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ABSTRACT

Burners operating in lean premixed prevaporized (LPP)megs are considered as good candidates to reduce
pollutant emissions from gas turbines. Lean combustiomreg result in lower burnt gas temperatures and there-
fore a reduction on the NOemissions, one of the main pollutant species. Howeverethemers usually show
strong flame dynamics, making them prone to various stakibiz problems (combustion instabilities, flashback,
flame extinction). To face this issue, multi-injection sthgombustion can be envisaged. Staging procedures en-
able fuel distribution control, while multipoint injectis can lead to a fast and efficient mixing. A laboratory-scale
staged multipoint combustor is developed in the presedisin the framework of LPP combustion, with an injec-
tion device close to the industrial one. Using a staging pohare between the primary pilot stage and the secondary
multipoint one, droplet and velocity field distributionsnclae varied in the spray that is formed at the entrance of
the combustion chamber. The resulting spray and the flamehamacterized using OH-Planar Laser Induced Flu-
orescence, High Speed Particle Image Velocimetry and PDagpler Anemometry measurements. Three staging
values, corresponding to three different flame stabil@aprocesses, are analyzed, while power is kept constant. It
is shown that mean values are strongly influenced by the feilmlition and the flame position. Using adequate
post-processing, the interaction between the acoustit dietl the droplet behavior is characterized. Spectral anal-
ysis reveals a strong acoustic-flame coupling leading tovaflequency oscillation of both the velocity field and
the spray droplet distribution. In addition, acoustic measnents in the feeding line show that a strong oscillation
of the acoustic field leading to a change in fuel injectiond &dence droplet behavior.

Nomenclature

f

frequency [Hz]

m mass flow rate [gs ]
Q volumic flow rate [l h™}]

*Address all correspondence related to this paper to thimaut



Pw combustion power [KW]
p acoustic pressure [Pa]

g heatrelease rate [a.u.]

V  velocity [m-s7!]

o« staging factor [%]

AP relative pressure [bar]

¢ global equivalence ratio [-]
® Phase [-]

Subscripts

()a air

()ac acoustic

()atm atmospheric
(ny hydrodynamic
()p pilotstage

() take-off stage
()x axial

0

() fluctuations
()* normalized

Acronyms

HSPIV High Speed Particle Image Velocimetry
LPP Lean Premixed Prevaporized

PDA Phase Doppler Anemometry

PLIF Planar Laser Induced Fluorescence

PSD Power Spectral Density

PVC Precessing Vortex Core

INTRODUCTION

Due to environmental concerns, permissible pollutant simis of gas turbine plant or aircraft engines have beeirifsign
icantly decreased in recent years [1]. Combustion in gdsrtas was traditionally based on non-premixed flames faouar
reasons (safety, stability), but this type of combusti@tketo large pollutant emissions (NQCO, ...). To face this issue,
Lean Premixed Prevaporized (LPP) regimes are envisagesiirgeneration combustors [2, 3, 4]. This concept consists in
providing a uniform lean mixture of fuel and air that burngoater temperature than non-premixed flames, mainly reducin
thermal NQ emissions. Unfortunately gas turbines operating in learditions often present high combustion dynamics,
leading to stability issues such as combustion instadsljitflashback, self-ignition and blowout [5]. In particyldre cou-
pling of heat release and pressure oscillations in the cstobgan produce self-excited oscillations of such an aogi
that they may damage the combustor [6, 7, 8]. It is known these acoustic interactions tend to develop more easily in
partially and perfectly premixed combustion systems swctina LPP ones [9]. As an example of what can be envisaged to
overcome those problems, secondary fuel injection has jegosed, for which a small amount of fuel is injected upstre
to constitute a piloting region. This secondary injectian @lso be modulated so as to reduce coupling between heaseel
and pressure while keeping reduced,Nghissions [10, 11, 12, 13, 14].
Multi-injection staged injectors are now considered agptil candidates for real engine operations. Stagingguhoes
enable fuel distribution control, while multipoint injéohs can lead to a fast and efficient mixing. However, the dyina
of these new generation injection devices must still beistutb clearly determine their stability properties and ptimize
spatial fuel distribution.
The present paper concerns the study of a multi-injectistesy, fed with liquid fuel (dodecane) to be more represietaf
practical applications. Operating with a liquid fuel ad@swcritical parameters such as droplet distribution angesation,
that strongly influence the flame dynamics. Depending onyghe of atomizer used for fuel injection, strong fluctuatioas
be encountered in the resulting spray [15]. In the presedt/st laboratory-scale staged multipoint combustor ieiged
in the framework of LPP combustion. Depending on the regimesiaging factor, strong combustion instabilities can be
encountered. Using the staging procedure between the iyramd the secondary stages defined in [16], droplet and iloc
field distributions can be varied in the spray that is formetha entrance of the combustion chamber. The reactive flow is
characterized using Phase Doppler Anemometry (PDA), Hge8 Particle Image Velocimetry (HSPIV) and Planar Laser



