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ABSTRACT

Burners operating in lean premixed prevaporized (LPP)
regimes are considered as good candidates to reduce pollutant
emissions from gas turbines. Lean combustion regimes result
in lower burnt gas temperatures and therefore a reduction on
the NOx emissions, one of the main pollutant species. However,
these burners usually show strong flame dynamics, making them
prone to various stabilization problems (combustion instabilities,
flashback, flame extinction). To face this issue, multi-injection
staged combustion can be envisaged. Staging procedures enable
fuel distribution control, while multipoint injections can lead to
a fast and efficient mixing.

A laboratory-scale staged multipoint combustor is devel-
oped in the present study, in the framework of LPP combustion,
with an injection device close to the industrial one. Using a stag-
ing procedure between the primary pilot stage and the secondary
multipoint one, droplet and velocity field distributions can be
varied in the spray that is formed at the entrance of the com-
bustion chamber. Non-reactive and reactive flows are charac-
terized through an extensive Phase Doppler Anemometry (PDA)
campaign. Three staging values, corresponding to three differ-
ent flame stabilization processes, are analyzed, while power is
kept constant. It is shown that mean values and droplet distri-
butions are affected by the staging procedure in the non-reactive
as in the reactive situations. Using adequate post-processing,
it is also possible to study non-reactive and reactive flow/flame
dynamics. Spectral analysis shows that the non-reactive flow is
strongly structured by a high frequency rotating structure that

can clearly be associated with a precessing vortex core (PVC),
while the reactive situation encounters a strong acoustic-flame
coupling leading to a low frequency oscillation of both the veloc-
ity field and the spray droplet distribution. In this last situation,
high frequency phenomena, which may be due to PVC, are still
visible.

NOMENCLATURE
D10 arithmetic diameter [µm]
D32 Sauter mean diameter [µm]
f frequency [Hz]
ṁ mass flow rate [g·s−1]
Q̇ volumic flow rate [l·h−1]
Pw combustion power [kW]
p acoustic pressure [Pa]
q heat release rate [a.u.]
St Stokes number [-]
V velocity [m·s−1]
α staging factor [%]
∆P relative pressure [bar]
φ global equivalence ratio [-]
Φ Phase [-]
ω angular frequency [rad·s−1]
Subscripts
()a air
()ac acoustic
()atm atmospheric
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() f fuel
()F flow
()g global
()p pilot stage
()t takeoff stage
()X axial
()Z radial
()Φ phase
Superscripts
()

′
fluctuations

()⋆ re-sampled data
()NR non-reactive
()R reactive

INTRODUCTION
Due to environmental concerns, permissible pollutant

emissions of gas turbine plant or aircraft engines have been
significantly decreased in recent years [1]. Combustion in gas
turbines was traditionally based on non-premixed flames for
various reasons (safety, stability), but this type of combustion
leads to large pollutant emissions (NOx , CO, ...). To face this
issue, Lean Premixed Prevaporized (LPP) regimes are envisaged
in new generation combustors [2, 3, 4]. This concept consists in
providing a uniform lean mixture of fuel and air that burns at
lower temperature than non-premixed flames, mainly reducing
thermal NOx emissions. Unfortunately gas turbines operating in
lean conditions often present high combustion dynamics, leading
to stability issues such as combustion instabilities, flashback,
self-ignition and blowout [5]. In particular, the coupling of
heat release and pressure oscillations in the combustor can
produce self-excited oscillations of such an amplitude that they
may damage the combustor [6, 7, 8]. It is known that these
acoustic interactions tend to develop more easily in partially
and perfectly premixed combustion systems such as the LPP
ones [9]. As an example of what can be envisaged to overcome
those problems, secondary fuel injection has been proposed, for
which a small amount of fuel is injected upstream to constitute a
piloting region. This secondary injection can also be modulated
so as to reduce coupling between heat release and pressure while
keeping reduced NOx emissions [10,11,12,13,14].

Multi-injection staged injectors are now considered as
potential candidates for real engine operations. Staging pro-
cedures enable fuel distribution control, while multipoint
injections can lead to a fast and efficient mixing [15]. However,
the dynamics of these new generation injection devices must
still be studied to clearly determine their stability properties
and to optimize spatial fuel distribution. In a recent work, a
laboratory-scale multi-injection staged system was developed
for gaseous fuel [16]. It was shown that the staging factor had
a strong impact on flow dynamics, flame structure, combustion

instabilities.

