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This paper reports on the effects of fuel and equivalence ratio on the response of lean
premixed swirl flames to acoustic perturbations of the flow, at atmospheric pressure. The
response is analyzed using flame transfer functions, which relate the relative heat release rate
fluctuations from the flame to the relative velocity fluctuations of the incoming flow. Two fuels,
propane and methane, and five equivalence ratios are considered. The ten flames investigated
are selected to exhibit the local maximum of the transfer function gain around the same
frequency, 176 Hz. The results show that changing fuel and equivalence ratio influences both
the gain and the phase of the transfer function. The changes observed at 176 Hz, where the
dynamics of the flame is mainly controlled by the flame vortex roll-up mechanism, are discussed.
Based on the analysis of the flow fields and the flame wrinkling, the laminar burning velocity
and the flame temperature are identified as the main parameters controlling the gain. They
have two competing effects: first, by enhancing the flame vortex roll-up and second, by affecting
the strength of the vortex generated by the acoustic forcing due to changes in the height of the

flame stabilization location.
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stabilization distance of the flame from the nozzle tip (mm)
element of the cross-section area A (m?)

element of the contour C (m)

frequency (Hz)

frequency of the local minimum of the FTF Gain (Hz)
frequency of the local maximum of the FTF Gain (Hz)
gain of the flame transfer function

characteristic flame length (m)

Markstein length (mm)

Lewis number

thermal power of the flame (kW)

mean heat release rate (W)

heat release rate fluctuations (W)

radius of curvature of the flame front (mm)

bulk Reynolds number

strain rate tensor (1/s)

laminar burning velocity (m/s)

Strouhal number

adiabatic flame temperature (K)

temperature of the unburnt gases (K)

velocity vector (m/s)

mean flow velocity (m/s)

velocity fluctuations (m/s)

average bulk velocity (m/s)

equivalence ratio

phase of the flame transfer function (rad)

circulation of the acoustically generated vortex (m?*/s)
maximum circulation of the acoustically generated vortex (m>/s)
time derivative of the velocity at the hot wire location (m/s?)
curvature of the flame front (m™!)

vorticity vector (1/s)

vorticity tensor (1/s)



0 = phase within a forcing cycle (°)

I. Introduction
N recent years, there has been an increasing interest for lean premixed combustion in gas turbines, in order to reduce
Ipollutant emissions and increase efficiency [[1]]. However, this technology is susceptible to thermoacoustic instabilities
that can be very detrimental to the life cycle of the gas turbine and its efficiency. These instabilities result from the
constructive interference between the acoustic modes of the combustor and the unsteady heat release rate from the
flame [2H7]. Therefore, understanding the response of flames to acoustic perturbations is a prerequisite for solving
problems of thermoacoustic coupling in gas turbines and aero-engines.

Flame transfer functions (FTFs) are the main concept in describing and analyzing the response of flames to small
perturbation amplitudes [SHI1]. An FTF compares the relative heat release rate fluctuations of a flame, Q” /é, to the
relative velocity perturbations of the incoming flow, u’/u. The FTF can be expressed as a function of the forcing
frequency, f [10]: .
Q'/0

i G(f)e ). (1)

F(f)=

It is usually described with a gain, G(f), and phase, ®(f), which are both a function of the forcing frequency.

The parameters controlling the FTF are numerous, and expensive experiments, or simulations, are necessary to
obtain an FTF at a given operating condition. In other words, it is not realistic to conduct experiments or simulations for
every operating condition of a gas turbine. Therefore, it is necessary to develop simple relations or models to predict the
FTF from parameters that can be easily measured or calculated. This has been the topic of several studies [[12H20],
where parameters such as flame length and flame base angle are used to characterize the flame’s response to acoustic
forcing.

For premixed swirl flames at atmospheric pressure, FTFs are well understood on a qualitative level. The
constructive/destructive interactions between the roll-up of the flame tip around a vortex shed at the injector lip during
the forcing period, called the flame vortex roll-up (FVR) [6, [13} [15} 16 [19} 21H23]], and the fluctuations of the swirl
number [15} [18]], control the flame response. Typically, the FTF gain features two local maxima and a local minimum.
The main mechanism driving the flame response is the FVR, but the local minimum is issued from swirl number
fluctuations affecting the lower region of the flame. The frequency f; for which swirl number fluctuations are the largest,
i.e. for which the FTF gain is locally minimal, is a function of the mean flow velocity, u, and the distance between the
swirler and the injector lips. The frequency f, for which the FVR is the most intense, i.e., for which the FTF gain is
locally maximal, is defined by a Strouhal number St; = f,L/u ~ 0.5 [15[17, 24], where L is a characteristic flame
length. The phase of the FTF is generally proportional to the forcing frequency with a constant slope [25} 26].

If the forcing amplitude is relatively small, the FTFs are insensitive to the forcing amplitude (linear response). For



amplitudes larger than a threshold value (which depends on the operating conditions), saturation of the FTF gain occurs,
and this is due to a combination of two mechanisms: (1) saturation of the shear layer instability, and (2) annihilation of
the flame sheets 14} [19].

Several studies focused on the interactions between a swirl-stabilized flame and the acoustically generated vortex
(AGV), that drive the FVR and control the maxima of the gain [[18| [19, 27, 28]. Palies et al. [27] showed that the
fluctuations of the flame base angle may interact with the development of the AGV. In this case, the strength of the
FVR is affected by this interaction. Similar to [27]], Bunce et al. [18]] suggested that when the position of the flame base
fluctuates close to the shear layer at the nozzle tip, the strength of the AGV is reduced due to thermal effects. In both
studies, even if different values of pressure, inlet temperature, and equivalence ratio are considered, their respective
effects on the FVR are not analyzed. Oberleithner ez al. [19] experimentally investigated the response of a swirl flame to
acoustic forcing for different forcing amplitudes through the stability analysis of the shear layer from which the AGV
is shed. They showed that the receptivity of the shear layer controls the size of the AGV and consequently the gain
magnitude. However, the effects of fuel and equivalence ratio on the FVR are not analyzed in any of these studies.

