantaneous isoline of 

he stoichiometric isosurface is shown by the black line to visu- 

lize the flow effect on the flame. The temperature mode is first 

iscussed. An elongated structure is identified in the jet region, 

hich is caused by the acoustic forcing in the fuel tube. Another 

ain flame feature is located near the inflow on the outer edge of 

he fuel tube, which represents the streamwise oscillations of the 

ame base caused by fluctuations in the coflow longitudinal veloc- 

ty. Large transverse velocity fluctuations are also noted in this re- 

ion, which introduce the temperature oscillations seen in the left 
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Fig. 9. a–e) Evolution of the flame on the x − y centerplane over a forcing cycle. The colorplots represent the temperature field, the isolines show Z st = 0 . 098 and the 

isosurfaces show 

˙ Q = 5 GW/m 

3 . f) Corresponding fuel flow rate and integrated heat release rate. The scatter points represent the instants shown in panels a-e). 
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anel of Fig. 10 (a). These velocity modulations, however, do not al- 

er significantly the stoichiometric surface and are not identified 

or x/D f > 3 . It is noted that no vortices or flame motion were ob-

erved in the unforced case 1. Therefore, it can be concluded that 

he structures discussed here are caused by the longitudinal acous- 

ic forcing. 

Figure 10 (b-c) display the dominant SPOD mode at the first 

nd second subharmonics, respectively, showing the persistence of 

he temperature and the velocity fluctuations for x/D f > 3 . The 

treamwise growth and decay of these structures, as well as their 

ownstream shift for lower frequencies, are indicative of a transfer 

f energy to lower subharmonics. This is likely the result of a lower 

onvective velocity and vortex merging, which was also observed 

y Kim et al. [25] in their acoustically forced H 2 /air non-premixed 

oaxial flames. These vortices at subharmonic frequencies corru- 

ate the flame in the downstream region, resulting in cusp-like 

hapes and large transverse fluctuations of the stoichiometric sur- 

ace. Even if the longitudinal forcing occurs at a frequency much 

igher than the natural unstable mode (which is of the order of 

0 Hz for this case [67] ), the stoichiometric surface is still corru- 

ated, albeit at sub-harmonic frequencies. 

The effects of the fuel tube forcing are investigated next. A 

ey quantity in non-premixed flames is the scalar dissipation rate, 

hich represents the local mixing, and affects the flame struc- 

ure and heat release rate. It is computed as χ = 2 D T |∇Z| 2 ,
here the thermal diffusion coefficient D T is evaluated assuming 

 Prandtl number equal to Pr = 0 . 7 . Figure 11 shows consecutive
 d

9 
napshots of the χ-field, as well as the streamwise velocity isolines 

 = u (x = 0 , y = 0) = 28 m/s, which enables visualizing the forcing

hase. As the inlet flow rate increases, the jet core expands ra- 

ially due to the increased streamwise velocity. This results in an 

ncrease in the scalar dissipation rate further away from the center- 

ine. This is particularly evident at t f = 0 . 4 , where large χ-values

re observed to expand radially around x/D f = 3 . 

These results indicate a causal relation between the fuel flow 

ate ˙ m and the radial location ζ at which the scalar dissipation 

ate reaches its maximum. To estimate how far downstream the 

ow forcing impacts the mixing, a normalized cross-correlation 

 ˙ m ζ ,norm 

is computed for a range of streamwise locations as 

 ˙ m ζ (x, τ ) / 
√ 

R ˙ m ̇ m 

(x, 0) R ζ ζ (x, 0) , where R ˙ m ζ (x, τ ) denotes the cross- 

orrelation coefficient between ˙ m and ζ with a time delay τ . 

igure 12 shows the maximum cross-correlation between the two 

ignals and the time delay τ at which it was obtained. The cross- 

orrelation exceeds 0.5 up to x/D f = 10 and decreases significantly 

urther downstream, showing that the jet acoustic forcing only im- 

acts the mixing in the lower part of the flame. The time delay, 

hich is less than a millisecond, follows a linear behavior and il- 

ustrates the time required for the inflow perturbations to be con- 

ected downstream. 

To analyze the effect of the flow and flame dynamics on the 

eat release rate response, Fig. 13 shows the joint probability den- 

ity functions (PDFs) between several quantities at the stoichio- 

etric surface. The conditional mean and RMS are shown by the 

ashed white and red lines, respectively. Figure 13 (a) shows the 
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Fig. 10. Dominant SPOD modes for the temperature (left panels) and the transverse velocity (right panels) at a) the forcing frequency of 360 Hz, b) the first subharmonic 

(180 Hz) and c) the second subharmonic (120 Hz). The black isoline represents an instantaneous stoichiometric surface. The colorscales range from ± 10 0 0 K and ± 1.5 m/s 

for the temperature and velocity, respectively. 

Fig. 11. Snapshots of the scalar dissipation field χ and isoline of u = 28 m/s at the x − y centerplane. 

