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Abstract
This paper reports on the effect of pressure on the response of methane–air
and propane–air swirl flames to acoustic excitation of the flow. These effects
are analyzed on the basis of the flame transfer function (FTF) formalism,
experimentally determined from velocity and global OH∗ chemiluminescence
measurements at pressures up to 5 bar. In parallel, phase-locked images of
OH∗ chemiluminescence are collected and analyzed in order to determine the
associated flame dynamics. Flame transfer functions and visual flame dynamics at atmospheric pressure are found to be similar to previous studies
with comparable experimental conditions. Regardless of pressure, propane
flames exhibit a much larger FTF gain than methane flames. For both fuels, the effect of pressure primarily is to modify the gain response at the
local maximum of the FTF, at a Strouhal number around 0.5 (176 Hz). For
methane flames, this gain maximum increases monotonically with pressure,
while for propane flames it increases from 1 to 3 bar and decreases from 3

to 5 bar. At this frequency and regardless of pressure, the flame motion is
driven by flame vortex roll-up, suggesting that pressure affects the FTF by
modifying the interaction of the flame with the vortex detached from the
injector rim during a forcing period. The complex heat transfer, fluid dynamics, and combustion coupling in this configuration does not allow keeping
the vortex properties constant when pressure is increased. However, the different trends of the FTF gain observed for methane and propane fuels with
increasing pressure imply that intrinsic flame properties and fuel chemistry,
and their variation with pressure, play an important role in controlling the
response of these flames to acoustic forcing.
Keywords: flame dynamics, vortex roll-up, phase-locked imaging, flame
transfer function, elevated pressure
1. Introduction
When fluctuations of heat release rate in a flame couple with an acoustic
mode of a combustion chamber, one refers to thermoacoustic coupling, thermoacoustic oscillations, or thermoacoustic instabilities [1]. Thermoacoustic
coupling can lead to high-amplitude oscillations of the pressure, the flow
field, and the flame, that can in turn increase noise and pollutant emissions
as well as decrease the efficiency of the combustion system and, in severe
cases, lead to structural failure. Avoiding the occurrence of thermoacoustic
instabilities is a major challenge in the design of stationary gas turbines and
aero-engines [2, 3].
A key aspect in understanding and predicting thermoacoustic instabilities is the response of the flame to acoustic perturbations. This response
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depends on many parameters, among them the composition of the unburned
mixture, the mean flame shape, the flow field, and the operating temperature and pressure. A common approach to quantify the response of the flame
to acoustic perturbations uses the flame transfer function (FTF) formalism.
The FTF is deduced from the systematic analysis of the heat release rate
(HRR) fluctuations of a flame subjected to controlled acoustic forcing, with
frequencies typically ranging from a few hertz to a few hundred hertz [1, 4–8].
This approach offers insight into the flame dynamics and provides a valuable
tool to predict the flame’s susceptibility to thermoacoustic oscillations. Unfortunately, as the flame dynamics depend on many parameters, the results
obtained for a specific configuration at given operating conditions are difficult
to extrapolate.
At atmospheric pressure, the dynamics of swirl-stabilized flames is relatively well understood on a qualitative level; however, quantitative predictions are still challenging. For premixed flames, the response to acoustic excitation of the flow is driven by two main mechanisms: the flame vortex roll-up
[7–14] and the fluctuations in swirl number [12, 15, 16]. Qualitatively, the effects of burner geometry and forcing frequency [8, 17], equivalence ratio [18],
and temperature [18] on the flame dynamics can be predicted reasonably well
within certain limits. For technical applications such as stationary gas turbines and aero-engines, equivalence ratio fluctuations play an important role,
too [19]. This effect is not considered in the present work, as only premixed
swirl flames are studied.
For elevated pressure conditions, only a few studies report on the experimental investigation of flame dynamics through the systematic analysis
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of the FTF [20–25]. Cheung et al . [20] presented a study on the effects of
pressure on the FTF of a lean premixed, pre-vaporized aero-engine injector.
The FTFs at atmospheric pressure and at 15 bar were compared, but no
explanation for the observed differences was provided: at 15 bar, for low frequencies, the gains were lower than at atmospheric pressure, while for high
forcing frequencies, the opposite trend was observed. Freitag et al . [21] investigated the effect of pressure on the FTF of a premixed swirl flame burning
natural gas. Five different pressures, from 1 to 5 bar, were examined. At
higher frequencies, a phase shift was observed with increasing pressure. This
effect was attributed to changes in the location of the intense combustion
regions. A decrease in the gain response was observed for lower frequencies with increased pressure, while the reverse trend was found for higher
frequencies. These complex variations of the gain response could not be explained or correlated to flame characteristics. Bunce et al . [23] investigated
the effects of pressure on the FTF up to 4 bar in a lean fully premixed swirlstabilized industrial-scale gas turbine combustor. Gain and phase respone of
the FTF were found to be qualitatively similar to previous studies but no
trend regarding the pressure effect was highlighted. More recently, Zhang
and Ratner [25] investigated the effect of pressure on the flame dynamics of
a lean premixed low-swirl burner. Four different pressures, from 1 to 4 bar,
were considered but only three forcing frequencies were analyzed. Because
the velocity fluctuations were not measured, the interpretation of the flame
response in terms of the FTF was not possible. The flame response of industrial burners was measured at intermediate and full engine pressure in
Refs. [22] and [24], respectively; however, as data for only one pressure level
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was presented, the effect of pressure on the FTF remains unknown in these
cases.
The objective of the present study is to investigate the effects of pressure
on the transfer function of a turbulent swirl-stabilized premixed flame and to
correlate the results with the flame dynamics. Two different fuels, methane
and propane, are investigated in order to understand how fuel affects the
pressure-dependence of the flame dynamics. Five different pressures, from
1 to 5 bar, are considered for each fuel. The flame dynamics are analyzed
using phase-locked images of OH∗ chemiluminescence.
The paper is organized as follows: the experimental apparatus and procedures are presented in Sections 2. In Section 3, the the flame transfer function is introduced, and the results obtained for an atmospheric methane–air
swirled flame, which serves as the reference case, are presented. The effects
of fuel and pressure on the flame transfer function are reported afterwards.
A comprehensive discussion of all the results is reported in Section 4, and
the main conclusions are given in Section 5.
2. Experimental setup
The experimental setup presented in Fig. 1 consists of a burner producing
a premixed swirl flame, equipped with an acoustic forcing system (a), a highpressure combustion duct (HPCD) within which the burner is installed (b),
and diagnostics for flow and flame characterization.
2.1. Swirled premixed burner
A detailed description of the atmospheric pressure version of the burner
used in this study can be found in Lacoste et al . [26]. The mixture of gaseous
5