Effects of fuel and equivalence ratio on the FTF of premixed swirl flames have also been the topic of a few
studies [16} 18} 29} 30] but a satisfactory explanation of the observed trends is not always provided. The main challenge
is that changing fuel or equivalence ratio affects important flame properties such as its length and, as a consequence,
both the magnitude of the gain and frequencies f; and f> usually change [15,[17]. It is then difficult to identify what the
relevant fuel parameters are that should be considered for predicting the propensity of a fuel to promote thermoacoustic
coupling. For premixed laminar flames, Gaudron et al. [20] have shown that, depending on the burner dimensions,
the Lewis number, the laminar burning velocity, the flame thickness, and the flame temperature can play a role in the
response of laminar flames to acoustic forcing. In a similar manner, it would be interesting to determine the relative
impact of such properties on the FTF of turbulent premixed swirl flames.

In this context, the main objectives of the present study are: a) to analyze the effects of fuel and equivalence ratio on
the FTF of premixed swirl flames, and b) to identify the key parameters responsible for the fuel and equivalence ratio
effects on the FVR. Understanding these effects could be of practical interest for engine designers. Indeed, changes in
the fuel formulation or in equivalence ratio may have a dramatic impact on the flame stability, and therefore on the
behavior and performances of the gas turbine or aero-engine. Developing simple models for the effects of fuel and
equivalence ratio on the flame response to acoustic perturbation could be a valuable tool for the aerospace propulsion

community.



I1. Experimental Setup and Procedure

A. Premixed Swirl-stabilized Burner and Experimental Conditions

The schematic of the burner used in this study is presented in Fig.[I] A detailed description can be found in
Lacoste et al. [31] and Di Sabatino et al. [32]. The gaseous fuel and air are premixed 2 meters before being injected into
a plenum of 120 mm length. This ensures that no equivalence ratio fluctuations are present during the acoustic forcing
of the flame. The flow of reactants is regulated by thermal mass flow controllers (Brooks SLA 58 Series). Reactants
then flow through a honeycomb section and a perforated plate before entering a radial swirler. The swirler features a
measured swirl number of 0.39 [33]], following the definition of [34]]. The injection tube has a diameter of 18 mm and
includes a central rod with a diameter of 2.5 mm. A small diameter for the central rod is chosen in order to be close to a
purely aerodynamically stabilized condition. This choice, associated with a relatively small swirl number, simplifies the
problem, as the inner recirculation zone (downstream of the rod) can be ruled out of any stabilization mechanism. The
flame is stabilized downstream of the injection tube and a quartz tube of 100 mm length and 70 mm inner diameter
confines it.

The acoustic section of the burner is composed of a 900 W loudspeaker (Beyma 10LW30/N) mounted in a 15.4 L
plastic enclosure and powered by a high-fidelity amplifier (QSC GX5). A signal generator (NF WF1973) connected to

the amplifier allows the control of the frequency and the amplitude of the acoustic forcing of the flow of reactants.

Table1 Summary of the experimental conditions.

Fuel ¢ Py kW) dpu (mfs)  Re  Sp (mfs)  Taq (K)

CH; 0.65 3.8 6.4 7,400 0.15 1754
0.67 39 6.4 7,400 0.16 1788
0.70 4.0 6.4 7,400 0.19 1839
0.73 4.0 6.2 7,100 0.22 1888
0.76 4.2 6.2 7,100 0.25 1935
C:Hg  0.69 4.4 6.5 8,000 0.20 1863
0.70 44 6.5 8,000 0.22 1880
0.74 4.7 6.5 8,000 0.24 1947
0.79 4.7 6.3 7,600 0.30 2027
0.83 5.0 6.3 7,600 0.32 2087

The different fuels and equivalence ratios, and their corresponding thermal power (P,;,), bulk velocity (itp,,x),
bulk Reynolds number (Re), laminar burning velocity (Sz,), and adiabatic flame temperature (7,4), examined in this
study are summarized in Table[T] The values of Sy are determined by averaging the values from [35-40] with those
calculated with Cantera [41] for a freely propagating flame with an initial temperature of 300 K using the USC-II

mechanism [42] and a mixture-averaged mass diffusion model. These ten flames are selected to exhibit the local extrema
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Fig.1 Schematic of the burner. All dimensions are given in millimeters.

of the gain of the flame transfer function around the same frequencies. This is done to yield meaningful comparisons
between all the cases. Indeed, if the extrema were not obtained for fixed frequencies, the driving mechanisms of the
flame responses to acoustic modulation of the flow would have been combined in a different way for each condition.
Consequently, a quantitative analysis of the effect of fuel and equivalence ratio would have been extremely challenging.

Direct time-averaged images recorded with a DSLR camera for all the flames investigated are shown in Fig. 2]

B. Diagnostics

The FTF can be evaluated from the velocity oscillations and the global heat release rate fluctuations of the flame
subjected to acoustic forcing. A hot wire (Dantec miniCTA) is used to measure the velocity oscillations 1 cm upstream
of the swirler, corresponding to about 7 cm upstream of the outlet of the injection tube. Altough the velocity fluctuations
should ideally be measured at the flame location, it has been shown in a previous study using a similar setup [13] that

measuring them upstream of the swirler does not introduce significant modifications to the FTF for forcing frequencies
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Fig. 2 Photographs of the flames considered in this study. The exposure time is 1.6 s for all these images.

smaller than 1 kHz. A difference in the magnitude of the gain of less than 10% and a difference in the slope of the phase
of less than 5% are observed. These differences would apply equally to all the experimental conditions analyzed so the
general trend of the results would be maintained.

