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Combustion instability in annular combustors of jet engines
is a recurring issue. In the present study, the characteristics
of instabilities for different fuels are investigated by combin-
ing the instability maps obtained in a laboratory-scale annu-
lar combustor equipped with multiple swirling spray injec-
tors (MICCA-Spray) and flame describing functions (FDFs)
from a single sector configuration (SICCA-Spray). Two types
of liquid fuels are injected as hollow cone sprays: heptane,
which is fairly volatile, and dodecane, which is less volatile.
Experiments are also conducted with gaseous propane, per-
fectly premixed with air, which serves as a reference. An
instability map is systematically drawn by varying the global
equivalence ratio and thermal power. The data indicate that
the amplitude and frequency of instabilities depend, for the
same operating point, on the fuel injection conditions (pre-
mixed or spray) and fuel type. Overall trends show that pre-
mixed propane is unstable in a broad operating domain. In-
Jjection of liquid fuels induce changes in flame time lag that
modify the unstable regions. For heptane, the instability map
is closer to the propane reference map, whereas dodecane
exhibits wider stable regions. An attempt is made to under-
stand these features by examining the FDF, which gives the
ratio of relative fluctuations in heat release rate to the rela-
tive fluctuations in velocity. The FDFs measured in a single
sector configuration give access to gain and phase informa-
tion that can be used to determine unstable bands and cal-
culate an instability index guiding the interpretation of the
differences in instabilities of the three fuels.

INTRODUCTION

Combustion instabilities pose serious problems in many
high-performance devices such as rocket engines, aircraft en-
gines, and gas turbines. These instabilities have undesirable
consequences, including intense noise and vibrations, exces-
sive heat loads to the combustor walls, flashback, and blow-
off [1,2], and in some cases, they may even lead to mechani-
cal failure [3]. Many instabilities associated with combustion
occur as a result of complex coupling between flow, combus-
tion, and acoustics. Unsteady combustion generates acoustic
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waves, and when this happens in a resonant environment it
may induce flow perturbations. Through intermediary mech-
anisms, this further leads to heat release rate disturbances,
which under certain conditions may grow, and the system
becomes unstable. This situation is encountered in mod-
ern gas turbine engines operating in lean premixed regimes
to reduce NOx emissions. In these devices, the flames are
aerodynamically anchored by swirling injectors, producing
compact flames with relatively high power densities in an
environment with low damping that are receptive to reso-
nant coupling, eventually leading to combustion instabilities
[4,5]. These engines when operated with liquid fuels, use
spray atomizers. The spray can be strongly influenced by
the acoustic pressure oscillations in the chamber, even if the
high atomizing pressure ensures a constant flow rate in many
configurations [6—11].

Combustion instability is most often linked to a time de-
lay between reactant injection and combustion. This delay
is associated with convection, mixing, and chemical conver-
sion, and under liquid injection, it is also linked to atomiza-
tion, vaporization, and droplet inertia. The present investiga-
tion is focused on the role of changes in time lag linked with
the injection of three different fuels in an annular combustor.
In a reference case, propane premixed with air is injected. In
two other cases, heptane and dodecane are atomized in the
form of a spray of droplets. Thus, the time lag is modified,
and this directly changes the instability characteristics.

At this point, it is worth reviewing the literature that con-
siders delay effects (or equivalently phase effects) on the de-
velopment of combustion instabilities. In a pioneering work
on the so-called “singing flame”, Lord Rayleigh [12] pro-
vided a stability criterion indicating that acoustic pressure
and unsteady heat release rate fluctuations have to be in phase
for instabilities to grow. This may be translated in terms of
a time delay between the acoustic pressure oscillations and
heat release rate fluctuations, providing a necessary condi-
tion for the growth of thermo-acoustic instabilities. The im-
portance of time lags was underlined in the early work on
rocket engine instabilities, most notably by Crocco and his
co-workers [13,14]. It was recognized that the time delay
involved in the conversion of liquid fuels to gaseous state be-
fore burning, and the additional time lag associated with mix-



ing and reaction of propellants could be sensitive to the in-
stantaneous conditions prevailing in the thrust chamber. The
time lag was considered to be especially important in the case
of liquid fuels as it results from complex processes such as
the atomization of fuel droplets followed by vaporization and
mixing. Many studies have used this time lag concept to de-
rive methods that could be employed to suppress instabili-
ties by suitably timing the liquid fuel injection or controlling
other flow parameters. Such methods have been successfully
demonstrated by Lee et al. [15] and Yu et al. [16].

