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Abstract

This study addresses the use of high-fidelity Euler-Lagrange (EL) LES of turbulent spray flames subject to harmonic acoustic
forcing in an attempt to predict the flame response, i.e. the so-called Flame-Transfer-Function (FTF). To do so, the SICCA-spray
burner from the EM2C laboratory (CNRS, CentraleSupelec, Paris) is specifically addressed. In this first investigative step, the
gain and phase (or characteristic time-delay) of the FTF are found to be sensitive to the fuel injection angle. Multiple simulations
carried out with different injection angles (35 to 60 degrees) reveal a peculiar trend of the FTF gain and phase. For an increasing
spray injection angle, the gain shows a decreasing bias while the phase (or time-delay) exhibits an increasing trend. Furthermore,
the gain at the lowest angle (35 degrees) while the phase at the highest angle (60 degrees) are found to be in fair agreement
with experimental values. Preliminary analyses performed using Dynamic-Mode-Decomposition (DMD) allows to explain such

dynamics by identifying the regions of the flame / spray that activate in the different conditions.
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1. Introduction

Thermoacoustic (TA) combustion instability is a recurring is-
sue in gas turbine engines and has been a topic of intense re-
search for many decades [1, 2]. Over the past years, Large-
Eddy-Simulation (LES) as a simulation tool has been success-
fully utilized to predict such instabilities [3, 4] and has become
an integral part of the design and development process in indus-
try. However, the literature on the LES of combustion dynamics
in liquid-fueled combustors [5—10] has started to appear only
in recent years. Indeed, modeling of the liquid-phase physical
processes such as primary, secondary, edge atomization, evapo-
ration, liquid-wall interaction, multi-regime combustion in two-
phase flames is still a great challenge in general and a topic of
active research [11]. Two approaches exist for resolving the
liquid-phase: the Eulerian-Eulerian (EE) formulation [12], or
by tracking droplet trajectories as done in the Lagrangian ap-
proach [13] (EL).

When it comes to TA predictions by LES, one method is
the brute force approach where the system is fully simulated
to see if a so-called self-excited regime appears. In such an
approach, the burner, if unstable, indeed resonates exhibiting
instabilities with pressure oscillations increasing in amplitude
until they reach a stable limit-cycle for given operating con-
ditions and acoustic boundary conditions. Another commonly
adopted method for investigating possible instabilities is to sep-
arate the complex flame dynamics from the combustor acous-
tics [14]. Reduced-ordered acoustic tools, such as Helmholtz
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solvers [15], network-models [16-18] are then employed for
a more comprehensive system-level stability analysis. A cru-
cial component of such investigations is the flame response
model that describes the coupling between the unsteady heat-
release and the acoustics, also known as the Flame-Transfer
or Describing Functions (FTF/FDFs) usually expressed in the
frequency domain [14, 15, 19]. In that case, FTF/FDFs are
determined either from analytical expressions, experiments or
LES where acoustic excitation of the flame in a controlled sta-
ble environment allows to measure the heat release oscilla-
tions [19, 20] for different frequencies and perturbation ampli-
tudes. The present work particularly addresses this FTF pre-
diction for turbulent swirling spray flames by employing the
forced Euler-Lagrange LES approach. The objective is to qual-
ify this method while assessing the uncertainties and sensitivity
to the two-phase spray combustion models. Indeed, most gas
turbine combustors employ pressure-swirled atomizers that in-
ject liquid fuel as a swirling hollow cone spray. However, due
to a lack of optical access inside the injection system, direct
measurements of the spray angle or its fine characterisation are
usually not possible. In reality, this spray injection angle is
prone to some uncertainties due to its sensitivity to operating
conditions such as fuel line pressure drop, to physical proper-
ties of the fuel [21, 22] and, as recently observed in the SICCA-
spray combustor from EM2C laboratory (CNRS, CentraleSup-
elec, Paris) [23], also to the interaction of the liquid spray with
the surrounding strong swirling flow [23-25].

Previously observed sensitivities have recently been con-
firmed at CERFACS while conducting LES of the self-excited
thermoacoustic instability for this SICCA configuration. In-

March 15, 2021



d,. — 70 mm
R —

Photomultiplier

—

¢ Watercooled
waveguide

Hot wire (HW)2_ _ /
(cold flow only) > 2
Quartz tube - E

Hot wire
(HW)1
§MP1
MP2

000

Loudspeaker Loudspeaker

Liquid fuel

Figure 1: A schematic of the SICCA-spray combustor [26] with the portion
considered for the LES highlighted in yellow. Image reproduced from [9]

deed, brute force predictions revealed that the coupling mecha-
nism between the acoustic mode and the liquid film forming on
the conical injector walls is fundamental to trigger and sustain
the thermoacoustic limit cycle [7, 10]. Likewise, the impact of
spray injection angle on the stability of the combustor was high-
lighted in [9]. Complementing these recently published results,
the current work aims at investigating these issues of injection
angle on the flame-acoustic-spray coupling under forced condi-
tions over a range of frequencies in an attempt to characterize
numerically the FTF.