The present paper concerns the study of a similar multi-
injection system, fed with liquid fuel (dodecane) to be more rep-
resentative of practical applications. Introducing a two-phase
flow adds new complex parameters such as droplet distribution
and evaporation that strongly influence the combustion dynam-
ics. Depending on the type of atomizer used for fuel injection,
strong fluctuations can be encountered in the resulting spray [17].
In the present study, a laboratory-scale staged multipoint com-
bustor is developed in the framework of LPP combustion. De-
pending on the regime and staging factor, strong combustion
instabilities can be encountered. Using the staging procedure
between the primary and the secondary stages defined in [16],
droplet and velocity field distributions can be varied in the spray
that is formed at the entrance of the combustion chamber. Non-
reactive and reactive flows are characterized through an extensive
Phase Doppler Anemometry (PDA) campaign. Three staging
values, corresponding to three different flame stabilization pro-
cesses, are analyzed, while power is kept constant. Non-reactive
and reactive flow, spray and flame dynamics are determined us-
ing spectral post-processing. A synchronized phase-lock averag-
ing procedure is finally proposed to go deeper in the analysis of
this highly coupled dynamics.

EXPERIMENTAL SETUP
The multipoint staged is composed of two stages where air

and liquid fuel can flow and mix. The resulting mixture enters
a rectangular combustion chamber (500×150×150mm), com-
posed of two silica windows for optical access and two water-
cooled walls.

Injection device
A schematic view of the injection device is shown in Fig. 1.

Inside the injection device, the upstream (primary) stage is called
the ‘Pilot stage’. It is composed of a pressurized nozzle for
fuel distribution and a swirler for air injection. The pressurized
nozzle generates a solid cone and fuel can be injected at a
maximum flow rate of 6.3 liters per hour. Its flow number is
equal to 1.4 l· h−1 · bar−0.5. The air swirler is composed of
18 vanes and it is geometrically designed so that 20% of the
global air rate flows through this stage. This has been checked
experimentally in [16]. The downstream (secondary) stage is
called the ‘Takeoff stage’. It is composed of a multipoint system
for the fuel and a swirler for the air. The multi-injection system
is composed of 10 equally-spaced holes (0.3 mm in diameter).
The swirler is composed of 20 vanes and it has been designed
so that 80% of the global air rate flows through this stage. Both
swirlers are set co-rotating (but this could be easily modified)
and designed so that the swirl number S based on geometrical
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TABLE 1 . OPERATING AND PRESSURE CONDITIONS
FOR BOTH NON-REACTIVE AND REACTIVE CONDITIONS.
Pw = 85 kW,φ = 0.6, Pa = Patm.

Condition ṁa [g·s−1] Q̇f ,g [l ·h−1] α[%]

OP20 50 9.4 20

OP35 50 9.4 35

OP60 50 9.4 60

Condition ∆Pf ,t [bar] ∆Pf ,p [bar] ∆Pa/Pa [%]

OP20 0.13 1.9 3 - 4

OP35 0.11 6 3 - 4

OP60 0.08 18 3 - 4

considerations is close to 1 [18]. To enhance spray vaporization,
air is preheated at 473 K.

As staging is one of the main features of this type of injec-
tion system, a staging factorα is defined to quantify the relative
amount of fuel injected through the primary (pilot) injector [16]:

α =
ṁf ,p

ṁf ,g
×100 (1)

whereṁf ,g is the total fuel flow rate and ˙mf ,p is the fuel flow
rate through the primary stage. As a consequence,α will be zero
in case all fuel flows through the secondary (take-off) stage and
100% for all fuel injected through the pilot stage.