fuel and air is injected into a plenum of 120 mm length. The flows of methane,
propane, and air are controlled by mass flowmeters (Brooks SLA 58 series).
From the bottom part of the plenum, the unburned gases flow through a honeycomb and a perforated plate before entering a radial swirler. The swirler
features 12 blades with a trailing edge angle of 30◦ and the associated swirl
number S, defined in [27] and determined from measured velocity profiles, is
equal to 0.39 [28]. The burner tube has a diameter of 18 mm and is fitted
with a central rod of 2.5 mm diameter. The flame is stabilized downstream of
the burner tube and confined by a quartz tube of 100 mm length and 70 mm
inner diameter.
Compared to the atmospheric pressure version, the acoustic forcing part
of the burner has been upgraded in order to allow experiments at elevated
pressures. A more powerful loudspeaker with a power rating of 900 W (Beyma
10LW30/N) has been installed at the bottom of the burner, enclosed in a plastic box with 15.4 l volume. Small holes in the sealing between the loudspeaker
and the burner allow pressure equalization on both sides of the loudspeaker
membrane. The loudspeaker is connected to a high-fidelity amplifier (QSC
GX5) driven by a signal generator (NF WF1973). This assembly allows
acoustic forcing of the unburned gases at controlled frequency and amplitude.
For the methane–air flame at atmospheric pressure, the mass flow controllers are set such that the equivalence ratio is 0.67 and the thermal power
of the flame is 4 kW. This flame is the reference flame of the present study
and its dynamics are detailed in Section 3.1. At elevated pressure conditions
and for propane flames, the equivalence ratio was slightly modified such that
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the mean flame shape and size remain as similar as possible to the reference
case (see Fig. 2). This is important because the frequency scaling of the FTF,
i.e., the position of the local extrema of the FTF gain, depends on the flame
size [29] and should be maintained to allow for a fair comparison between
cases. Such scaling also depends on the bulk jet velocity and, for a given fuel,
the bulk velocity is kept constant when the operating pressure is increased.
Table 1 summarizes, for both fuels and the five pressures investigated, the
equivalence ratio of the mixture, φ, the thermal power of the flame, Pth , the
average bulk velocity, V̄bulk , and the Reynolds number based on the injector’s
hydraulic diameter, Re.
2.2. High-pressure combustion duct
The high pressure duct HPCD depicted in Fig. 1b is a 0.67 m3 cylindrical vessel featuring an inlet diameter of 0.4 m and a height of 5.3 m. Four
fused-silica windows with a diameter of 150 mm provide optical access and
allow visualization of the flame in the UV and visible range. The working
pressure, controlled by a back pressure regulator installed on the exhaust
line, can be set from 1 to 40 bar. The flame is ignited by a laser spark, generated by focusing a 1064-nm laser beam (first harmonic of a Nd:YAG laser,
pulse duration of 7 ns, and energy deposition of 200 mJ/pulse) on the axis
of the burner, a few millimeters upstream of the quartz tube confining the
flame. Two additional ports of the HPCD are used to feed the burner with
fresh gases and water cooling and pass the signals for the hot wire and the
loudspeaker.
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Table 1: Summary of the experimental conditions and associated laminar burning velocities and flame thicknesses calculated with Cantera [30] for a freely propagating flame with
an initial temperature of 300 K using the USC-II mechanism [31] and a mixture-averaged
mass diffusion model.

