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ABSTRACT
Recent investigations of combustion instabilities in annular

systems indicate that considerable insight may be gained by us-
ing information gathered in single-sector experiments. Such ex-
periments are, for example, employed to measure flame describ-
ing functions (FDFs), which represent the flame response to in-
cident perturbations. These data may be used in combination
with low-order models to interpret instabilities in multiple injec-
tor annular systems. However, it is known that the structure and
dynamical behavior of an isolated flame do not necessarily coin-
cide with those of a flame placed in an annular environment with
neighboring side flames. It is then worth analyzing effects that
may be induced by the difference in lateral boundary conditions
and specifically examining the extent to which the FDF data from
single-segment experiments portrays the dynamical response of
the flame in the annular environment. These issues are investi-
gated with a new setup, named TICCA-Spray, that comprises a
linear arrangement of three injectors. The central flame is sur-
rounded by two identical side flames in a rectangular geome-
try with key dimensions, side-wall separation, and spacing be-
tween injectors identical to those of the annular system MICCA-
Spray. The describing function of the central flame is determined
with techniques recently developed in single sector experiments
(SICCA-Spray). The FDFs obtained in the two configurations
are compared for two swirler types having different swirl num-
bers and pressure drops. The effect of the swirl direction of the
neighboring injectors is also explored by operating with co- and

∗Address all correspondence to this author.

counter-swirl combinations. Differences between FDFs deter-
mined in the two test facilities, sometimes modest and in other
cases less negligible, are found to depend on the flames’ spa-
tial extension and interactions. The general inference is that the
FDFs measured in a single-injector combustor is better suited
if the flame-wall interaction is weak, and provided that the area
is equivalent to that of a single sector of an annular combustor.
Nonetheless, using a multi-injector system would be more appro-
priate for a more precise FDF determination.

Keywords: Flame describing function; Swirling injector;
Multiple injector combustor; Spray flames.

1 INTRODUCTION
Controlling combustion instabilities in annular systems is

still a challenge, especially in systems operating in the lean pre-
mixed mode in compact, weakly-damped geometries. These in-
stabilities are caused by a coupling between the acoustics of the
system and dynamics of the flames. The acoustic modes can
be longitudinal or more often azimuthal, corresponding to the
largest dimension of the annular chamber, and consequently to
the lowest frequencies where flames are most sensitive to distur-
bances. These instabilities are sustained by oscillations in the
heat release rate (HRR) of the flames formed by the injection
units [1–8]. It is generally considered that the transverse veloci-
ties that accompany azimuthal modes contribute to a lesser ex-
tent to the process, but some recent experiments indicate that
when the oscillation level reaches large amplitudes, these ve-
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(a) MICCA-Spray (b) SICCA-Spray (c) TICCA-Spray

FIGURE 1: (a) Photograph of the MICCA-Spray test rig. The chamber mean diameter is 350 mm and the walls are 400 mm long. (b)
View of the SICCA-Spray test rig. The cylindrical flame tube has a 69 mm inner diameter and is 200 mm long. (c) The linear combustor,
namely TICCA-Spray, equipped with three injectors. Acoustic actuators are visible at the bottom of the photograph. A photomultiplier
(in black) is installed in front of the window, behind a mask with a vertical rectangular slot serving as a spatial filter.

locities may extinguish flames located near the pressure nodal
line [9]. In an annular combustor, if the dynamics of the flames
are mainly driven by axial disturbances and well defined by the
flow fluctuations in each injector [3, 10], and if the damping rate
of the system can be estimated, it is possible to determine the
amplitude of the limit cycle and infer the nature of the azimuthal
oscillation (standing or spinning) that prevails in the system as
exemplified in [11].

The analysis of these instabilities is usually based on low-
order models accounting for the flame response to acoustic mod-
ulations and combining this with a proper description of the in-
jector dynamics and system acoustics [12]. The flame response is
conveniently represented by the flame describing function (FDF)
[13] or at least by a flame transfer function (FTF). In general,
the FDF is measured separately on a single-injector configura-
tion equipped with an acoustic flow modulation system to obtain
the open-loop response of the flame. Transfer or describing func-
tions concepts suitably represent the complex multidimensional
dynamics of real flames if the combustion region is compact with
respect to the wavelength and interactions between flames are
weak. One must also make sure that the FDF measured in single-
injector setup reliably describes the flame response and that this
knowledge can be transposed to the annular configuration.