Several investigations have been carried out to study the
mechanism of instability caused by the time lag associated
with liquid fuels. Zhu et al. [17] performed a numerical
study on a fuel-spray aero-engine combustor to investigate
the oscillating behavior of spray flames due to pressure fluc-
tuations, and concluded that modulations of airflow rates
affect the fuel droplet size distribution, thus modifying the
fuel-air ratio, and thereby changing the time delay. Eckstein
et al. [6] performed experiments on an air-blast atomizer in a
rich-quench-lean combustor and showed that their atomizer
was sensitive to fluctuations of air velocity in the injector,
generating different droplet sizes, thus varying the combus-
tion delay and oscillations. The effect of air and liquid fuel
flow modulations on instabilities were examined by Gajan et
al. [7] and Kim et al. [8] in non-reactive conditions. It was
shown in [7] that the modulations of air influence the atom-
ization process generating a droplet density wave with vary-
ing evaporation rates. Depending upon the convection veloc-
ity of this wave, a time lag appears between pressure and heat
release rate. Apeloig et al. [18] performed studies on an ac-
tual multi-point spray injector of an aeronautical combustor
and showed that the airflow fluctuations in the injector per-
turbed the atomization process, creating a varying time delay
that could either amplify or dampen the instabilities. Pillai et
al. [11] used numerical simulation to study a thermoacoustic
instability in a backward-facing step flame. They used lig-
uid kerosene injected as a liquid jet in cross-flow. The fuel
flow rate and atomization processes, modulated by the acous-
tic pressure fluctuations, amplified the instability. The large-
eddy simulation (LES) reported by Tachibana et al. [19] for
a single sector aero-engine combustor operating at high pres-
sure with liquid fuel (Jet-A) indicates that a short time delay
is linked to the evaporation and fuel-air mixing processes.
In an experimental investigation of a premixed prevaporized
combustor fed with heptane, Bernier et al. [20] found that
the evaporation delay happens simultaneously with droplet
convection to the combustion region so that this delay need
not be added to the other delays in the analysis of the causes
of combustion instability. Vignat et al. [9] used an LES to
study a self-sustained combustion oscillation in a single in-
jector test rig, namely SICCA-Spray, and reached a similar
conclusion. However, this might not apply to fuels that are
less volatile than heptane.

The preceding studies indicate that it is worth examin-
ing instability characteristics that may be linked to the nature
and physical state of the fuel with the objective of identi-
fying the time lags’ origins, comparing them with those of
purely gaseous and premixed injection, and sorting out con-

sequences in terms of instability. Although time lag effects
associated with liquid fuels are relatively well documented
in the combustion instability literature, the number of stud-
ies that deal with liquid sprays in annular combustors is rel-
atively small. The annular configuration has, however, con-
siderable importance because it is commonly found in jet en-
gines and most gas turbines. One of the current laboratory-
scale annular combustors, MICCA-Spray at the EM2C labo-
ratory, exhibits large amplitude azimuthal instabilities when
it is fed with liquid fuel [1,2]. Another annular rig used by
the team of Dawson & Worth at NTNU is only operated with
premixed ethylene and air [21,22]. Investigations carried out
on these combustors have revealed different modes of az-
imuthal instabilities such as standing, spinning (clockwise
or counter-clockwise), and slanted [23]. In addition, there
have been LES performed on industrial annular combustors
with spray injection [24,25] and a number of more theoret-
ical investigations [26,27] of instabilities in annular cham-
bers. The MICCA-Spray test rig has also been used (Prieur
et al. [28]) to examine ignition dynamics under premixed
propane, heptane, and dodecane injection, and it was con-
cluded that the light-round time delay is maximum for less
volatile fuel, indicating that evaporation induces additional
time lags. As an extension to the previous studies, the cur-
rent work focuses on azimuthal instabilities in the MICCA-
Spray annular chamber using three different fuels. Propane
(C3Hg), fully premixed with air, is considered as the refer-
ence, as it features no mixing, atomization, or evaporation
delays. Two liquid fuels are considered, heptane (C7Hig)
that is fairly volatile (7051 = 371 K) and is closer to the refer-
ence case, and dodecane (Cj,Hyg), a heavier fuel that is less
volatile (Tpoi1 = 489K) and hence has a longer vaporization
time than heptane. Developing a complete understanding of
the underlying mechanism of instabilities in an annular com-
bustor is quite challenging, and hence it is worth examin-
ing the phenomenon on a simplified single injector system
that resembles one sector of the annular combustor. A famil-
iar way to understand the flame dynamics and its response
to acoustic perturbations is by measuring the flame transfer
function (FTF), that determines the variation of heat release
rate with respect to incoming acoustic fluctuations. How-
ever, using linear concepts to describe flame dynamics (as
embodied in the FTF) cannot explain many phenomena such
as limit cycle oscillations or mode switching. To account for
the flame nonlinearity, it is convenient to use the flame de-
scribing function (FDF) framework. This was exemplified
by Dowling [29] in a theoretical investigation of instabili-
ties of a ducted flame. The effectiveness of this framework
was demonstrated by Noiray et al. [30], who showed that it
allowed retrieving most of the nonlinear features observed
experimentally like frequency shifting as the amplitude is
growing, mode switching, triggering, and hysteresis. FDF is
an extension of FTF, and it represents the flame response de-
pending on the frequency and amplitude of the incoming ve-
locity perturbations. The FDF framework has been success-
fully used in many further studies to model flame dynamics
[31,32]. The FDF determined in a single sector configuration
is used in the present study to interpret the complex combus-
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Fig. 1: From left to right: (1) Photograph of the MICCA-Spray test rig. (2) Schematic top view of the combustion chamber
showing the locations of chamber microphones (MCx), the arrangement of photomultipliers (PMx), and the position of wall
mounted thermocouple. The blue dashed lines show the field of view of each PM. A steel tube (marked as a blue circle)
placed inside the inner chamber wall acts as a screen, preventing light transmission from opposite flames. The baseline for
azimuthal angle is taken along the centreline of injector 1 and the positive direction of 0 is oriented in the counter-clockwise
direction. Adapted from [2]. (3) Photograph of MICCA-Spray during operation.

tion dynamics observed in the MICCA-Spray configuration.