Table 1 shows the operating conditions chosen for the
present study. The global air and fuel flow rates are kept con-
stant (constant power and global equivalence ratio) whileα is
varied from 15 to 60%, a domain where the shape of the flame is
highly influenced by the stage procedure. For values ofα higher
than 50% (pilot stage regimes), the flame stabilization process is
controlled by the pilot stage, leading to a compact V-flame, an-
chored inside the injection device. For values ofα lower than
25% (take-off stage regimes), the flame is stabilized thanks to
the take-off stage and takes an M-shape. In-between, there seems
to be a competition between both stages, leading to a tulip-like
shape of the flame. In the present study, measurements focus on
three values of the staging factor (20, 35 and 60%), representa-
tive of the three flame shapes. It must be noticed that combustion
instabilities are encountered in all cases, associated with a more
or less strong acoustic activity depending on the staging, as de-
scribed in Table2.

CO-ROTATIVE SWIRLERS

FUEL (TAKEOFF)

FUEL (PILOT) CHAMBER

50 mm

FIGURE 1. SCHEMATIC VIEW OF THE INJECTION DEVICE.
FLOW FROM LEFT TO RIGHT.

TABLE 2 . STABILIZATION MECHANISMS, THERMO-
ACOUSTIC INSTABILITY FREQUENCIESfac AND AMPLITUDES
pM2 FOR THE THREE OPERATING CONDITIONS.

Condition Stabilization fac (Hz) pM2 (dB)

OP20 M-shape 300 133

OP35 Tulip-like shape 252 108

OP60 V-shape 280 133

Diagnostics
Spray characterization The spray is characterized in

both non-reactive and reactive conditions using the Phase
Doppler Anenometry (PDA) technique. A Dantec dual-beam
PDA system is installed in the present configuration allowing
to measure the local distributions of droplet diameters and two
velocity components. The system is composed of a 5 W Ar+

laser with two lines respectively at 514 nm and 488 nm com-
bined with a 40 MHz Bragg cell for frequency shift. Two lenses
are used for the transmitting and receiving optics with respective
focal lengths at 250 mm and 300 mm. The receiver is placed at
30◦ from the transmitter axis. A schematic view of the setup is
shown in Fig.2.
Data are acquired at different locations using an automatic two-
axis translation system allowing high precision on the measure-
ment location. Laser beam intersections are kept at the center
of the chamber along theY axis position, while location is var-
ied on theX andZ axis. In the present study, only the results
at X = 15 mm will be discussed, as they are quite representative
of what is observed elsewhere. A more exhaustive study will be
proposed in the future.
Data rates between 0.2 (reactive) and 20 kHz (non-reactive situ-
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FIGURE 2. EXPERIMENTAL SETUP.

ations) and a minimum burst efficiency of 0.6 could be achieved.
During tests, more than 100,000 samples are validated in the
main regions of interest, whereas in low signal regions, the ac-
quisition time is limited to 30 seconds, resulting on lower data
rates.

Pressure fluctuations and OH* chemilumines-
cence Four Bruel & Kjaer microphones (M1, M2, M3 and
M4) are placed in semi-infinite water cooled waveguides that
are flush-mounted close to the injection device and on the
combustion chamber axis to measure pressure fluctuations
(Fig.2). A Hamamatsu photomultiplier, coupled with a filter
(λ = 310± 10nm) and a spherical lens (focal = 300 mm) to
collect all the light emitted by the flame, is used to measure
OH* chemiluminescence. This last signal is supposed to be
proportional to the heat release rate, giving access to heat
release fluctuations, a crucial quantity in the understanding of
combustion instabilities.

All signals are acquired simultaneously on a multi-port Na-
tional Instruments acquisition card, at a rate of 16 kHz during
30 seconds, giving almost 500,000 samples per acquisition. In
addition, pressure signal from microphone M2 and spontaneous
emission from OH* are also acquired simultaneously with the
PDA ones, to enhance the time-signal reconstruction technique,
which will be discussed in the results section.