For dynamical similarity, it is generally believed that the
confinement ratio i.e., the ratio of the injection surface area to
the backplane surface area AI/ABP, should take the identical val-
ues in the single-sector and annular configurations. This alone,
however, may be inadequate because there is a notable difference
in boundary conditions: a rigid wall cannot properly reflect pos-
sible interactions between adjacent flames. Even if the interac-
tions between the neighboring flames appear to be weak [3,4,10],

there is evidence that the proximity and arrangement of injection
units (co- or counter-rotating) may influence the dynamics of the
annular combustor [5, 14]. In addition, the flames are generally
swirling, causing a strong rotation of the burnt gases between the
flames. These effects may be enhanced if the injectors are fitted
with an outlet cup [15, 16].

Several investigations carried out in linear geometries com-
prising a few swirling injectors, indicate that relative injector po-
sitions (represented by the spacing to diameter ratio sI/dI) and
flame shapes determine the level of interactions between neigh-
boring flames [17–19]. If the flames are in close proximity and
expanding sideways, strong interactions can take place between
the reactive layers, with significant variations in the instanta-
neous heat release rate [14,20,21]. In [20], it is shown in particu-
lar that two close flames do not have the same FTF as an isolated
flame. Differences have been observed not just in the dynamical
response of the flame but also in the lean blow-off limits, as iden-
tified in a recent study [22] conducted with a multi-burner linear
combustor. One is led to think that the flame dynamics in an an-
nular system will differ from the dynamics of a flame in a single-
sector, even if the flame fronts are not in direct contact. This
aspect was already considered in the past in [23–25]. Addition-
ally, the problem of assigning a surface area to the single-injector
backplane was also discussed in [24]. It was found that to avoid
interactions between the flame and the wall in the single sector
configuration and to obtain a flame shape that matches with that
found in the annular multiple injector system, the cross-sectional
area of the single-injector combustor ABP|SIC has to be a few
times that of a single segment in the annular chamber ABP|AC,
depending on the swirl number. However, such a large distor-
tion in the surface area ratio AI/ABP might not guarantee similar
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flame dynamics in the single-injector geometry and in the an-
nular combustor. Smith et al. [25] also consider the difference
in flow and flame behaviors between single- and multi-injector
configurations, but in contrast with what was initially expected,
they find no significant changes in flame dynamics. However,
this study was carried out at a single frequency, and the flames
were only subjected to transverse acoustic modulations. Recent
investigations carried out at the EM2C laboratory [26] indicate
that FDFs measured in a single-injector cylindrical combustor
(SICCA-Spray) having the same area as one segment of an an-
nular combustion chamber (MICCA-Spray) can be used to ana-
lyze and approximately predict the instabilities observed in the
annular combustor. However, it is also noted that the flame dy-
namics in the single-injector arrangement does not completely
match that prevailing in the annular chamber.

Previous studies do not consistently conclude whether a
single-injector configuration would sufficiently represent an an-
nular combustor with multiple injectors. It is clearly impor-
tant to investigate these issues in further detail and specifically
aim at comparing FDFs obtained in single-sector and multiple-
sector systems. The choice is made to conserve the same ratio
between the injector outlet surface area and the backplane sur-
face area AI/ABP, relative spacing sI/dI , and injector diameter
in the single-sector and in the multiple-injector system. A new
test bench (designated as TICCA-Spray) was designed to com-
plement the existing single-injector (SICCA-Spray) and annu-
lar combustor MICCA-Spray. TICCA-Spray comprises a set of
three injectors in a rectangular geometry. The central flame is
surrounded by two side flames in a geometry that portrays in a
linear fashion the situation that prevails in the annular system.

This new experimental bench is described in Section 2,
which also briefly discusses the related facilities: SICCA-Spray
and MICCA-Spray. Section 3 is concerned with the flame de-
scribing function formulation and the treatment of the present
spray flames as a single input single output (SISO) system. Data
gathered in this new facility are presented in Section 4 and finally
compared in Section 5 with FDFs determined with the single-
injector configuration.

2 EXPERIMENTAL SETUP
First, it is natural to briefly describe the MICCA-Spray an-

nular combustor shown in Fig. 1(a) since it forms the basis of
the geometrical configurations for SICCA-Spray and TICCA-
Spray. This system is presented in further detail in [26]. It is
equipped with sixteen swirl-spray injectors and is now mainly
fed with liquid heptane or dodecane. It may also be operated
with a premixed flow of air and propane. The chamber is made
of transparent quartz walls open to the atmosphere. The inner and
outer diameters of the annulus are 300 and 400 mm respectively.
Strong azimuthal instabilities were first observed with a 200 mm
long inner tube and an outer tube 600 mm long [9] or 700 mm
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FIGURE 2: The injector unit comprises an air distributor, a hol-
low cone atomizer, a swirler, and a terminal plate. The terminal
plate features a converging conical shape having a diameter of
8 mm at the outlet. The schematic of the swirler is shown on the
right. The channel diameter dsc and radial location R0,sc can be
changed to vary the swirl number and pressure drop.