Fuel

CH4

C3 H8

P (bar)

φ

Pth (kW) V̄bulk (m/s)

1

0.67

4.0

6.8

7,800

0.176

0.69

2

0.65

7.9

6.8

15,600

0.122

0.47

3

0.63

11.5

6.8

23,400

0.087

0.41

4

0.63

15.1

6.8

31,200

0.074

0.36

5

0.64

19.4

6.8

39,000

0.069

0.31

1

0.70

3.9

6.1

7,500

0.233

0.53

2

0.66

7.4

6.0

15,000

0.167

0.35

3

0.64

10.7

6.0

22,500

0.130

0.28

4

0.64

14.3

6.0

30,000

0.114

0.24

5

0.64

17.9

6.0

37,500

0.104

0.21
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Re

SL (m/s) δL (mm)

2.3. Diagnostics
The determination of the FTF is based on velocity and OH∗ chemiluminescence measurements. The velocity fluctuations induced by acoustic forcing are measured by a hot wire (Dantec miniCTA) located inside the burner
1 cm upstream of the swirler, i.e., about 7 cm upstream of the injector outlet.
Previous work in a very similar setup [13] has shown that this distance does
not introduce any significant changes in the transfer function of the flame for
frequencies lower than 1 kHz. The hot wire has been calibrated in air for all
pressures investigated.
The spontaneous emission of excited hydroxyl radicals (OH∗ ) is used to
determine the HRR fluctuations of the flame. This technique has been validated for perfectly premixed flames [32, 33]. The global OH∗ chemiluminescence emission intensity is measured through one of the quartz windows
with a photomultiplier (Hamamatsu H10721) located outside of the HPCD
and equipped with a 40-nm bandpass filter (Lavision 1108760) centered at
310 nm. The OH∗ chemiluminescence emission from the whole flame is focused on the photomultiplier detector using a converging lens with 0.2 m focal
length. It should be noted that the proportionality relationship between heat
release rate and OH∗ chemiluminescence intensity does not strictly hold for
flames in non-adiabatic combustors, such as the one used in the present study.
However, this method was used previously in several other non-adiabatic
combustors [34, 29, 12]. In addition, it is shown in Section 4.2 that eventual
uncertainties in determining heat release rate fluctuations with OH∗ chemiluminescence cannot be of first order.
All data, i .e., acoustic forcing signal, hot wire signal, and photomultiplier
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signal, are recorded simultaneously with an oscilloscope (Agilent Technologies Infiniium 2.5 Ghz) during 10 s and with a sampling rate of 100 kHz.
The flame dynamics are investigated with a high-speed CMOS camera (Lavision HSS8) equipped with an intensifier (Lavision IRO), a UV
lens (105 mm F/5.6 Coastal Optics), and a 40-nm bandpass filter (Lavision
1108760) for selection of the OH∗ chemiluminescence signal. The exposure
time of each image is kept fixed at 113 µs and the acquisition rate is set equal
to the forcing frequency investigated. A delay generator (Berkeley Nucleonics BNC Model 575) synchronizes the acoustic forcing and the camera and
allows examining different phases of the forcing period.
2.4. Experimental procedure
The flame response to acoustic forcing of the flow is investigated following
the experimental procedure detailed here. First, for each experimental condition (fuel, equivalence ratio, pressure), the rig is run for about 15 minutes to
ensure that the burner has reached thermal equilibrium. Second, the acoustic
modulation of the incoming flow is started, and the forcing signal is adjusted
such that the corresponding velocity fluctuation amplitude u0 reaches 10%
of the mean flow velocity ū. This fluctuation amplitude has been chosen
because it provides a good compromise between significant changes in the
flame surface area and the linearity of the flame response [12].
For the determination of the FTF, the forcing signals, the velocity measured by the hot wire, and the OH∗ chemiluminescence signal measured by
the photomultiplier are recorded simultaneously. An example of instantaneous (dot) and phase-averaged signal (line) of the velocity u (blue) and
OH∗ chemiluminescence intensity I (red) is shown in Fig. 3 for the reference
10

flame. The instantaneous signals can differ significantly from the phaseaveraged signals because of the turbulent nature of the flow.
Flame dynamics are analyzed at two forcing frequencies, 112 Hz and
176 Hz, through phase-locked visualization of the spatial distribution of the
OH* chemiluminescence intensity. These frequencies have been chosen because they correspond to extrema of the flame transfer function gain as will
be shown later. For each frequency investigated, the period is split into 10
phase intervals of 36◦ . For each phase interval, 1000 snapshots are recorded
and then averaged. Since the mean flame is axisymmetric, an Abel deconvolution is applied after averaging to infer the spatial distribution of the OH*
chemiluminescence intensity in the central longitudinal plane. By processing phase-averaged images recorded for forcing at 112 Hz and 176 Hz, it
was verified that the flame maintains its axisymmetric nature during forcing.
This allows applying Abel deconvolution at each phase of the forcing period.
Phase 0◦ corresponds to u = ū and ∂u/∂t > 0 at the location of the hot wire.
3. Results
The response of the flames to incoming velocity perturbations has been
investigated for forcing frequencies ranging from f = 32 to f = 512 Hz,
0

with incremental steps of 16 Hz and a constant forcing amplitude of u /ū =
10%. When a flame is subjected to velocity perturbations, the heat release
0

rate fluctuates by an amount Q̇ , which is associated with fluctuations of
OH∗ chemiluminescence intensity. The FTF is defined as the ratio of the
relative heat release rate fluctuation and the relative velocity fluctuation in
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the frequency domain:
F (f ) =