Induced Fluorescence (PLIF).Three staging values, quorefing to three different flame stabilization processesaaa-
lyzed, while power is kept constant. Spray and flame dynaareslescribed using spectral post-processing. A syncedni
phase-lock averaging procedure is finally proposed to gpetda the analysis of this highly coupled dynamic system.

EXPERIMENTAL SETUP

The injection device is composed of two stages where air mpuidl fuel can flow and mix. The resulting mixture
enters a rectangular combustion chamber (5a®0x 150mnt), composed of two silica windows for optical access and
two water-cooled walls. The water flow rate is regulated s e water exit temperature remains constant for all dimgra
conditions.

Injection device

A schematic view of the injection device is shown in Fig. 1sitte this device, the upstream (primary) stage is called
the ‘Pilot stage’. It is composed of a pressurized nozzlddet distribution and a swirler for air injection. The prasged
nozzle generates a solid cone and fuel can be injected at ianmmedflow rate of 6.3 liters per hour. Its flow number is equal
to 1.4 I-h~1.bar %5. The air swirler is composed of 18 vanes and it is geomelyicaisigned so that 20% of the global air
rate flows through this stage. This has been experimentatified in [17]. The downstream (secondary) stage is calied t
‘Take-off stage’. It is composed of a multipoint system floe fuel and a swirler for the air. The multi-injection systam
composed of 10 equally-spaced holes (0.3 mm in diameteg sWirler is composed of 20 vanes and it has been designed so
that 80% of the global air rate flows through this stage. Batilers are set co-rotating (but this could be easily modifie
and designed so that the swirl number S based on geomeuwitsiberations is close to 1 [18]. To enhance fuel vapoopati
air is preheated at 473 K.

Operating conditions
As staging is one of the main features of this type of injettigstem, a staging factaris defined to quantify the relative
amount of fuel injected through the primary (pilot) injecfb6]:

a="0P 100 1)
mf.g

wheremi g4 is the total fuel flow rate anthy p is the fuel flow rate through the primary stage. As a consecgienwill be
zero in case all fuel flows through the secondary (take-tdjes and 100% for all fuel injected through the pilot stage.

Table 1 shows the operating conditions chosen for the prasedy. These conditions were chosen to avoid flame ex-
tinction, which depends on both equivalence ratio and tigaconditions. Indeed, for high staging values, the Idawbut
was found for an equivalence ratio between 0.4 and 0.45. Menvdecreasing the pilot injection (i.e. low staging value
down to zero) can lead to flame extinction at high global egjeivce ratios. The global air and fuel flow rates are kept
constant (constant power and global equivalence ratiolevehis varied from 20 to 60%, a domain where the shape of the
flame is highly influenced by the staging procedure. Moredweer givena, two types of flame can be encountered, whether
a is varied from 20 to 60% or from 60 to 20%. Subsequently, wengéefi- anda—, indicating that the corresponding value
was obtained by increasing or decreasing the staging faErvalues ofu~ higher than 40% (pilot stage regimes), the
flame stabilization process is controlled by the pilot stéegding to a compact V-flame, anchored inside the injec&vice
where the intense reaction takes place (Fig. 3). For valfies dower than 25% (take-off stage regimes), the flame is
stabilized thanks to the take-off stage and takes an M-sHapikis case, the main reaction occurs in the dump regian (Fi
3). In-between, there seems to be a competition betweenshegles, leading to a tulip-like shape of the flame. Thisdatte
case will not be discussed in the present study, where merasuts focus on two extreme values of the staging factor (20
and 60%), representative of the two flame shapes. Finallfealues ofa™, the flame presents an M-shape as for values
of a~ lower than 25%. It must be noticed that combustion and hygrathic instabilities are encountered in both cases,
associated with varying acoustic / hydrodynamic actigitlepending on the fuel staging.



