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Abstract 

In this paper we demonstrate direct suppression of self-excited thermoacoustic instabilities over a range of 
operating conditions using targeted convective-acoustic interference. Premixed hydrogen enriched methane- 
air flames were confined in a cylindrical pipe resulting in self-excited instabilities that corresponded to the 
quarter wave mode of the pipe. To suppress the instability, the phenomenon of lock-in (synchronisation) 
between the acoustic mode and vortex shedding from a set of cylinders placed upstream was used to pro- 
duce destructive interference and suppress the self-excited modes. This was done by varying the location of 
the cylinders to control the convective time-delay between the convective and acoustic modes so that their 
combined effect on the flame response was tuned to suppress the global fluctuation of the heat release rate. 
This leads to a reduction in the limit-cycle amplitude and stable operation without a significant change to 

the flame structure. Measurements were taken over a wide range of equivalence ratios to demonstrate that 
the method is capable of stabilising the system for all conditions. Using a methodology which relies on time- 
delays related to hydrodynamic instability, rather than flame-related parameters, enables its application to 

fuel-flexible systems, often designed to operate within a wide range of power outputs. 
© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

Gas turbines can play a significant role in accel-
erating the transition to net zero carbon in power
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generation and aviation sectors if they burn hydro- 
gen. In the former case, the role of the gas turbines 
are changing from constant base load to dynamic 
operation. In the latter case, the use of hydrogen fu- 
els in aviation is more challenging. For both appli- 
cations, the need to predict and prevent thermoa- 
coustic instabilities remains a significant technical 
and scientific challenge [1–5] . 
behalf of The Combustion Institute. This is an open 
org/licenses/by/4.0/ ) 
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2 A reviewer kindly pointed out that a similar effect has 
Thermoacoustic instabilities occur when the
uctuations of heat release rate (HRR) from the
ombustion process couples with the fluctuations
n the pressure of an acoustic mode of the com-
ustor. Early on, it was recognised that one of the
ey drivers of these fluctuations was the coupling
ith vortex shedding (convective modes) produced
y the burner geometry [6,7] which can modify
he relative phase of the fluctuations (time-delay)
hat governs the stability of the system [8] . The
ime-delay, together with the gain of the flame re-
ponse, depends on the geometry and operating
onditions and is often characterised through the
lame Transfer Function (FTF). The FTF models

he flame response as an impulse-response function
hat behaves as a low-pass filter where the cut-off 
requency and characteristic time-delay scales with
he ratio between the flame length and flow velocity
9–12] . Combined with an acoustic network model,
he FTF can the be used to determine the stability
f the system [13,14] . 

It was also recognised early on that small
hanges in the geometry, for example altering
he position of the swirler relative to the flame,
ould alter the time-delay and affect stability of 
he system [15] . Several passive and active con-
rol strategies of combustion instabilities have ex-
loited modifying the time-delay or phase of the
ystem under consideration [16–18] . More recently
everal studies have shown that both equivalence
atio fluctuations and swirlers can directly mod-
fy the gain and phase of the FTF via convective-
coustic interactions [19–23] . These modulations
ere first attributed to swirl number fluctuations

eading to a mode-conversion process that occurs
hen acoustic waves impinge on the swirler wanes

24,25] . However, similar modulations have also
een observed when moving the fuel injection lo-
ation leading to fluctuations in equivalence ratio
26,27] . 

In [11,28] modulations of the gain and phase
ere also observed when the swirler was replaced
y cylinders which demonstrated that the under-