ˆ )/Q̇
Q̇(f
,
û(f )/u

(1)

ˆ denotes the Fourier transform of a variable. The FTF can also be
where (·)
expressed in terms of a gain G and a phase Φ:
F (f ) = G(f )eiΦ(f ) ,

(2)

where the gain reflects the magnitude of the flame response and the phase defines the lag between global fluctuations of HRR and fluctuations of velocity
measured by the hot wire.
In order to facilitate comparisons with FTFs obtained in other studies for
different experimental conditions, a Strouhal number [12, 17], defined here
as St = f D/V̄bulk is introduced, where f is the forcing frequency and D is
the diameter of the burner tube. The bulk velocity, V̄bulk , is taken equal to
6.4 m/s. This value corresponds to the average bulk velocity for the two fuels
examined (see Table 1).
3.1. Methane flame at atmospheric pressure
The reference flame of this study is the atmospheric methane–air flame
with an equivalence ratio of 0.67 and a thermal power of 4.0 kW. Its transfer
function is presented in Fig. 4 (red). This FTF is typical of swirl-stabilized
flames and it can be explained based on the current knowledge of flame
dynamics from previous studies [7–16, 29].
First, this FTF is consistent with the low-frequency limit for premixed
flames [6], i .e., the gain approaches unity and the phase approached zero
at very low frequencies. At higher frequencies, the gain converges towards
12