DATA PROCESSING
PDA softwares offer different techniques for acquisition val-

idation. In the present study, a validation criterion was applied

to the diameter measurements. For each droplet, two indepen-
dent size measurements allow to control the difference between
the two values. In the present study, a difference larger than 10%
leads to the droplet rejection. In addition to the validation crite-
rion, both diameter and velocity signals are corrected by applying
the transit time of a particle,τi , as a weight factor. It is shown
in [19,20] that this weight factor is well adapted for both veloci-
ties and diameters.
In order to perform spectral analysis methods, a re-sampling
technique must be applied to the randomly sampled signals ac-
quired with the PDA system. In this work, two sampling tech-
niques have been tested on the signals.
(1) The sample and hold techniqueis the most classical one. In a
few words, it consists in keeping the same physical value coming
from the signal measured by the PDA until a new one is acquired.
This can be expressed as:

t⋆− tpda≥ 0 =⇒ X⋆(t⋆) = Xpda(tpda) (2)

wheret⋆ andtpda are respectively the re-sampled and PDA times
andX⋆ andXpdaare respectively the re-sampled and PDA values.

(2) The sample and hold modified techniqueconsists in tak-
ing the physical value from the measured signal at the closest
measured time. This can be written as:

| t⋆− tpda |= min(| t∗− tpda |) =⇒ X⋆(t⋆) = Xpda(tpda) (3)

In regions where high data rates were achieved, a re-sampling
frequency of 16 kHz, for the non-reactive situation, and 6 kHz,
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FIGURE 3. ABEL TRANSFORM OF THE TIME-AVERAGED
OH* CHEMILUMINESCENCE FOR OP60 (LEFT). MEAN PRO-
FILES ARE COMPUTED ALONG THE DOTTED LINE IN THE EN-
LARGEMENT (RIGHT). REGIONS A AND B CORRESPOND TO
THE LOCATIONS OF SPECTRAL ANALYSIS.

for the reactive one could be used with both techniques. It was
shown that both lead to very similar spectral contents, and the
main frequencies could be properly retrieved. To discriminate
between both techniques, several tests were carried out. They
show that the hold sample technique leads to an average per-
centage of constant consecutive values of about 25%, while this
percentage is only 15% when using the modified one. In the
present study, only the results using the modified technique are
presented.

RESULTS AND DISCUSSION
Profiles of the mean flow are first presented atX = 15 mm,

Y = 0 mm andZ between 15 and 40 mm for one side of the flow
only, as shown on Fig. 3. No results will be presented closer to
the axis of symmetry of the burner, since few or no droplets were
encountered.

Axial and radial mean velocities
Figures 4(a), 4(b), 5(a) and 5(b) show the mean profiles of

the radial and axial velocities for non-reactive and reactive cases.
The global shape of the profiles is the result of the inner and outer
recirculation zones (IRZ and ORZ) usually expected in highly
swirling flows [21]. These two zones tend to confine the droplets
in the conical penetration region of the fresh gases, where higher
axial velocities are reached. In addition, results indicate a global
increase of both velocities in reactive conditions due to the high
temperature of the flow
In the non-reactive situations, little influence ofα is observed
on the velocity fields. High axial velocities and radial velocities
close to 0 are visible in the heart of the spray. In addition, the
radial velocityV̄z profile shows negative values in the rangeZ

between 15 and 25 mm. This shows that the inner recirculation
zone (IRZ) attracts droplets that are diverted from the fresh gas
cone.
In reactive conditions, the droplet dynamics are highly influenced
by the flame that is stabilized very close to the chamber entrance.
For high staging factors, OP60 in Fig. 5, the pilot stage stabilizes
the flame and the stabilization point is located inside the injec-
tion device, leading to high radial velocities̄Vz. When the flame
is stabilised by the multi-injection stage (OP20), there is a slight
shift of the axial velocityV̄x profile towards the IRZ, which can
be related to the transition from the V-shape to the M-shape. This
means that the fresh gas cone angle changes. Radial velocitiesV̄z

become very low. Finally the OP35 case (intermediate stabiliza-
tion) has a similar behavior as the OP60 one in its inner structure
and a similar behavior as OP20 for its outter part. The cone angle
deduced from Fig. 5(a) is in-between. In these reactive situations,
no negative values of̄Vz are visible, meaning that the droplets are
burnt before being diverted from the fresh gas penetration cone.