2. Experimental FDF Measurements

The SICCA-Spray burner, shown in Fig. 1, comprises a
plenum connected to a simple cylindrical flame tube through
a swirl injection system containing a simplex pressure-swirled
atomizer [10, 26]. Experimentally, the length of the tube can
be changed to obtain thermoacoustically stable/unstable con-
ditions. For example, in the previous work of Lo Schiavo et
al. [7, 10], a longer tube of length /. = 280mm (see Fig. 1) was
used wherein a self-sustained instability coupled with a quarter-
wave longitudinal acoustic mode of the chamber was obtained.
In the present context of forced spray flame, a stable setup is
selected with a shorter flame tube of length [, = 165mm. The
burner is operated at a power rating of = 6.4kW with 2.58g/s
of air mass flow rate and 0.144 g/s of fuel resulting in a global
equivalence ratio of 0.85 [10, 26]. To obtain the FTF/FDF, the
experimental system is acoustically excited by means of two
loudspeaker driving units mounted in the plenum [26, 27]. In
this case and for FDF measurements, the driver units are oper-
ated at six different voltage levels Vj ,, (500 mV to 1300 mV

in steps of 200 mV) and a linear frequency sweep is performed
from 300 Hz to 800 Hz, at each level. It is important to note
that for a given voltage across the driver loudspeakers, the hot
wire probe (HW1) in Fig. 1 measures different velocity fluctua-
tions u’ /i levels for different forcing frequencies [26]. Original
measurements [26] were obtained with respect to the velocity
perturbations at HW1, thus representing the Injector+Flame
describing function (¥;r) that included the dynamic acoustic
response of the swirl injector. As a part of a recent effort at
EM2C [27], the flame response of the flame () was isolated
from the swirl injector response (¥;). This was achieved by
characterizing the burner transfer function (#;) under cold flow
conditions and by correlating the acoustic velocity fluctuations
measured at a new location (HW2) near the flame root just
above the injector lip and compared to measurements obtained
at HW1. Doing so the injector+flame describing function could
be reworked and rescaled to obtain the flame only transfer func-
tion. Note that the HW2 hot wire location (not shown in Fig. 1)
is 2.5 mm above the backplane and 3 mm away from the central
axis. Figure 2 provides the new gain and phase of the scaled de-
scribing function 5 as a function of the excitation frequency
and voltages. The exercise of characterizing (¥r) is also sup-
ported by the conclusions of Truffin and Poinsot [28] who rec-
ommended using a reference location close to the flame in such
system response identification (irrespective of the method: i.e.
in experiments or LES).
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Figure 2: The experimental gain and phase plots of the FDF defined with re-
spect to the velocity fluctuations at the flame root for different driver unit volt-
ages: data form the work [23, 26, 27].

Note that a FDF, FF, provides the nonlinear response of the



flame to the incoming acoustic velocity perturbation and is de-
fined as:
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3. Numerical Setup

The LES computational domain retained for the present
work is highlighted in yellow in Fig. 1. When it comes to
the modelling or numerical strategies, these are briefly re-
called since they are almost identical to our previous stud-
ies on the self-sustained instability. As for a detailed de-
scription and validation of the numerical approach, these can
be found in Ref. [7]. The domain is discretized by approxi-
mately 20 M tetrahedral elements designed with a refinement
of Ax = 150 um in the finest region positioned at the flame
root while Ax =~ 200 — 300 um is used further downstream.
For the simulations, the code AVBP developed by CERFACS
(http://www.cerfacs.fr/avbp7x) solving the LES-filtered com-
pressible Navier-Stokes equations is employed making use of
the WALE model [29] for the turbulent closure. Flow integra-
tion is achieved using the the second-order in space and time
Lax-Wendroff scheme. The inflow air mass flow rate is pre-
scribed with a turbulent mean profile while ambient pressure
is imposed at outlet boundary condition with the Navier-Stokes
Characteristic Boundary Condition (NSCBC) treatments [30].
The flame in the following is then forced either from the inlet
(as in the experiments) or from the outlet. In both cases, the
acoustic boundary conditions at the inlet (and outlet) were al-
most non-reflecting [31, 32] so that all outgoing waves leave
and no unphysical resonance establishes. The inlet velocity
(or outlet pressure) is everytime excited at a specific frequency
and the amplitude is adjusted to reach the desired velocity fluc-
tuation level at HW2. Adiabatic non-slip walls are applied
elsewhere aside from the quartz tube and chamber backplane
where heat losses are taken into account through a heat resis-
tance making use of the temperature value matching of the ex-
periment. Chemical reaction is described by a global two-step
six-species scheme 2S5 _C7H16_DP with Pre-Exponential Ad-
justment (PEA) [11]. Turbulent combustion is modelled us-
ing the two-phase flame extension of the dynamic thickened
flame model (TP-TFLES) [11]. Note that spray flames are
usually characterised by both premix and diffusion combus-
tion regimes [7], so in order to guarantee a proper application
of the thickened flame model, which is correctly defined only
for premixed flames, an additional conditioning is applied us-
ing the Takeno flame index (FI) [33] classically defined as a
function of the gradient of fuel and oxidizer mass fractions:
FI=VYcu, VY0,/IVYC,1, - VYool