zero exhibiting the low-pass nature of the flame. Second, in agreement with
previous studies [12, 29, 35, 36], a local gain maximum follows a local gain
minimum. In the present case, these are found at 176 Hz (St = 0.5) and
112 Hz (St = 0.27), respectively. This shape originates from two competing
mechanisms: the oscillation of the bottom region of the flame, driven by the
fluctuations of the flame base angle due to swirl number variations [12, 15],
and the fluctuation of the top region, driven by vortex roll-up at the tip of
the flame following the growth of hydrodynamic waves [9, 10, 7, 11–14]. To
highlight these two mechanisms, the flame dynamics have been analyzed at
112 Hz and 176 Hz.
Figure 5 shows phase-locked, Abel-deconvoluted OH∗ chemiluminescence
images for 10 phases of a forcing period at 112 Hz. Two different regions
of the flame can be defined: the top region above the dashed horizontal line
shown in Fig. 5 and the bottom region below this line. The position of the line
separating bottom and top regions is chosen to ensure that contributions of
flame vortex roll-up to the flame motion appear only in the top region. This
is done by examining phase-locked images of the OH* chemiluminescence
and positioning the line immediately below the most upstream flame-rolling
feature, which is visible for phase 144◦ at 112 Hz. The position of the line
separating bottom and top regions is a function of the forcing frequency.
The temporal evolution of the normalized OH∗ chemiluminescence intensity
integrated over each of these two regions is plotted in the top frame of Fig. 6
for the reference flame forced at 112 Hz. Normalization is realized by dividing
each signal by its averaged value over a full period in the same region.
At 112 Hz, the integrated OH∗ chemiluminescence intensity fluctuates
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with time in a sinusoidal manner in both regions. HRR fluctuations in the
bottom region are attributed to fluctuations of flame surface area due to
swirl number fluctuations [12, 15, 16]. This mechanism is also evidenced
in Fig. 5 where temporal fluctuations of the flame angle are visible in the
bottom region. HRR fluctuations in the top region are attributed to flame
vortex roll-up [7, 9–14]. This mechanism is also visible in Fig. 5. Moreover,
Fig. 6 (top) shows that top and bottom fluctuations of the OH∗ chemiluminescence intensity are out of phase for a forcing frequency of 112 Hz. Both
mechanisms destructively interfere [15], leading to the local minimum in the
gain response, which is visible at 112 Hz in Fig. 4.
At 176 Hz, fluctuations of OH∗ chemiluminescence intensity are minimal
in the bottom region while they are large in the top region. Hence, at this
frequency, swirl number fluctuations do not significantly contribute to fluctuations in the heat release rate, which is fully controlled by flame vortex
roll-up. This leads to the local maximum in the gain response at 176 Hz (top
frame in Fig. 4).
The strongest temporal fluctuations of the swirl number occur when axial
and azimuthal perturbations of the inlet flow are out of phase at the burner
tube outlet, i.e., the axial velocity reaches its maximum value while the
azimuthal velocity reaches its minimum value, and vice versa. Azimuthal
velocity perturbations are generated when an acoustic wave impinges the
swirler and propagate as vorticity wave at convective speeds. In contrast,
the axial velocity fluctuations associated with the acoustic wave propagate
at the speed of sound. The phase difference between the two at the burner
tube outlet therefore depends on the swirler to outlet distance and on the
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forcing frequency [12]. With this burner, axial and azimuthal perturbations
are out of phase at the burner tube outlet for a forcing of 112 Hz but are
nearly in-phase for a forcing of 176 Hz. Consequently, at 176 Hz, the bottom
part of the flame does not contribute to the flame dynamics.
3.2. Fuel effects on the FTF
The FTFs of methane and propane flames measured at atmospheric pressure are compared in Fig. 4. Both FTFs exhibit the same trends in terms of
gain and phase but differ on a quantitative level. The gain is generally larger
for propane compared to methane over the entire range of frequencies considered. The largest difference, approximately 60%, occurs at the frequency
of the local maximum (176 Hz, St = 0.5). Between 300 and 400 Hz, a third
local maximum can be observed for propane while it barely can be noticed
for methane. Differences in the phase response can be noticed for frequencies
around 112 Hz, corresponding to the gain minimum, as well as for frequencies
larger than 250 Hz. A possible explanation for the differences observed when
the fuel is changed is proposed in Section 4.1.
3.3. Pressure effects on the FTF
The FTFs measured at five different pressures for the two fuels are compared in Fig. 7. All FTFs exhibit similar trends. For the phase, only small
differences can be observed for frequencies close to 112 Hz and larger than
250 Hz. Differences for frequencies larger than 250 Hz are not attributed to
a direct pressure effect but to small variations of flame length with pressure.
Indeed, it is known that the FTF phase increases approximately linearly
with the flame length [37]. Although efforts were made to maintain the
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flame length when the operating pressure was increased, the positions of the
flames’ center of mass (red dot in Fig. 2) suggest that the flame length is
not strictly constant. For methane, the longest flame is found at 1 bar while
the shortest is found at 2 bar. This is consistent with the largest (smallest)
phase difference measured at 1 bar (2 bar). Flames at 3, 4, and 5 bar lie in
between because of their intermediate length. A constant flame length was
better maintained for propane conditions, and discrepancies of phase with
pressure are smaller.
It is also important to note that increasing pressure does not modify the
frequencies at which the gain extrema are encountered. However, the magnitude of the gain around the local maximum at 176 Hz changes significantly
with pressure, while it is fairly independent of this parameter around and
below 112 Hz. A pressure effect can also be observed between 300 Hz and
400 Hz. For methane, the gain monotonically increases with pressure, allowing identification of a third local maximum, while for propane, the opposite
trend can be noticed. However, in this frequency range the gain is significantly smaller than around the first and second local maxima, and therefore,
the flame response is less likely to cause self-excited feedback in conjunction with acoustic modes. More interestingly, the operating pressure has a
different effect on the gain response around 176 Hz depending on the fuel.
For methane, the gain at 176 Hz increases monotonically with pressure from
G = 1.12 at 1 bar to G = 1.56 at 5 bar. Conversely, for propane, the gain
increases from G = 1.79 at 1 bar to G = 1.94 at 3 bar but then decreases
to G = 1.57 at 5 bar. Possible reasons for this behavior are presented in
Section 4.2.
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3.4. Flame vortex roll-up
The physical mechanisms responsible for the trends of FTF gain with frequency at atmospheric pressure have been described in Section 3.1. In agreement with previous studies [7, 9–14], flame dynamics are entirely governed
by flame vortex roll-up (FVR) in the flame’s top region and this explains the
large gain measured at 176 Hz.
Because FVR has a significant impact on the gain response near 176 Hz at
atmospheric pressure, it is interesting to examine whether increasing pressure
affects FVR or not. The method chosen to assess effects of pressure and
fuel on FVR is now described using Figs. 8 and 9. FVR manifests itself by
gradually increasing the flame surface area near the outer flame edge in Abeldeconvoluted images of the OH∗ chemiluminescence between phases 144◦ and
288◦ . Regardless of fuel and pressure, the maximum coherent flame surface
area, indicative of maximum FVR, is observed at phase 288◦ . Therefore,
it is possible to quantify the extent of FVR for each pressure and fuel by
measuring the flame surface area near the outer flame edge at phase 288◦ .
This is done here by extracting the perimeter of the ellipse (white dashed
line) providing the best fit of the 0.4 iso-contour of the normalized OH∗
chemiluminescence intensity (black solid line) near the outer flame edge, as
shown in Figs. 8 and 9. Although the isovalue 0.4 is somewhat arbitrary and
is not more sensible than, for example 0.3 or 0.5, this value is kept for all cases
investigated, and relative comparisons remain meaningful. The perimeter of
this ellipse is given in mm and is referred to as FVRmax in the following.
Figure 10 plots the FTF gain at 176 Hz as a function of the measured
FVRmax , each data point corresponding to a different pressure/fuel operat17

ing condition. There is an evident proportionality between the FTF gain at
176 Hz and FVRmax , indicating that flame vortex roll-up is the main mechanism controlling the temporal fluctuations of flame surface area and controlling, by consequence, the temporal fluctuations of heat release rate for
a forcing frequency of 176 Hz, regardless of fuel and pressure. This finding
suggests that understanding how much the outer flame edge wraps around an
incoming vortex is sufficient to predict the FTF gain, for frequencies where
swirl number fluctuations are negligible, for any given fuel and pressure.
Therefore, parameters controlling flame-vortex interaction are discussed in
the next section and the potential to predict the FTF gain accurately in
various cases is assessed.
4. Discussion
As shown in Figs. 4 and 7, fuel and pressure exhibit their strongest influence on the gain response at the local maximum around 176 Hz. In addition,
Figure 10 shows that the gain around 176 Hz is controlled by flame vortex
roll-up, i.e., the ability of the flame to yield surface area by wrapping around
an incoming vortex. Therefore, the purpose of this section is to identify
which parameters affect the flame vortex roll-up and discuss how fuel and
pressure influence, directly or indirectly, such parameters.
Parameters controlling flame vortex roll-up can be classified in two categories: (i) those that control the size and strength of the vortex, more precisely, its tangential vorticity associated with the hydrodynamic wave, and
(ii) those that control the ability of the flame sheet to sustain and expand in
a vortex environment.
18

