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Abstract

The dynamics of spray swirling flames is investigated by combining exper-

iments on a single sector generic combustor and large eddy simulations of

the same configuration. Measurements and calculations correspond to a

self-sustained limit cycle operation where combustion coupled by an axial

quarter wave acoustic mode induces large amplitude oscillations of pressure

in the system. A detailed analysis of the mechanisms controlling the pro-

cess is carried out first by comparing the measured and calculated spray and

flame dynamics. Considering in a second stage that the spray and flame are

compact with respect to the acoustic wavelength the analysis can be sim-

plified by defining state variables that are obtained by taking averages over

the combustor cross section and representing the behavior of these average

quantities as a function of the axial coordinate and time. This reveals a

first region in which essentially convective processes prevail. The convective
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heat release rate then couples further downstream with the pressure field

giving rise to positive Rayleigh source terms which feed energy in the axial

acoustic mode. In the convective region, the swirl number features oscilla-

tions around its mean value with an impact on the flow aerodynamics and

flame radial displacement. Fluctuations in the fuel flow rate are initiated

at the injector exhaust and likewise convected downstream. The total mass

flow rate that exhibits strong convective disturbances is dominated further

downstream by the acoustic motion. This information provides new insights

on the convective-acoustic coupling that controls the heat release rate dis-

turbances and reveals the time delays governing the combustion oscillation

process.
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1. Introduction

Combustion instabilities have many undesirable consequences in terms of

life duration and operability and are a source of risk in high performance

systems like jet engines or industrial gas turbines [1, 2]. Their prediction,
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control and reduction require an understanding of the flame dynamics and

the coupling with the resonant modes of the combustion system. Experi-

ments, even well conducted and instrumented [2–4], do not give access to

all necessary variables. Large Eddy Simulation (LES) can be used in high

fidelity calculations of combustion oscillations in engine like configurations

[5, 6].

It is at this point worth briefly reviewing progress made in the simu-

lation of spray flame dynamics under acoustic coupling or under acoustic

forcing. Much of the numerical modeling effort has been carried out so far

with unsteady RANS calculations [7, 8]. General trends are captured but

mismatch with experimental data are also noted. Recent articles, among

others [9, 10] report LES results for gas turbine model combustors powered

by swirled spray flames with detailed validations with experimental data for

the mean variables, but the flame dynamics is not investigated. Tachibana

et al. [6] use LES to simulate a spray swirled flame at elevated pressure

under self-sustained instability, and observe a good overall agreement with

experimental data. They note the importance of the time delay introduced

by droplet evaporation on the combustion instability coupling, an effect also

described in [11] from LES of the reactive flow in a backward facing step

configuration. Eckstein et al. [2] indicate that in air assisted atomization

systems, droplet diameter fluctuation will ensue from velocity fluctuations

within the injector. These fluctuations create unsteadiness in the fuel supply

to the flame and contribute to the instability.

The present investigation focuses on flame dynamics in the swirl spray at-

mospheric single sector combustor SICCA-Spray. This device features strong
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longitudinal oscillations in a limit cycle regime at a frequency (474 Hz) close

to that of oscillations in the annular combustor MICCA-Spray [12]. Experi-

ments and LES are combined to contribute to the validation of LES of swirl

spray flame dynamics under acoustic interaction, and extract informations on

the fundamental mechanisms of flame dynamics. The essence of this anal-

ysis is to consider that the flame is compact with respect to the acoustic

wavelength. The multidimensional complexity of the problem may then be

reduced but it is important to retain the capacity to describe the convec-

tive motion in the combustion region and to examine its coupling with the

acoustic motion. This may be accomplished by considering variables that are

integrated over the combustor cross section. In practice, it is more convenient

to use variables that are integrated over an elementary volume V = Sc∆z

having as a base the combustor cross section Sc and extending over a small

∆z in the axial direction:

ψ̂(z, t) =
∫ z+∆z

z

∫
Sc

ψ(r, θ, z, t) dV (1)

where r, θ, z are the radial, tangential and axial coordinates. In what follows

∆z = 1 mm. It is also sometimes more physical to use variables integrated

over the cross section for example when one considers mass flow rates. Such

variables will appear as ψ̃. It is known that combustion instabilities arise

when the delay resulting from injection, convection, vaporization and chem-

ical conversion is of the order of a multiple or half multiple of the acoustic

period [13]. The variables associated with these processes are perturbed in

cascade during the oscillation, and end up creating heat release rate fluctua-

tions which drive the combustion instability. The flame delay mostly results
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Figure 1: (a): Schematic view of the SICCA-Spray burner. It consists in a cylindrical air plenum fed with compressed air. The plenum also features
a measurement section equipped with two Bruel & Kjaer type 4938 microphones with type 2670 preamplifier for acoustic pressure and velocity
measurements. The injector has a radial swirler to put the air flow in rotation and stabilize the flame (swirl number S = 0.63 [16]), and a simplex
atomizer to create a hollow cone spray of liquid n-heptane droplets. At r = 5 mm and z = 2.5 mm above the backplane, the mean droplet diameter
has been measured at d10 ≈ 8 µm and the Sauter mean diameter at d32 ≈ 30 µm [16]. The combustion chamber is cylindrical and made of quartz for
optical access on the lower part. The upper part is made of brass for affixing a water-cooled wave guide for chamber microphone. A green plane
depicts a laser sheet used for spray tomography, and the field of view of the camera is indicated by a red dotted contour. (b): True color image as
acquired by the high speed camera. (c): Numerical domain and mesh.

Table 1: Operating conditions and characteristics necessary for simu-
lation

300 mm. A microphone “MC1” is mounted on a water-
cooled waveguide at zMC1 = 255 mm above the back-
plane. The acoustic delay estimated at τWG = XXXs
created the waveguide is compensated for in the experi-
mental measurements.

A continuous 532 nm 20 W laser is used to generate
a laser sheet for tomographic visualization of the liquid
spray. The laser sheet is orthogonal to the backplane
of the combustor and intersect the centerline. A high
speed color camera (Phantom V2512), equipped with a
XXX mm lens is used for simultaneous visualization of
the droplet tomography (green) and flame chemilumi-
nescence (blue). The camera is operated at a frame rate
of 10 kHz with an exposure time of 99 µs and a color
depth of 10 bits.

3. Numerical Setup

The SICCA-Spray

Table 2: Evaporation time

4. A Joint Processing Method for Experimental and
Numerical data

5. Validation of the Flame and Spray Dynamics

6. Discussion

Then the objective is to follow the perturbation from
the injector to the flame: the idea is to look at a sequence
of variables from the simulation as a function of the
phase with pressure: ṁair, ṁ f uel, liq, ṁ f uel, vap, evapora-
tion mass flux, d10, d32, HR, equivalence ratio (gaseous
and total) in the flame zone, vitesse de glissement des
gouttes pour differentes tailles .

7. Conclusion
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Figure 1: (a): Schematic view of SICCA-Spray. The green plane depicts the laser sheet

used for spray tomography. The field of view (FOV) of the camera is indicated by a red

contour. (b): Numerical domain and mesh in the flame region. (c): Color image with

flame (blue) and spray laser tomography (green) showing the position of the flame with

regards to the hollow cone spray. Adapted from [14].

from the longitudinal phase velocity of these perturbations. The space-

time analysis based on the integrated variables defined previously allows to

identify these perturbations and their velocity.

2. Experimental and Numerical Setup

The experimental configuration SICCA-Spray shown schematically in Fig. 1(a),

is an atmospheric single sector test rig designed for combustion dynamics

experiments with swirl spray injectors. It comprises a cylindrical plenum

equipped with two Bruel & Kjaer type 4938 microphones with type 2670

preamplifier for acoustic pressure and velocity measurements upstream of
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the injector. The radial swirler design features a swirl number of 0.63 [12].

Liquid n-heptane is injected by a simplex fuel atomizer creating a hollow cone

shaped spray on the centerline. The mean droplet diameter is d10 = 8 µm and

the Sauter mean diameter d32 = 30 µm [12]. The combustion chamber is a

cylindrical quartz tube with a microphone “MC1” mounted on a watercooled

waveguide at zMC1 = 255 mm above the backplane. The waveguide creates a

640 µs delay that is compensated to retrieve the pressure signal in the cham-

ber. The burner is operated at a global equivalence ratio of φnom = 0.85

and a thermal power of P = 6.4 kW, corresponding to an air flow rate of

ṁair,nom = 2.58 g s−1 (measured by a Bronkhorst EL-Flow) and a fuel flow

rate of ṁfuel,nom = 520 g h−1 (monitored by a Bronkhorst CORI-Flow). A

continuous 532 nm 0.5 W laser is used to generate a laser sheet for tomo-

graphic visualization of the liquid spray. The laser sheet is orthogonal to

the backplane of the combustor and passes through the centerline. A high

speed color camera (Phantom V2512) is used for simultaneous visualization

of the droplet light scattering (green) and flame chemiluminescence (blue).