Fig. 12. Maximum normalized cross-correlation R ˙ m ζ ,norm between the fuel flow rate 

and the radial position of maximum χ , with corresponding time delay τ . 
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oint PDF of the radial position of the stoichiometric surface and 

he scalar dissipation rate. The strong and monotonous increase in 

as the flame moves closer to the centerline can be explained 
10 
y the higher radial gradient of the mixture fraction. Interestingly, 

he conditional RMS also increases substantially when the flame is 

loser to the centerline, especially for r/D f < 1 . 5 . The jet pulsation

nd subsequent radial expansion of the scalar dissipation rate field, 

hown in Fig. 11 , provide an explanation for the increased fluctua- 

ions; when the stoichiometric surface is brought close enough to 

he centerline by the outer vortices, the mixing at the stoichiomet- 

ic surface is periodically enhanced by the fuel tube forcing. 

These results have direct implications on the local heat release 

ate, as illustrated by the joint PDF of χ and 

˙ Q in Fig. 13 (b). The

ean and RMS of the heat release rate have a monotonous and 

uasi-linear dependence on χ , consistent with the steady laminar 

amelet theory [68] . Figure 13 (c) shows the joint PDF of the radial

osition of the stoichiometric surface and the integrated heat re- 

ease rate in the y − z plane. This figure illustrates the implication 

f this dependency; the flame will exhibit significantly larger heat 

elease rate fluctuations when the stoichiometric surface is closer 

o the centerline. 

It is important to note that two different mechanisms are nec- 

ssary to obtain the behavior described in this section: 1) a trans- 

erse deformation of the stoichiometric surface by large vortices 

n the shear layer and 2) a jet forcing to enhance the mixing. 



D. Brouzet, S. You, M.A. Plascencia et al. Combustion and Flame 246 (2022) 112330 

Fig. 13. Joint PDFs at the stoichiometric surface of a) the scalar dissipation rate χ

and the radial position r, b) the heat release rate ˙ Q and χ , and c) the integrated 
˙ Q in the y − z plane and r. The conditional mean and RMS are represented by the 

white and red dashed lines, respectively. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 14. Temporal evolution of volume integrated heat release rate. 
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11 
his comes about in this configuration because the coflow annulus 

nd the fuel tube introduce significant streamwise velocity fluctu- 

tions due to their acoustic response. As a result, substantial heat 

elease rate oscillations were observed in the lower part of the 

ame. These fluctuations are also noticeable in the temporal evolu- 

ion of the volume integrated heat release rate. Figure 14 demon- 

trates that the physical mechanisms described in this section lead 

o large fluctuations in heat release, of the order of 10% of the 

ean value. The positive heat release rate fluctuations are caused 

y the jet forcing, which enhances periodically the mixing at the 

orced frequency. 

. Conclusions 

A turbulent non-premixed methane/air flame under a trans- 

erse acoustic mode was studied to understand the acoustic and 

ow mechanisms affecting the flame response. The flame was sub- 

ected to a standing pressure anti-node wave, where pressure os- 

illations are maximum at the centerline. Using this configuration, 

e studied two important aspects related to transverse combus- 

ion instabilities: the acoustic response of the injector and the 

ame/flow coupling mechanisms. From this study, the following 

onclusions were drawn: 

• Acoustic simulations revealed that transverse acoustic modes 

introduce strong longitudinal velocity perturbations in the in- 

jector, both in the coflow and in the fuel jet. An analytical 

model was developed to predict the acoustic fluctuations in the 

injector, showing good agreement with simulation results. 

• LES were performed using the analytical model for the inlet 

boundary conditions, and were compared to experimental mea- 

surements. The puff-like flame dynamics arising from the lon- 

gitudinal forcing was captured in the LES and the lift-off dy- 

namics was in good agreement with experimental data. It was 

shown that the injector acoustic coupling was the main mech- 

anism for the transverse acoustic mode to affect the flame and 

must be considered to accurately predict the flame lift-off. 

• Further analysis of the flow, mixing and flame processes re- 

vealed the flame response mechanisms. Vortices in the outer 

shear layer arising from the coflow forcing corrugated the flame 

in the near-nozzle region. Simultaneously, the jet forcing en- 

hanced the mixing at greater radial locations. The combination 

of these two mechanisms was shown to periodically increase 

the heat release rate where the flame was close enough to the 

centerline. Hence, the longitudinal fluctuations in the coflow 

and the jet played complementary roles leading to substantial 

heat release rate oscillations in the near inflow region. 

This work supports the hypothesis that strong acoustic/flame 

oupling can be present in non-premixed systems when the 

aseous fuel and oxidizers injectors are longitudinally excited by 

ransverse acoustic waves. Further work is needed to establish if 

he mechanisms discussed in this paper can lead to combustion 

nstabilities in the studied configuration and different geometries, 

uch as shear-coaxial flames. 
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