ying mechanism that modified the FTF was not
nly restricted to swirlers but was a more general
esponse to convective interference. The modula-
ions in the gain were shown to originate from
he flow upstream of the flame via a hydrody-
amic transfer function relating the acoustic and
onvective contributions to the velocity fluctua-
ions. In this instance the convective-acoustic in-
erference that led to modulations in the gain and
hase of the FTF was due to lock-on (synchroni-
ation) between the acoustics and the vortex shed-
ing from the cylinders [29,30] . It was then demon-
trated that the scaling of the lock-on could be
sed to tailor the convective-acoustic interference
o modify the flame response and damp or amplify
he gain of the FTF by careful placement of the
ylinders [31] . 
Please cite this article as: E. Æsøy, G.K. Jankee, S. Yadala et al.
by convective-acoustic interference, Proceedings of the Combust
The advantage of using cylinders instead of 
swirlers to control the level of convective-acoustic
interference was threefold: (1) The natural shed-
ding frequency follows a classical Strouhal number
scaling [32] , (2) the time-delay between the vortex
shedding and the acoustic oscillations at the burner
exit is one dimensional and therefore easily scaled
[11] . In swirling flows this convective delay is more
complex due to the inclusion of an azimuthal com-
ponent [33] . (3) Varying the position of the cylin-
ders upstream does not significantly change the
mean flame structure compared to changes in the
swirl number [22,34] . Although [31] showed that the
FTF could be modified by tailoring the acoustic-
convective interference by changing the upstream
location of the cylinders, suppression of a self-
excited instability was not demonstrated. 

In this paper, we use the methodology pro-
posed in [31] to demonstrate that it can be used
to effectively control and suppress self-excited ther-
moacoustic instabilities in premixed flames over a
wider range of operating conditions. We demon-
strate that by using cylinders and following a proce-
dure based on simple scaling parameters (described
later in the paper), we are able to completely sta-
bilise a self-excited premixed flame without any sig-
nificant change to its mean structure. To the best of 
the authors knowledge this approach has not been
explicitly demonstrated before 2 , and it offers a very
simple method of passive control, shown to be ef-
fective over a wide range of operating conditions,
potentially well suited for fuel flexible systems. 

2. Experimental setup 

2.1. Geometry and operating conditions 

A schematic of the burner geometry is shown
in Fig. 1 and is similar to that described in previ-
ous studies [11,12,28,31] . A Cartesian coordinate
system (x, y, z ) is centred on the bluff body as in-
dicated in Fig. 1 (b). Premixed hydrogen enriched
methane-air flames were stabilised on a bluff body
with diameter 13mm mounted at the end of a rod
of diameter 5 mm . Premixed air and fuel enter the
base of the rig through two diametrically opposed
ports before expanding into a large plenum sec-
tion and then contracting into inlet pipe of diame-
ter 19 mm . The bluff body/rod assembly is centred
in the inlet pipe and is flush with the dump plane.
The combustion chamber consisted of a quartz
pipe of diameter 44 and height 80 mm and an exten-
der ring equipped with a thermocouple ( T 2 ) which
enabled the length of the combustion chamber to
be varied by adding steel pipes of different length
been observed in a ramjet combustor [35,36] . 

, Suppression of self-excited thermoacoustic instabilities 
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Fig. 1. Experimental setup. (a) Picture and schematic of the setup. (b) Important time, velocity and length scales and pic- 
tures of the cylinders placed upstream to generate convective/acoustic interference through synchronised vortex shedding. 
The top view image is taken without the bluff body to view the cylinders. 

Table 1 
Summary of operating conditions: N is the number of cases, L g /d g is the normalised distance between the cylinders to the 
dump plane, P H 

and V H 

are the hydrogen power and volume fractions, � the equivalence ratio, P the thermal power, and 
ū and ū p the bulk velocities at the dump plane and in the injector pipe. 

Cases N L g /d g P H 

V H 

� P [kW] ū [m/s] ū p [m/s] 

“no-cylinder” 6 32.5 0.4 0.67 0.5-0.75 2.6-3.7 10 5.7 
“control-cases” 36 4–7 0.4 0.67 0.5-0.75 2.6-3.7 10 5.7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in order to find self-excited modes. The quartz pipe
was long enough to visualise the whole flame. 

Air and fuel were controlled using Alicat mass
flow controllers (MFCs) and were premixed suffi-
ciently far upstream to avoid equivalence ratio fluc-
tuations. Ranges of 0–1000 and 0–50 standard litres
per minute were used for the air and fuel lines,
respectively. The operating conditions of the pre-
mixed hydrogen enriched methane-air flames inves-
tigated are summarized in Tab. 1 . The power frac-
tion of hydrogen was kept constant at P H 

= 0 . 4 cor-
responding to a volume fraction V H 

= 0 . 67 , while
the equivalence ratio � was varied. 