Since only perfectly premixed flames are considered in this study, the heat release rate fluctuations are determined
from the global OH* chemiluminescence of the flame [43]]. A photomultiplier tube (Hamamatsu H10721), equipped with
a 10 nm bandpass filter centered at 310 nm (ZBPA310 ASAHI Spectra Co.) is used to measure the fluctuations of OH*
chemiluminescence. It has been shown in previous studies [15} 17} 44]] that this technique can be used for non-adiabatic
combustors and the errors introduced in doing so are not of first order. The hot wire signal, the photomultiplier tube
(PMT) signal, and the forcing signal are recorded using an oscilloscope (Agilent Technologies Infiniium 2.5 GHz).

The flame dynamics during acoustic forcing is captured by collecting the OH* chemiluminescence with an intensified
CCD camera (Princeton Instruments PI-MAX) equipped with a UV lens (105 mm Coastal Optics) and a 10 nm bandpass
filter centered at 310 nm (ZBPA310 ASAHI Spectra Co.). The exposure time is kept equal to 200 us in all cases. The
camera is synchronized with the signal generator controlling the acoustic forcing, allowing the collection of images
during different specified phases of the forcing period.

The velocity fields are measured by particle image velocimetry (PIV). The PIV system comprises a 10 Hz dual pulse
Nd:YAG laser (Litron Nano L200-15 PIV), that generates a laser beam of 26 mJ per pulse at 532 nm, and a 1200 x 1600
pixels dual frame CCD camera (LaVision Imager Pro X). The camera is equipped with a lens (60 mm AF Micro Nikkor)

and a 10 nm bandpass filter centered a 532 nm (LaVision VZ17-0117). The laser beam is converted into a laser sheet



of about 1 mm thickness and 60 mm height trough a combination of spherical and cylindrical lenses. The laser sheet
is focused along the central axis of the burner allowing the measurement of the axial and radial components of the
velocity field. The flow of reactants is seeded with titanium dioxide (TiO,) particles featuring an average diameter of
around 3 ym. The images are processed with a multi-pass technique (LaVision DaVis 8.4.0) with a 16 X 16 pixels final
interrogation area and 50% overlap, yielding a vector spacing of 0.4 mm. The PIV system is synchronized with the
signal generator controlling acoustic forcing to measure phase-locked velocity fields during the forcing period.
Finally, OH planar laser induced fluorescence (OH-PLIF) imaging of the flames has been conducted to infer the
flame front position and curvature as a function of fuel, equivalence ratio, and phase of the modulation period. The
10-Hz OH-PLIF system used is fairly standard and the interested reader is referred to [45] for more details. The laser

sheet for the OH-PLIF overlaps that of the PIV but has a thickness of around 200 pm.

C. Experimental Procedure

For each experimental condition, the flame is first ignited and run for at least 15 minutes to ensure that thermal steady
state is reached. The acoustic forcing of the flow of reactants is then started, and the amplitude of the forcing signal is
adjusted to obtain a velocity fluctuation amplitude equal to 10% of the mean flow velocity. A 10% amplitude has been
chosen to ensure the linear response of the flames to the acoustic forcing while overcoming the natural level of turbulent
fluctuations, which is about 5%. The frequency of the forcing signal is increased from 32 Hz to 400 Hz by steps of 16 Hz.
The forcing signal, the velocity signal measured with the hot wire, and the OH*chemiluminescence signal collected with
the PMT are simultaneously recorded for 10 s with a sampling frequency of 20 kHz and are used to compute the FTF.

The flame dynamics and the velocity fields are collected and analyzed at the forcing frequency of 176 Hz. This
frequency is chosen because it corresponds to the local maximum of the gain of the FTF. This is also where the influence
of the fuel and ¢ will be investigated in detail. To collect phase-locked images of OH* chemiluminescence, OH-PLIF,
and velocity fields, the forcing period is divided into 10 phases, 6, with an interval of 36° each. The phase 6 = 0° is
selected when u#” = 0 and g—’f > 0 at the position of the hot wire.

To investigate the flame dynamics, 1000 images of OH* chemiluminescence are collected for each of the ten phases of
the forcing period and are then averaged to ensure statistical convergence. After checking that the flame is axisymmetric
on average, a radius-weighted Abel-deconvolution is applied to evaluate the distribution of the OH* chemiluminescence
intensity in the central longitudinal plane. A similar procedure is followed with the measured velocity fields. To ensure
statistical convergence, 800 instantaneous velocity fields are averaged for each of the ten phases of the forcing period.
The phase-averaged velocity fields are smoothed using a 5x5 pixel Gaussian filter. The coherent flow structures, i.e., the
outer recirculation zone (ORZ) and the vortex generated by acoustic forcing (AGV), are identified in the phase-averaged
velocity fields using the Q-criterion [19, 46]. The quantity Q is defined as Q = 0.5(||Q||* — ||S||?), where Q and S are

vorticity tensor and strain rate tensor, respectively. The Q fields of each experimental condition are then normalized with



respect to the overall maximum value, which is obtained for the unforced propane flame with ¢ = 0.70. Furthermore, a
total of 750 OH-PLIF images are recorded for each condition examined. Raw images are first corrected for background
noise, and a binarized flame front is then extracted using a Canny edge-detection algorithm. The signed curvature
is finally computed at each flame front position and for each available OH-PLIF image. Due to the limited optical
resolution of the OH-PLIF arrangement (roughly 0.4 mm), the maximum curvature measurable is estimated to be |«| =

2500 m'!.