The camera is operated at a frame rate of 10 kHz.

LES of this configuration is performed using the AVBP solver with the

modeling strategy of [10]. A third order accurate in time and space Taylor-

Galerkin scheme (TTGC) is used along with non-reflecting Navier-Stokes

Characteristic Boundary Conditions imposing an atmospheric pressure on

the far-field outlet. The SIGMA subgrid scale model is used [15]. A La-

grangian framework is adopted for the liquid spray description by injecting

fuel droplets using the FIM-UR model with a constant mass flow rate and dis-

tribution (Rosin-Rammler). The droplet-wall interaction inside the injector
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is modeled using a film approach [16]. No model is used for inter-particle in-

teraction as the smallest inter-particle distance exceeds 10 droplet diameters

shortly downstream of the injector outlet (z > 5 mm). Particle interaction

with subgrid scale eddies is also neglected as the subgrid scale Stokes num-

ber StSGS [17] is estimated to be of the order of 3 × 103. The chemistry is

described with the global two-step 6-species scheme 2S C7H16 DP with Pre-

Exponential Adjustment (PEA) for rich mixtures [18]. The mesh comprises

approximately 20 million tetrahedra with refinement up to ∆x ' 150 µm at

the flame root and ∆x ' 200 − 300 µm further downstream. As the typical

flame thickness is δl,φ=1 = 410 µm, dynamic flame thickening (TP-TFLES)

is used depending on the local equivalence ratio and only in the premixed

regime identified by positive Takeno index values. The evaporation term

is also thickened as recommended in [18]. The quality of the LES is eval-

uated by considering the ratio of turbulent to laminar viscosity, which at

maximum and very locally reaches 50. After convergence, a physical time of

43 ms (20 cycles) was simulated under steady oscillations to acquire statistics

at a sampling rate of 9.4 kHz.

3. Data Processing for LES Validation

Experimentally, the frequency of the oscillation obtained from the power

spectral density (PSD) of the acoustic pressure p′MC1 measured by the cham-

ber microphone is (474± 19) Hz (where the uncertainty is evaluated as sum

of width at half height and frequency resolution), for an amplitude of 768 Pa

(RMS). At the same position, the LES results show that the pressure oscilla-

tion reaches 618 Pa (RMS) for a frequency of (461± 42) Hz. The focus of the
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Figure 2: Top: experimental phase averaged chemiluminescence and spray tomography

(Mie scattering) images. Bottom: LES phase averaged images of heat release rate, and

spray liquid volume fraction multiplied by liquid density ρlαl. Spray images are zoomed

in. The common reference for the phase is the acoustic pressure signal at microphone

MC1.
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present section is now placed on the validation of flame and spray dynamics.

The number of cycles that can be simulated is not very large and will not

provide statistically well converged phase averages. It is then more appro-

priate to use the Dynamic Mode Decomposition (DMD) [19] to extract this

kind of information. Using this method, and a 200 ms sequence of high speed

camera images, it was found that a converged mode shape could be obtained

from as little as 20 oscillation cycles, with less than 5% variation in frequency

and no visible differences in the spatial structure. This powerful method is

used to plot the images shown in Fig. 2. The same processing sequence is

applied to the numerical and experimental data. In the experiment, the line

of sight integrated chemiluminescence signal recorded by the blue channel on

the camera mainly corresponds to emission from excited CH∗ radicals within

the flame, and may be assumed to be a qualitative indicator of heat release

rate. In the simulation, the heat release rate is integrated over the line of

sight before DMD is performed. Pseudo-phase averaged images are recon-

structed from the 0 Hz and 461 Hz modes. This latter mode corresponds to

the thermoacoustic oscillation and dominates the spectrum. These images

are then Abel transformed. The phase reference is set by the pressure signal

using the snapshot method. Care is taken to keep the same signal duration

in the processing of LES and of experimental data. The common DMD pro-

cessing ensures that no bias is introduced in comparing numerical results and

experimental data. The flame exhibits a classical “M” shape. The agreement

between LES and experiments is relatively good, although the flame appears

to be slightly more opened and a bit longer in the experiment. During the

cycle, one observes very little motion at the flame root. A small phase differ-
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Figure 3: Validation of flame dynamics. From the experiment (black), chemiluminescence

signal. From LES (red), heat release rate. Left: axial evolution of the relative amplitude.