Table 1. OPERATING AND PRESSURE CONDITIONS. Pw = 85 kW, @ = 0.6, Py = 101325 PaAP; IS THE PRESSURE DROP
THROUGH THE INJECTION DEVICE.

Condition | Qg « APy APrp  APs/Py
[g-s' [I-h™'] [%] [bar] [bar]  [%]
OPyg 50 94 20 013 1.9 5
OF, 50 9.4 60 0.08 18 5
OF;, 50 9.4 60 0.08 18 5

FUEL (TAKE-OFF)

FUEL (PILOT) —— = CHAMBER

/

CO-ROTATIVE SWIRLERS

Fig. 1. SCHEMATIC VIEW OF THE INJECTION DEVICE. FLOW FROM LEFT TO RIGHT.
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Fig. 2. EXPERIMENTAL SETUP. FLOW FROM LEFT TO RIGHT.

Diagnostics
Spray characterization

The spray is characterized using High Speed Particle Imadechhetry (HSPIV) in the axial direction and Phase
Doppler Anemometry (PDA) measurements. It was decidededued droplets directly as tracers. The camera collects the
Mie scattering signal from individual droplets cut by thedasheet. It is assumed that, at the exit of the injectiotesys
droplets are small enough to describe the aerodynamic flbig. foint will be discussed in the later analysis.

The laser sheet is generated by a system consisting of twéA&dlasers Quantroniy. Both lasers emit pulses at a wave-
length of 532 nm with an energy of 5 mJ per pulse and a tempadthwf 120 ns. An optical systenMelles Grio) is used

to convert the laser beam into a planar light sheet 100 mm atdel mm thick. Both sides of the combustion chamber
contain rectangular silica windows. For the axial measers) two small rectangular quartz windows (100 mm long and
15 mm wide) were designed and placed in the upper and lowds wfethe combustion chamber, allowing the laser sheet to



cross the chamber in its axial direction.

A fast speed camera (Photron Fastcam SA5, 1024024 pixels at a rate of 6000 frames per second) equippedawith
105 mm F/2.8 Nikon Nikkor objective is used to acquire thaultgsg images. The two lasers work at half the camera’s
acquisition frequencycfm and are synchronized by a pulse delay generator (BNC 5%®fudlay Generator). The time
delay,dt, between two pulses has been chosen so that the displacefreedroplet does not exceed one fourth of the pro-
cessing window size (4 pixels in this study). The acquisiparameters are summarized in Table 2 and a schematic view of
the setup is presented in Fig. 2.

For the local characterization of the spray, a Dantec deakbPDA system is installed in the present configuratiométo

to measure the local distributions of droplet diameters taralvelocity components. The system is composed of a 5 W
Ar™ laser with two lines respectively at 514 nm and 488 nm conbimi¢h a 40 MHz Bragg cell for frequency shift. Two
lenses are used for the transmitting and receiving optits nspective focal lengths at 250 mm and 300 mm. The receiver
is placed at 30from the transmitter axis. Data are acquired at differecétimns using an automatic two-axis translation
system allowing high precision on the measurement locatiager beam intersections are kept at the center of the atramb
along theY axis position, while location is varied on tieandZ axis.

Data rates between 0.2 and 12 kHz and a minimum burst efficieh©.6 could be achieved. During tests, more than
100,000 samples are validated in the main regions of irtterdgereas in low signal regions, the acquisition time istkah

to 30 seconds, resulting on lower data rates.