long [27], but in the recent studies [26], strong and persistent
azimuthal instabilities were recorded with lateral tubes of equal
length (400 mm). The instabilities of MICCA-Spray have until
now been interpreted using FDFs measured in the single-injector
facility, SICCA-Spray. This configuration is shown in Fig. 1(b)
and described in detail in [28]. The inner diameter of the flame
tube is 69 mm, which corresponds to the area of a single sector of
the annular chamber. For FDF measurements, the flame tube is
sufficiently short, with a typical length of 150 mm, to avoid any
longitudinal instabilities. Two driver units confined in cylindrical
enclosures serve to oscillate the air flow at the injector outlet.

The same injector unit is used between MICCA-spray and
SICCA-spray rigs, and its exploded view is shown in Fig. 2. Liq-
uid heptane is delivered by an axial manifold to the hollow cone
atomizer which then sprays the fuel into the combustion chamber
in the form of fine droplets. The air distributor delivers air around
the atomizer to the six channels of the radial swirler. The geo-
metrical parameters dsc representing the swirler hole diameter
and R0,sc representing the distance between the axis of the hole
and the axis of the swirler can be suitably modified to obtain dif-
ferent swirl numbers and pressure drops. The injector assembly
contains a terminal plate at its end, which has a conical hole of
8 mm outlet diameter. Two distinct swirlers, designated as 707
and 716, having different swirl numbers and pressure drops, are
investigated in what follows. These swirlers produce a clock-
wise rotation of the air flow, and their parameters are tabulated
in Tab. 1. In addition, the counterclockwise version of the two
swirlers, designated as 807 and 816, having identical geometries
as their clockwise counterpart, are also investigated. It is pointed
out that, in SICCA-Spray, the clockwise and counterclockwise
counterparts cannot be distinguished as they possess the same
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TABLE 1: Injector characteristics obtained under cold flow. ∆p
represents the pressure drop of the injector and S represents the
experimentally obtained swirl number. The head loss coefficient
σ is calculated using the equation ∆p = 1

2 ρ0σu2
b, where ub is the

bulk velocity given by ṁair/πρ0R2
inj and Rinj = 4mm. dsc is the

diameter of the swirler channels and R0,sc is the distance between
the axis of the hole and the axis of the swirler as shown in Fig. 2.
Adapted from [28].

Swirler
S ∆p σ dsc R0,sc

(-) (kPa) (-) (mm) (mm)

F1 F2

707/807 0.60 3.65 3.33 4.33 4.0 4.6

716/816 0.70 5.74 5.23 6.70 3.5 4.7

characteristics.
The newly built TICCA-Spray linear combustor is shown in

Fig. 1(c). It comprises an array of three injectors, identical to
those used in MICCA-Spray and SICCA-Spray, with a spacing
of 69 mm between injectors. The combustion chamber is formed
by four transparent windows that have a length of 205 mm, a
width of 50 mm, and a height of 175 mm. The width is equal to
the distance between the two sidewalls in MICCA-Spray and the
length to the curvilinear distance corresponding to three adjacent
injectors in MICCA-Spray. The height of TICCA-Spray is cho-
sen such that the flames are stable and also sufficiently confined
as in the annular chamber. The central flame in the linear array
is, therefore, in a configuration close to that of the annular cham-
ber, with neighboring swirling flames on each side. A slightly
converging metallic hat placed on top of the transparent cham-
ber prevents the entrainment of outside air and its inflow into the
chamber. The backplane and the metallic corner structures sup-
porting the lateral windows are cooled by circulating cold wa-
ter. A sectional view passing through the axis of the central in-
jector and perpendicular to the length of the chamber is shown
in Fig. 3. The driver units for modulating the air flow are con-
nected through elbow channels to the common air manifold (see
Fig. 1(c)). The driver units modulate the air flow longitudinally
along the axis of the injectors. In this study, each injector is sup-
plied with liquid heptane as fuel delivered by a central axial tube
passing through the plenum. The total air flow rate is controlled
by a Bronkhorst EL-FLOW® mass flow meter of 500Nm3/h
and the liquid fuel is controlled by a Bronkhorst CORI-FLOW™

mass flow meter with a full-scale of 10kgh−1. The FDF mea-
surements in TICCA-Spray are carried out on the central flame
and compared with FDFs determined in SICCA-Spray at two op-
erating conditions defined in Tab. 2. These operating points, des-
ignated as F1 and F2, correspond to the same thermal power but

TABLE 2: Operating conditions considered in this study. φ is the
global equivalence ratio and ub is the mean air flow velocity per
injector at the outlet.