In the present study, changes in fuel and operating pressure are accommodated in such a way that the mean flame shape remains mostly unaltered
(Fig. 2). The bulk velocity is maintained for all operating pressures and
adapted only slightly (about 10%) when switching between methane and
propane (Tab. 1). It can therefore be assumed that the streamwise evolution
of hydrodynamic waves triggered by the acoustic forcing, hence, the tangential vorticity responsible for flame vortex roll-up, is only weakly affected.
Therefore, for any given pressure, effects of fuel on the FTF gain can only
be attributed to parameters belonging to category (ii). Since the kinematic
viscosity is inversely proportional to pressure, the Reynolds number increases
linearly with pressure when fixing the bulk velocity (see Tab. 1). This may
affect the flow field and the growth of hydrodynamic waves and modify the
vortex tangential velocity. For any given fuel, parameters controlling effects
of pressure may belong to both categories (i) and (ii).
We consider four properties relevant for controlling the ability of a flame
to sustain and expand in a vortex environment (category (ii)). (a) The flame
speed: to increase its surface area, the flame must adapt to sudden changes
of the flow field and this is promoted by a larger flame speed. (b) The ratio
of the flame thickness to the flame speed: when it interacts with a vortex,
the flame sheet is curved. If the vortex strength is too large, the flame sheet
might be quenched, preventing further increase of its surface area. Resistance
of a flame sheet to an incoming vortex is controlled by the ratio of the flame
thickness to the flame speed [38, 39]. (c) The Lewis number: if the flame
curvature or strain take large values – these are controlled by the size of
flow features – Lewis number effects can play a role by modifying locally the
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flame speed and resistance to quenching. (d) Excitation amplitude: if the
velocity fluctuation amplitude is large, saturation of the FTF gain is typically
observed, for example, through mutual annihilation of adjacent flame sheets
[34], which limits further growth of the flame surface.
According to the Borghi diagram [40–42], the flames of the present study
reside in the “reaction sheet” regime of premixed turbulent combustion for all
the experimental conditions investigated. The turbulent Karlovitz number
needed to position experimental conditions in the Borghi diagram is obtained
from the following formulation (KaT ) [43, 44]:
KaT = C

1/2


×

u0turb
SL

3/2


×

L
δL

−1/2
,

(3)