As said previously, the liquid phase is modeled using a La-
grangian approach. The Schiller-Naumann correlation and the

Abramzon and Sirignano model [34] describe drag and evap-
oration, respectively. Droplets are injected through a flat an-
nulus positioned at the atomizer location using the FIMUR
model [35]. It treats the injection of a hollow cone spray result-
ing from a simplex atomizer in which the axial and tangential
components of injected liquid droplet velocity are formulated
as a function of the fuel mass flow rate 77, and injection half-
cone spray angle 6 for a given atomizer orifice diameter Dy.
Dy = 120um is the value specified in current simulations. The
FIMUR injection model also requires a droplet size distribu-
tion as input which is specified via a Rosin-Rammler probabil-
ity density function (PDF) fitted from experimental measure-
ments of mean (D;y) and Sauter diameters (SMD or D3,) taken
at z = 2.5 mm in the combustion chamber: Dy = 10 um and
D3, = 18 um. As a consequence of the above adopted mod-
elling strategy, any change in droplet diameter is only due to
evaporation, neglecting phenomena like primary and secondary
atomizations as well as splash and liquid film break-up at the
edge of the conical injector wall.

Finally, for the liquid-wall interaction, the so-called FILM
Lagrangian BC [7] is utilized in all computations. The film
height and its speed are with this approach governed by the
Saint-Venant equations [36] until the particles are released in
the chamber at the injector lip. Note that, the FILM treatment
for the liquid-wall interaction was found critical in triggering
and retrieving the thermoacoustic limit-cycle oscillation in the
self-excited LES [7].

4. Results and Discussion

In the following sections the global results of the LES pre-
dictions are presented. To evaluate the result sensitivity to
the spray angle, three different cases characterised by differ-
ent injection spray angles (0) are individually performed: i.e.
0 = 35°, 6 = 45° and 6 = 60°. First, a brief qualitative valida-
tion of the Euler-Lagrange LES approach is provided by simu-
lating a stable steady state flame before going on with the forced
computations. Figure 3 (a) & (b) show the mean heat release
rate (HR) from LES, (b), for the injection angle § = 45°, and (a)

Experiment
(CH* luminescence)

Figure 3: (a) Experiment: mean CH* chemiluminescence [26], (b) LES mean
heat release rate distribution in the combustion chamber and (c) Mean fuel
droplet diameter distribution in the combustion chamber, under stable steady
operation. Spray injection angle is 6 = 45°. White line is the iso-contour
G = 20MW/m>, ~ 10% of the max heat release, denoting the mean flame shape.



the flame shape observed experimentally. Good agreement with
CH* chemiluminescence images [26] is confirmed here. As a
complement, Fig. 3 (c) depicts the mean fuel droplet diameter
distribution in the combustion chamber. Note that no signifi-
cant differences are obtained at other injection angles for stable
steady conditions (not shown here) and a systematic analysis
can be be found in [9].

4.1. Inlet vs Outlet Forcing

For the calculation of the flame response, both inlet and out-
let pulsing were explored and the equivalence of these two
approaches is touched upon hereafter. In this specific work,
the analysis is carried out only for one single operating point,
i.e. low-amplitude forcing targeting the 500 mV case at 530
Hz. This condition coincides with the frequency of the self-
sustained limit-cycle observed in the unstable configuration
(l; = 280mm) during experiments [26] which was also analysed
by the previous numerical works [7, 9, 10]. In the experiments
when the stable configuration (I, = 165mm) is forced [26] at
this operating point, the velocity fluctuation levels recorded in
plenumby HW1u| /iy = 0.40 while at HW?2 (above injector
lip, and under cold flow conditions) these are u’lrm [y = 0.13.
In both cases obtained flame responses, i.e. the gain and phase
of ¥, are provided in Table. (1) confirming the adequacy of
both forcing conditions as well as obtained deviations in com-
parison to experimental findings.