2.2. Instrumentation and data acquisition 

The system stability was quantified through
measurements of the fluctuating components of 
pressure, p ′ , and global heat release rate (HRR),
Q 

′ . The acoustic pressure p ′ was measured at three
locations along the length of the injector pipe us-
ing Kulite XCS-093-0.35D (range 0 − 35 kPa ) pres-
sure transducers (see Fig. 1 (a)). The global HRR
Q was measured using two Hamamatsu H11902-
113 photomultiplier pipes equipped with UV band
Please cite this article as: E. Æsøy, G.K. Jankee, S. Yadala et al.
by convective-acoustic interference, Proceedings of the Combust
pass filters ( 310 ± 10 nm and 430 ± 10 nm for OH 

∗

and CH 

∗ chemiluminescence, respectively). The in- 
tensity is assumed to be proportional to the global 
HRR [37] . The signals were digitized by a 24-bit NI 
9174 DAQ and sampled at a rate of 51.2 kHz. 

Images of the flame were taken with a Phantom 

V2012 high speed camera equipped with LaVision 

Intensified Relay Optics (IRO) unit and a Cerco 

2178 UV lens. An OH 

∗-filter ( 310 ± 10 nm ) was 
added to capture the HRR and the images were 
sampled at 10 kHz in the x − y plane. Additionally, 
the temperature was recorded using two thermo- 
couples, one placed in the cold reactants T 1 , and 

a second placed in the combustion chamber T 2 . 
These were used to ensure thermal equilibrium be- 
fore taking measurements of pressure and HRR. 

2.3. Application of the instability control procedure 

A combustion chamber length of L c = 430 mm 

was chosen as it results in a self-excited instability 
at around 400 Hz which corresponds to the quarter 
wave mode of the pipe. The aim is to damp a given 

instability by moving the cylinders, see Fig. 1 (b), to 

a location L g where the convective-acoustic inter- 
, Suppression of self-excited thermoacoustic instabilities 
ion Institute, https://doi.org/10.1016/j.proci.2022.08.033 

https://doi.org/10.1016/j.proci.2022.08.033


4 E. Æsøy, G.K. Jankee, S. Yadala et al. / Proceedings of the Combustion Institute xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: PROCI [mNS; October 7, 2022;13:35 ] 

Fig. 2. (a) Schematic illustrating the acoustic/convective 
interference utilised to control the flame response. (b) 
Measurement of the unforced velocity spectra taken at lo- 
cation A, 3 d g downstream of the cylinder. 
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erence reduces the fluctuations in the HRR as de-
cribed in detail in [31] . 

Briefly, the method is based on a superposition
f convective disturbances associated with vortex
hedding from the cylinders relative to vortex shed-
ing at the dump plane with a relative time-delay
enoted τ3 in Figs. 1 (b) and 2 (a) where τ3 = τ2 − τ1 .
 simple explanation of the interference mecha-
ism is illustrated in Fig. 2 (a). Given the Mach
umber M � 1 , acoustic perturbations occur ap-
roximately simultaneously at the cylinders and at
he flame base which sets τ3 . When the instability
requency is sufficiently close to the natural vor-
ex shedding frequency of the cylinders, synchro-
ised convective waves are generated at the dump
lane and the cylinder locations where the acoustic
scillations act as a clock. The flame response to
hese waves share the time-delay τ1 relative to the
entre of heat release rate at H (see Fig. 1 b). By
uning τ3 the degree of convective interference can
e controlled by changing the cylinder position L g

s shown in Fig. 2 (a) which takes advantage of the
Please cite this article as: E. Æsøy, G.K. Jankee, S. Yadala et al.
by convective-acoustic interference, Proceedings of the Combust
phenomenon of lock-on between the acoustic field
and the vortex shedding mode of the cylinders [29] .
To significantly modify the response, the procedure
consists of three steps described below: 

(1) The diameter of the cylinders should be chosen
such that their natural vortex shedding frequency f n
coincides with the natural frequency of the unstable
mode. 

To match frequencies around 400 Hz, the cylin-
der diameter d g and the bulk velocity in the inlet
pipe ū p were scaled based on the optimal Strouhal
number. 

