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Linear and nonlinear entropy-wave response of technically-premixed
jet-flames-array and swirled flame to acoustic forcing
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Abstract

Broadband combustion noise is a major part of the total noise radiated by modern jet engines. It comprises two
components: direct noise originating from the unsteady heat release of the flame, and indirect noise resulting from
the acceleration of entropy fluctuations in the turbine stages. Not only do these entropy waves contribute to the noise
pollution of aeroengines, they can also have a crucial role in the feedback loop leading to thermoacoustic instabilities,
which induce vibrations and thermal loads that are highly detrimental for combustors and turbine components. Thus,
there is a critical need to understand and model the complex mechanisms associated with the generation and the
advection of these waves. This study presents quantitative measurements of the production of entropy waves in
a technically premixed turbulent combustor, subject to acoustic forcing. Entropy transfer function (ETF) relating
acoustic input, obtained with microphones, to entropy wave output, obtained with OH-LIF thermometry at a distance
of four flame heights from the burner outlet, were measured between 40 Hz and 90 Hz. These ETF were obtained
using two burners of same length with technical premixing of air and natural gas, operated at the same thermal power:
a matrix burner producing an array of turbulent jet flames, and a burner producing a single swirled turbulent flame. It is
found that the ETF of the matrix burner exhibits a low-pass behavior, with a gain ranging from approximately 0.7 at 40
Hz down to 0.25 at 90 Hz, while the gain of the swirled flame ETF was not exceeding 0.2. It is also demonstrated that
entropy wave production with the matrix burner is highly nonlinear, with a dramatic drop of the ETF gain occurring
beyond a certain level of acoustic forcing amplitude. These measurements can be used to derive predictive nonlinear
models of thermoacoustic instabilities involving entropy wave feedback.
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1. Introduction

Decreasing temperature fluctuations and composition
inhomogeneities at the outlet of aeroengine combustion
chambers is becoming more and more important for the
development of new combustor technologies. There are
two reasons for this: First, these entropy and composi-
tional waves contribute significantly to the noise pollu-
tion from modern aircrafts [1–3] in the form of so-called
indirect combustion noise, which originates from the
acceleration of entropy or compositional fluctuations in
the turbine stages [4, 5]. Second, in the race for develop-
ment of low-pollutant-emissions combustors, the man-
ufacturers face the problem of thermoacoustic instabili-
ties which damage the mechanical parts, and which in-
volve constructive interaction between acoustic waves,
combustion dynamics and sometimes entropy waves
[6].
Entropy waves are coherent temperature fluctuations
produced by unsteady combustion which are advected
through the combustion chamber. As shown in this pa-
per, they can appear when an intense acoustic field in
the combustor modulates the air mass flow through the
burner, which leads to equivalence ratio oscillations that
transform into a modulation of the hot products temper-
ature. If dispersion of these waves by turbulent mixing
is slow with respect to the residence time of the combus-
tion chamber, acoustic pressure fluctuations are gener-
ated when the entropy waves are accelerated in the tur-
bine. An unstable feedback can therefore establish be-
tween combustion dynamics, entropy waves and acous-
tic field, and the development of new combustor tech-
nologies necessitates models to predict this type of ther-
moacoustic instabilities. Three major processes have to
be understood: 1) The generation of entropy waves by
unsteady combustion, 2) the decay of entropy waves due
to shear dispersion, 3) the conversion of entropy waves
to entropy noise.
Recently, studies have been performed on all 3 prob-
lems. Regarding the decay of entropy waves during ad-
vection, Eckstein et al. concluded in 2004 that in their
experimental configuration, entropy waves are signifi-
cantly attenuated during the advection process [7]. Re-
cent studies aimed at deriving scaling laws for the spa-
tial decay of the entropy waves, [8–11] but most of them
considered very simplified configurations, which calls
for further investigations with turbulent reacting flows
in complex geometries that are relevant for practical
systems. Studies that focus on the conversion of entropy
waves to entropy noise [12–14] usually rely on synthet-
ically generated temperature waves, using, for instance,
electric heaters. Recently, several numerical and exper-
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Figure 1: Sketches of the generic combustor equipped with a) the
matrix burner, and with b) the axial-swirler burner. Pictures and main
dimensions of the burners are shown. Stiff-injection of the natural gas
(NG) in the air flow is done inside the burners (technical premixing).