Sauter mean diameter
The Sauter mean diameter (SMD) profile is shown in

Figs. 4(c) and 5(c) respectively for the non-reactive and reactive
cases. In the core of the penetration cone, the droplet diameter
is lower than in its periphery. This may be due to the higher ve-
locities encountered by the droplets inside the cone, which may
cause a better atomization and a faster vaporization. Globally,
results show a slight effect of the staging factorα as SMDs in-
crease with this parameter. To illustrate this point, Fig. 6 shows
the droplet diameter distribution for the three values of the stag-
ing factor, atX = 15 mm andZ = 28 mm. Increasingα results
in a slight increase of the number of higher diameter droplets,
explaining the difference in SMDs in the core of the spray. The
same phenomenon is observed in droplet diameter distribution
for the reactive cases.

Unsteady flow dynamics
From the randomly sampled data acquired by the PDA sys-

tem, all the signals were re-sampled at 16 kHz and 6 kHz for
the non-reactive and reactive flow respectively. Figure 7 shows
an example of the re-sampled radial velocity componentV⋆

z at
X = 15 mm,Y = 0 mm andZ = 26 mm, and for OP60.

Non-reactive flow dynamics Using the re-sampled
signals, a spectral analysis is carried out on the non-reactive
flow. Figure 8 shows the Power Spectral Density (PSD) of the
re-sampled diameter and radial velocity signals atZ = 26 mm
for OP60. The PSD was computed using the Welch method, with
fifty periodograms, a hundred blocks, Hanning window and a
spectral resolution of 16 Hz.

Both spectra show a peak at the same frequency
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FIGURE 4. NON-REACTIVE FLOW. AXIAL VELOCITY V̄x, RADIAL VELOCITY V̄z AND SAUTER MEAN DIAMETER D32 PROFILES AT
X = 15 MM AND Y = 0 MM.
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FIGURE 6. NON-REACTIVE FLOW. DROPLET DIAMETER DISTRIBUTION FOR THE DIFFERENT VALUES OF THE STAGING FACTOR.
X = 15 MM AND Z = 28 MM.

f NR
F = 2500 Hz, visible at all the staging values even if a

decrease in the peak amplitude is observed for lowerα. Recent
work on the same configuration [22] has shown that this fre-
quency peak is associated with a three-dimensional structure,
such as the Precessing Vortex Core (PVC), often encountered
in swirling flows [23]. Numerical simulations on a similar
geometry revealed the presence of a PVC, taking initially place
near the pilot stage [24]. This may explain why reducingα (i.e.

less fuel is injected through the pilot stage) can cause a decrease
in the rotating structure visualization.

Using the mean arithmetic diameter, computed in regions
where the spectral analysis is performed, and the characteristic
frequency of the flowf NR

F , it is possible to estimate a Stokes
numberS̄t for the droplets submitted to the perturbation.
Computing the mean Stokes number in regions where the
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spectral content is high atf NR
F gives S̄t≈ 0.1, which is quite

low. This suggests that the droplets in this region may be small
enough to follow the gaseous flow, which is mainly imposed
by the air. As a consequence, changing the staging factor has
little influence on the non-reactive droplet velocity distribution,
piloted by the strong rotating coherent structure.

Taking the re-sampled radial velocityV⋆
z as a reference sig-

nal, a phase-lock averaging method is introduced to estimate the
mean behavior of droplets atX = 15 mm. In two-phase flows,
carrying out a phase-lock averaging method is only possible in

regions where droplets are small enough to be considered as de-
scribing the gaseous phase. Therefore, this averaging method is
only applied in regions where the Stokes number was estimated
and found small enough to validate the procedure. The phase-
locked mean cycle was decomposed in 20 phases, every 18◦±9◦

using approximately 2,000 instantaneous values for each phase.
Figure 9 shows the fluctuations of the phase averaged axial and
radial velocities and diameter, respectivelyV⋆

xΦ, V⋆
zΦ andD⋆

Φ.
Both velocity components show a strong oscillation at the

flow frequencyf NR
F . Fluctuations are particularly high for the

radial componentV⋆
zΦ, which is certainly due to the fact that

this frequency is associated with a precessing rotating structure.
Still, V⋆

xΦ also shows a non-negligible fluctuation at the same fre-
quency (Fig. 9(a)). More surprisingly, the phase averaged diam-
eter signal shows a coherent oscillation of about 5 to 10% of the
mean arithmetic diameter, which is more or less synchronized
with the velocity fluctuations. Further investigations are needed
on this last point. Traveling along theZ axis, similar results are
found, with a clear oscillation ofV⋆