Right: axial evolution of the phase with respect to acoustic pressure.

ence can be observed between LES and experiment. The bulk of the flame

motion happens at the tip of the flame and is reminiscent of that executed

by laminar “M” flames responding to incident velocity perturbations [20]:

a toroidal structure periodically forms at the tip, separates from the main

flame while the fresh reactants enclosed by the toroidal flame surface are

rapidly converted into products producing a heat release pulse. This process

is observable in the experimental images, for example one observes the decay

of the toroidal flame structure between Φ = π/3 and 2π/3. Pseudo-phase

average spray quantities are also shown in green in Fig. 2. The experimental

data corresponding to Mie scattering from the fuel droplets features oscil-

lations in angle and in intensity that are most visible in the vicinity of the

injector. Similar features can be observed in the LES results although to

a lesser extent. The liquid density scaled by liquid volume fraction ρlαl is

shown as it is more physically meaningful. In coherence with the flame shape,

the angle of the spray also appears to be slightly under predicted.

To obtain a more quantitative view of flame dynamics, it is interesting

as indicated in the introduction to consider variables integrated over a small
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Figure 4: Validation of spray dynamics. Black: experimental Mie scattering on droplets.

Red: reconstructed Mie scattering from LES.

cross-section of thickness ∆z = 1 mm (ψ̂, Eq. (1)). Figure 3 depicts heat

release rate relative fluctuations from LES and relative intensity fluctuations

of light emission by CH* radicals captured by the high speed camera. The

phase with respect to pressure is well captured by the LES. The relative am-

plitude fluctuations are in fair agreement. To examine the spray dynamics

in Fig. 4, a pseudo Mie scattering signal is estimated from the discrete la-

grangian particles in the LES. Downstream of z = 25 mm the experimental

signal is affected by reflections of the laser sheet. Again, LES and experiment

do not perfectly agree. One cannot expect to match the amplitudes, but the

phase evolution is retrieved and the phase velocity of the spray disturbances

is only slightly underestimated in the LES.

The validation with experiments is important in order to give weight

to the findings from the LES. In this article, the phase and space resolved

comparison of the dynamics of the spray and flame in the simulation and

in the experiment goes much further than what is found in previous studies

dealing with similar issues [6–8, 11]. It is first found that phase average

chemiluminescence patterns agree well with the phase averaged heat release

rate distributions. While the agreement is not perfect, it is acceptable (Fig.
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2). The experimental and LES spray patterns are somewhat different but one

could not expect a perfect match. The axial extent of the spray is suitably

retrieved but there is a difference in the angular behavior. In the experiment

the spray angle opens during the first two phases while this is not retrieved

in the simulation. This weakness of the modeling indicates that further

improvements are needed in this respect, requiring a better description of the

injector near field. For the driving variables of combustion dynamics namely

the heat release rate distribution and pressure, a good agreement is obtained

between experiments and calculations (Fig. 3). Again, the agreement is

not perfect but it is acceptable. The experimental light scattering from the

spray is compared with a signal reconstructed from the LES by multiplying

the number density by the mean droplet diameter squared to mimic the Mie

scattering process. Even for the spray dynamics the amplitudes differ but

the agreement is adequate in terms of phase (Fig. 4). Thus, the calculations

retrieve many dynamical features to a reasonable degree allowing to deploy

the methodology exposed in the next section. Some additional analysis and

validation of the present modeling strategy for LES can be found in [21].

4. Analysis of the driving mechanisms

The focus is now placed on the detailed analysis of the LES. Throughout

this section, a space-time representation is used in which time t and position

z are horizontal and vertical coordinates respectively. Variables are inte-

grated over the elementary volume V or over the cross section Sc as defined

previously (ψ̂ and ψ̃ respectively, Eq. (1)). It is first interesting to consider

the Rayleigh source term:
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Figure 5: Space-time representation of the evolution of the Rayleigh source term R̂ during

three cycles.

R̂(z, t) =
γ − 1

γp0

∫ z+∆z

z

∫
Sc

p′ω̇′ dSdz (2)

where p′ is the acoustic pressure and ω̇′ the heat release rate fluctuations.

This term is plotted alongside isocontours of acoustic pressure (black) and

locally integrated heat release rate ω̂ in Fig. 5. As expected the source term

is globally positive which is necessary for feeding energy into the oscillation

to compensate damping. Pressure and heat release rate fluctuations are in

phase. Driving is concentrated in the upper section of the flame, between

20 < z < 40 mm. Heat release rate perturbations exhibit a convective mo-

tion, and the delay between pressure and heat release rate perturbations

corresponds to one acoustic period.