Operating φ ub Pth

point (/injector) SICCA TICCA

(-) (-) (ms−1) (kW) (kW)

F1 0.85 42.7
6.4 19.3

F2 0.95 37.7

differ in the global equivalence ratio φ . While F2 is close to sto-
ichiometry (φ = 0.95), F1 is slightly lean (φ = 0.85).

The test rig is equipped with a Thorn EMI Electron Tubes
photomultiplier (PM) with an OH∗ filter centered at 308 nm. A
mask is placed in front of the PM such that it only collects light
emitted by the central flame (see Fig 1(c)). In a previous study
carried out with the same type of injectors [28], the spray flames
considered here did not show any significant spatial inhomo-
geneities of equivalence ratio during flow modulation in the fre-
quency range of interest. This is because a large part of the spray
impacts the conical wall of the terminal plate (see Fig. 2) before
exiting into the chamber. This causes strong secondary atom-
ization under the action of the air flow, and this part of the fuel
modulates approximately in phase with the air pulsations. It has
been carefully shown in [28] that the fluctuation of the overall
equivalence ratio at the injector outlet remains negligible com-
pared to the fluctuation in velocity. One may thus consider that
the spray flames investigated in the present experiments behave
like premixed flames, that their chemiluminescence characteris-
tics are similar to those of premixed flames [29, 30], and that the
OH∗ light emission may serve as an acceptable indicator of the
HRR.

The velocity in the chamber is measured with a Dantec Dy-
namics FlowExplorer 2-component phase Doppler anemometer
(PDA), which is also used to measure droplet size in the spray.
For velocity measurements, the system is configured in laser
Doppler anemometry mode (LDA) to augment the data rate com-
pared to the PDA mode. Further details of the PDA/LDA system
are provided in [28]. As will be seen later, the size of the spray
droplets at the location of velocity measurements does not exceed
a mean diameter of 8 µm, resulting in a low drag for the droplets
in the air flow. As a first approximation, it is therefore possible to
consider that the droplet velocities correspond to the air velocity
at the injector outlet in the frequency range of interest.
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FIGURE 3: Sectional view of the TICCA-Spray combustor in a
plane perpendicular to the length and passing through the central
burner axis.

3 DETERMINATION OF FLAME DESCRIBING FUNC-
TION (FDF)
Generally, in flames that are formed by a spray of fuel con-

veyed by a stream of air, one expects to find equivalence ratio
fluctuations together with velocity fluctuations. One would have
to determine two describing functions, one pertaining to equiva-
lence ratio disturbances and the other to velocity or volume flow
rate disturbances. One would write in general,

Q̇′/Q̇ = FΦ(Φ
′/Φ)+Fv(q̇′v/q̇v) (1)

The flame would then have to be treated as a multiple input sin-
gle output (MISO) system. However, as mentioned in Section 2,
the relative equivalence ratio disturbances are an order of magni-
tude smaller than the volume flow rate (or velocity) disturbances.
One may then only consider the effects of volume flow rate dis-
turbances (as an SISO system) and focus on the determination of
Fv. This is admittedly an approximation, but it is applicable in a
situation where the relative HRR fluctuations are essentially in-
duced by relative flow rate or equivalently velocity disturbances.

The FDF Fv gives the nonlinear response of the flame to
the incoming acoustic perturbation as shown in Eq. 2 under the
assumption that the equivalence ratio fluctuations are negligi-
ble compared to the volume flow rate fluctuations (i.e, φ ′/φ �
q̇′v/q̇v). In what follows we will drop the subscript v and simply
use F to designate the FDF.

F(ω,q′v) =
Q̇′/Q̇
q̇′v/q̇v

(2)

In the above equation, q̇v is the volumetric flow rate, Q̇ rep-
resents the HRR, (·)’ refers to fluctuations, and (·) refers to mean
of a quantity. It is experimentally difficult to obtain a measure
of flow rate fluctuations at the injector outlet, especially when
there is a swirling flow with large shear zones. It is rather easier
to measure the local velocity fluctuations instead by optical ve-
locimetry techniques such as LDA or by hot wire anemometry.
The equation of FDF can then be rewritten as:

F(ω, |u′c,r|) =
Q̇′/Q̇

u′c,r/uc,r
= G(ω, |u′c,r|)eiϕ(ω,|u′c,r |) (3)

where, G = |F| and ϕ = arg(F) represent the FDF gain
and phase and u′c,r is a reference acoustic velocity fluctuation
determined at the base of the flame (subscript ‘c’ referring to
the measurement in the chamber) at a certain distance r from
the center of the injector and at a particular height h from the
chamber backplane. Equations (2) and (3) are equivalent only if:

q̇′v/q̇v = u′c,r/uc,r (4)

It is crucial that the velocity measurement at the injector out-
let be obtained at a location where Eq. 4 is valid and this has
been carefully considered in a previous study by the same au-
thors [28]. As the velocity measurements by LDA require op-
tical access, they are obtained at h = 2.5mm above the injector
exit plane. It is also found in [28] that the radial position r of the
velocity measurement point that fulfills Eq. 4 corresponds to the
maximum of the mean axial velocity for the swirling injectors
considered here. For swirlers 707 and 807, this radial location is
at r = 3.5mm, and for swirlers 716 and 816, this is at r = 4mm.

Measurements are performed by subjecting the flame to dif-
ferent levels of acoustic velocity fluctuations induced by the four
driver units located at the bottom of the plenum. A wave gen-
erator produces sinusoidal waves with an amplitude V0 (peak to
peak) ranging from 0.5 V to 2.9 V in steps of 0.3 V, and a lin-
ear frequency sweep is performed from 250 Hz to 850 Hz for a
time duration of 133 s at each amplitude level. Modulating the
air flow with different amplifier voltages produces different ve-
locity fluctuation levels at the injector exit. The processor of the
PDA/LDA system simultaneously acquires the PM voltage while
measuring the velocity. The signals are then interpolated and re-
sampled to obtain the cross power spectral density between the
relative HRR and velocity modulations. It is ensured that the
number of droplets passing through the LDA measurement vol-
ume is high enough (≈ 30kHz) to have sufficient sampling rate.
The coherence between the input relative velocity disturbances
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(a) 707-707-707; F1 (b) 807-707-807; F1 (c) 707; F1

(d) 707-707-707; F2 (e) 807-707-807; F2 (f) 707; F2

(g) 716-716-716; F1 (h) 816-716-816; F1 (i) 716; F1

(j) 716-716-716; F2 (k) 816-716-816; F2 (l) 816; F2

FIGURE 4: Flame images in TICCA-Spray (left and middle) and SICCA-Spray (right). Images are adjusted to have the same aspect
ratio.

and output relative HRR disturbances is calculated, and the cor-
responding data are retained only if this coherence is at least 0.9
i.e., σ2 = |SQ̇′u′c,r

|2/(SQ̇′Q̇′Su′c,ru′c,r)≥ 0.9.

4 RESULTS AND DISCUSSION
It is interesting to first examine flame images recorded

in TICCA-Spray and compare them with images obtained in
SICCA-Spray to uncover differences in terms of flame shapes.
This will help interpret the FDF measurements corresponding to
the different swirlers that are first shown for TICCA-Spray and
then compared with the FDFs determined in SICCA-Spray.

4.1 Flame images in TICCA-Spray and SICCA-Spray
The flame images are recorded by a Panasonic Lumix FZ38

digital camera under steady conditions, and the driver units at
the bottom of the test rigs are inoperative while capturing these
images.

Figure 4 shows the flame images of TICCA-Spray and
SICCA-Spray formed by the different swirling injectors at the
two operating points. The flames formed by 707 (with adjacent
co- or counter-rotating swirlers) in TICCA-Spray are, in gen-
eral, longer and narrower with negligible interaction between the

flame fronts of adjacent flames. Similarly, the flames of 707 in
SICCA-Spray feature lesser interaction with the chamber walls
but are comparatively shorter than in TICCA-Spray.

The flames established by 716 (with adjacent co- or counter-
rotating swirlers) in TICCA-Spray are shorter and broader com-
pared to 707, which results in augmented interaction with the
neighboring flames. This can be notably seen at F1 in Fig. 4 (g)
& (h) where the flame fronts touch their neighbors at the top. In
SICCA-Spray, the flame interacts strongly with the wall, and the
side branches impinge onto the chamber enclosure. At F2, the
flames in TICCA-Spray are weakly interacting with the neigh-
boring flames, and similarly, the flame interaction with the wall
is reduced in SICCA-Spray. With 716, the side flames of TICCA-
Spray possess a shape similar to the wall-bounded flames of
SICCA-Spray, which differs from the shape of the central flame
in TICCA-Spray. The flames that interact with the wall feature
wings on their sides that reach up to the lateral boundaries. This
feature is absent in the flames of 707, and it may be attributed to
the reduced expansion of the flame and correspondingly reduced
wall interaction. No visible difference is observed in the flame
images between co- and counter-rotating neighbors. For the two
swirlers, the flames at F2 are evidently brighter as they operate
at a higher equivalence ratio. The general differences in the lat-
eral extent of the flames between 707 and 716 may be linked to