Table 2. PIV ACQUISITION PARAMETERS.
feam [ fPS ] 20,000

St us] 6
Nb of raw images | - | 12,000
Image size [ px ] 776448

Camera pitch [ mm / px ] 0.15

Flame structure characterization

The reaction zone is characterized using Planar Laser éttbluorescence (PLIF) measurements in axial planes. The
PLIF technique is carried out by exciting the OH radical, ethis a good tracer to describe the structure of the flame. The
laser sheetis generated by a system consisting of a Nd: Y#&€s @ontinuum Powerlite DLS 8010 serjesmitting a pulse at
a wavelength of 532 nm, coupled to a Dye Lasgoiftinuum ND600D The dye laser contains a UV tracker that doubles the
laser output to cover the 206 nm and 425 nm wavelength ragesglindrical divergent and a spherical converging lenses
with respective focal lengths at 250 mm and 300 mm are usedriergte a laser sheet 70 mm wide and 1 mm thick. The
OH radical can be excited at different wavelengths but thigtechintensity changes. For this study, the maximum iritgns
was detected for a wavelength= 282.9 nm (probably th@; (5) transition of the (1,0) band of th& > — X2 system of
OH [18)).

Table 3. OH-PLIF ACQUISITION PARAMETERS.
feam [ fps] 10

Exposure time [ ns ] 100
Nb of raw images [ - | 10,000

Image size [ px] 51% 512
Alnm] 282.9

Camera pitch [ mm / px ] 0.15




Images are acquired using an Intensified CCD camera (Poimdestruments PI-MAP 3, 1024 1024 pixels at a rate
of 15 images per second) equipped with a 105 mm F/4.5 NikokdikJV objective coupled to two interferential filters
(Melles Griot WG 305 and UG 11) centered on the OH radical emission ban@gsiMements are performed at 10 Hz and
the acquisition parameters are summarized in Table 3.

Pressure and heat release fluctuations

Four Bruel & Kjaer microphones (M1, M2, M3 and M4) are placadéemi-infinite water cooled waveguides that are
flush-mounted close to the injection device and on the cotidsushamber axis to measure pressure fluctuations (Fig.2).
photomultiplier HamamatsuH5784-04), coupled with a filteiA(= 310 + 10 nm) and a spherical lens (focal = 300 mm)
to collect all the light emitted by the flame, is used to meagdiH* intensity fluctuations. This last signal is supposelddo
proportional to the heat release rate for premixed flamés §h@ng access to heat release fluctuations, a crucialtifyiam
the understanding of combustion instabilities. In the adggartially premixed flames, several studies [20, 21] hde@s
that the OH* emission still provides qualitative infornation the heat release fluctuations, on a global point of view.

All signals are acquired simultaneously on a multi-portuasiion card National Instruments at a rate of 16 kHz during 4
seconds for the HSPIV measurements and 60 seconds for tReoREb.

RESULTS
Flame stabilization

Intensity” (a.u.) Intensity” (a.u.) Intensity” (a.u.)

0.5 1 1.5 2 2.5 3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.4 0.5 0.6 0.7 0.8 0.9 1

60 60

Z (mm)

80 100 120 140 0 20 40 60 80 100 120 140 - 0 20 40

0 20 40 60 60 80 100 120 140
X (mm) X (mm) X (mm)
OPso OP2o Opgo

Fig. 3. AVERAGED OH* CHEMILUMINESCENCE FOR THE THREE OPERATING POINTS. INTENSITY SCALE HAS BEEN NORMAL-
IZED BY THE MAXIMUM OT THE OP20 INTENSITY VALUE. FLOW FROM LEFT TO RIGHT.

Figure 3 shows the average ©ldhemiluminescence for the three operating points. Whemnatipg at high staging
factor, OR,, the flame stabilization is mainly controlled by the piloage resulting in a V-flame shape. This shape is
encountered for staging values higher than 40%. When deiogethis factor, the amount of fuel delivered through tHetpi
stage becomes insufficient to keep the flame stabilized t¢tofiee pilot stage, resulting in a M-shape flame stabilized in
the combustion chamber. In this case, the flame is mainlyrotbed by the take-off stage and the flame is anchored at the
exit of the injection system (Qh). From the OH averaged fields, it seems that the major combustion proakes place
far downstream in the combustion chamber but a small reactite is found close to the injection device. When fuel is
no longer injected through the pilot stage= 0%), the flame becomes very unstable and is quickly extitguis Finally,
increasing the staging factor while the flame is stabilizethe combustion chamber (@ results in a shape close to the
OPyone. This is the result of an hysteresis (bifurcation) pimegaon and the flame does not return to its initial shapg,OP
Although both OBy and OR, present similar flame shapes, the combustion process ityhighdified. Indeed the latter
case shows a larger and more intense reaction region cldise itgjection device while downstream the opposite behasio
visible. Increasing alpha enhances the anchoring of thesfirthe exit of the burner and improves its stability.