It is next interesting to examine time histories of different variables in the

active region at z = 30 mm plotted in Fig. 6. Heat release rate ω̂ and Rayleigh

source term R̂ are plotted in the bottom subfigure. The acoustic pressure

p̃′ and section averaged axial velocity ũz shown in the top subfigure, are in

phase quadrature, as expected for a standing acoustic wave. The total mass
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flow rate ˜̇mtot and the flow rate of axial momentum F̃z appear in the second

row.These two variables are in near quadrature with the axial velocity. While

the axial velocity reflects the acoustic motion, the mass and momentum

flow rates still feature a convective nature. The next subfigure shows the

vaporization mass transfer ˙̂mvap between liquid and gas. Its fluctuations

are ahead of the heat release rate. The equivalence ratio φg of the gas phase

(Bilger’s formulation [22]) is plotted alongside. Its values are only considered

in regions where the volumetric heat release rate exceeds a threshold of 1% of

its maximum. The equivalence ratio is not constant and reaches its minimum

values when the heat release rate is at its maximum. The next subfigure

shows the relative fluctuations of the instantaneous swirl number defined as

the ratio of the axial flow rates of moment of tangential momentum F̃θ and

axial momentum F̃z [23]:

S̃(z, t) =
F̃θ
R F̃z

=

∫
Sc
ρuzuθr dS

R
∫
Sc
ρu2

z dS
(3)

It fluctuates in phase opposition to the pressure. The same graph also shows

the radial position of the barycenter of heat realease rate which oscillates in

phase with the heat release rate.

It is now instructive to examine the formation and convection of these

swirl number perturbations. Figure 7(a) shows the time and space evolu-

tion of F̃z. Strong fluctuations are released from the injector region in near

phase quadrature with pressure. They are then convected downstream. The

fluctuations of heat release rate (red isocontours) are in phase with F̃z and

likewise convected by the flow (Fig. 7(a) and 7(c)). The relative fluctuations

of swirl number S̃ ′/S plotted in Fig. 7(b) reach about 32 % (RMS) in the

14



Figure 6: Temporal evolution of several flow variables integrated / averaged (ψ̂ or ψ̃,

Eq. (1)) between z = 27.5 and 32.5 mm (for this figure, ∆z = 5 mm).

lower flame region in phase opposition with these fluxes. In the upper flame

region, the swirl number fluctuations are as intense, but in phase with the

heat release rate. The perturbation is initiated in the vicinity of the injector

and convected downstream. Oscillations in the flame position (black and yel-

low isocontours) are in phase opposition with the swirl number in the lower

part of the flame, which appears to dictate their position further downstream.

This differs from what was found in a previous study on premixed bluff-body

swirl stabilized V-flames [23], where flame opening was in phase with swirl

number fluctuations at the base of the flame. Fluctuations further down-

stream were not examined. The phase of the different perturbations with

respect to pressure is plotted as a function of the axial position in Fig. 7(c).

Downstream of the injector, Φp′

(
F̃z
)

= 3π/4. The phase velocity of the

perturbation decelerates in the first 15 mm to reach a quasi-steady value of

15



(a) Axial flux of axial momentum. (b) Swirl number fluctuations.

(c) Phase plot.

Figure 7: Analysis of swirl number fluctuations. (a) 1D-1T colormap of axial flux of

axial momentum F̃z with isocontours of heat release rate ω̃ and acoustic pressure p̃′. (b):

1D-1T colormap of fluctuations of instantaneous swirl number S̃ with isocontours of heat

release rate barycenter fluctuations r′ω̇/rω̇. (c) Axial evolution of the phase related to

pressure for F̃z, F̃θ, S̃, ω̂ and rω̇.

vΦ

(
F̃z
)

= 27 m s−1 between z = 20 and 40 mm. This corresponds to about

half the cold flow jet velocity [12].

It is next interesting to examine the total mass flow rate (Fig. 8(a)). It

adopts a striking behavior: its perturbations released by the injector in phase

opposition to pressure are convected up to the flame region (z ' 35 mm).

Further downstream its behavior is dominated by acoustics with vertical al-

ternating bands characteristic of velocity fluctuations in quadrature with

16



(a) Normalised gaseous total mass

flow rate.

(b) Normalised total fuel mass

flow rate. (c) Phase plot.