III. Results

A. Flame Transfer Functions

The transfer functions of the flames considered in this study (see Table [I) are presented in Fig.[3] Both gain
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Fig.3 Flame transfer functions of methane (left) and propane (right) premixed swirl flames at 10% of forcing
amplitude. Arrows indicate trends with increasing equivalence ratio.

and phase show the trend that is typical for swirl flames. At low frequency, the gain approaches one and the phase

approaches zero [47]]. Focusing on the gain, a local minimum is found at 112 Hz followed by a local maximum at



176 Hz [15}17,132,148|149]]. The competition between the fluctuations of the bottom region of the flame, generated by
the oscillations of the flame base angle driven by the fluctuations of the swirl number [[15, [18]], and the oscillations
of the top region due to flame vortex roll-up [6, [13} [15, [19] 21H23]], generates this distinctive trend of the gain. The
phase shows a linear trend for frequencies ranging from 32 Hz to 112 Hz. Around 112 Hz, the phase decreases suddenly
but then resumes its linear increase for frequencies above 128 Hz. This sudden decrease of the phase is observed at
around the same frequency of the first local minimum of the gain [[11]]. Since the flame transfer function is a smooth
complex-valued function, a zero in the gain is thus naturally accompanied by a phase jump.

Having presented the general trend of the gain and phase of the FTF, the effect of equivalence ratio can now be
detailed. As shown in Fig.[d|(right), for all the equivalence ratios investigated, the extrema of the gain do not show
any significant shift in frequency. Note that the bulk velocity has been slightly adjusted for the highest values of ¢ for
both fuels to maintain similar values of frequency for the extrema of the gain. At its first maximum (64 Hz), the gain
magnitude first increases with the equivalence ratio up to ¢ = 0.73 for methane, and ¢ = 0.79 for propane, but then
decreases. Similar behavior can be observed at the frequency of the second gain maximum (176 Hz), but with more
pronounced effects. Finally, around 336 Hz, the gain monotonically increases with the equivalence ratio. No clear trend
can be revealed at the local minimum of gain near 112 Hz. These trends are highlighted in Fig. 4| (left). Similar behavior
is observed for both fuels although propane flames show globally higher gain responses, especially for frequencies
around 176 Hz. For both fuels, at frequencies lower than 112 Hz, the phase is not affected by the change in equivalence
ratio, while for higher frequencies it decreases with equivalence ratio, as highlighted by the black arrows in Fig.[3] In
the interest of conciseness, only the effects of fuel and equivalence ratio at 176 Hz, where the gain magnitude is large,

are analyzed and discussed. The analysis of the trends obtained at 336 Hz can be found in [S0].
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Fig.4 FTF gain (left) and frequency (right) of the local maxima as a function of equivalence ratio.
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B. Flame Dynamics
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Fig.5 Phase-locked 0.5 iso-contours of normalized Q-criterion superimposed to the normalized phase-averaged
radius-weighted Abel-deconvoluted OH* chemiluminescence intensity of methane flames at 10% forcing ampli-
tude.

The phase-locked radius-weighted Abel-deconvoluted images of OH" chemiluminescence are shown in Figs.
(methane) and [6] (propane). For clarity, only one phase each 72° is presented. The phases that are not shown in these
figures do not provide any additional information to the motion of the AGV and to the analysis of the results. These

images are normalized with respect to the global maximum value of OH* chemiluminescence intensity at the same
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Fig.6 Phase-locked 0.5 iso-contours of normalized Q-criterion superimposed to the normalized phase-averaged
radius-weighted Abel-deconvoluted OH* chemiluminescence intensity of propane flames at 10% forcing ampli-
tude.

equivalence ratio and for the same fuel. First, the phase-locked images are normalized, and then the radius-weighted
Abel-deconvolution is applied. An iso-contour of 0.4 is highlighted in black to assist visualization of the flame motion.
The iso-contour is calculated to delimit the surface area of the flame that accounts for 60% of the total intensity of
the OH* chemiluminescence/heat release of the flame. It is used to highlight the flame boundaries in order to help in

visualizing the flame dynamics and the flame vortex roll-up mechanism. As shown in a previous study [32]], choosing a
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different value for the iso-contour has no influence on the analysis and conclusions. The acoustically generated vortex
(AGV) and the outer recirculation zone (ORZ) are also highlighted in these figures. The way they are determined is
detailed in Sec.

As presented in the introduction, the FVR is an important mechanism that controls the flame response to the acoustic
excitation at 176 Hz. In order to characterize the FVR for all the conditions investigated, an ellipse is fitted in the 0.4
iso-contour near the flame tip. The choice of an ellipse is dictated by the fact that it is the simplest geometrical shape
that fits the best in the flame shape. Only the phase during the forcing period for which the perimeter of the ellipse is the
largest is considered. For example, it is 6 = 332° for methane flames at ¢ = 0.65 and 6 = 260° for propane flames at
¢ = 0.83. Figures[5|and|[6]show that modifying the equivalence ratio or the fuel has a large influence on the perimeter of
these ellipses. Trends are examined in more detail in Sec.

Each image has been divided into two regions by a solid black line: a top region above the line, that is positioned to
include all the contributions of the flame vortex roll-up to the flame motion, and a bottom region below this line. This line
can be slightly moved, up or down, without substantially changing the normalized integrated OH* chemiluminescence
intensity signals. The OH* chemiluminescence intensity can be integrated over each of the top and bottom regions, and
over the entire flame, for each forcing phase, fuel, and equivalence ratio in order to analyze flame dynamics in more
detail. Results are shown in Fig.[/| Note that the results presented in this figure are obtained from the images without
Abel deconvolution. These integrated OH* chemiluminescence intensities are normalized by the value obtained by
averaging over the same region and over the whole forcing period. This normalization procedure is used only to ease the
comparison of amplitude of fluctuations and phase differences by having the mean value equal to one. The relative
amplitude and phase are not modified by the normalization procedure. The error bars represent the range of amplitudes
that the signals can exhibit, while slightly modifying the position of the solid black line.

For both fuels, the amplitude of the temporal fluctuations of the OH* chemiluminescence intensity of the top region
(blue squares) is two to six times larger than that of the bottom region (red circles), depending on fuel and equivalence
ratio. This suggests that the dynamics of the top region is predominant. However, for the largest equivalence ratio
(lowest row), and regardless of fuel, the relative contribution of the bottom region increases. An explanation for this
behavior is provided in Sec. [[V] On the other hand, the maximum difference between the amplitude of the temporal
fluctuations of the OH* chemiluminescence intensity of the top region (blue squares) and those of the entire flame (black
triangles) ranges from 0.1 % to 5 %. This very small difference underlines that the dynamics of the bottom region
is negligible compared to the one of the top region, even for cases where their fluctuations are out-of-phase (largest

equivalence ratio).
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Fig. 7 Temporal fluctuation of the normalized OH* chemiluminescence integrated over the top (blue) and

bottom (red) regions, and over the entire flame (black) for methane (left) and propane (right) flames.