Recent work [22] has showed that the combustion structungtsly influenced by an aerodynamic instability (precegsin
vortex core, PVC), with a varying intensity depending onitijection conditions and acoustic levels. It is shown thoat f
the V-flame, the PVC is very strong while for the M-shaped ameen acoustic levels are high, the PVC barely exists. It
seems then that the pilot V-flame is driven by the PVC stregtwhile for the M-shaped one, the combustion structure may



be the result of the strong thermo-acoustic coupling. Sihegresent paper focusses on the acoustic charactenipdtioe
combustor, the PVC/flame interactions will not be discuds=e.

Velocity fields

U (m/s)
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Fig. 4. AVERAGE DROPLET VELOCITY MAGNITUDE (TOP) AND OH-PLIF (BOTTOM) FIELDS FOR THE THREE OPERATING CONDI-
TIONS. CONTOUR LINES OF THE VELOCITY MAGNITUDE ARE SUPERIMPOSED ON THE OH FIELDS. FLOW FROM LEFT TO RIGHT.

Figure 4 shows the average droplet velocity magnitude anePQHF axial fields for the three operating points. The
velocity field provides a quantitive information on the dietpselocity but also a qualitative information on the spséyape.
For the OR, case, the spray has a wide angle while fon@&hd OR, the angle is lower. Also, in these latter cases, the
length of the spray is lower than for @R This is the result of the flame behavior as it has been sho@8irthat the spray
shape in non reactive conditions is not affected by the figttidution. It has also been found in [24] that &Renerates
lower size droplets at the exit of the injection device, thesulting on a shorter spray. From the PIV fields, thg {fase
presents faster droplets with up to 100 sn! in the center region of the spray, corresponding also to ¢égén where
droplets of lower size are found. Although the QBase presents the same fuel staging, lower velocities arevad (up to
80 m-s1). This is the result of the two different stabilization pesses. In the first case, the flame is well stabilized in the
pilot region inside the injection device while in the secame, it is anchored at the exit of the injection system. Tésiits
in a larger section area for the spray, thus leading to lowkoities for both OBy and OR,,.



Combustion process
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Fig. 5. PSD OF THE ACOUSTIC PRESSURE (FROM MICROPHONE M2), HEAT RELEASE RATE (OH* CHEMILUMINESCENCE) AND
DROPLET AXIAL VELOCITY FOR OPgO CASE.

From the OH-PLIF averaged fields coupled to the PIV ones @igt is found that the interaction between droplets and
flame is highly influenced by the staging factor and flame pwsitFor the OB, case, the majority of the spray surrounds
the flame and the reaction process occurs in the inner redithespray. Meanwhile, as mentioned earlier, for the©P
case, the main reaction process takes place far downstre#ime combustion chamber even though smaller droplets are
found in this case. However, analyzing the PIV fields, it isrfd that the generated spray is much larger in comparison to
the OR,, case and, since the flame is farther downstream, tempesatiose to the injection device are lower and droplets
take more time to evaporate. When increasing the stagirtgrfaghile keeping the flame in the combustion chamber, a
more intense reaction zone takes place near the injectidinedOR,;). This can be explained by two different processes.
(1) It was verified that augmenting the fuel flowrate throulgd pressurized nozzle results in a decrease of the size of the
generated droplets. Therefore, a faster evaporation raehieved and the reaction process happens sooner. (2d3ewg
the amount of fuel through the takeoff stage enhances timeization of the liquid jets and decreases the size of theldt®p
at the exit of the injection system [25]. Both situationslwdntribute to a faster reaction close to the injectioneiyst

Unsteady flame dynamics

To characterize the dynamic behavior of the burner, a spleatralysis is performed on the pressure, heat release and
axial velocity (acquired through the PDA system at X = 15 migpals. For each signal, a PSD is computed using the
Welch method, with a spectral resolution of 4 Hz. Let us retiat PDA signals have been re-sampled at 6 kHz as described
in [24]. Figure 5 successively shows the PSD of the heat seleate (OH* chemiluminescence), acoustic pressure (from
microphone M2), and axial velocity for the @Rcase.