where u0turb is the RMS velocity fluctuation, L is the integral length scale, C =
SL × δL /ν is a correction factor, and ν is the kinematic viscosity. The RMS
velocity fluctuation measured at atmospheric pressure has an average value
of 10% of the bulk velocity. For all experimental conditions of this study,
KaT is approximately equal to 3. Therefore, flames behave locally as laminar
in their interactions with large vortices. The size of the vortex impinging the
flame is on the order of the integral length scale, which is taken here as the
diameter of the burner tube (18 mm). It is then reasonable to assume, as
a first approximation, that the the flame-vortex roll-up is mainly affected
by the laminar burning velocity SL and the laminar thermal flame thickness
δL . Table 1 summarizes values of SL and δL calculated with Cantera [30] for
a freely propagating flame with an inlet of 300 K and the detailed USC-II
mechanism [31] with a mixture-averaged mass diffusion model.
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4.1. Effects of fuel on FVRmax
At atmospheric pressure, the difference in bulk velocity between both fuels is kept within 10% (see Table 1). Consequently, only a minor effect on
the development of hydrodynamic waves and the associated tangential vorticity is to be expected, which cannot explain the large gain variation (59%)
and FVRmax difference observed at 176 Hz when both fuels are compared.
Therefore, such differences must be attributed to properties (a), (b), (c), or
(d), controlling the response of a flame sheet to an incoming vortex.
Property (d) is considered first. In another study using the same burner
[45], FTFs were measured for a larger range of forcing amplitudes and it was
shown that the response of both atmospheric methane and propane flames
was linear for a forcing amplitude of 10%. Therefore, saturation does not
occur and the much smaller gain measured at 176 Hz for methane cannot be
explained by nonlinear mechanisms. Effects of the Lewis number are now
considered (property (c)). The Lewis number of the lean propane flames
investigated here is 1.9, while it is 0.97 for the methane flames. Taking into
account the negative curvature of the flame sheet induced by the incoming
vortex (flame sheet is concave towards reactants) the flame speed may be
locally increased for propane flames [40]. However, the size of the incoming
vortex must be sufficiently small to induce curvature that is large enough
to trigger effects of differential-diffusion, that is controlled by the forcing
frequency and the flame Markstein length [46]. Based on the model developed
by Preetham et. al in [46], the cutoff frequency below which differentialdiffusion plays no role at atmospheric pressure is close to 1000 Hz, which is
much larger than the forcing frequencies considered in this study. It is also
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unlikely that strain controls the dynamics of the flames investigated here. In
fact, the resistance of lean propane flames to strain is typically smaller [43]
than that of lean methane flames, and this cannot explain the larger FTF
gain observed for propane. Therefore, the difference in gain measured at
176 Hz for propane and methane cannot be attributed to Lewis number and
stretch effects. At 5 bar, the cutoff frequency is roughly 2000 Hz, meaning
that the Lewis number also plays no significant role at higher pressure.
Properties (a) and (b) are finally examined. Table 1 shows that the
laminar burning velocity is larger for propane than for methane at 1 bar. This
suggests that propane flames can adapt to sudden changes of the flow faster
than methane flames, which would enhance flame vortex roll-up. Table 1
also shows that the ratio δL /SL is smaller for propane than for methane;
propane flames are then less likely to be quenched by an incoming vortex
(see for example [38, 39, 47]). This may also enhance flame vortex roll-up. In
conclusion, the larger gain measured for propane at 176 Hz can most-likely
be attributed to intrinsic properties of lean propane flames: the laminar
burning velocity and laminar flame thickness. The same conclusion can be
drawn for the larger operating pressures considered here. From 1 bar to 5
bar, SL and δL remain respectively larger and smaller for propane than for
methane (see Table 1), which explains why the gain is consistently larger for
propane than for methane. This analysis suggests that both SL and δL are
important parameters that control flame vortex roll-up and the dynamics of
these flames forced at 176 Hz. The respective importance of SL and δL /SL on
flame dynamics is currently being investigated and will be reported elsewhere.
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4.2. Effects of pressure on FVRmax
The Reynolds number increases linearly with pressure when the bulk
velocity is kept constant. As pointed out above, this may generally affect
the evolution of acoustically excited hydrodynamic waves, hence, the flame
vortex roll-up. Oberleithner et al. [14] have shown that increasing turbulence
in the shear layer between fresh and burnt gases reduces its sensitivity, which
results in a lower growth rate of the hydrodynamic waves and, thus, weaker
tangential vorticity when it convects downstream.
On the other hand, since the density increases linearly with pressure, so
does the thermal power of the flame. Because the heat loss at the chamber
wall scales sublinearly with pressure [48], the temperature of the burner walls
and of the burnt gases in the outer recirculation zone is increased at thermal
steady state [49]. This is evident in Fig. 2 where the quartz tube confining
the flame is glowing red at the highest pressure but does not radiate at
atmospheric pressure. When temperature increases, the kinematic viscosity
increases, which counteracts to some extent the effect of pressure to increase
the Reynolds number. Similarly, a higher temperature of the burnt gases
increases the density gradient produced by the flame across the inner shear
layer, which is known to affect flow stability. Depending on the experimental
conditions, this increased density gradient could increase or attenuate the
growth rate of large structures [50–52].
For all these reasons, it is difficult to control the evolution of acoustically
excited hydrodynamic waves, in other words, size and strength of vortices
impinging the flame when the operating pressure is increased. Measuring
vortex properties with particle imaging velocimetry was not possible in the
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HPCD at the time of the experiments. Therefore, it is currently not possible
to determine without doubt whether the effect of pressure on FVRmax and on
the local gain maximum originates from either changes in the hydrodynamic
response (i.e., vortex formation) or modification of intrinsic flame properties
(i.e., flame speed and thickness).
As mentioned in Sec. 3.3, for methane, the gain at 176 Hz increases monotonically with pressure from G = 1.12 at 1 bar to G = 1.56 at 5 bar. Conversely, it increases from G = 1.79 at 1 bar to G = 1.94 at 3 bar but then
decreases to G = 1.57 at 5 bar for propane. Increasing the operating pressure
evidently has a qualitatively different effect depending on whether methane
or propane is used as fuel. This finding is worth noting. At any given pressure, thermal power and Reynolds number are very close for both methane
and propane flames. Therefore, possible effects of the operating pressure
on the hydrodynamic response would apply to both fuels, which contradicts
the results shown in Fig. 7. Consequently, changes of vortex properties with
pressure alone cannot be responsible for the experimental observations, and
changes of intrinsic flame properties that are relevant to flame vortex roll-up
at pressure must play a role, too.
In the range of pressures investigated, both propane and methane flames
remain in the reaction sheet regime (see above). Therefore, it is relevant
to consider laminar properties to analyze effects of pressure on flame vortex
roll-up. However, as explained earlier, the temperature of the burnt gas in
the outer recirculation zone increases with pressure [49] and it is possible
that the temperature of the fresh gases entrapped by the forced vortex have
a higher temperature than the plenum temperature T = 300 K. The temper-
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ature at which important laminar flame properties, i.e., SL and δL , should
be determined is then unknown. This is particularly problematic because
freely propagating flame simulations indicate that SL increases rapidly with
the reactant temperature while δL and δL /SL decrease rapidly. While these
trends are compatible with the overall increase of FTF gain with pressure,
the lack of data available at pressure precludes further analysis.
There are other mechanisms through which pressure may indirectly influence the measured FTF gain. Two of them are described here. (1) The
rate of heat lost to the burner walls relative to the thermal power of the
flame decreases with pressure. Heat-losses may influence the production of
excited OH-radicals in flames and undermine heat release rate measurements
from chemiluminescence. Therefore, the accuracy of heat release rate measurements could improve with pressure (closer to adiabatic conditions), and
artificially modify trends of measured FTF gain with pressure. (2) The ability of the flame to adapt to sudden flow changes depends on the laminar
burning velocity (see above). However, if these transient flow features are
large enough to affect macroscopic flame sheets, a turbulent burning velocity
should be considered instead. Because the Reynolds number increases linearly with pressure here, increasing pressure increases the turbulent burning
velocity for a fixed laminar burning velocity [53]. This may also affect trends
of measured FTF gain with pressure.
Based on the above, it is not possible in this study to provide a fully
detailed picture of the effects of pressure on the FTF gain. However, there
are two important features of Figs. 7 and 10 that allow drawing clear and
useful information on the effects of pressure on flame dynamics. First, it is
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shown that the mechanisms controlling flame motion are the same regardless of pressure, albeit they are a function of the forcing frequency. This
means that most of the previous body of knowledge obtained at atmospheric
pressure applies to elevated pressure. Second, trends of FTF gain with pressure when flame vortex roll-up controls flame motion are not the same for
methane and propane. Effects of varying turbulence and heat-losses with
pressure make the interpretation of the results more difficult but these effects must apply to both fuels equally. Therefore, they cannot account for
all our experimental observations. This implies that fuel chemistry must be
considered to understand effects of pressure on the dynamics of premixed
swirl flames.
5. Conclusions
Effects of pressure on the response of swirl-stabilized lean premixed methane
and propane flames to acoustic excitation have been reported and analyzed.
Flame transfer functions have been measured for pressures up to 5 bar,
along with the characterization of the flame motion using phase-locked OH∗ chemiluminescence images. The main findings are:
 The main effect of pressure on the flame transfer function is to modify