St d g = 

f n d g 
ū p 

≈ 0 . 3 . (1)

Three cylinders with diameter d g = 5 mm (see
Fig. 1 (b)) were chosen for a constant bulk veloc-
ity of u = 10 m / s at the dump plane. As shown in
Fig. 2 (a), the characteristic velocity in the pipe is
u p = 5 . 7 m / s and gives us St d g ≈ 0 . 3 . However, if
we define the velocity scale at the mid-plane of the
cylinders u c = 8 . 6 m / s due to the change in flow
area around the cylinders we obtain a St d g ≈ 0 . 2 .
A measurement of the unforced velocity energy
spectra is shown in Fig. 2 (b) which shows how the
choice of velocity scale affects the normalised nat-
ural vortex shedding frequency. Interestingly, when
choosing Strouhal number based on ū c ( St d g ≈ 0 . 2 ,
shown by the red line), we recover the classical scal-
ing of the Kármán vortex street [32] . However, the
correct velocity scale for the Strouhal number is the
velocity of the approach flow ( ̄u p ) and deviations to
classical scaling are expected given this is an inter-
nal flow. 

(2) The cylinders should be placed sufficiently
close to the flame such that the convective fluctua-
tions are of similar order to the acoustic fluctuations.

Measurements were taken with the 5 mm cylin-
ders for a range of locations L g /d g < 7 ( L g <
35 mm ). These are the “control-cases” shown in the
second row of Tab. 1 . To quantify the system re-
sponse without the influence of the cylinders, a set
of smaller cylinders ( 2 mm ) were placed sufficiently
far upstream ( L g /d g > 30 ) to ensure that the vor-
tices have decayed. These were required to center
the bluff body in the injector pipe. The cases are
referred to as the “no-cylinder” cases shown in the
first row of Tab. 1 as the wake is mixed out by the
injector exit. 

(3) The minimum gain is obtained by match-
ing the time-delay normalised by the oscillation fre-
quency f τ3 = 0 . 5 , 1.5, and 2.5, where τ3 = L g / ̄u p as
shown in Figs. 1 (b) and 2 (a). 

For cylinders in a cross flow, these values are
predictable due to the simple nature of the convec-
tive wave propagation inside the pipe [28,31] 

The stability of the system was measured while
varying the equivalence ratio � and cylinder loca-
tion L g systematically. A total of 42 conditions were
tested. The range L g /d g = [4 − 7] corresponding to
f τ3 = [1 . 4 − 2 . 45] was chosen. This corresponds to
, Suppression of self-excited thermoacoustic instabilities 
ion Institute, https://doi.org/10.1016/j.proci.2022.08.033 

https://doi.org/10.1016/j.proci.2022.08.033


E. Æsøy, G.K. Jankee, S. Yadala et al. / Proceedings of the Combustion Institute xxx (xxxx) xxx 5 

ARTICLE IN PRESS 

JID: PROCI [mNS; October 7, 2022;13:35 ] 

Fig. 3. (a) Stability map for the “no-cylinder”cases: RMS 
fluctuations of pressure ( p ′ 1 ) and oscillation frequency 
plotted against equivalence ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Gain of the FTF at � = 0 . 7 .The cylinders modi- 
fies the gain by introducing modulations. 
a range of f τ3 where the interference is predicted to
change from being destructive close to L g /d g = 4
and 7, and constructive close to 6. 

2.4. FTF measurements 

For completeness and to supplement discus-
sion of the results, FTFs were also measured to
relate changes in the self-excited system stabil-
ity to the forced flame response. Using the 5 mm
cylinders, FTFs were measured for � = 0 . 7 at
7 locations in the range L g /d g = [4 − 7] and for
the no cylinder case. When measuring FTFs the
shorter quartz combustion chamber ( L c = 80 mm )
was used to ensure stable operating conditions
with the same flame shape. Acoustic forcing was
provided by two Monacor KU-516 horn drivers
mounted in the plenum section and driven by a
QTX Sound PRO1000 power amplifier. The forc-
ing signal p ref was generated using an Aim-TTi
TGA1244 signal generator to generate harmonic
velocity oscillations with a constant amplitude of 
| ˆ u | / ̄u = 0 . 05 over the measured frequency range of 
50 − 1000 Hz , following the same procedure as in
[11,31] . 