imental studies dealing with the production of entropy
waves, were conducted [15–20]. However, there is still
a compelling need for further experimental data, espe-
cially with turbulent technically premixed flames un-
der technical premixing of fuel and air, for which tem-
perature fluctuation measurements are very challenging.
This study aims to contribute to fill this gap with quan-
titative temperature measurements by OH-PLIF ther-
mometry [21]. The next section describes the combus-
tor and the diagnostics used in this study. Section 3 pro-
vides information on the methods for postprocessing the
acoustic and optical data. Section 4 presents the entropy
transfer function (ETF) measured for an array of turbu-
lent jet flames and for a single turbulent swirled flame
at low and high forcing amplitudes.

2. Experimental Setup
2.1. Test rig
The experiments were conducted with a modular com-
bustor operated at atmospheric pressure (see Fig. 1). It
consists of a plenum and a combustion chamber (62×62
mm2 cross section) terminated by an orifice plate to
ensure thermo-acoustically stable operation for all the
conditions considered in this work. Exchangeable side
walls for optical access (quartz windows), or instru-
mentation (ceramic or water-cooled aluminium plates
with microphone ports, hot gas probe, igniter, etc) are
mounted on a water-cooled aluminium frame made of
a series of 250 mm long modules. The plenum fea-
tures an acoustically stiff main air injection and sealed
loudspeaker modules that are connected to the plenum
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with ceramic honeycombs. Natural gas is either di-
rectly injected with the air into the plenum in order to
achieve perfectly premixed conditions at the burner in-
let, or within the burner for technical premixing. Three
microphones (G.R.A.S. 46BD-S2) were placed between
the loudspeakers module and the burner to measure for-
ward and backward acoustic travelling waves.
Two burners of 10 cm length were considered: a matrix
burner shown in Fig. 1a featuring 4×4 channels produc-
ing 16 turbulent jet flames, and a burner with an ax-
ial swirler producing a single swirled turbulent flame
which is depicted in Fig. 1b. The matrix burner made
of Hastelloy X was additively manufactured with selec-
tive laser melting to form a hollow cavity from which
natural gas is injected via 16 small holes (one per chan-
nel) of diameter 0.8 mm in order to achieve acoustically
stiff injection at nominal condition. The holes are axi-
ally staged (8 at 70 mm and 8 at 20 mm from the burner
outlet) for improved thermoacoustic stability. The gas
injection holes staging distance was defined in the same
way as the vortex generators staging in [22]. The sec-
ond burner features a central lance (�20 mm) with an
axial swirler, inserted in a hole (�34 mm) in order to
form an annular channel. The lance is terminated by an
ogive shaped tip protruding into the combustion cham-
ber. The 8 fuel injection holes are evenly spread around
the circumference 20 mm downstream of the swirler
at the same axial position. The nominal conditions of
30 kW thermal power and equivalence ratio φ = 0.76,
were maintained throughout the study with the excep-
tion of the experiments investigating the effect of φ and
the comparison between technically and perfectly pre-
mixed conditions. For the latter, the thermal power was
increased to 40 kW, because stable operation was not
possible at 30 kW under perfectly premixed conditions.
The first module of the combustion chamber is equipped
with 4 quartz windows, which provides optical access to
the flame and identical heat losses on the four sides. A
ceramic plate equipped with an electric igniter and three
quartz windows are mounted as side walls of the second
module of the combustion chamber such that OH-PLIF
in the hot products could be performed (see Fig.2).