the gain around 176 Hz (St = 0.5), where a local maximum associated
with flame vortex roll-up is observed. For lower forcing frequencies, the
pressure has a minimal impact on both the phase and the gain of the
flame transfer function.
 For methane flames, the magnitude of the gain around 176 Hz (St =

0.5) increases monotonically with pressure. For propane flames, the
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magnitude of the gain around 176 Hz increases from 1 to 3 bar but
then decreases from 3 to 5 bar.
 Regardless of fuel and pressure, the flame motion around 176 Hz (St =

0.5) originates from flame vortex roll-up, and this mechanism fully
controls the transfer function gain. A proportionality relationship is
found between the gain of flame transfer function measured at 176 Hz
and a parameter quantifying the degree of flame vortex roll-up using
phase-locked OH* chemiluminescence images, FVRmax .
 At any given pressure, the gain of the flame transfer function is larger

for propane flames than for methane flames. Lean propane flames feature a larger laminar burning velocity and a smaller laminar flame
thickness than lean methane flames. Therefore, lean propane flames
adapt more readily to sudden flow changes and are more resistant to
being quenched by an incoming vortex than lean methane flames, leading to more efficient flame vortex roll-up.
 Increasing the operating pressure influences intrinsic flame properties,

turbulence, and heat-losses. It was not possible to determine the relative influence of these parameters on the observed trends and infer,
without ambiguity, the effects of pressure on flame dynamics. However, effects of turbulence and heat-losses must apply to both fuels
equally, which is not compatible with the observation that trends of
the flame transfer function gain with pressure are different for methane
and propane fuels. Therefore, intrinsic flame properties linked to fuel
chemistry should be considered to understand the pressure effect on
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the response of premixed swirl flames to acoustic forcing.
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Figures
(a)
(b)

Figure 1: Schematic of the experimental setup: (a) swirl burner and (b) high-pressure
combustion duct.
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Figure 2: Photographs of the methane–air and propane–air flames at pressures from 1 to
5 bar. The exposure time is 5 s for all images. The red dot shows the position of each
flame’s center of mass.
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Figure 3: Temporal evolution of the instantaneous (dot) and phase-averaged (line) relative
velocity fluctuations (blue) and OH∗ chemiluminescence intensity (red) over two forcing
periods.
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Figure 4: Flame transfer functions of methane (red) and propane (blue) flames at atmospheric pressure for a forcing amplitude of 10%.
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Figure 5: Phase-locked Abel-deconvoluted images of the OH∗ chemiluminescence for the
reference flame subjected to acoustic forcing at 112 Hz.
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Figure 6: Temporal evolution of the normalized OH∗ chemiluminescence intensity integrated over the top (red) and bottom (blue) regions for the reference flame forced at a
frequency of 112 Hz (top) and 176 Hz (bottom) and an amplitude of 10%.
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Figure 7: Flame transfer functions of methane (left) and propane (right) flames for different
operating pressures and a forcing amplitude of 10%.
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Figure 8: Phase-locked Abel-deconvoluted images of the OH∗ chemiluminescence for the
methane flames at 1 (top row), 3 (middle row), and 5 bar (bottom row), subjected to
acoustic forcing at a frequency of 176 Hz and an amplitude of 10%. Only half of the
forcing period is shown.
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Figure 9: Phase-locked Abel-deconvoluted images of the OH∗ chemiluminescence for the
propane flames at 1 (top row), 3 (middle row), and 5 bar (bottom row), subjected to
acoustic forcing at a frequency of 176 Hz and an amplitude of 10%. Only half of the
forcing period is shown.
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