The acoustic pressure reveals a strong peak centergd at 300 Hz, which is also seen by the ©ldpontaneous
emission, both in phase as expected by the Rayleigh crit@rithe case of thermo-acoustic instabilities. Droplebegles
also present a strong activity at the same frequepgyrevealing that this instability modifies the spray dynaniMore
interestingly, a second peak centeredigt ~ 2600 Hz with a higher amplitude appears in the signal of helabse and
axial velocity fluctuations. It has been shown that this fiextcy corresponds to the presence of a precessing vortex cor
(PVC) in both non-reactive and reactive conditions [23, Méasurements in both conditions have shown that the PVC in-
tensity is amplified in presence of the flame, with an increds$kee detected frequency, probably due to higher tempezatu
hence velocities. Finally, the Otsignal reveals two additional peaks with very low amplitsideound the peak of the PVC
frequency, aff ~ 2300 Hz andf ~ 2900 Hz. This phenomenon has already been found in [26, 2F7leaently analyzed
in [28], where it is shown that these peaks correspond to pltmuphenomenon between the acoustics and the PVC. The
detected frequencies correspond exactly to the sum andfteeedce of the acoustic and PVC ones.

To go deeper in the acoustic characterization of the systeonhydrophones have been placed in each fuel feeding line
far upstream of the injection device. Figure 6 shows thewian of the PSD amplitude in the combustion chamber and in
the multipoint feeding line. No results are presented ferttiidrophone placed in the pilot fuel feeding line as no atous
peak was detected. This is no surprise as pressure drop\aiedigh for the pilot injection as shown in table 1. However
the hydrophone placed in the multipoint feeding line reveapeak at the acoustic frequency detected in the combustion



chamber. The fact that acoustic peaks are detected intiei€times from the low pressure drop values encounteredsin thi
stage (cf. table 1). The amplitude presents an evolutioitasito the one measured in the combustion chamber. Thislglea
shows that the acoustic field strongly modifies the multipmifection and consequently, evaporation and equivalesibe
may also be modified affecting the combustion process. Tdpsvalence ratio fluctuation may also drive the instability
corresponding to a potential coupling path [9]. Furtheestigation is being carried out on this subject. Globakgults
indicate that for the V-flame shape{ > 40%), the acoustic perturbation is quite low in comparisothe M-shape one
(o~ < 40% and for alln™ values) where amplitudes of up to 145 dB are encounterediditian, the change in the flame
shape also results in a change in the acoustic frequentyawiincrease fronfi,c = 300 Hz tofac = 330 Hz.

160 140
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Fig. 6. EVOLUTION OF THE PSD AMPLITUDE FOR THE ACOUSTIC INSTABILITY IN THE COMBUSTION CHAMBER (LEFT) AND IN
THE MULTIPOINT FEEDING LINE (RIGHT) AS A FUNCTION OF THE STAGING FACTOR.

To characterize the interaction between the acoustic fiedidlae droplet dynamics, a phase-locked averaging method is
performed, focussing on the three operating conditionsiddfin table 1. This can only be possible if the droplets arallsm
enough to be considered as following the aerodynamic floverdfiore, an estimation of the Stokes number (with respect
to the acoustic instability) has been computed and it waaddhat this number is close to 0.1 for a droplet size equal to
15um. Since the PDF of the droplets size distribution repomef@4] reveals that the generated spray is composed mainly
of droplets below 15um, one may expect them to follow the aerodynamic flow. The @hask average cycle is computed
at the acoustic frequencfac = 300 Hz for the OF, and fac = 330 Hz for the OE’O and ORy. It has already been found in a
previous study [24], that droplet diameter fluctuationstzeely affected by the acoustic field (variations due to tlatons
are below 1tm), thus we will focus only on the droplet axial velocity fluations. The signal from microphone M2 is used as
the time reference signal and the phase-locked mean cydée@mposed in 20 phases, every +®°, using approximately
2,000 velocity samples for each phase. Results are presierftdy. 7.