This article begins with a brief description of the exper-
imental set-up for the annular configuration (MICCA-Spray)
and the single injector system (SICCA-Spray) that is used
for FDF measurements. Results of instability experiments in
MICCA-Spray are systematically examined by varying the
fuel types, equivalence ratio, and thermal power. The next
section describes the FDFs obtained for the different fuels at
three operating conditions in SICCA-Spray. The relation be-
tween MICCA-Spray instabilities and FDF results are then
explored.

EXPERIMENTAL SETUP

Two experimental setups are described successively:
MICCA-Spray, which is a multiple injector annular combus-
tor operating at atmospheric pressure, and SICCA-Spray, a
single injector rig (one sector of MICCA-Spray) that is used
to determine FDFs.

MICCA-Spray

The MICCA-Spray test rig shown in Fig. 1 is a
laboratory-scale annular combustor with multiple injection
units. The system consists of an air plenum connected to
the combustion chamber through sixteen spray-swirl injec-
tors. The plenum is 80mm in height with an internal di-
ameter of 280mm and an outer diameter of 420mm. The
combustion chamber consists of two concentric, cylindri-
cal, and vertical quartz walls of height 400mm, each with
a thickness of 8mm. The inner quartz wall has an outer di-
ameter of 300mm, while the outer quartz wall has an inner
diameter of 400mm. The quartz walls provide optical ac-
cess for the observation of the combustion region. Airflow is
controlled through a Bronkhorst EL-FLOW mass flow con-
troller with a relative accuracy better than 1%. Three fuels

are used in the present study: propane, heptane, and dode-
cane. Propane, being a gaseous fuel, is supplied through a
Bronkhorst EL-FLOW mass flow controller and is premixed
with air at ambient temperature before it enters the plenum.
Liquid fuels, heptane and dodecane, are supplied through a
Bronkhorst CORI-flow controller. The passage through the
swirler channels results in a clockwise rotation of the flow
with a measured swirl number of 0.71 (see [2] for swirler de-
tails). The flow enters into the combustion chamber through
a conical section with an 8 mm diameter outlet. For lig-
uid fuel injection, a simplex atomizer forms a hollow cone
spray of droplets. Ignition of MICCA-Spray is obtained by
a spark plug introduced from the top of the chamber and
removed before the measurements. This ensures rotational
symmetry in the system’s geometry. Twelve Bruel & Kjaer
type 4938 microphones with type 2670 preamplifiers (with
a relative accuracy of 1% and passband frequency between
15Hz and 20kHz) are used to record the acoustic pressure
in the system. The measured signals are sampled at a fre-
quency of 32,768 Hz. Four microphones are plugged on the
plenum (designated as MP1 to MP4), while eight of them
are mounted on the chamber (designated as MC1 to MCS8 in
Fig. 1). As the microphones cannot withstand the high tem-
peratures prevailing in the chamber, they are flush mounted
on waveguides formed by straight metallic tubes at a distance
of 170mm from the chamber backplane resulting in a prop-
agation time lag of 0.46ms [1]. The waveguide ports are
located between every two injectors, and they are terminated
by a 25m long tube in order to eliminate wave reflections.
In addition to the pressure measurements, an array of eight
photomultipliers (PMs) with OH* filter (308 nm) records the
flame chemiluminescence (marked as PM1 to PM8 in Fig. 1).
The suitability of using chemiluminescence as a qualitative
indicator of heat release rate by flame dates back to experi-
ments by Price et al. [33] for premixed flames. The case of
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Fig. 2: Schematic of the experimental setup SICCA-Spray
used for FDF measurements.

spray flames is considered by Mirat et al. [34]. Previous in-
vestigations carried out in MICCA-Spray [1] indicate that the
instability depends on the wall temperature. Hence, a K-type
thermocouple measures the temperature of the outer chamber
wall to ensure that the system is thermally stabilized.

SICCA-Spray

To interpret the self-sustained instabilities of MICCA-
Spray, it is instructive to measure the FDF in a single sector
device, SICCA-Spray. This experimental setup comprises
a plenum connected to a combustion chamber through the
same injection system used in MICCA-Spray. The schematic
of the experimental setup is shown in Fig. 2. The system is
acoustically excited by means of two driver units mounted
in the plenum. Similar to MICCA-Spray, this system is used
to study premixed (propane) as well as spray fuels (heptane
and dodecane). When used in premixed conditions, propane
is mixed with air at a distance of approximately 1 m from the
plenum by a cyclone mixer. Mass flow rates are measured
using a system similar to that of MICCA-Spray. The com-
bustion chamber of SICCA-Spray has an internal diameter of
70mm and is 165 mm long. Three microphones (designated
as MP1 to MP3) measure the acoustic pressure upstream of
the injector. A hot wire (Fig. 2) with Dantec miniCTA elec-
tronics records the velocity fluctuations. The acoustic veloc-
ity is also determined using the two-microphone technique
[35,36] based on the pressure measurements in the plenum.
This method, validated by comparing its results with hot
wire velocity measurements, is especially desirable at higher
amplitudes levels due to aliasing of hot wire measurements
when the fluctuations exceed the mean velocity and the flow
is reversed. Consider two microphones that are separated by
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Fig. 3: Mean (d}) and Sauter mean diameter (d3,) at differ-
ent radial locations at a height of z =5mm above the back-
plane of SICCA-Spray. r = O represents the center of the
injector and the error bars on the plot represent the statistical
standard errors in the measurements.