xΦ, V⋆
zΦ andD⋆

Φ.
In a recent work on the non-reactive flow, the Mie intensity

fluctuations of the spray were measured in transverse plans using
synchronized high speed laser and camera [22]. Spectral analy-
sis was carried out in the laser plan, and the same frequency peak
was retrieved. With this diagnostic setup, it was possible to show
that two points on opposite sides of the spray diameter presented
Mie intensity fluctuations with a phase shift of 180◦. Relating the
Mie scattering intensity to the droplet density, one can imagine
that the rotating hydrodynamic structure (PVC) strongly impact
both the density and droplet diameter distributions in these re-
gions.

Reactive flow dynamics For this second part of the
spectral analysis, two regions of interest A and B are defined,
corresponding respectively toZ = 32 mm and Z = 30 mm, as
shown in Fig. 3. These regions present acquisition data rates
high enough for the analysis. Raw signals from the PDA were
re-sampled at 6 kHz and a PSD was computed in both regions,
using the Welch method, with approximately 30 periodograms,
59 blocks, Hanning window and a spectral resolution of 4 Hz.
Figures 10 and 11 successively show the PSD of the heat release
rate (OH* chemiluminescence), acoustic pressure and radial ve-
locity re-sampled signals.

The acoustic pressure signal reveals a strong peak centered
at fac = 280 Hz, which is also seen by the OH* spontaneous
emission signal, both in phase, as expected by the Rayleigh cri-
terion in case of thermo-acoustic instabilities. As expected, the
re-sampled radial velocityV⋆

z shows in region A a strong peak
at fac as well, indicating that the instability strongly modifies the
spray dynamics (Fig. 11, top). More interestingly, a small peak
at f R

F = 2620 Hz is visible in the second part of the spectrum. In
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region B, this high frequency peak becomes even preponderant,
compared to the thermo-acoustic low frequency peak (Fig. 11,
bottom). Both peaks are also visible on the resampled axial ve-
locity V⋆

x and diameterD⋆ signals. One would wish to associate
f R
F to the rotating structure highlighted in the non-reactive situ-

ation (f NR
F = 2500 Hz); the frequency increase would be due to

the flow acceleration due to the combustion process. Still, other
possibilities exist and one must remain careful. Complementary
investigations will be carried out.

Still, the acoustic pressure and the heat release rate signals
hardly show the high frequency peak, and one can imagine that
this is due to the fact that this is a pure hydrodynamic motion, un-
correlated with the thermo-acoustic oscillation [25]. Moreover, it
is shown in [26] that the thermo-acoustic frequency peak is dom-
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inant in the jet region while the PVC frequency peak is higher
in the inner shear layer (ISL). Looking closely at regions A and
B seems to confirm this last point, as region B can be consid-
ered as belonging to the ISL, while region A would belong to the
penetrating conical jet region.

The spectral analysis was carried out for the three values
of α. No change was observed on the high frequency peak,
partially confirming its hydrodynamic nature. In the same time,
the thermo-acoustic frequency peak is slightly shifted. At low
α, the thermo-acoustic peak emerges with a frequency around
300 Hz and for in-between values, the peak was detected at
252 Hz.

These results show that the phase-lock averaging method
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can be performed in the regions where the thermo-acoustic
instability is predominant, at the lower frequenciesfac = 280 Hz
and fac = 300 Hz for OP60 and OP20 respectively. For OP35,
even though thermo-acoustic activity emerges in the range
[250-300] Hz in the pressure fluctuations, with a peak at 252 Hz,
no peak at this particular frequency could be observed on the
droplet diameter signal. On the contrary, the peak at 2560 Hz
is still present. The absence of a peak in the diameter at
the combustion instability frequency may be the result of its
relatively lower amplitude (108 dB).
The post-processing is carried out in region A to analyze the
influence of the thermo-acoustic instability on the droplet’s
behavior, by taking the pressure signal as the time reference
signal [27]. In region B, where the hydrodynamic instability
is the dominant phenomenon, it is not possible to apply the
phase-lock averaging technique to the dominant instability.
Recent work on this subject [26] shows that, even when the
acoustic coupling occurs with a much lower amplitude compared
to the hydrodynamic phenomenon, it is not possible to describe
the flow behavior at the higher frequency and neglect the lower
one. In this last case, a two-phase-lock averaging method needs
to be developed. This work is still in progress.
The average cycle is divided into 20 phases, every 18◦ ± 9◦