The FTF is defined as 

FTF (ω) = 

ˆ Q / Q̄ 

ˆ u / ̄u 
= G exp ( j�) , (2)

where ω = 2 π f and relates the normalised fluctu-
ations of HRR and acoustic velocity at the dump
plane ( x = 0 ), obtained using the multiple micro-
phone method [38,39] . If the gain, G, is large the
oscillations in HRR are amplified by the acoustic
oscillations. 

3. Results 

3.1. Self-excited response without cylinders 

First, the stability of the system is characterised
for the no-cylinder cases. Fig. 3 plots how the
root mean square (RMS) fluctuations of pressure,
Please cite this article as: E. Æsøy, G.K. Jankee, S. Yadala et al.
by convective-acoustic interference, Proceedings of the Combust
p ′ RMS , varies with equivalence ratio, �. The stabil- 
ity map shows that the system is stable when � < 

0 . 6 whereas strong self-excited instabilities are pro- 
duced when � ≥ 0 . 6 . The self-excited modes cor- 
respond to the quarter wave mode of the combus- 
tion chamber. The amplitude grows quickly with 

increasing � from 0 . 5 kPa at � = 0 . 65 to > 1 kPa at 
� = 0 . 7 . The corresponding frequency of the self- 
excited mode is also shown and is found to increase 
with � due to the increase in flame temperature T a . 
From � = 0 . 6 to 0.75, the frequency increases by 
about 10% which is approximately similar to the in- 
crease in 

√ 

T a . 

3.2. Tailoring the flame response 

To demonstrate the effect of varying the cylin- 
der location on the flame response, a total of eight 
FTFs were measured at � = 0 . 7 . 

Fig. 4 shows the gain G of the FTF for the no 

cylinder case (black line) and at three cylinder po- 
sitions L g /d g = [4 , 5 , 6] (coloured lines). For refer- 
ence, a dashed vertical line is added at f = 400 Hz 
which corresponds to the frequency of the unsta- 
ble mode without cylinders present (see Fig. 3 ). The 
gain for the no cylinder case resembles a low-pass 
filter with peak values in the low frequency range 
and reduces at higher frequencies. The gain re- 
sponse for the different cylinder locations L g /d g = 

[4 , 5 , 6] shows that when placed sufficiently close 
to the burner exit they exert a strong influence 
on the flame response, resulting in large ampli- 
tude modulations that significantly increase and de- 
crease the gain. These measurements validate step 

(2) in Section 2.3 , i.e. the cylinders are placed suf- 
ficiently close to the dump plane to have a strong 
impact. The modulations are superimposed on the 
no-cylinder case illustrating that the response is due 
to convective-acoustic interference [28] . 

When L g is varied, the frequencies where gain 

maxima and minima occur shift due to a change 
of the convective-acoustic time-delay τ3 . Since ū p 
, Suppression of self-excited thermoacoustic instabilities 
ion Institute, https://doi.org/10.1016/j.proci.2022.08.033 
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Fig. 5. Mean flame OH 

∗ images and stream-wise inte- 
grated profiles of the mean an RMS fluctuations in the 
HRR for varying cylinder position. 
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s kept constant, the frequency shift of the modu-
ations is proportional to L g . When L g /d g = 4 , the
ime-delay is shorter than at L g /d g = 6 and hence,
he maxima and minima of the FTF appear at
igher frequencies. 

The effect of the cylinders can also be seen in
ig. 5 where the mean flame shapes are shown

or L g /d g = [4 , 5 , 6] . The integrated profiles of the
ean and RMS HRR, q̄ and q ′ RMS , are shown be-

ow. Although the flame shape is slightly modified
hen the image plane lies across one cylinder (see
ig. 1 (b)), the flame length which determines the
ean time-delay τ1 and cut-off frequency [11,12] ,

emains similar. This is confirmed by the collapse
f the FTFs for the different L g at higher frequen-
ies as shown in Fig. 4 . The effect of the cut-off 
requency is also illustrated with the additional axis
n Fig. 4 , where the gain G drops exponentially for
f H/ ̄u > 1 . Here, H is defined as the barycenter of 
he mean HRR q̄ ( H = 

∫ 
x ̄q d x/ 

∫ 
q̄ d x ) integrated

n the transverse direction direction. There is, how-
ver, a small increase in the RMS fluctuations due
o the presence of the cylinders. 