6 Copyright © 2022 by ASME

Preethi Rajendram Soundararajan



(a) 707-707-707; F1 (b) 707-707-707; F2

(c) 807-707-807; F1 (d) 807-707-807; F2

(e) 716-716-716; F1 (f) 716-716-716; F2

(g) 816-716-816; F1 (h) 816-716-816; F2

FIGURE 5: Gain G and phase ϕ of FDFs measured in TICCA-Spray at the two operating conditions. The color scale represent the
velocity fluctuation levels measured at the injector outlet.

the higher swirl number of the latter, leading to a larger inner
recirculation zone and a more open flow field.

4.2 FDFs measured in the linear array facility TICCA-
Spray

The FDFs measured in TICCA-Spray for the various
swirlers and operating points are displayed in terms of gain G
and phase ϕ in Fig. 5 for a range of frequencies and velocity
fluctuation levels. Data are smoothed using a five-point mov-
ing average and shown only if the coherence between HRR and
velocity signals is at least 0.9. Substantial variations in the ve-

locity fluctuation amplitudes are obtained up to 600 Hz beyond
which the system is only weakly responsive to acoustic pertur-
bations. The fluctuation level remains relatively low (≈ 5%) be-
yond 600 Hz, and the signal levels are quite weak to consider any
variation in the FDF. But it is still possible to analyze the flame
dynamics linearly (FTF) in this range.

Nonlinearity, especially in the gain, is observed between
400 Hz and 600 Hz for all the operating conditions except for
707 with adjacent counter-rotating swirlers at F1 (Fig. 5 (c)).
The phase, however, is mostly independent of fluctuation am-
plitude except for 707 at F2 (Fig. 5 (b) and (d)) and 716 at F1
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(a) 707-707-707 (b) 807-707-807

(c) 716-716-716 (d) 816-716-816

FIGURE 6: Gain G and phase ϕ of the FDFs measured in TICCA-Spray showing comparison between the two operating points for the
different swirler combinations (F1: blue, F2: red). Results are only plotted at two amplifier voltages V0 = 1.4V (solid line with marker)
and 2.9 V (solid line without marker) to illustrate the differences.

(Fig. 5 (e) and (g)) in the vicinity of 500 Hz (with both co- and
counter-rotating neighbors).

The change in equivalence ratio affects both the gain and
phase of FDF, as can be seen in Fig. 6. The results are presented
only at two amplifier voltages for better clarity. This difference
is comparatively modest in the gain of 707 with both adjacent
co- and counter-rotating swirlers. The phase evolution for 707
is nearly the same at F1 and F2 until 550 Hz, beyond which the
phase at F1 shows a plateau before increasing again. For 716,
increasing the equivalence ratio from F1 to F2 results in an in-
crease of the gain, and the difference reaches as high as three
times at 700 Hz. The phase evolution nevertheless remains the
same at the two operating points.

4.3 Comparison of FDF between co- and counter-
rotating swirl

The TICCA-Spray test rig allows to examine the effect of
having counter-swirling flames next to the central flame rotating
in the clockwise direction. Obviously, this effect could not be
examined in SICCA-Spray. Figure 7 shows, on the same graphs,
the comparison of FDFs plotted in terms of amplifier voltages
for the two swirler units and operating points when having ad-
jacent co- or counter-swirling flames. Although a representation
in terms of amplifier voltage is not physically intuitive, it is re-
minded that they, in turn, are linked to velocity fluctuations. To

read these values, the reader is referred to Fig. 5.
Overall, the FDF of 707 does not depend on the type of the

adjacent swirlers. Both gain and phase generally remain the same
with both co- and counter-rotating swirlers, except for a minor
difference in gain at V0 = 1.4V. On the contrary, the FDF of 716
has a higher dependence on the neighboring flames, especially
at F1. Both the FDF gain and phase moderately differ depending
on whether the adjacent swirlers are of 716 or 816 type. The gain
with counter-rotating neighbors is slightly higher than that deter-
mined in the co-rotating case, whereas the phase takes slightly
higher values with co-rotating swirlers. On the other hand, the
difference in the FDF of 716 between co- and counter-rotating
swirlers is only modest at F2, with minor variations in gain be-
yond 600 Hz. However, in this region the velocity fluctuation
level is quite low (refer to Fig. 5 (f) & (h)) to reasonably identify
a difference.