As expected, results for the acoustic pressure indicateehijuctuations (up to 400 Pa) for the QJRind ORg cases while

for the OR,, pressure fluctuations do not exceed 100 Pa. More integhgtirelocity fluctuations are not in phase as it would
be expected. Several studies on the interaction of a spithayamiacoustic field [29, 30, 31] have shown that when located a
an acoustic velocity antinode (hence pressure node), tlag splocity field decreases in magnitude. The results nbthin

the OR, case are consistent with this conclusion. However, thd a&lacity for the two other cases presents a slight phase
shift. It is well known that the presence of a phase shift candiated to the droplet size [29, 30, 32], since bigger dtspl
will need more time to follow the acoustic motion. Nevertiss, PDA measurements have shown that the spray in tfje OP
and OBy cases presents smaller droplets so this cannot be the cathhgephase shift. Furthermore, measurements carried
out with the hydrophone indicate a stronger acoustic dgtinithe multi-injection line for the M-shape flame. Thenefp

the phase shift may come from this perturbation which resnla change of the injection behavior, hence spray and neixtu
properties. Finally, trying to estimate the acoustic vigjoamplitude using the simplistic relatiaf, ~ p’/pac, which is
only valid for plane wave progressive propagation, one fiigs~ 0.4 m-s~ for the V-flame and,. ~ 1.6 m-s™! for the
M-flame. The measured fluctuations are consistent for thealidlwhile for the V-flame, fluctuations are found to be 3 to
4 times higher. One suggestion could be that the acoustitrfiedulates the flow and the nascent spray inside the injector
resulting in large coherent structures that are generatbe acoustic frequency and convected by the flow [33, 3438p,

A second suggestion could be that for the V-flame, the sprayramgly affected by the presence of the precessing vortex
core (PVC) and fluctuations of up to 15% of the mean velocityehaeen found from the PDA results and PIV fields. In
addition, a recent work [27] shows that, even when the a@oastipling occurs with a much lower amplitude compared to
the hydrodynamic phenomenon, some precautions must be telkiéee describing the flow behavior at one frequency and
neglecting the other.
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V- OPgg, fac =300 Hz AND OPgy AND OP20, fac =330 Hz.

CONCLUSION

A laboratoryscale staged multi-injection combustor is described épitesent paper, in the framework of LPP combus-
tion. Using a staging procedure between the primary pilmesand the secondary multipoint one, droplet and velogity fi
distributions can be varied in the spray that is formed attiteance of the combustion chamber. In the reactive cass th
different stabilization processes occur, depending orsthging factor value and evolution history (hysteresi).e€ stag-
ing values, corresponding to these three different flanalstation processes, are analyzed while power is keptteons
The resulting spray and flame are characterized using ORBaPlaaser Induced Fluorescence, High Speed Particle Image
Velocimetry and Phase Doppler Anemometry measurements.

It is first shown that the global behavior of the burner is highfluenced by the fuel distribution. When a sufficient
amount of fuel is delivered through the pilot stage, the flaimawvs a V-shape and is stabilized inside the injection syste
Decreasing the staging factor, the flame is stabilized irctirebustion chamber and takes an M-shape. Switching off the
pilot injection results in flame extinction. More interestly, increasing back the staging factor value results ihysteresis
phenomenon, where the flame remains in the combustion chraeeEn though the amount of fuel in the pilot region
increases. This leads to a situation where for the same ifsteibalition, two types of flame are encountered {Qéhd OR,).

The dynamic analysis reveals the presence of an acoustie-taupling leading to a low frequency oscillation of both
the velocity field and the spray droplet distributionfgt = 300 Hz andfsc = 330 Hz depending on the fuel distribution.
Furthermore, acoustic measurements in the multi-injadéeding line reveal large acoustic fluctuations that evellong
with the acoustic amplitude in the combustion chamber. fJathequate post processing methods, the droplet respotinge to
acoustic field has been characterized. For thg,0&se, results are consistent with several studies on ttavioelof droplets
subjected to acoustic perturbations. However, for the lpsttase (Ofg and OR,), the velocity fluctuations present a slight
phase shift that is likely to be the result of the acoustid¢ypbation inside the take-off injection, which modifies gray
properties (atomization and evaporation). This last pisiatirrently under investigation.
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