2.2. OH PLIF-thermometry and chemiluminescence
Planar temperature distributions downstream of the
combustion chamber for the matrix as well as the axial-
swirler burner configuration were acquired by means of
simultaneous OH-PLIF and OH laser absorption mea-
surements [21]. By combining both methods, the lo-
cal, instantaneous OH concentration can be determined
from a single laser pulse. The laser light absorption
measurement is used for both the absorption correction
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Figure 2: Schematical arrangement of the optical components and
cameras used for combined OH-PLIF/OH absorption thermometry
and OH chemiluminescence measurements of the flame.

of the LIF images as well as the absolute calibration
of the OH concentration. By assuming chemical equi-
librium in the hot products and under lean conditions
(φ < 0.9), the resulting single-pulse OH concentration
field is almost independent of the equivalence ratio [21]
and, therefore, can unambiguously be converted into an
instantaneous temperature distribution. Due to the rapid
decrease of OH concentration with temperature, the
method has a lower temperature detection limit of ap-
proximately 1300 K. Taking into account the accuracy
considerations summarized in [21], the measurement
uncertainty of the method is below 5 % in the observed
temperature range of 1600 K to 2100 K. Recently, the
technique has been sucessfully applied to measure pla-
nar temperature distributions in high pressure combus-
tion environments related to aeroengine [23] and sta-
tionary gas turbine research [24]. In Figure 2, the op-
tical setup of the combined OH-PLIF/OH absorption
measurements is depicted. The LIF signal was excited
using a frequency-doubled dye laser (Quantel TDL 90
pumped with YG981, ∼ 20 mJ per pulse at 20 Hz,
0.08 cm-1 FWHM) tuned to the Q1(8) transition of the
A-X (ν′ = 1, ν′′ = 0) band near 283.55 nm. The laser
beam was formed into a collimated light sheet by us-
ing a combination of cylindrical lenses ( f = −25 mm,
f = 400 mm). To avoid saturation effects on the OH
fluorescence signal, the resulting sheet width was twice
as large as required and only the central 45 mm were
used for the measurements. Likewise, the pulse energy
was attenuated to about 50 % and a third cylindrical lens
( f = 1000 mm) was used to position the beam waist
outside the test section. The resulting sheet thickness
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was of the order of 1 mm throughout the imaged do-
main. Prior to the actual experimental campaign, LIF
saturation was investigated in a matrix burner labora-
tory experiment (φ = 0.8), using the same light sheet and
signal collection optics. Images of the OH-PLIF signal
were acquired at pulse energies of 100 %, 50 % and 25
% and OH concentrations as well as temperatures were
derived. A saturation effect was observed for the unat-
tenuated beam, whereas the curves for 50 % and 25 %
converged to similar values. Due to the higher signal
to noise ratio, the 50 % setting is used in the measure-
ments. The OH-fluorescence emission from the hori-
zontally oriented sheet was captured from above with
an intensified CCD camera (PCO Dicam Pro), equipped
with an UV lens (Cerco, 100 mm f/2.8) and a band-
pass interference filter (Chroma, T > 70 % at 310 nm,
FWHM 10 nm). The resulting camera field-of-view was
62×62 mm2 at a spatial resolution of 120 µm per pixel.
To perform the simultaneous measurement of OH laser
light absorption, part of the incoming and outgoing light
sheet was deflected by beam splitters onto two cuvettes
filled with dye solution. The resulting intensity pro-
files before and behind the test section were recorded
with two CCD cameras of the same type (PCO Pixelfly
equipped with Schneider-Kreuznach 25mm f/.95 lens).
The cameras were synchronized at 10 Hz to capture
every second light pulse. To resolve the fast coher-
ent oscillations of hot gas temperature in response to
the acoustic forcing imposed with the loudspeaker (40
– 90 Hz), phase-locked averaging was performed by
synchronizing the onset of the forcing sinusoidal sig-
nal with the 10 Hz acquisition rate of the PLIF system.
For excitation frequencies being integer multiples of 10
Hz, phase-sweeps of the loudspeaker forcing could then
be performed by merely modifying the phase of their
input signal. While this approach results in very ac-
curate phase-locking, it is also very time consuming,
because the data has to be measured, stored and pro-
cessed at each phase angle separately. Convergence of
the spatially integrated phase-locked averaged temper-
ature fields within one percent was reached after 100
cycles, by which we mean that the addition of the 101st
cycle changed the result by less than 1 %.
High speed OH* chemiluminescence of the flame was
recorded using a highspeed camera (Photron HSSX)
and a highspeed intensifier (Lavision highspeed IRO),
as depicted in Fig. 2 a). A UV lens (Cerco, 100 mm
f/2.8) was used together with an optical narrow band-
width (10 nm) filter centered around 308 nm. Due to
space limitations, the camera setup was mounted paral-
lel to the test rig and a UV mirror was used to observe
the flame.