The reason for this variation in the dynamic response of the
flame depending on the adjacent swirlers can be well understood
from the flame images shown in Section 4.1. Flames with 707
are narrower and have visibly weaker interactions with adjacent
flames. Thus, the FDF of 707 is influenced to a lesser extent by
the presence of a co- or counter-rotating neighbor. In contrast,
716 flames are wider, and the span of the neighboring flames
evidently extends to the central flame, resulting in stronger in-
teractions with the neighbors. This interaction is strong at F1,
as seen from Fig. 4 (g) & (h) where the wings of the neighbors
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(a) F1 (Central swirler: 707) (b) F2 (Central swirler: 707)

(c) F1 (Central swirler: 716) (d) F2 (Central swirler: 716)

FIGURE 7: Gain G and phase ϕ of the FDF measured in TICCA-Spray with co- (solid lines with marker) and counter-swirl (solid lines
without marker) swirler combinations at the two operating points F1 and F2. Results are presented for two amplifier voltage V0 = 1.4V
and 2.9 V of the driver units.

touch the central flame. This is manifested in the FDF as a strong
variation in gain and phase between co- and counter-swirling
flames. However, at F2, the flame is comparatively narrower,
and its interaction with the side flames is weaker, resulting in
similar FDF evolution in configurations where the central flame
that rotates in the clockwise direction is surrounded by counter-
clockwise neighbors.

5 COMPARISON OF FDF MEASURED IN TICCA-
SPRAY AND SICCA-SPRAY
This section compares the FDF measured in the three-

injector test rig TICCA-Spray against the measurements from
the single-injector test rig SICCA-Spray. The results of FDF in
SICCA-Spray have been previously presented in [28]. This com-
parison will identify the adequacy of the widely used procedure
of obtaining the FDFs from a single-injector test rig. The com-
parison of the FDFs pertains to the central swirler in TICCA-
Spray when the adjacent flames are of co-rotating type. Fig-
ure 8 shows the FDF in terms of gain and phase between the
two configurations. The FDFs obtained in SICCA-Spray are rep-
resented as solid lines with markers, and the FDF determined
in TICCA-Spray is represented by solid lines without markers.
These lines are colored according to the velocity fluctuation lev-
els. The span of the FDF data obtained is represented by the col-

ored bands. The levels of velocity fluctuations between the two
systems match in the range from 300 Hz to 600 Hz. Beyond 600
Hz the signal level in TICCA-Spray is too weak and the coher-
ence between the input velocity and the output heat release rate
modulation is low, unlike in SICCA-Spray. At F1, a difference
in gain exists for both swirlers; while this difference is modest
for 707, the gain of 716 is significantly higher in SICCA-Spray
than in TICCA-Spray. The reason for the higher gain in SICCA-
Spray could be attributed to the flame-wall interaction illustrated
in Fig. 4 (i). Such interactions induce strong variations in the
flame surface area, which in turn contribute to sound production,
as shown by Candel et al. [31]. At a higher equivalence ratio, the
flame of swirler 716 is narrower and features reduced interaction
with the chamber walls in SICCA-Spray and adjacent flames in
TICCA-Spray, possibly explaining similar gain values between
the two systems at F2. The gain of 707 at F2 is nearly the same
between the two systems except for some minor differences at
low frequencies.

On comparing the phase curves, one observes that the phase
of 707 takes lower values in TICCA-Spray than in SICCA-Spray
but nearly evolves in a similar fashion for both operating points.
The dependence of the phase on the input velocity fluctuation
level is prominent for swirler 707 at F2. With 716, the phase
takes the same values between TICCA-Spray and SICCA-Spray
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(a) 707; F1 (b) 707; F2

(c) 716; F1 (d) 716; F2

FIGURE 8: Comparison of gain G and phase ϕ of the FDFs measured in the multiple-injector setup TICCA-Spray (solid lines without
marker) with co-rotating neighbors and in the single-injector system SICCA-Spray (solid lines with marker) at the two operating points
F1 and F2, and for the swirlers 707 and 716. The levels of velocity fluctuations u′c,r/uc,r are indicated by the color levels and the span of
the FDF data is represented by the colored bands.

at F1, thereby indicating similar values for the time delay be-
tween velocity and HRR fluctuations. On the other hand, the
phase for the swirler 716 at F2 has a different behavior than at
F1; although it has a similar evolution, the phase value measured
with TICCA-Spray is lower than that measured with SICCA-
Spray. This means that the time taken for the velocity fluctua-
tions produced at the injector exit to reach the entire flame area
will be the same between the two systems at F1, except that the
phase is shifted by a constant value unlike at F1. The behavior
at F2 is similar to the observations with swirler 707 but different
from the behavior of swirler 716 at F1. Further diagnostics of
the flow and flame behavior would be necessary to explain the
observed differences.