using approximately 2,000 instantaneous values for each phase.
Figure 12 shows the average cycle for the acoustic pressure, heat
release rate, axial and radial velocities, and diameter. Results

indicate that droplet’s velocity components are almost in phase
with the pressure fluctuations for OP60 while OP20 shows a shift
for both velocities. The impact on the diameter is visible, as
in the high frequency oscillation observed in the non-reactive
case, but for the OP60, the diameter evolution is out of phase,
compared to the pressure and droplet velocity signals. This
shows that the thermo-acoustic instability and the staging factor
strongly influence the spray behavior.

Studies on droplet and spray behavior submitted to acoustic
fields have shown that acoustic and convective fluctuations can
be present, leading to different droplet responses, in term of
amplitude and phase [28, 29, 30, 31]. The driving process can
depend on various parameters: spray distribution in terms of size
and velocity, frequency and amplitude of fluctuations, etc., and
it is crucial to investigate the type of interaction that occurs in
the system.

The first idea can be to reconstruct the local acoustic veloc-
ity by applying the Hilbert transform on the pressure time-signal
from microphones M2 and M3 as defined below [32]:

uac(x,t) = Re(
H (p(M3))−H (p(M2))

ρaω∆x
) (4)

where Re is the real part of a complex quantity and∆x = 0.18 m
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corresponds to the spacing between the two microphones. This
reconstruction is only possible when the spacing between the
two microphones is much smaller than the acoustic wavelength.
In the present case, the wavelength has been estimated close to
λac = 2.5 m, leading toλac/∆x = 14.

This reconstruction gives a good estimate of the acoustic
velocity in the combustion chamber. For both operating condi-
tions, it was found that the acoustic velocity presented a phase
delay of 90◦ compared to the acoustic pressure. Figure 13 shows
the average cycle for the relative fluctuations of the two velocity
components and acoustic pressure and velocity for OP20 and
OP60. Several studies on the interaction of a spray with an
acoustic field [33, 34, 35] have shown that when located at an
acoustic velocity antinode, the spray velocity field decreases
in magnitude, accompanied with a decrease in droplet size.
The results obtained in the OP20 case are consistent with this
conclusion. The axial velocity presents a slight phase shift with
the acoustic velocity and diameters show negative fluctuations
(Fig. 12(e)). When the droplet’s motion is influenced by the
acoustic field, then the phase shift of the droplet axial velocity
will essentially depend on its size [29, 33, 34]. This means in
particular that a more precise study looking at the phase shift as
a function of droplet distribution should be undertaken.

This does not explain the spray behavior observed in the
OP60 case. Moreover, trying to estimate the acoustic velocity
amplitude using the simplistic relationu′ac ≈ p′/ρac, which
is only valid for plane wave progressive propagation, one finds
u′ac ≈ 0.4 m · s−1. Droplets show here velocity fluctuations
3 or 4 times higher (cf. Fig. 12). One suggestion could be
that the acoustic field modulates the flow and the nascent spray
inside the injector, resulting in large coherent structures that
are generated at the acoustic frequency and convected by the
flow [28, 30, 31, 36]. In addition, table 1 shows that the liquid
pressure loss is much larger in the pilot stage compared to the
takeoff stage. In this last case, where the drop is of the order
of 100 mbar, one can imagine a very strong influence of the
acoustic waves on the spray’s dynamical response.
Droplets trapped in these coherent structures would present
velocity fluctuations much higher than the acoustic ones. By
taking the mean velocity of a droplet in reactive conditions in
region A (Vx ≈ 75 m· s−1), one can estimate the convective
delay between the injector exit and the measurement location
(X = 15 mm). This approach results in a 22◦ phase delay,
which seems consistent with the experimental results.