a known distance Ax, and measuring 1D harmonic waves at
a frequency f, the acoustic velocity is given by

1 p/ 7p/
I 2 1 (1)

= ipow  Ax

Here, p) and p) are the pressures measured by microphones
MP1 and MP3 (refer Fig. 2) at the frequency f and angu-
lar frequency ® = 2xnf. The value of Ax is 39.4mm and
po = 1.23kg/m>. This method is precise only if the dis-
tance of separation is much smaller than the wavelength A
(Ax << A). The analytical signals for the microphone mea-
surements are reconstructed using Hilbert transforms, and
these complex signals are then used in Eq. (1). A photo-
multiplier equipped with an OH* filter measures the flame
chemiluminescence. In order to vary the amplitude of fluctu-
ations for FDF measurements, the driver units are modulated
at six different voltage levels V (300mV to 1300mV in steps
of 200mV) and a linear frequency sweep is performed from
200Hz to 1100Hz, at each level, for a time duration of 200s.
This procedure defines different levels of acoustic velocity
fluctuations, «’ /u at the hot wire position. The measurements
are recorded at a sampling frequency of 16,384 Hz.

Additionally, an intensified CCD camera (PI-MAX)
with a CH* filter (centered at 430nm) and a 1024 x 1024
spatial resolution is used to capture the time-averaged im-
ages of the flame. A Phase Doppler anemometer (PDA) from
Dantec Dynamics is used for measuring the droplet size and
velocity of the liquid spray. Measurements are performed at
z =5mm above the chamber backplane at cold, unconfined
condition. Figure 3 shows the distribution of mean (djo) and
Sauter mean diameter (d3;) at different locations above the
backplane of the injector. It can be observed that there is not
much variability in the droplet diameters ensuing from the
spray between the two fuels.
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Fig. 4: Instability maps (MICCA-Spray) showing the amplitude (left) and frequency (right) of instability at differ-
ent operating points (varying in P and ¢) for the three fuels. The measurements are performed at five thermal pow-
ers (P ~ 93kW, 99kW, 103kW, 110kW, 118kW) and at each thermal power six equivalence ratios are considered
(¢ =0.75,0.85,0.9,0.95,1.0,1.05). The black star, blue diamond and black circle respectively correspond to operating

points F-1 (¢ = 0.85), F-2 (¢ = 0.95) (both at P = 6.4kW), and F-3 (¢ = 0.95 and P = 7.4kW) used for FDF measurements
in SICCA-Spray (Tab. 1).

INSTABILITY MAPS OF MICCA-SPRAY global equivalence ratio, ¢, and thermal power, P) for the
The instability maps of MICCA-Spray are determined three fuels. The fuel flow rate is fixed for each thermal power,
from a total of thirty different operating points (in terms of
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Fig. 6: SICCA-Spray flame images, corresponding to F-1 (P = 6.4kW, ¢ = 0.85), showing the chemiluminescence of CH*
captured using a PI-MAX camera with a gate delay of Sms. A single image is obtained by time accumulation of 30 frames

and an Abel transform is applied to these images.

and the airflow rate is changed to sweep the range of global
equivalence ratios or equivalently, the range of fuel-air ratios.
The translation between global equivalence ratio to fuel-air
ratio can be obtained by multiplying ¢ by the fuel-air ratio
at stoichiometric conditions, k. The value of x is 0.0641
for propane, 0.0662 for heptane, and 0.0669 for dodecane.
Different acoustic instabilities may appear in the combus-
tion chamber depending on the operating points. There may
be 1L type longitudinal modes or 1A-1L type azimuthal-
longitudinal modes as the combustion chamber is open to the
atmosphere. In the present study, the operating conditions
corresponding to 1L modes were not considered. The oper-
ating points examined gave only stable operation or 1A-1L
modes. During an instability coupled by a 1A-1L azimuthal
acoustic mode, the acoustic pressure signal near the combus-
tor backplane can be represented by

P (0,t) =ATexp (i@ —iwt) +A exp(—i0—iot) (2)

Here, p’ is the instantaneous pressure signal that can be
obtained from the microphone measurements, A" and A~
represent the amplitudes of counter-clockwise and clock-
wise spinning components of the 1A-1L azimuthal acous-
tic mode respectively, and O is the azimuthal angle as de-

fined in Fig. 1. From the reconstructed amplitude values of
counter-clockwise and clockwise waves, it is possible to de-
duce an instability amplitude that is spatially averaged over
eight microphone signals and temporally averaged over 16s
recordings. This amplitude is proportional to the root mean
square (RMS) amplitude averaged over the annular cross-
section given in Vignat et al. [2] and is calculated as

A= (ATP+]A" )12 3)

A is an indicator of the level of instability that is indepen-
dent of the structure of the acoustic mode and is used here
as a metric to compare the instability behavior of MICCA-
Spray with the three fuels. The individual wave amplitudes
are determined from the pressure signals measured by the
eight chamber microphones (MC1-MCS8). The microphone
signals are bandpass-filtered between 500Hz to 1100 Hz and
the time-resolved analytical signals are constructed using the
Hilbert transform. The wave amplitudes are determined with
the method developed by Vignat et al. [2] up to third or-
der in azimuthal harmonics, for a better fidelity in terms of
pressure field reconstruction. The amplitude calculated us-
ing Eq. (3) at various operating points are interpolated to de-
rive instability maps for MICCA-Spray, as shown in Fig. 4