C. Velocity fields
Examples of velocity fields measured without acoustic forcing are presented in Fig. [§] (left), for cold flows, and in
Fig. [8] (right), for reactive cases. Typical features of cold and reactive swirl flows are observed, including: an inner

recirculation zone (IRZ) enclosed by an annular jet (AJ) surrounded by an outer recirculation zone (ORZ). The ORZ is
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highlighted by a 0.5 iso-contour of the normalized Q-criterion. Figure 8] (left) shows that changing the equivalence ratio,
fuel, and/or bulk velocity (see Table.[I)) has no noticeable influence on the cold flow fields. On the other hand (see Fig.[§]
(right)), the presence of the flame substantially modifies the flow field by yielding higher velocities in the AJ, as well as
modifying the IRZ and ORZ. In the presence of a flame, when ¢ is increased, the position of the ORZ shifts upstream
while its size reduces. A similar trend is observed for both fuels. Comparing Figs. [§] (left) and[§] (right), it is obvious
that the presence of the flame plays a major role in defining the velocity field and outweighs the small differences in bulk
velocity between the different cases (see Table. [T)).
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Fig. 8 Unforced mean velocity fields for methane (top) and propane (bottom) measured without (left) and with
(right) flame.

To analyze the interactions between the flame, the AGV, and the ORZ, the phase-locked 0.5 iso-contours of the
normalized Q-criterion are superimposed to the phase-locked normalized OH* chemiluminescence intensity in Figs. 3]

(methane) and [6] (propane). These figures highlight the evolution of the vortex generated by acoustic forcing. The vortex
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is shed from the outer shear layer at the nozzle tip (around 6 = 44°). It then travels downstream, interacts with the flame
and finally merges with the ORZ (8 = 260°). Unfortunately, the Q-criterion is not able to track the AGV inside the
ORZ. The size of the AGV increases with time during the forcing cycle and it reaches its maximum measurable value at
0 = 188°. Regardless of fuel, the maximum size of the AGV seems to decrease as the equivalence ratio is increased.

The evolution of the AGV is analyzed in Sec. [[V]

D. Flame Front Curvature

Lean premixed propane flames have a non-unity Lewis number (Le = 1.88). Consequently, it is important to assess
whether or not differential-diffusion effects can play a role in the response of the flame to acoustic forcing. To investigate
this potential effect, the probability density function (PDF), of flame front curvature («), should be determined. For this
purpose, the forced-flame front curvature is measured by using OH-PLIF images. Figure[9(a) shows an example of
instantaneous OH-PLIF image and flame front (color-coded to the signed curvature «), for a propane flame with ¢ = 0.7,

at the phase 6 = 332°.

(a) i (M’

-2000 2000

0
x (m™)

Fig. 9 (a) Snapshot of OH-PLIF and extracted flame front for propane with ¢ = 0.70 and 6 = 332°. PDFs of
curvature « for propane (b) and methane (c).

The OH-PLIF snapshots are assembled in the 10 phase bins. The signed curvature of the flame front is measured for
all snapshots with a certain phase and equivalence ratio, and the corresponding PDF is computed. This is shown, for
example, in Figs.[9(a) and (b) for propane and ¢ = 0.70 at § = 332°. Figure[9]c) shows the PDF of signed curvature
for methane at ¢ = 0.67 at 6 = 332°. The phase considered in Figs. [9(a)-(c) corresponds to the time of most intense

flame vortex roll-up during the forcing period at 176 Hz. Both distributions of signed curvature « are unimodal and
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very similar. Values of « are biased towards negative values. Therefore, concave flame sheets that are curved towards
reactants are most probable, and this could be due to the flame topology. In addition, the curvature probability gradually
decreases and reaches a zero value near || = 2000 m™', which is below the detection limit of || = 2500 m™!, suggesting
that the entire meaningful curvature dynamics is captured with the available OH-PLIF arrangement. Similar results are
obtained for all the operating conditions considered in this study. These results are used in the next section to assess the

impact of differential-diffusion on the dynamics of the lean propane flames that feature non-unity Lewis numbers.

IV. Discussion
The results presented in the previous sections are analyzed in more depth here. First, the dependency between the
gain of the FTF at 176 Hz and the maximum size of the FVR is discussed. Then, parameters controlling the maximum
size of the FVR are identified. Next, an explanation for the non-monotonic behavior of the FTF gain at 176 Hz when the

equivalence ratio is increased is proposed. Finally, effects of fuel and equivalence ratio on the FTF phase are discussed.

A. Relation between FVR and FTF Gain

As shown in Fig. [/] the dynamics of the flame at 176 Hz is mainly controlled by the motion of its top region
which is driven by FVR. However, the contribution of the bottom region to the flame dynamics increases with the
equivalence ratio for both fuels. This trend could be attributed to the decrease in bulk velocity that is needed to maintain
the local gain maximum at 176 Hz when the equivalence ratio is increased (see Tab. [I)). Indeed, decreasing the bulk
velocity usually results in the reduction of the frequency at which the temporal fluctuations of the swirl number are
negligible [[11} (15,123, |51]]. Since swirl number fluctuations are known to influence mainly the dynamics of the bottom
region, it is possible that reducing the bulk velocity augments the dynamics of the bottom region due to the introduction
of swirl number fluctuations at 176 Hz.