The first line of Table.1 lists the FTF gain and time-delay
(along with the phase) obtained from LES by pulsing the sys-
tem from inlet boundary condition. It can be noted, if the inlet
velocity amplitude is tuned to reach the desired velocity fluctu-
ation level at the the flame root (HW2): M,Z,rms/ﬁz = 0.13, the
resulting fluctuating velocity measured prior to the swirler at
HWlisu) /i1 = 0.54 when it is experimentally measured at
0.4. This reveals a probable non perfect representation by the
computational model of the acoustic properties of the plenum
and injector domains. The impedance at the inlet boundary is
indeed imprecise and considering the fact that this part of the rig
is not modeled, the acoustic environment of LES might not be
fully identical to the experiment. This result may also indicates
that the discretization level chosen for the swirler vanes is not
sufficient to correctly capture the impedance (or admittance) of
the swirl injector. It should however be stressed that these inac-
curacies did not influence the prediction of self-sustained limit-
cycle in [7, 9, 10], the thermoacoustic oscillations being cou-
pled with the first combustion chamber acoustic mode which
is weakly influenced by the plenum acoustics (as discussed in
Ref. [7]).

For the second line, results are provided for the pulsed sim-
ulation from the outlet boundary condition. Similarly to the
inlet-forcing case, the outlet pressure oscillation level is tuned
in order to achieve the desired fluctuation levels at HW2. If
comparing the FTF obtained from thes two simulations, it is
possible to conclude that the two forcing strategies reasonably
match. This result is in line with what was shown by Gaudron
et. al. [37], who experimentally investigated inlet and outlet
forcing in the case of a turbulent swirling gaseous flame. Fi-
nally, comparing the two LES predictions with the experimental

Table 1: FTF’s obtained by forcing LES from the inlet and the outlet along with
available experimental data.

Ref. HW1 | Ref. HW2 .
W i (xms) | o/ (rms) Gain [-] | Delay [ms] | Phase [rad]
LES ¥ (inlet) 0.54 0.13 0.98 0.64 0.687
LES ¥ (outlet) - 0.13 1.03 0.69 0.707
[ EXP ¢ [ 040 [ 013 [ 127 | 090 | 096r |

data (third line in Table 1), a mismatch of 20% in gain and 25%
in phase is observed. To further examine the sensitivity of the
flame response to the injection angle prescribed in the FIMUR
model more simulations are conducted and detailed hereafter.

4.2. Impact of the Spray Injection Angle

Impact of Injection Angle on FTF
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Figure 4: Opposing trend of the global Gain and Delay with injection angle.

The following analysis derives from the previous work of Lo
Schiavo et. al. [9] where the impact of the spray injection angle
on the self-sustained LES limit cycle predictions is investigated.
To do so the outlet-forcing FTF computations at 530 Hz are
proposed considering three different spray injection angles: 6 =
35°,45° and 60°.

Gain and phase variation as a function of 6 are shown in
Fig. 4. The 6 = 45° case has been discussed in the previous sec-
tion and is taken as reference in the discussion. Starting from
this result, when reducing or increasing the spray angle, oppo-
site trends are observed for the gain and the phase. At 8 = 35°,
the FTF gain is reasonably close to the experimental value while
the agreement between the global time-delay (or phase) is the
worst. The opposite appears for 6 = 60° although an almost
perfect match is achieved for the FTF phase, the discrepancy in
the gain increases. Note that the highlighted trend is similar at
another operating point: i.e. forcing at 640 Hz (not discussed
further in this article).

To further analyze these results, the LES data are post-
processed using three dimensional Dynamic Mode Decompo-
sition (DMD) [38] to reconstruct the dynamics of the system at
the forcing frequency. The analysis is performed using about
280 snapshots for ~ 30 cycles and considering the whole set of
variables of interest for both the gaseous and the liquid phases:
i.e. pressure, velocity, heat release rate, mass transfer rate and
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Figure 5: Local FTF Gain and Phase-delay obtained from 3D DMD and its
variation with spray injection angle. Local FTF gain is normalized by its max
value. Black contour line is the 60% of max value thus enclosing region of most
intense heat release fluctuations.

liquid volume fraction... This allows to provide insight into
the coherent oscillatory patterns both in the gas and the liquid
phases while helping to distinguish variations in the local flame
response for the different injection angles. Figure 5 shows the
local field of the modulus (or magnitude) of the retrieved heat-
release-rate (HR) fluctuations as well as its phase. Consider-
able differences in the oscillating HR patterns are observed due
to the variations of the specified injection angle 8. Using these
heat release DMD modes, a local FTF view is obtained by cor-
relating the HR with the axial velocity perturbation at HW2 fol-
lowing:

Local FTF(w, X) = M 2)

iw, xref)/u(xref)
where (") and (7)) denote the complex valued DMD variables
(mode shape) and its mean respectively.