3. Methodology

The goal of this paper is to investigate the entropy wave
generation by an array of 4×4 turbulent jet flames and
by a single turbulent swirled flame, which are operated
at the same thermal power and equivalence ratio with
technical premixing of air and NG, when they are sub-
mitted to an acoustic forcing. To that end, we consider
the single input/ single output (SISO) Entropy Trans-
fer Function (ETF), which relates the coherent velocity
fluctuations u′ just upstream of the burners to the coher-
ent averaged temperature fluctuations T ′ at a distance of
4 flame heights from the burners outlet, where ū and T̄
represent the mean absolute axial velocity and tempera-
ture:

ET F =
T ′/T̄
u′/ū

(1)

These positions for the measurements of mean and
oscillating velocity and temperature were chosen for
the following reasons: First, the length of the burn-
ers Lb = 0.1 m is small compared to the shortest
acoustic wavelength considered in this work (λmin =

c/ fmax = 340/120 = 2.8 m), and one can expect a quasi-
incompressible motion of the air in the compact burner
where u′/ū just upstream of the burner inlet is the same
as u′/ū at the axial position of the NG holes. Second,
the quantitative measurement of temperature using LIF
thermometry requires the mixture to be at equilibrium,
which is not the case in the direct vicinity of the flame,
and which motivated our decision to measure the tem-
perature field significantly downstream of the flame, in
the second combustion chamber module.

3.1. Quantification of acoustic velocity

The acoustic velocity at the inlet of the matrix is recon-
structed from the pressure signals of the three micro-
phones placed upstream of the burner using the Multi-
Microphone Method. With this method, the acous-
tic pressure is expressed as the solution of the one-
dimensional wave equation with mean flow:

p̂(ω, x) = f̂ (ω)e−i ωc
x

1+M + ĝ(ω)ei ωc
x

1−M (2)

where ·̂ denotes the Laplace transformation, and where
the Riemann invariants f̂ and ĝ are determined from
an overdetermined system using least-square inversion
[25]. The acoustic velocity û(ω) at the burner inlet is
then reconstructed as û(ω) = ρc( f̂ (ω) − ĝ(ω)). The
mean flow velocity ū is determined from the air mass
flow measurement and the plenum cross section area
(62 × 62 − π × 102/4 = 3765 mm2) using a Bronkhorst
mass flow meter.
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Figure 3: OH* Chemiluminescence (OH CHEM) and LIF thermometry at a forcing frequency of 40Hz for the configurations with matrix burner
(a-d) and for the burner with swirler (e-h).. a,e) Instantaneous OH CHEM ; b,f) instantaneous LIF results; c,g) phase-averaged OH CHEM d,h)
phase-averaged LIF results. The green rectangles show the ROI at 40 Hz.

3.2. Thermometry and chemiluminescence
The high-speed OH chemiluminescence recordings of
both flame types showed significant fluctuation in in-
tensity and flame length. Using the purely sinusoidal
loudspeaker excitation signal as a reference, a phase
angle was assigned to each recorded frame. The high
frame-rate allows the observation of instaneous cycles,
as shown in Figure 3a (matrix) and 3e (swirled) for
an excitation frequency of 40 Hz for both the matrix
and swirled type flame. By phase binning and subse-
quent phase-averaging, columns 3c and 3g are obtained,
showing the coherent fluctuation in OH chemilumines-
cence intensity, which can serve as an indication for heat
release rate fluctuation. A larger amplitude is evident
for the jet flames of the matrix burner in this case.
The combined OH-PLIF/OH absorption measurements
provide instantaneous snapshots of the absolute temper-
ature distribution in the light sheet. The 10 Hz TTL
signal for the OH-PLIF was used as reference for the
generation of the acoustic excitation signals. By in-
troducing a phase shift to the acoustic excitation sig-
nal several phase angles at the same operating condition
were captured. Figures 3b and 3f show such instanta-
neous results for 8 phase angles at a forcing frequency
of 40 Hz for the matrix burner and the one with swirler.
Columns d and h show the coherent fluctuation obtained
by averaging over 120 cycles at a constant phase angle.
To further process these phase averaged planar temper-
ature fields, a region of interest (ROI) was selected in
the center of the fields, as shown in Fig. 3d and 3h, to
extract a scalar average for each phase angle. The very
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Figure 4: Phase-averaged spatial averages within ROI of OH-PLIF
thermometry data measured downstream of the matrix (a) and swirl
(b) burners, with corresponding Fourier component.