From the phase-locked OH* chemiluminescence images, the maximum perimeter of the flame vortex roll-up, referred
to as FVR s« and defined by the white ellipses in Figs.[5|and[6] can be evaluated for all the conditions examined. This
maximum perimeter is used as a measure of the maximum size of the flame vortex roll-up during the forcing cycle. The
rolling up of the flame around the toroidal vortex shed at the nozzle tip due to the incoming acoustic wave modulates
the flame surface area, and consequently the heat release from the flame. Therefore, the maximum size of the FVR
during the forcing cycle, the FVR,«, can be used as a metric of the impact of the FVR on the flame surface area, heat
release, and flame dynamics. The magnitude of the FTF gain measured at 176 Hz is plotted as a function of FVR . in
Fig.[10] (top). Figure[I0]shows that the magnitude of the FTF gain at 176 Hz is proportional to FVRpax. This result is in
agreement with that of [32] for the dynamics of similar flames at elevated pressure. The error bars in Fig. [T0]represent
the uncertainty in the fitting process of the ellipse into the 0.4 iso-contour of normalized OH* chemiluminescence

intensity. Figure [I0](bottom) plots the magnitude of the FTF gain measured at 176 Hz as a function of FVRy,y if only
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Fig. 10 Top: FTF gain at 176 Hz as a function of FVR,,, for all the flames considered in this study. Bottom:
FTF gain at 176 Hz as a function of FVR;,4 if only the contribution of the top region is accounted for.

the contribution of the top region to the OH* signal is accounted for. This can be achieved by using the top region of the
phase-locked OH* chemiluminescence images (without Abel deconvolution), instead of the photomultiplier tube signal
to compute the FTF gain. The magnitude of the FTF gain at 176 Hz remains proportional to FVR,x, which confirms
that flame vortex roll-up in the top region of the flame controls the flame dynamics. Therefore, in order to quantify the
effects of fuel and equivalence ratio on the FTF gain at 176 Hz, it is important to understand the effects of fuel and

equivalence ratio on FVR.

B. Effects of Differential-diffusion

For a non-unity Lewis number mixture, such as the lean propane—air mixtures examined here, the burning velocity
and the heat release rate can be affected by the local flame curvature, which may in turn affect flame dynamics and FTF
gain. However, such differential-diffusion effects can only occur if the local flame radius of curvature is comparable to

the Markstein length [52]. In their investigations of the dynamics of laminar premixed lean propane conical flames,
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Gaudron et. al. [20] observed that differential-diffusion starts to play a role for a small circular injector with a diameter
of 1.5 mm and that this was due to significant curvature near the conical flame tip. Careful examination of their flame
images suggests that the radius of curvature of the flame tip is close to R = 0.24 mm while the Markstein length for the
¢ = 0.88 propane—air mixture examined is roughly £ = 0.15 mm [53]]. Therefore, the ratio of the radius of curvature
to the Markstein length below which differential-diffusion is found to play a role in [20] is R/L = 1.6. To remain
conservative, much larger radii of curvature of up to three times the Markstein length may be considered as potentially
yielding differential-diffusion effects. In this study, using the methodology of [54]], the Markstein lengths are evaluated
to £ =0.209 mm for propane flames at ¢ = 0.7 and L = 0.146 mm for methane flames at ¢ = 0.67, leading to critical
radii of curvature of R = 0.627 mm and R = 0.438 mm and critical curvatures of x = 1595 m™! and x = 2283 m’!,
respectively. It is evident from Figs.[9(b) and (c) that such large magnitudes of curvature are not encountered with high
probabilities in the flames examined here. Similar results are obtained for the other flames of this study (not shown here
for conciseness). Therefore, differential-diffusion effects that are able to locally enhance or impair the burning velocity
and heat release rate in the flames examined here are not statistically probable.

This can be confirmed by using the model developed by Preetham ez al. [S5], which suggests that the cutoff forcing
frequency below which differential-diffusion plays no role in the dynamics of the present flames is f = 1000 Hz, which
is much larger than the maximum forcing frequency considered here, f = 400 Hz. This model also shows that the
hydrodynamic strain starts to play a role only for frequencies much higher than 1000 Hz. Therefore, differential-diffusion
effects are ignored for the remaining analysis and the local burning velocity will be considered equal to the unstretched

laminar burning velocity S;.

C. Effects of the Laminar Burning Velocity

All the flames considered in this study reside in the “reaction sheet" regime of the Borghi diagram [56H59]. Therefore,
the flames locally behave as laminar when interacting with turbulent eddies. In addition, from Figs. [5|and [6] the
characteristic size of the AGV, obtained at phase 8 = 188°, can be estimated to be 6—10 mm, which is much larger than
the flame thickness. For these reasons, the laminar burning velocity remains the controlling burning velocity on a
microscopic level and it is expected to play a role on the FVR. As previously stated, the flame vortex roll-up mechanism
is generated from the interaction of the toroidal vortex shed from the shear layer at the nozzle tip and the flame itself.
The vortex propagates along the top region of the flame, modifying the flow field locally. At the same time, due to the
modified flow field, the flame is pulled along with the vortex increasing its perimeter, and consequently, its surface area.
The increase in flame surface area is then followed by a decrease that could be due to local quenching induced by the
interaction with the vortex [60-64]. This fluctuation of the flame surface area results in the fluctuation of the global
heat release from the flame. Higher values of laminar burning velocity could delay the local quenching [60] resulting in

a greater increase of the surface area, and consequently, in a higher amplitude of global heat release fluctuation, i.e.,
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higher FTF gain, during the forcing cycle. For this reason, the laminar burning velocity can be an important parameter
controlling the FVR mechanism.

For all the conditions investigated, FVRy,y is plotted in Fig. [[T]as a function of Sz. The vertical error bars represent
the uncertainty in the fitting process of the ellipse into the 0.4 iso-contour of normalized OH* chemiluminescence
intensity. The horizontal error bars represent the discrepancy in the value of S taken from the literature. The

corresponding equivalence ratios are also reported in the graph.
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Fig. 11 The FVR,ax at 176 Hz as a function of S, for all the flames considered in this study.