Following the same analysis as in [31] , parame-
ers are extracted from the FTFs by fitting them to
 distributed time lag (DTL) model: 

TL T (ω) = DTL 1 + DTL 2 (3)

TL i = E 

+ 
i + E 

−
i (4)

 

±
i = 

g i 
2 

exp 

(
−1 

2 
(ω ± βi ) 2 σ 2 

i − jωτi 

)
, (5)

here g i , ω i , βi , and τi are model constants. The
odel is only used here to demonstrate consistency

etween the model parameters and the physics un-
erpinning the three-step procedure. 

The model represents the flame response as a su-
erposition of two delayed responses with distribu-
ions DTL 1 and DTL 2 in the frequency domain.
Please cite this article as: E. Æsøy, G.K. Jankee, S. Yadala et al.
by convective-acoustic interference, Proceedings of the Combust
The modulation frequency βi corresponds to the
preferred frequency where the maximum response
of each distribution occurs and g i , σ 2 

i , and τi are the
gain, variance, and mean time-delay respectively. In
the time domain these correspond to impulse re-
sponse functions [40] . For more details of the pro-
cedure and description of the model see [11] . 

In Fig. 6 (a,b) the important parameters τ3 and
β2 are respectively plotted against L g / ̄u p and L g /d g .
The extracted time-delay τ3 is equal to L g / ̄u p , as was
also shown in [11,31] . The modulation frequency
is approximately a constant β2 ≈ 350 Hz , corre-
sponding to St d g ≈ 0 . 3 , consistent with the vortex
shedding frequency. This is expected as moving the
cylinder does not change its natural vortex shed-
ding frequency and hence β2 ≈ f n . 

Using the DTL model, the gain and phase mod-
ulations can be expressed by: 

	G 

G 

= 

∣∣∣∣ FTF 

DTL 1 

∣∣∣∣ − 1 , 	� = ∠ 

FTF 

DTL 1 
. (6)

If 	G/G > 0 , the gain of the FTF is increased and
if 	G/G < 0 the gain is reduced. Similarly, 	�
quantifies the changes to the phase/time-delay. 

Model parameters are extracted for all cases
and the modulations are shown in Fig. 6 (c–e). In
Fig. 6 (c) the gain modulations are plotted against
Strouhal number based on the cylinder diame-
ter St d g defined in Eq. (1) . The dimensional fre-
quency is also shown for ease of interpretation. As
predicted, the modulations are approximately cen-
tred at the cylinder’s natural shedding frequency at
St d g ≈ 0 . 3 (see Fig. 2 (b)). Changing L g does not
change the shedding frequency but instead shifts
the modulations within the envelope defined by
| DTL 2 | / | DTL 1 | indicated by the black lines. As dis-
cussed in [31] , the envelope quantifies the frequency
range where lock-in with vortex-shedding from the
cylinder occurs. 

To show that τ3 determines the frequency shift
of the modulations, the modulations are plotted
against the normalised frequency f τ3 in Fig. 6 (d,e).
When scaled by τ3 , the modulations collapse on top
of each other and the wavelength of the modula-
tions is unity. At f τ3 = 1 and 2, the interference
is constructive, increasing the gain to peak values.
Conversely, at f τ3 = 0 . 5 , 1.5. and 2.5, the interfer-
ence is destructive reducing the gain to minimum
values. Fig. 6 (e) shows that at f τ3 = 0 . 75 , 1.25,
1.75, and 2.25, significant changes to the phase
� are present, altering the time-delay. The black
lines in (d) and (e) correspond to cos (2 π f τ3 ) and
sin (2 π f τ3 ) , which are proportional to 	G /G and
	� respectively. 

We emphasise that the results presented in this
section demonstrate that the scaling of 	G and 	�
with L g and ū p are simple to predict and hence, mea-
surements of the FTF are not needed to implement
the method which is demonstrated next. 
, Suppression of self-excited thermoacoustic instabilities 
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Fig. 6. (a,b) variation of DTL parameters τ3 = τ2 − τ1 
and β2 with L g . (c and d) Gain ( 	G /G ) and e) phase 
( 	�/π ) modulations. d) and e) are plotted against the 
normalised frequency f τ3 aligning the modulations. The 
black lines in d) and e) correspond to cos (2 π f τ3 ) and 
sin (2 π f τ3 ) , which are proportional to 	G /G and 	�, 
respectively. A, B, and C correspond to f = 400 Hz for 
L g /d g = 6 , 5, and 4, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Stability map for the “control-cases”: RMS fluc- 
tuations of pressure ( p ′ 1 ) with the cylinders placed at 
different positions L g /d g . The background colour corre- 
spond to cos (2 π f τ3 ) , which is proportional to 	G /G (see 
Fig. 6 (d)). 