top and bottom regions of the temperature fields were
excluded to remove the cold boundary layer of the wall.
The width of the ROI was chosen to be 1/16 of the ex-
pected entropy wave wavelength. The spatial average
of the temperature values within this ROI was then used
for further processing. Figure 4 shows the evolution
over one phase-averaged cycle for 3 selected frequen-
cies and both burner types. The quantity of interest here
is the fluctuation amplitude taken as the Fourier coeffi-
cient at the forcing frequency.

4. Results and discussion
4.1. Perfectly premixed vs technically premixed
In order to confirm that equivalence ratio fluctuations
are the dominant source of coherent entropy fluctua-
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Figure 5: Hot gas temperature averaged in the ROI downstream of
the jet flames of the matrix burner obtained by OH-PLIF thermome-
try. The acoustic forcing of the flames was performed at 60 Hz for
perfectly premixed and technically premixed conditions (40 kW ther-
mal power and φ=0.76). The OH* chemiluminescence images of the
flames are averages of 1000 snapshots without acoustic forcing.

tions in this work, perfectly premixed conditions, where
the fuel was injected close to the main air inlet, are
compared to technically premixed conditions, where the
fuel was injected using the fuel injection holes shown in
Fig. 1. The obtained phase-averaged temperature values
and resulting Fourier component at forcing frequency
are presented in Fig. 5. A clear decrease in tempera-
ture oscillation amplitude is observed, when comparing
the perfectly premixed (PP) dynamics to the technically
premixed (TP) one. This was expected because in per-
fectly premixed conditions, the acoustic forcing does
not induce equivalence ratio modulation. In the case
of the 50/50 NG mass flow split between the two gas
lines, the amplitude of the equivalence ratio fluctuations
is reduced accordingly, which explains the measured in-
termediate temperature fluctuation amplitude. Figure
5 also depicts OH chemiluminescence images of the
unforced flames. The technically premixed case looks
more compact at first glance, but if lower intensity ar-
eas downstream of the flame are considered as well, it
is less compact than the perfectly premixed flame. With
a single gas injection hole per channel, φ can exhibit a
certain degree of stratification at the outlet of the matrix
channels, giving rise to turbulent jet flames with a lean
faint side that extends further downstream than the rich
bright side. This is consistent with the higher mean tem-
perature measured in the planar ROI for the technically
premixed flame, although the thermal power and global
equivalence ratio were identical in all 3 cases. This
observation may be explained also by flamelets burn-
ing richer mixtures than the global equivalence ratio be-
cause of technical premixing and that the resulting local
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Figure 6: Amplitude of the coherent temperature response at the forc-
ing frequency (60 Hz) measured by OH-LIF thermometry as a func-
tion of acoustic velocity fluctuation amplitude upstream of the burner.
30kW thermal power at φ=0.76. The inset shows the temporal evolu-
tion of phase-averaged temperature measurements for the data points
marked in green and violet. Black circles mark data sets also shown
in Fig. 8.

hot spots have not mixed sufficiently with the colder re-
gions of the flow in the laser sheet plane at the ROI.