(left). Overall, in the operating regime considered, premixed
propane features broader unstable regions with higher .4 val-
ues (red & yellow shades). The maximum amplitude value
A =~ 1460Pa is reached at P = 110kW and ¢ = 0.85. Com-
paratively narrower regions of instability are found for hep-
tane but its maximum amplitude is the highest among the
three fuels, A ~ 1670Pa and corresponds to P = 110kW
and ¢ = 1.05. Dodecane exhibits the narrowest unstable re-
gion with a maximum amplitude A ~ 1500Pa occuring at
P =118kW and ¢ = 0.9. At the lowest global equivalence
ratio (¢ = 0.75), the oscillation amplitude is low, indicat-
ing that the system is stable at this point irrespective of the
fuel that is being used. For the lowest power (P = 93kW),
propane is mostly unstable, whereas the liquid fuels are al-
ways stable (indicated by blue regions). For a given power
(P = 110kW), propane features a high level of oscillation
at a leaner point (¢ = 0.9), while heptane exhibits a maxi-
mum level at a richer condition (¢ = 1.05). Such a trend is
not observed for dodecane. In summary, the instability maps
indicate that, in the operating conditions considered, the sys-
tem is most unstable when operated with premixed propane
and air, followed by heptane and then dodecane, and the ex-
tent of the instability region narrows down as the time delay
associated with liquid fuel atomization and vaporization is
augmented.

The frequency of instability is deduced from the power
spectral densities of pressure signals, which are calculated
by averaging M = 64 periodograms using Hamming win-
dows of N = 4096 data samples with 50% overlap. Each
window contains data for 0.25s resulting in a frequency res-
olution Af = 4Hz. The interpolated frequency map is shown
in Fig. 4 (right). Propane has a maximum frequency value of
840Hz followed by heptane which has a slightly lower peak
frequency at 816 Hz. Dodecane has the lowest maximum fre-
quency value of 808 Hz.

It is next interesting to examine the spin ratio corre-
sponding to the three fuel injection conditions. This ratio
defined in [23] is deduced from the wave amplitudes as

s=(|AT| = |A7])/(JAT|+ A7) )

Its value is such that when s = 0, the mode is standing while
s =1 or s = —1 represents a spinning mode in counter-
clockwise or clockwise directions respectively. A point is
chosen on the instability map (P = 110kW and ¢ = 0.9)
where the three fuels have nearly the same amplitude to
present the typical pressure signals from the four chamber
microphones (MC1-MC4) and the temporal evolution of spin
ratio (Fig. 5). It should be noted that, for the same operating
point, the adiabatic temperatures and laminar burning veloc-
ities are very close for the three fuels, if all the fuels can be
considered perfectly prevaporized and premixed with air dur-
ing chemical conversion [28]. From the pressure signals, it
can be seen that the oscillation is nearly at a limit cycle. One
also finds that the spin ratio time series corresponding to the
three fuels differ from each other, showing that the nature of
the azimuthal modes coupling the oscillations is influenced

Table 1: Three operating conditions for FDF measurement
in SICCA-Spray. The bulk velocity up, at the injector outlet,
is calculated in cold flow conditions as up = ritair/ (nrl-znjpair).

Operating point P (0] Tilyir up
kW) () (gs7) (ms7h

F-1 64 0.85 2.6 43

F-2 64 095 2.3 38

F-3 74 095 2.6 43

by the fuel type, an intriguing feature that needs further in-
vestigation.

FLAME DESCRIBING FUNCTION MEASURE-
MENTS

The instabilities observed in MICCA-Spray can be fur-
ther explained by measuring the response of a single flame to
acoustic perturbations. As already indicated, the FDF mea-
surements are performed in SICCA-Spray at three operating
points (shown in Tab. 1): two points at P ~ 6.4kW and at
an equivalence ratio of ¢ = 0.85 and ¢ = 0.95 (henceforth
referred to as F-1 and F-2 respectively), corresponding to a
thermal power of 103 kW in MICCA-Spray; and a third point
at P ~ 7.4kW and at an equivalence ratio of ¢ =0.95 (hence-
forth referred to as F-3), corresponding to a thermal power of
118kW in MICCA-Spray (see Fig. 4). Normally, for the FDF
measurements, the chamber length in SICCA-Spray is fixed
at lchamber = 165 mm except at F-3 point wherein the mea-
surements are performed with a length I pamper = 115mm,
as SICCA-Spray exhibits mild self-sustained instability with
lchamber = 165mm at F-3. In order to verify that the FDF
results do not depend on the chamber length, a separate mea-
surement was performed with [chymber = 115mm at the F-1
operating point. This measurement produced the same re-
sults at both 165mm and 115mm, thus indicating that the
FDFs do not depend on the chamber length as long as the
system is not exhibiting any self-sustained instabilities. The
flame images at F-1, displayed in Fig. 6, show the differ-
ences in flame shape between premixed and spray flames.
In the case of propane, the flame is full “M”- shaped, and
for heptane and dodecane, it is a hollow “M” with a central
trough. The spray conveys the fuel outwards, and there is a
relative absence of fuel close to the injector axis. This favors
a hollow “M”-flame for liquid fuel injection. However, in
the case of propane and air, the reaction can take place in the
inner shear layer because the fresh mixture in this region has
a suitable equivalence ratio to burn, resulting in a full “M”-
flame. The flame shapes at F-2 and F-3 (not shown here) are
similar to the ones shown in Fig. 6 for all the three fuels.