For both fuels, FVR .« first increases with Sz and then decreases. For the three smallest equivalence ratios of each
fuel, FVRax is almost proportional to Sy. This can be explained by the fact that increasing the laminar burning velocity
allows the flame to more readily conform to any change in the flow field, without being quenched, promoting flame
vortex roll-up. However, the largest values of equivalence ratio for each fuel correspond to the lowest values of FVRax
even though Sy, is large. This non-monotonic behavior suggests that other mechanisms are involved and that additional

parameters play a role in controlling the maximum size of the FVR.

D. Effects of the Stabilization Distance on the AGV Circulation

As proposed by [62] 65]], another parameter that needs to be considered in the FVR process is the circulation of the
impinging acoustically generated vortex. According to [66]], the circulation of a vortex, I', can be defined as the line
integral over a closed contour, C, of the tangential component of the velocity, or as the integral over the cross-section

area enclosed by C, A, of the vorticity component perpendicular to the cross-section area:

F:fu-ds:/ardA 2)
c A
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Here, ds is a line element of the contour and dA is an element of the cross-section area. In this study, the circulation
of the AGV is evaluated by integrating the vorticity over the cross-section area of the vortex delimited by the 0.5
iso-contour of the normalized Q-criterion. The temporal evolution of I” over a forcing period is plotted in Fig.[T2for all
the experimental conditions investigated. The error bar represents the uncertainty in the definition of the cross-section
area of the vortex. The error bar is shown only for phase 8 = 224° of the propane flame with ¢ = 0.69. This is done in
order to keep the graph readable. All the other data in the graph have similar uncertainties. From the planar velocity
data, only the azimuthal vorticity can be determined. However, as the acoustic forcing is axisymmetric, the coherent
structure that is generated is an azimuthal vortex that evolves in the measurement plane. Therefore, considering the

circulation evaluated only from the azimuthal vorticity is a reasonable simplification.
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Fig. 12 Temporal evolution of the circulation of the AGV during the forcing cycle at 176 Hz for all the
experimental conditions investigated in this study.

Regardless of fuel and equivalence ratio, the AGV circulation increases with time, after the AGV is being shed
from the injector nozzle and while it is convected further downstream. The maximum value of the circulation, I,y is
measured at phase 6 = 188° for all the flames because for this value the AGV merges with the ORZ and its circulation
cannot be determined anymore. Figure [I2] shows that all the curves describing the temporal evolution of the AGV
collapse within the experimental uncertainties, except for the two largest ¢ of each fuel. For both fuels, the two largest ¢
yield significantly smaller values of I, over the whole forcing cycle. This suggests that the AGV is much weaker for
the two largest ¢ of each fuel. This is corroborated by Figs. [5|and[6] where the largest ¢ exhibits the smallest AGV
at = 188°. It is important to note that the AGV circulation does not decrease continuously with ¢. For each fuel,
there exist a critical equivalence ratio below which the AGV circulation is not a function of ¢. Above this threshold,
the AGV circulation decreases suddenly and rapidly when ¢ is increased. The critical equivalence ratios are ¢ = 0.70

and ¢ = 0.74 for methane and propane, respectively. Additional values of equivalence ratio will be needed in order
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to understand this sudden decrease in the value of the circulation with increasing the equivalence ratio. The sudden
decrease in the value of FVRpy, for the highest values of laminar burning velocity (see Fig.[TT)) could be due to the
decrease in the maximum circulation of the AGV. When [, decreases, the value of Sy is not high enough to keep
increasing the FVRx. This would result in an overall lower value of FVR,x for the largest laminar burning velocities.

It has been shown in previous studies [18, 19} 27,167 that the interaction between the flame and the shear layers near
the nozzle tip, where the AGV is shed, controls the properties of the AGV. In particular, Bunce er al. [18]] suggested
that the closer the flame is to the shear layer near the nozzle tip, the weaker is the AGV. This could be attributed to the
increase of the temperature in the shear layer due to its closer proximity to the flame, which could affect gas expansion,

baroclinic generation of vorticity, and viscous diffusion, and thereby reduce the circulation of the AGV [18. 162} 167H73]].
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Fig. 13 Position of the flame front near the nozzle tip obtained from time averaged images of OH* chemilumi-
nescence of unforced flames.

In order to verify if the distance from the flame to the shear layer may be responsible for the decrease of I,y
observed for the largest ¢, the position of the flame front near the nozzle tip is presented in Fig.[I3] It is obtained
from the time-averaged OH* chemiluminescence images of the unforced flames, without Abel deconvolution. After
normalizing each image, a 0.4 iso-contour is considered. The square dots correspond to this iso-contour for each
experimental condition. The dashed and solid lines are linear extrapolations of the flame fronts. Even though the value
of the iso-contour (0.4) is somewhat arbitrary, choosing another value does not change the trend of the results. In the
absence of acoustic forcing, the angle of the flame base is constant. It is not a function of fuel and equivalence ratio.
More importantly, all the flames stabilize at different heights above the nozzle tip. For each fuel, flames featuring the
largest ¢ are stabilized closer to the nozzle. In addition, for the same ¢, methane flames sit closer to the nozzle than
propane flames, even though their laminar burning velocities are smaller. The effect of fuel on the stabilization distance

of premixed swirl flames will be the topic of further investigations.
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For each flame, it is possible to define a stabilization distance, d, as the length of a vertical line starting from the
nozzle outer rim and ending as it intersects the linearly extrapolated flame front (colored lines in Fig.[I3). The maximum
circulation, Iy, is plotted as a function of the stabilization distance, d, in Fig. [E} For both fuels, I}, varies almost
linearly with d. When the flame stabilizes close to the nozzle tip, the size of the AGV and its circulation are small.
Note that there is a small difference between the two fuels. For a given stabilization distance, the strength of the AGV
is consistently smaller for propane flames in comparison to methane flames. This could be explained by the fact that
propane flames have a higher thermal power than methane flames for a similar bulk velocity (see Table[I]), potentially

resulting in a higher temperature in the shear layer near the nozzle tip.