In conclusion, while results for OP20 are consistent with sev-
eral studies on interaction of sprays with strong acoustic fields,
OP60 shows a completely different response of the spray. The
change in the droplet’s motion may be explained by two main
differences between the two operating conditions:

0 36 72 108 144 180 216 252 288 324 360
−1

−0.5

0

0.5

1

Φ (°)

 

 

p*Φ
u*

ac

V*
xΦ

V*
zΦ

(a) fac = 300 Hz, OP20

0 36 72 108 144 180 216 252 288 324 360
−1

−0.5

0

0.5

1

Φ (°)

 

 

p*Φ
u*

ac

V*
xΦ

V*
zΦ

(b) fac = 280 Hz, OP60

FIGURE 13. RELATIVE FLUCTUATIONS OF THE PHASE AV-
ERAGED ACOUSTIC PRESSUREp⋆
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1. flame stabilization: OP60 results in a V-flame stabilized in-
side the injection device while for OP20 the flame is com-
pletely stabilized in the combustion chamber. The differ-
ent stabilization process and position of the flame may af-
fect the global acoustics of the system. Furthermore, for
OP20, droplet velocities are measured close to the flame base
whereas for OP60, velocities are acquired downstream the
flame’s stabilization point (OP60). In the later case, this may
suggest that droplets are influenced by two different acoustic
fields.

2. fuel distribution : while the majority of the fuel is injected
through the takeoff stage for OP20, OP60 generates a global
spray, where droplets motion may highly differ whether is a
droplet created at the takeoff or the pilot stage. In addition,
the droplet diameter distribution for the two operating condi-
tions are presented in Fig. 14 and it is seen that distributions
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are highly different.

Of course, other explanations may be envisaged, and further in-
vestigations are carried out on this issue.

CONCLUSION
A laboratory-scale staged multi-injection combustor is

described in the present paper, in the framework of LPP com-
bustion. Using a staging procedure between the primary pilot
stage and the secondary multipoint one, droplet and velocity
field distributions can be varied in the spray that is formed at
the entrance of the combustion chamber. In the reactive case,
three different stabilization processes occur, depending on the
staging factor. Three staging values, corresponding to these
three different flame stabilization processes, are analyzed both
in non-reactive and reactive situations, while power is kept con-
stant. Non-reactive and reactive flows are characterized through
an extensive Phase Doppler Anemometry (PDA) campaign.
Data are acquired along two directions of the chamber.

It is first shown that mean values and droplet distributions
can be affected by the staging value in the non-reactive as in
the reactive situations. Using adequate post-processing, it is

also possible to study non-reactive and reactive flow/flame
dynamics. Spectral analysis shows that the non-reactive flow is
strongly structured by a high frequency rotating structure that
can clearly be associated with a precessing vortex core (PVC).
In this situation, f NR

F = 2500 Hz. The structure frequency is
not modified while changing the staging factor. A phase-lock
averaging method shows that velocity components and droplet
distributions are in phase.

The reactive situation encounters a strong acoustic-flame
coupling leading to a low frequency oscillation of both the ve-
locity field and the spray droplet distribution atfac = 280 Hz and
fac = 300 Hz depending on the fuel distribution. In this situa-
tion, high frequency phenomena, which may be due to PVC, are
still visible, with a second peak frequencyf R

F = 2620 Hz, which
can become predominant in some regions. In the regions where
the thermo-acoustic instability is the strongest phenomenon, the
same phase averaging procedure can be applied. On one hand,
for OP60, pressure, heat release and velocity are in phase while
the diameter signal seems out of phase. Further investigations are
necessary on this last point. On the other hand, OP20 results are
consistent with several studies on the interaction of a spray with
a strong acoustic field. The different behavior observed for each
operating conditions may come from the different mechanisms
of flame stabilization and the interaction of droplets coming si-
multaneously from the two stages (OP60).
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[25] Boxx, I., Stöhr, M., Carter, C., and Meier, W., 2010. “Tem-
porally resolved planar measurements of transient phe-
nomena in a partially pre-mixed swirl flame in a gas tur-
bine model combustor”.Combustion and Flame,157(8),
pp. 1510 – 1525.

[26] Steinberg, A. M., Boxx, I., Stöhr, M., Carter, C. D.,
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