Fig. 8. Phase-portraits at � = 0 . 7 plotting p ′ 1 against Q 

′ 
for the “no cylinder” case and with cylinders placed at A, 
B, and C, corresponding respectively to L g /d g = [6 , 5 , 4] 
and f τ3 = [2 . 1 , 1 . 75 , 1 . 4] . 
3.3. Controlling the self-excited response 

The next step is to measure the amplitude of the
self-excited instabilities for varying cylinder posi-
tion, L g . Fig. 6 shows that to minimise the gain, L g

should be chosen to give f τ3 = 0 . 5 , 1.5, or 2.5 at
the self-excited frequency f ≈ 400 Hz (see Fig. 3 ). 

The response of the self-excited modes to vary-
ing L g is shown in Fig. 7 which plots the RMS of the
pressure fluctuations, p ′ RMS , against L g . The differ-
ent colors correspond to different equivalence ra-
tios shown in the range � = [0 . 5 , 0 . 75] which is the
same range as in Fig. 3 . The background colour
shows the gain response predicted by the f τ3 scal-
ing which takes the form cos (2 π f τ3 ) and is pro-
portional to 	G /G , similar to the black line in
Fig. 6 (d). 

Fig. 7 shows that varying L g leads to significant
changes in the amplitude of the pressure oscilla-
Please cite this article as: E. Æsøy, G.K. Jankee, S. Yadala et al.
by convective-acoustic interference, Proceedings of the Combust
tions. The system is unstable for all values of � in 

the region 5 < L g /d g < 6 . 5 and stable for L g /d g < 5 
and L g /d g > 6 . 5 . These regions closely coincide to 

the regions where the gain of the FTF is increased 

and decreased and is directly correlated to the nor- 
malised convective-acoustic time-delay f τ3 . As pre- 
dicted, maximum damping of the instability am- 
plitude occurs when f τ3 = 1 . 5 and 2.5, whereas 
maximum amplitude occurs when f τ3 = 2 . Fur- 
thermore, these values of f τ3 are independent of 
�. This has important implications since changes 
to the flame properties on the thermoacoustic be- 
haviour are harder to predict. Hence, this method 

is potentially well suited for fuel flexible systems. 
To illustrate the influence of different cylinder 

positions on the flame dynamics, phase portraits of 
Q 

′ and p ′ 1 are plotted in Fig. 8 . The cylinder posi- 
tions L g /d g = [6 , 5 , 4] are annotated as A, B, and C. 
These correspond to f τ3 ≈ [2 , 1 . 75 , 1 . 5] , where re- 
, Suppression of self-excited thermoacoustic instabilities 
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Fig. 9. Time series of p ′ 1 (black) and Q 

′ (red) and snap- 
shots of the convective waves with cylinders placed at A, 
B, and C, corresponding respectively to L g /d g = [6 , 5 , 4] 
and f τ3 = [2 . 1 , 1 . 75 , 1 . 4] . 
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Fig. 10. Stability map comparing the “no cylinder”
case with the “control-cases”, where the cylinders are 
placed at L g /d g = [6 , 5 , 4] , correspond respective to 
f τ3 = [2 . 1 , 1 . 75 , 1 . 4] . Matching f τ3 ≈ 1 . 5 stabilises the 
system for all values of �. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pectively 	G/G > 0 , 	� > 0 and 	G/G < 0 (see
ig. 6 ). The top panel shows the case without the

nfluence of the cylinders. 
In panel A, where 	G/G > 0 , the amplitudes

f Q 

′ and p ′ 1 are greater than the no-cylinder case.
owever, the shapes of the phase portraits are

omewhat similar, showing that the phase is not sig-
ificantly altered. This is consistent with Fig. 6 (e)
here 	� ≈ 0 . The trajectory formed resembles
n approximately straight line with a positive slope
nd indicates that Q 

′ and p ′ 1 are oscillating in phase
here the maximum and minimum values coincide.