Thanks to this vision, a possible link with the trends shown in
Fig. 5 and the different fuel droplet dynamics is now discussed.
In general, the Lagrangian droplets impinging on the conical
injector wall lose their initial momentum due to the film treat-
ment [36]. Droplets are then released at a slower speed into the
chamber. As already shown by Lo Schiavo et. al. [7], a cou-
pling between the dynamics of this film layer and the acoustic
mode seems required to sustain the instability. When changing
the injection angle, the coherent spatio-temporal modulation of
the film properties (i.e. height and speed) is altered (see Fig.
12 of Ref. [9]). This alteration of the film dynamics has a di-
rect impact on the speed and the phase at which the droplets are
released from the injector lip and consequently the liquid-fuel
supplied to the flame root.

In the currently forced conditions, it is possible to imagine
that the same behaviour appears. In the case of 8 = 35°, the

liquid fuel droplets are injected almost directly into the com-
bustor, penetrating deeper due to their high speed (see Fig. 11
in [9]). As a result, the liquid fuel post evaporation, mixing and
burning mostly happen in the downstream flame tip region: evi-
dent from the intense heat release rate (HRR) fluctuation in that
part on Fig. 5. Furthermore, the fuel burns rapidly in this region
as indicated by the high-intensity heat-release perturbations be-
ing almost in-phase. Though this phase value is smaller than
the expected global phase-delay, it still results in a constructive
phase interference of the local flame response, thus explaining
the higher global FTF gain than other injection angles.

For the other extreme case of § = 60°, the HRR fluctuations
are overall moderate in strength and radially more spread-out
in comparison to 6 = 35°. The small region of intense pertur-
bations highlighted in Fig. 5, even though closer to the injector,
yields a global FTF time-delay that is longer than for 6 = 35°.
This also results in a better agreement with the experimentally
determined value as noted in Fig. 4. However the corresponding
global phase is for this case ¢ = 0.947 rad = 170°. In terms of
local distribution, the high-intensity region and a major down-
stream part of flame are fluctuating around this phase value. As
for the global gain, the contribution of the outer branch of the
flame that is in phase opposition with the reference signal most
likely contributes to the attenuation of the gain.

For the reference case of § = 45°, the FTF gain and phase
values are in between that of = 35° and 6 = 60°. Similar in-
termediate observations apply locally, in Fig. 5. Stronger HRR
fluctuation is visible in the inner branch of the flame root than
in the 6§ = 35° case, but the local phase is here also in oppo-
sition to that of the tip regions. Overall, different parts of the
high-intensity region oscillate in different phases.

5. Conclusions and Outlook

Acoustic forcing of the turbulent swirling spray flame in
the SICCA-spray burner has been simulated using the Euler-
Lagrange (EL) LES approach. The objective was to address
such a tool’s capacity to provide the Flame-Transfer-Function
(FTF) and assess the suitability of the EL approach for such
a system identification problem. Despite the encouraging re-
sults obtained in our previous work on self-excited thermoa-
coustic instabilities [7, 9], forced-mode operation is certainly
showcasing difficulties. Equivalence between inlet and outlet
forcing is however established numerically, although it is yet
to be confirmed for other frequencies and amplitudes. Like-
wise, the flame response numerically retrieved still remains sen-
sitive to general to the two-phase combustion modelling. As
demonstrated, opposed trends of the FTF gain and phase are
retrieved whenever investigating the sensitivity of such predic-
tions to the prescribed spray injection angle. DMD-based local-
FTF analysis complemented by a qualitative argumention based
upon previous experiences for a self-sustained LES precition of
the SICCA burner, provides insights as for the reasons behind
the variations in global/local gain observed for the different in-
jection angles. However, the present analysis tells little about
the actual causes for such variations and what needs to be in-
cluded in the two-phase flow modelling to recover experimental



measurements. Undoubtedly the observed behavior is closely
linked to the liquid-film dynamics, its response to acoustics
and injection angle. More rigorous quantitative analyses of the
spray dynamics while submitted to acoustic forcing are there-
fore required to identify necessary improvements in the current
modeling.
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