The differences in FDF between the two systems can be
much appreciated by considering a model for instability predic-
tion such as the ones proposed in [28] for acoustically weakly-
transparent injector or [12] for acoustically transparent injectors.
As shown in the above works, the phase of the FDF often deter-
mines whether or not the system falls with an “unstable band”,
which can be used to predict a potential instability at a partic-
ular frequency. Furthermore, the gain of the FDF determines
the growth rate, which relates to the amplitude of instability,
provided the growth rate is originally higher than the damping
rate imposed by the system. This indicates that, for swirler 707,

one could reasonably obtain similar growth rates irrespective of
whether the FDF is measured with an isolated flame or in an en-
vironment where the flame is surrounded by adjacent neighbors.
Regarding the phase, it was shown that, despite having similar
slopes, it takes lower values in TICCA-Spray than in SICCA-
Spray. This introduces some uncertainty in the prediction of a
potential instability. Looking at the phase curves in Fig. 8 (a) and
(b), the horizontal shift between the curves corresponds to about
50Hz. This means that a potential instability prediction for fre-
quencies within 50Hz of the boundaries of the unstable band will
be affected by this uncertainty. Regarding swirler 716, although
one would obtain similar growth rates at F2, there would be a sig-
nificant error at F1 owing to the differences in the measured gain
between SICCA-Spray and TICCA-Spray. On the other hand,
one would obtain a good determination of unstable bands at F1
as the phase takes the same values, whereas there would be some
uncertainty at F2 due to the differences observed in the phase of
FDF.

The above results indicate a moderate but non-negligible dif-
ference in the FDF between the two combustors and whether the
FDF measurement should be done in an isolated flame or a flame
surrounded by the neighboring flames cannot be universally de-
cided but rather depends on the flame geometry. In general, one
would obtain an approximate prediction of the instability of an
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annular combustor using the FDF measured in a single-injector
combustor if the flame-wall interaction is not too strong and pro-
vided that the backplane area is equivalent to single sector of
the annular combustor i.e., the area ratio AI/ABP is maintained.
If AI/ABP is not conserved, the single-injector combustor would
feature a different flow pattern as can be seen in [24]. Nonethe-
less, a multi-injector system reflecting the flame-flame interac-
tion found in the annular combustor would be worthwhile to get
an accurate FDF and predict the instabilities more precisely.

6 CONCLUSION
This article primarily reports flame describing functions

(FDF) measurements on a newly-developed three-injector lin-
ear test rig. In a first-of-its-kind study, FDFs measured in an
isolated flame formed by a confined single-injector combustor
are compared to those corresponding to a flame surrounded by
neighboring side flames to identify the effect of lateral bound-
ary conditions. Measurements of FDFs are carried out with two
swirlers varying in swirl intensity at two operating points differ-
ing in global equivalence ratio. The three-injector configuration
allows to additionally study the effect of neighboring swirl direc-
tion on the FDF by placing either co- or counter-rotating swirlers
in the lateral injectors.

Comparisons of FDFs measured in the single-injector
SICCA-Spray and in the linear array TICCA-Spray reveal dif-
ferences in gain and phase at a level that depends on the oper-
ating conditions. In general, larger differences arise in the gain
in cases where flame-wall interactions are strong. In other cases
where flame front interactions with lateral boundaries are less
pronounced, the FDF gain remains almost the same between
the two configurations. The phase curve corresponding to the
multiple-injector situation features the same slope but exhibits
an offset with respect to that determined in the single-injector
system. This will have a moderate but non-negligible impact on
predictions of instabilities based on FDFs measured in a single-
injector combustor. The direction of rotation of the adjacent
swirlers becomes particularly important when the flame fronts
are having pronounced interaction with their neighbors. If such
interactions are negligible, the FDF is nearly the same with co-
or counter-rotating neighbors.

The experiments reported here at eight operating conditions
indicate that the decision on the suitability of measuring the
FDF in an isolated flame or in an environment where a flame
is surrounded by adjacent side flames has no single answer but
rather depends on the flame geometry produced by the injector.
In general, the FDFs measured with a single-injector combustor
would approximately represent a multi-flame system if the flame-
wall/flame-flame interaction is minor. In this case, an order-of-
magnitude prediction of instability in an annular combustor can
be obtained using the FDFs measured in a single-injector com-
bustor provided that the single-injector combustor possesses the

same area as the single sector of the annular combustor. A multi-
injector system will still be needed if one requires a more precise
FDF measurement.
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