Figure 8: Analysis of mass flow convective patterns.(a) 1D-1T colormap of total mass flow

rate ˜̇mtot normalized by the nominal air mass flow rate. Isocontours of heat release rate

ω̂ and acoustic pressure p̃′. (b): 1D-1T colormap of total fuel mass flow rate ˜ṁfuel,tot

normalized by the nominal fuel flow rate. Isocontours of integrated heat release rate ω̂,

total mass flux ˜̇mtot and fuel flow rate vapor fraction α̇vap,fuel. (c) Axial evolution of the

phase with respect to pressure for ˜̇mtot, ˜ṁfuel,tot, ω̂ and φg.

pressure of the quarter wave mode. Figure 8(b) displays the total fuel

flow rate. Although the injected fuel flow rate in the atomizer is constant,

the dynamics of the injector creates 10 % (RMS) fluctuations in the fuel

flow rate at the outlet of the injector, in a process most likely similar to

that presented in [2] and further discussed in [21]. The phase to acous-

tic pressure is Φp′

( ˜ṁfuel,tot.

)
= −7π/8 . This perturbation is convected at

vΦ

( ˜ṁfuel,tot.

)
' 28 m s−1, essentially the same phase velocity as the swirl

number fluctuations. The phase plots in Fig. 8(c) complement the heat re-

lease rate isocontours in Fig. 8(a) and 8(b). There is a time delay between

the fuel flow perturbation and the heat release rate which varies as a function

of the axial position. One finds for example that τch(z = 20 mm) = 0.25 ms

and τch(z = 30 mm) = 0.12 ms. These values are typical of combustion delays

under similar conditions [3].
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This analysis now allows to estimate the various delays in the process.

This can be decomposed into three contributions: firstly, the response of the

injector which produces aerodynamic disturbances and flowrate fluctuations

with a delay τinj = 0.95 ms. Secondly, the perturbation is convected at

a phase velocity vΦ ' 28 m s−1 to the flame zone, located approximately

35 mm downstream in the high Rayleigh source term region (Fig. 5). This

corresponds to a second delay τcv = 1.25 ms. Thirdly, the combustion delay

discussed previously must be accounted for. The total delay

τt = τinj + τcv + τch ' 2.32 ms (4)

is approximately equal to the delay between pressure fluctuations acting on

the injector and heat release rate fluctuation which is about equal to the

acoustic period 2.17 ms. Surprisingly the vaporization delay does not con-

tribute to the total delay. This is because vaporization occurs simultaneously

with convection. This is confirmed in Fig. 8(b) where the black dotted iso-

contour shows the region downstream of which more than 50 % of the fuel

flow rate is being convected in gaseous form: α̇vap,fuel = ˜ṁfuel,vap/ ˜ṁfuel,tot.

This contour is around z = 12 mm. This also substantiates what was inferred

in [3] for a lean premixed prevaporized injector.

5. Conclusion

Large Eddy Simulation (LES) and experiments are combined to ana-

lyze acoustically coupled combustion oscillations in a generic configuration

equipped with a swirling spray injector. The calculations essentially retrieve

the frequency and amplitude of oscillation and are in fair agreement with
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the observed flame and spray dynamics. Comparisons of the flame and spray

dynamics are performed using identical post-processing of experimental and

numerical data, making use of the dynamic mode decomposition to analyze

the oscillations. The data produced by the simulation is then processed to

extract the mechanisms responsible for the intertwined response of the flame

and the spray to the acoustic perturbation. This is done by noting that the

flame is compact with respect to the acoustic wavelength and by making use

of variables integrated over the combustor cross section. This gives access

to the space time representation of central variables that are not easily mea-

sured experimentally and from which one observes that : (1) Sizable swirl

number fluctuations are generated by the acoustic motion and convected by

the jet. They have a strong impact on the aerodynamics of the flow and

induce radial oscillations in the flame location. (2) Fluctuations of fuel flow

rate are initiated in phase opposition to these swirl number fluctuations and

likewise convected. (3) The total mass flow rate features a peculiar behavior:

from the chamber backplane to the end of the combustion region it presents

a convective motion while further downstream its fluctuations are dominated

by the acoustic motion. These various mechanisms contribute to the shaping

of the heat release perturbations and the associated delay with respect to the

pressure. This delay combines the response time of the injector to pressure

disturbances, the convection time to the flame zone and the chemical conver-

sion characteristic time while the vaporization time needs not to be included

because it takes place simultaneously with convection.
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