4.2. Nonlinearities at high forcing amplitude

Measurements were performed at increasing forcing
acoustic amplitude in order to assess the nonlineari-
ties in the the entropy-wave response of the array of jet
flames and of the swirled flame at f = 60 Hz. The
operating condition was kept constant at 30kW thermal
power and φ=0.76. The results presented in Fig. 6 show
a much steeper linear trend, and therefore higher gain,
for the matrix burner than for the one with swirler.
In the matrix burner case, a substantial drop of the
temperature oscillation amplitude at the forcing fre-
quency is observed for acoustic velocity amplitudes at
the burner inlet that exceed 10% of the mean veloc-
ity. This strong nonlinearity leads to a sudden decrease
of the ETF gain, as shown in Fig. 7a. The tempera-
ture oscillation amplitude almost vanishes for acoustic
forcing higher than 30 % because coherent response at
the forcing frequency only is considered, as explained
in Section 3. However, in the non linear regime, re-
sponse energy is transferred to multiples of the forcing
frequency, and primarily to the first harmonic, as illus-
trated in Fig. 6 for the data points indicated by the green
diamond and the violet square. In contrast, the signif-
icantly weaker response of the swirled turbulent flame
does not display any clear nonlinear regime, even for
acoustic velocity forcing amplitudes that exceed 40% of
the mean flow velocity. The instantaneous OH* chemi-
luminescence images presented in Fig. 7b, show a clear
difference in flame dynamics between the flames forced
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in the linear and non-linear regimes. The corresponding
integrated values, shown in Fig. 7c, show the split of
energy to other frequencies, already observed in Fig. 6.
The velocity fluctuations may be responsible for further
spreading of the energy during advection. The black cir-
cles in Figs. 6 and 7 indicate the data points used to de-
duce the ETF in Section 4.3. This data was obtained on
a different date, which explains the observable discrep-
ancies for two reasons. The environmental boundary
conditions, like pressure and humidity, vary daily and
the tests were performed using natural gas supplied by
the municipal authority, which varies slightly in compo-
sition from day to day.

4.3. Entropy transfer function

The ETF measurements were performed by imposing,
for a range of frequencies, a forcing leading to a con-
stant acoustic pressure amplitude at the flame, which
was accompanied by significant variations of the nor-
malized acoustic velocity. In the case of the matrix
burner, the forcing amplitude of the acoustic velocity
was kept below the response-nonlinearity threshold in
order to provide the ETF. However, for the burner with
swirl, it was necessary to impose a significantly higher
forcing level to obtain a similar response amplitude as
shown in Fig. 4. The acoustic input, temperature out-
put and resulting ETF are plotted on Fig. 8. One can
clearly see the significantly higher gains of the matrix-
burner compared to the swirler. The matrix-burner ETF
exhibits the expected low-pass filter behavior, also ob-
served in [18] for similar Strouhal numbers. This be-
havior is not observed for the gain curve of the burner
with swirler, which may be explained by the fact that it

was obtained by forcing at significantly higher ampli-
tudes.
Still, from Fig. 6 and 8, one can make the general con-
clusion that matrix-type burners exhibit ETF with sig-
nificantly higher gains than burners with swirler and
are therefore more prone to low-frequency instabili-
ties involving constructive coupling between acoustics,
flames and entropy-waves. This is due to the faster mix-
ing of the temperature fluctuations in the swirling flow
(e.g. [26]) which leads to a very fast decay of spatially
integrated coherent temperature fluctuations.
Figure 8d shows the gain between the acoustic velocity
forcing and the entropy-wave amplitude output for in-
creasing global equivalence ratio but constant thermal
power of 30kW and constant excitation frequency of 60
Hz. The significant difference in gain between matrix
and burner with swirler is consistent with the previous
observations shown in Fig. 8c. With the exception of
a minor anomaly around φ=0.71, a decreasing trend in
gain is observed in both cases for richer mixtures.

5. Conclusions

Temperature waves originating from two types of
acoustically forced flames were successfully measured
by simultaneous OH-PLIF and OH absorption measure-
ments. The equivalence ratio oscillations caused by
acoustic velocity forcing were identified to be the dom-
inant source of entropy wave generation in technically
premixed conditions. Entropy transfer functions (ETF)
were deduced from these measurements. It was demon-
strated that the matrix burner response is strongly non-
linear for acoustic velocity forcing amplitudes exceed-
ing 10% of the mean flow velocity due to a sudden tran-
sition from a response at the fundamental frequency to a
response at twice the forcing frequency. It is also found
that for same forcing amplitudes, the swirled flame pro-
duces much weaker entropy waves than the array of jet
flames because of enhanced turbulent mixing from the
swirling flow, which was expected. It suggests that the
matrix-type burner promotes thermoacoustic instabili-
ties involving low-frequency entropy-wave feedback in
short combustors exhibiting low residence time.
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