The FDF provides the nonlinear response of the flame to



0.8 -
0.6} L i
& 2 1 “
t
5 04 L : N
... '
o2}
.-"'. .‘
52882032 08220000 0 4es .‘5‘.
0.2 g
O 1 1 1 1 1
300 400 500 600 700 800 900
f (Hz)

3t

2t o=}
.

1.4

A28

an
an®

600 700 800

[ (Hz)

0 L L
300 400 500

Fig. 7: FDF (gain and phase) results for measurements performed in SICCA-Spray for propane at F-1 (P = 6.4kW &

¢ = 0.85) with color axis representing the level of velocity fluctuations u

!
rms,plenum

/

/Tiplenum in the plenum. Here, Urs plenum

is the RMS velocity fluctuations calculated using the two microphone method and %pienum is the bulk velocity in the plenum
at MP2 location (Fig. 2). The FDFs shown here include the response of the flame as well as the injection system dynamics

(denoted by the subscript IF).
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Fig. 8: Schematic of the experimental setup used for mea-
suring the injector describing function in SICCA-Spray. The
measurements are performed under cold flow conditions.
Only a part of the plenum is shown in this drawing. See
Fig. 2 for a full view of the system.

the incoming acoustic velocity perturbation and is given by

O'(o,]w'))/0

= /1)o@ |u'])
=0l u)e

Fo,|u']) = o)

Here, G = |F| and ¢ = arg(F) are the gain and phase of
the FDF. Q’ , the fluctuation in heat release rate (HRR), and
O, the mean HRR, are deduced from the light intensity of
OH*, i/’ is the acoustic velocity fluctuation determined from
the two microphone technique, # is the bulk velocity that is
calculated from the mass flow rate and cross-sectional area in
the hot wire section (Fig. 2). # has a value of approximately
2.7ms ! at F-1 & F-3, and 2.4ms~! at F-2 for liquid fuels
and2.9ms~ ! at F-1 & F-3, and 2.6ms~! at F-2 for premixed
propane.

As mentioned earlier, different levels of velocity fluctu-

ation are obtained during the frequency sweep at a rate of
4.5Hzs™! for different voltage levels (Vj) of a function gen-
erator, resulting in various levels of «'/u. During the fre-
quency sweep, the measurement channels are scanned by
blocks of 32,768 points at the rate of f; = 16,384 Hz, re-
sulting in a total time duration of 2s for a particular modu-
lation frequency f. The transfer function is obtained using
Welch’s periodogram method to calculate the cross-power
spectral density between u’ and ’. Each 2s signal is divided
into 8 segments with Hamming windows and 50% overlap to
obtain the gain G(f) and phase @(f) of the transfer function
at f. Figure 7 shows the gain and phase of the FDF for dif-
ferent levels of input velocity fluctuations for propane. It is
important to note that for these FDF plots, the acoustic ve-
locity fluctuations are calculated in the plenum, meaning that
the transfer function includes the effect of the flame in com-
bination with the injector dynamical response (indicated by
a subscript IF).

The inclusion of injector dynamics in FDF introduces
an injector phase @y and gain Gy that needs to be corrected in
the FDF measurements. To measure this, two hot wires are
used, one in the plenum (HW I-measuring u}) and another
at a height of 2.5mm above the backplane and at a distance
of 3mm from the axis of the injector (HW2-measuring u5),
as shown in Fig. 8. The measurements to obtain the injector
describing functions were performed under cold flow condi-
tions with lcpamber = 165 mm. It has been found from numer-
ical simulations with LES [37] that, at this location, the rel-
ative velocity fluctuations are equivalent (both in phase and
gain) to the relative mass flow rate fluctuations. A frequency
sweep (same as for FDF-IF measurements) with varying lev-
els of amplitude was performed, and the velocities from the
two hot wires were measured. Figure 9 shows the variation
of Gy and @; with respect to frequency for the various loud-
speaker forcing voltages. From the figure, it can be seen that
the value of the gain changes when the amplifier voltage is
different but the value of the phase only features small varia-
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tions with amplifier voltage. Using these measurements, the
describing function considering only the flame response to
acoustic perturbations is obtained as follows:

G
Gp= 9

G & OF =@ — ¢ (©)

The plots in Fig. 10 corresponding to the three fuels at F-1
indicate that the gain Gy changes substantially with the am-
plitude of the incident fluctuations and features a maximum
at a frequency fpeak for the three fuels. For propane, this peak
is prominent only in the linear regime at low velocity fluctua-
tion levels. The peak frequency shifts to lower values as one
moves from propane to heptane and then to dodecane. The
gain decreases with amplitude showing a nonlinearity. On
the contrary, there is almost no change in the phase @r(f)
at different excitation levels. This kind of evolution has been
classically observed with “M”-flames [38]. The phase curves
are roughly linear until the point where the gain begins to
increase. After this point, the slope of the phase curves in-
creases slightly. This may be related to a convective motion
of the perturbations with large structures created at the injec-
tor outlet and moving at lower speed compared to the small
perturbations at the flame foot. For the FDF results at F-2
and F-3 operating points, the readers are referred to the sup-
plementary material.