E. Combined Effects of S;, and the AGV Circulation

In the previous subsections, it has been shown that increasing the equivalence ratio, and in turn the laminar burning
velocity, has two competing effects on flame vortex roll-up. It promotes flame propagation but it also brings the flame
closer to the nozzle, which weakens the AGV responsible for FVR. In this section, these combined and competing
effects are discussed. In Fig. the FVR 4« is plotted as a function of the product of the laminar burning velocity
and the maximum circulation of the AGV: S, X I[';;,4x. The FVRp,x is almost proportional to this product. It could be
argued that discrepancies lie within the rather large experimental uncertainties. Figure[I5]|confirms that both the laminar
burning velocity and the circulation of the acoustically generated vortex are important parameters that control the flame
vortex roll-up and, in turn, the dynamics of these premixed swirl flames at 176 Hz. These results also suggest that, for
AGVs of equal circulation, the maximum size of the flame vortex roll-up as well as the FTF gain increases linearly with
the laminar burning velocity. This is an important result that promotes the development of low-order models for the

prediction of flame transfer functions. A corollary is that low-order models have no chance in predicting accurately
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the FTF gain if they do not account for all the parameters controlling the generation and growth of the acoustically

generated vortex during a forcing cycle.
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Fig. 15 The FVR,ax at 176 Hz as a function of the product Sy X [,,4x.

F. Effect of Flame Temperature on the AGV

In addition to the increase in Sz, an increase in ¢ induces an increase in flame temperature. This temperature
increase could, in turn, increase the temperature in the shear layer and weaken the AGV. The laminar burning velocity
as a function of the ratio of the adiabatic flame temperature, 7,4, over the temperature of the unburnt gases, 7,,, is
presented in Fig.[I6] Since no temperature measurements are carried out, 7, is imposed equal to 300 K for all the
experimental conditions. Figure[I6]shows that S; and T,4/T, are closely related and they might both weaken the AGV.
On the other hand, the laminar burning velocity shows a broader range of variation (about a factor of 2) than 7,4 /T,
(about 25%). From this, one can infer that the effect of the increase of the laminar burning velocity is perhaps dominant
compared to the increase in flame temperature. Further study will be necessary to decouple these two effects and to

investigate their relative importance.

G. Effect of Equivalence Ratio and Fuel on the FTF Phase

As shown earlier in the results section, the phase of the FTF at 176 Hz is also affected by the fuel and the equivalence
ratio. For both fuels, increasing Sy, decreases the stabilization distance, d, (see Fig. as well as the distance between
the tip of the flame and the nozzle (see Fig. E]) Since the bulk velocity iy, x is similar in all the cases, the time lag
between the oscillations of the velocity measured at the hot wire position and the fluctuations of the heat release rate,
that mainly occur near the flame tip, is also reduced when Sy, increases [} 12,125} [74]. This explains why the FTF phase

consistently decreases with equivalence ratio for both fuels for forcing frequencies f > 128 Hz (see Fig. [3), where the
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FVR controls the flame dynamics.

V. Conclusion

For both methane and propane lean premixed swirl flames, changing the equivalence ratio modifies the phase and
the gain of the flame transfer functions in a similar fashion. The phase is affected only at frequencies higher than
112 Hz, which corresponds to the local minimum of the gain. The phase decreases when ¢ is increased. The gain is
mainly a function of equivalence ratio at the forcing frequencies near 64 Hz, 176 Hz, and 336 Hz, that correspond to
the three local maxima of the FTF gain. At 64 Hz and 176 Hz, a non-monotonic behavior of the FTF gain is observed
as the equivalence ratio is increased. The magnitude of the FTF gain first increases with equivalence ratio but then
decreases. At 336 Hz, the magnitude of the FTF gain increases monotonically with equivalence ratio. While focusing
primarily on the forcing frequency corresponding to the second maximum of the FTF gain, 176 Hz, an analysis based on
phase-locked images of OH* chemiluminescence, OH-PLIF, and velocity fields is proposed.

The FTF gain and the maximum size of the flame vortex roll-up are proportional for all the flames considered. This
is in agreement with a previous study conducted at elevated pressure, which underlines the fact that the flame vortex
roll-up is an important mechanism controlling the response of these flames to acoustic forcing.

Based on the statistical analysis of the local curvature of the flame front, differential-diffusion effects have been
ruled out and cannot explain the observed effects of fuel and equivalence ratio on the FTF gain and phase. The two
main parameters controlling the flame vortex roll-up and the magnitude of the FTF gain at 176 Hz, are the laminar
burning velocity Sz, and the circulation of the vortex I". A proportionality relationship between the flame vortex roll-up

maximum size and the product of S; and I, has been established. The laminar burning velocity influences the FTF
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gain in two competing ways. Increasing the laminar burning velocity enhances the ability of the flame to conform to
sudden flow changes and wrap around a vortex. On the other hand, increasing the laminar burning velocity reduces the
distance between the flame base and the nozzle, which weakens the vortex generated by the acoustic forcing

For acoustically generated vortices of equal circulation, the maximum size of the flame vortex roll-up as well as the
FTF gain increase linearly with the laminar burning velocity. This finding is useful for the development of low-order
models dedicated to flame transfer function predictions. However, these experiments also show that low-order models
cannot accurately predict the FTF gain unless all the parameters controlling the generation and growth of an acoustically
generated vortex during a forcing cycle are taken into account.

Finally, to conclude on a more practical note, an empirical relationship between the magnitude of the FTF gain and
the product S;. X I',qx is proposed. This relationship could help engines designers to anticipate how different fuels or
mixture compositions affect the response of the flame to acoustic perturbations. This could be a valuable tool for the
development of new engines, since it could be used to assess these effects without carrying out expensive experiments

or simulations.
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