In panel B a circular pattern in the phase por-
rait emerges. However, the amplitudes of Q 

′ and
p ′ 1 are similar to the no-cyclinder case. The differ-
nt response is due to the shift of the phase 	�
hich is large at f τ3 ≈ 1 . 75 (see Fig. 6 (e)). Due

o the phase shift, the trajectory resembles an or-
ital pattern indicating that Q 

′ and p ′ 1 now lag each
ther. Considering the Rayleigh criterion, a change

n the phase should also alter the amplitude of the
imit-cycle. In this case it should reduce due to the
e-phasing of Q 

′ and p ′ 1 . Although at f τ3 = 1 . 75 ,
he gain modulations should be small, Fig. 6 (d)
hows that 	G/G > 0 , which compensates for the
hange in the phase. This feature is also observed
n the phase portrait where the amplitude of Q 

′ in
 is larger compared to the no-cylinder case. This

uggests that the strategy of tuning the phase by
atching f τ3 = [1 . 25 , 1 . 75 , 2 . 25] may be less ro-

ust than tuning the gain. 
In panel C where f τ3 ≈ 1 . 5 is matched, the pres-

ure fluctuations are significantly reduced and the
ystem is stabilised. The reduction in the pressure
mplitude results from destructive interference can-
elling the coherent part of Q 

′ . 
To illustrate how the two convective waves in-

eract, time series of p ′ 1 and Q 

′ along with a sketch
f the convective waves inside the injector pipe and
long the flame are shown in Fig. 9 . At A, the two
aves are in phase driving oscillations, at B, they
re a quarter period out of phase leading to a delay
Please cite this article as: E. Æsøy, G.K. Jankee, S. Yadala et al.
by convective-acoustic interference, Proceedings of the Combust
between p ′ and Q 

′ , and at C they are out of phase
leading to stable operation. 

The cases in Figs. 8 and 9 are only shown for
� = 0 . 7 . To demonstrate that the method works
over the full range of �, a stability map for the
cylinder positions L g /d g = [6 , 5 , 4] as well as the
no-cylinder case are shown in Fig. 10 . The annota-
tions A, B, and C correspond to the phase portraits
in Fig. 8 . As discussed above, at A the amplitude of 
p ′ 1 is increased, at B p ′ 1 is similar, and at C p ′ 1 is sig-
nificantly reduced. 

By matching f τ3 ≈ 1 . 5 , p ′ 1 is reduced for all val-
ues of �. This shows that the method can con-
trol the onset of thermoacoustic instabilities for
a fuel flexible system where the goal is to oper-
ate in a wide range of operating conditions. How-
ever, caution must be exercised as the cyclinders
can also be used to destabilse the system. This is
illustrated when � < 0 . 65 for the case when the
cylinders are located at L g /d g = 5 and 6. In these
cases the gain is increased compared to the no-
cylinder case. The method presented herein relies
on a predictable scaling of the time-delay τ3 which
is straight forward for cylinders in a uniform flow
where the shedding frequency is well understood.
Determining τ3 is not trivial for more complex ge-
ometries and flows, for example with swirlers which
have a significant azimuthal velocity component
[19,20,23,31,33] . 

4. Conclusion 

In this paper we demonstrate that self-excited
thermoacoustic instabilities can be controlled us-
ing targeted convective-acoustic interference. The
method recently proposed in [31] is implemented
and tested on a laboratory scale combustor. Cylin-
ders are placed upstream of the flame to gener-
ate targeted interference between synchronised vor-
tex shedding from the cylinders and the acous-
, Suppression of self-excited thermoacoustic instabilities 
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tic forcing driving HRR oscillations. Tuning of 
the time-delay between the vortex shedding from
the cylinders and the flame is achieved by varying
the position of the cylinders to promote destruc-
tive convective-acoustic interference and damp the
flame response suppressing the self-excited mode.
The method is based on careful tuning of a hy-
drodynamic instability and hence is not dependent
on the flame parameters. Measurements were taken
with and without cylinders for a wide range of 
equivalence ratios to demonstrate that the method
is capable of stabilising the system for a wide range
of operating conditions, demonstrating its poten-
tial application to fuel flexible combustion systems.
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