Figure 11 shows the FTF gain and phase at the three
measurement points at the lowest excitation amplitude
(Vo =300mV). The value of Speak does not change with the
change in global equivalence ratio ¢ (red and black curve)
but increases to a higher frequency with the change in P (for
the same equivalence ratio, shown by black and blue curve).
Between F-1 and F-2 points, the gain for all the three fuels
close to fpeak 18 lower at F-2 compared to F-1. Between F-2
and F-3, the gain value close to fpeak for the three fuels at F-3
is higher than at F-2.

It is interesting to extract time delays from the phase
plots of the FDFs. This may be accomplished in general by
taking the derivative of the phase with respect to the angular
frequency as T, o= de,, o /do. It can be seen in Fig. 12
that the phase shifts are in increasing order, first the premixed
propane, then the heptane with a greater phase shift, and then
dodecane, which can, in-turn be attributed to different time
lags. For premixed propane, the associated time lags will
just be the time taken by the reactants to reach the combus-
tion zone, i.e., convection time delay T¢ony and the delay as-
sociated with the chemical processes involved in combustion
Treac. On the other hand, when liquid fuels are used, addi-
tional time-lags due to atomization Tuyy,, vaporization Tyap,
and mixing Tpix need to be considered. The case of heptane
is likely to be close to propane, wherein the vaporization
could be happening simultaneously with convection [9,20].
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Fig. 10: FDF (gain Gr and phase @) of flame obtained after correcting for the injector describing function (Eq. (6)) in
SICCA-Spray for the three fuels at F-1 (P = 6.4kW & ¢ = 0.85) with color axis representing the level of velocity fluctuations

/
urms,inj out

/ﬁinjout at the injector outlet (injout). Here, u

/
Tms,injout

is the RMS velocity fluctuations from HW2 and #ipjout is the

mean of HW2 (refer to Fig. 8 for HW2 location). These FDFs represent the flame response to acoustic perturbations. The

data are smoothed using a five-point moving average.

However, for the case of dodecane, due to its lower volatil-
ity, the situation is likely to be dominated by the time delay
associated with vaporization. A change of slope is observed
in the phase curves at around 550Hz. This change of slope

appears when the gain moves towards its maximum value. It
is likely that the disturbances created on the flame front grow
in magnitude and travel at a slower speed. The FDF data set
reported in this section will now be used together with the-
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oretical results to interpret the instability behavior observed
in the annular combustor, MICCA-Spray.

LINK BETWEEN THE INSTABILITIES IN THE AN-
NULAR COMBUSTOR AND FDF MEASUREMENTS

An attempt is now made to link observations in MICCA-
Spray and FDF measurements in SICCA-Spray. It is first
convenient to gather the amplitude and frequency of oscilla-
tion observed in MICCA-Spray at the same operating con-
ditions as FDF measurements (F-1, F-2 & F-3). These data
are summarized in Tab. 2. One may next try to infer the
bands of instability from theory. This can be done by mak-
ing use of an instability analysis in which the flames formed
by the injectors can be treated as compact with respect to the
wavelength. This analysis carried out in [39] consists of un-
wrapping the annular combustor as an equivalent rectangular
system and applying periodic boundaries on the lateral walls.
One may then derive a dispersion relation and obtain an es-
timate of the growth rate ;. For a mixed (m+ 1)A-(n+ 1)L
azimuthal-longitudinal mode, the growth rate of acoustic os-

cillations is
b
<(2n +1 )T;Z)
@)

70Gr (@) sin(or (o},))

k¢ T
®; = —(—1)"k—j sin ((2n+ 1)2%1) sin

m

Here, k7 is the axial wavenumber and &)}, = 27tcf;;, where f}.
is the frequency of instability. The flames are assumed to be
located at a distance a from the chamber backplane, b is the
distance from the flame location to the end of the chamber
and [ =a+b. cis the speed of sound, and ® = T»/T] — 1
represents the temperature jump across the flame. Gr and
¢r are the gain and phase of FDF at the angular frequency
of instability, ®],. For a 1A-1L mode (m = 0 and n = 0), the
growth rate of oscillation ; < —Gp () sin(@p(®))). This
product will be designated in what follows as the instability
index T

The sign of I" defines the bands where the annular com-
bustor is linearly unstable for the 1A-1L mode. The sys-
tem can be classified to be unstable if ®; > 0, that is, when
I' = —Gp sin(@p) is positive, which corresponds to T < @p <
21 mod 2w [39-41]. This defines the unstable bands in
the phase diagram of FDF (gray bands in Fig. 12). Note
that the figure only shows the first band extending from 7 to
2n. These bands represent the frequency range within which
the system can be unstable. The instability frequencies in
MICCA-Spray (Tab. 2) can then be compared with the bands
delimited in Fig. 12. Based on whether or not the instability
frequency, fins of MICCA-Spray lies within these unstable
bands marked on the FDF, the stability of the system can be
determined. In Fig. 12, the fi,s of MICCA-Spray are denoted
by diamond markers and color-coded by the fuel. Notably,
this criterion provides a necessary but not a sufficient con-
dition for instability. That is, if the instability frequency lies
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Table 2: Amplitude and frequency of instability in MICCA-Spray at the operating points F-1, F-2, and F-3. The instability
index I', which is calculated at the instability frequency with FDF data at the lowest excitation level Vy = 300mV is also
listed in the table.

F-1 F-2 F-3
A (Pa) 1302 1156 814
fins (Hz) 800 816 836
Propane
Instability index, I" 1.35 1.12 1.52
Highly unstable Highly unstable Unstable
A (Pa) 795 1398 1241
fins (Hz) 800 808 813
Heptane
Instability index, I" 0.63 0.64 1.38
Unstable Highly unstable Highly unstable
A (Pa) 548 285 608
fins (H2) 784 781 799
Dodecane
Instability index, I" 0.39 0.35 0.59
Unstable Mildly unstable Unstable
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outside this band, it corresponds to a linearly stable operation
of MICCA-Spray. Whereas, if the instability frequency lies
inside this band, it does not certainly mean that the system
will be unstable. In addition to knowing whether the phase of
FDF lies inside this band, it is also important that the growth
rate ; be larger than the damping rate in the system, which
requires knowing the value of the instability index I".

The instability index can then be used as a metric to pre-
dict the instability of the annular system based on the gain
and phase of FDF. The value of the instability index cal-
culated with the linear range of FDF (Vy = 300mV) at the
frequency of instability of MICCA-Spray (fins) is tabulated
in Tab. 2 and shown in Fig. 13 for the operating conditions
considered in this study. In all the cases, the value of I" is
positive, indicating that the MICCA-Spray annular combus-
tor may linearly be unstable at all these points. Interestingly,
the lowest value of the instability index corresponds to F-2
for dodecane (smallest circle in Fig. 13), and this point only
features a mild instability in MICCA-spray. In general, it can
be observed that a higher value of the instability index corre-
sponds to a higher level of instability amplitude in MICCA-
Spray. However, at F-2 and F-3, even though propane has a
higher instability index than heptane, the level of instability
in MICCA-Spray is higher for heptane than propane. This is
because the instability index is derived from linear instabil-
ity theory while the oscillations in the annular combustor are
observed at limit cycle and therefore depend on the nonlinear
response of the flame and the value of the damping rate.

It is also important to note that the single injector con-
ditions in SICCA-Spray are not exactly the same as those
found in the MICCA-Spray annular combustor. For instance,
in MICCA-Spray, each flame is adjacent to other flames re-
sulting in burnt gas interactions that might possibly change
the flame dynamics ([42,43]). Also, the injector response
measurements are carried out 2.5 mm above the injector out-
let under cold flow conditions. The presence of flame can
slightly modify the velocity profile. Furthermore, the injec-

tor impedance is not accounted for in this analysis. For the
points considered at the limit of the instability bands, there
may be some uncertainty as to whether the annular chamber
will feature an instability or not. In addition, if the frequency
of the resonant mode is changed by modifying the geome-
try of MICCA-Spray (for example, by changing the chamber
length), the system could be more unstable for liquid fuels
than for premixed propane. The FDFs are studied in SICCA-
Spray using longitudinal forcing only and some flames in
MICCA-Spray are simultaneously submitted to transverse
velocity fluctuations as well due to the azimuthal mode struc-
tures. Nevertheless, the previous analysis helps in gaining a
general understanding of the instabilities in annular systems.

CONCLUSION

This article is mainly focused on the influence of fuel
properties and physical state on thermo-acoustic instabili-
ties coupled with azimuthal modes. The changes in fuel
have a direct impact on the time lag. The shortest time lag
corresponds to premixed propane and air. The time lag is
augmented for heptane and takes its largest values for the
less volatile dodecane. A database is obtained from sys-
tematic experiments on a laboratory-scale annular combus-
tor (MICCA-Spray) for a wide range of operating points that
vary in thermal power and global equivalence ratio. Re-
sults show that the largest instability domain is obtained for
premixed propane. In comparison, the instability contour
shrinks in the case of heptane, revealing a larger stable re-
gion. The stability of the system is further augmented when
it is operated with dodecane. Thus, in this case, having a fuel
which has a higher time lag makes the system more stable. A
difference between the three fuels can be observed in the fre-
quency of oscillation as well. At a point where the three fuels
have nearly the same oscillation amplitude levels, it is found
that propane and heptane have the same instability frequency,
while dodecane features a lower instability frequency. An
attempt is made to understand this dynamic behavior using
flame describing function (FDF) measurements in a single
sector configuration at three operating points in the instabil-
ity map. The FDF phase plots are used to define unstable
bands and an instability index is obtained by combining the
gain and phase of FDF at each operating condition. In gen-
eral, when the instability index is positive, which in turn cor-
responds to oscillation frequency being within the unstable
band of the phase plots, the annular combustor is unstable.
Overall, if the value of the instability index is high, one finds
that the amplitude of oscillation in MICCA-Spray is large.
However, this observation does not extend to few operating
conditions and one cannot expect to have a monotonic rela-
tion because the instability band and index are defined in the
linear regime while the observations in the annular combus-
tor are made at the limit cycle. Also, the FDFs are measured
in a single injector setup with a flame that is not exactly in
the same environment as the flames in the annular chamber.
Nevertheless, the single sector FDF measurements can be ef-
fectively used to interpret instability experiments in multiple
injector annular combustor systems.
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