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Open-loop control of self-excited flame pulsating oscillations and thermo-acoustic instability is considered
in thiswork. The performance of the control strategy is numerically evaluated in a 2DRijke-type combustor
with a perforated pipe implemented. It is found that approximately 38 dB sound pressure level (SPL) reduc-
tion can be achieved by actively tuning the cooling flow through the perforated pipe. Furthermore, the
vorticity-induced damping performance is contributing to the breaking up of flame-acoustics coupling.
However, the shedding of vortices is not uniformly distributed along the perforated pipe. To apply the con-
trol strategy in practice and to validate the findings, experimental studies are performed on a customer-
designed Rijke-type combustor with a perforated liner implemented. Tomimic practical engines, a cooling
flow generated by a centrifugal pump is provided to pass through the perforated pipe. Properly tuning the
cooling flow rate is found to lead to the unstable combustor being successfully stabilized. SPL is reduced by
approximately 35 dB at x1=2p � 245 Hz, and harmonic thermoacoustic modes are completely attenuat-
ing. Further study is conducted by suddenly removing the perforated pipe section. The combustion system
is found to be associated with not only classical thermo-acoustic limit cycle oscillations with a dominant
mode at 2:45� 102 Hz, but also beating oscillations at 1:4� 100 Hz. It is revealed that increasing acoustic
losses by implementing the perforated pipe is another critical mechanism contributing to attenuating
flame pulsating instability. The present work opens up an applicable means to attenuate both self-
excited high-frequency thermoacoustic and low-frequency flame pulsating oscillations.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Self-sustained nonlinear thermoacoustic oscillations are desir-
able in some applications, for example refrigeration [1,2]. However,
they are unwanted in gas turbines and aeroengines. The frequent
occurrence of such detrimental thermoacoustic oscillations in lean,
premixed combustors continues to hinder the development ofmod-
ern gas turbine engines [3]. These oscillations in the combustors are
generally generated due to the dynamic interactions between oscil-
latory flow and unsteady heat release processes [4]. These instabil-
ities characterized by large-amplitude periodic oscillations are
undesirable, since they can significantly decrease the lifetime and
regions of safe operability of the combustors [5]. Although extensive
efforts have been made, how to effectively control flame pulsation
(also known as beating oscillations) and thermo-acoustic instabili-
ties in modern aeroengines and land-based gas turbines remains a
challenge at the design stage. In these unwanted flame pulsating
and/or thermo-acoustic oscillation regimes, a dynamic and nonlin-
ear flame-acoustic coupling occurs [6,7]. These oscillations can lead
to structural vibration and overheating, even harmful conse-
quences. Thus understanding the occurrence and growth of these
thermo-acoustic and flame pulsating modes requires knowledge
not only of the flame dynamics but also the effects of the acoustic
conditions on the stability of the combustor.

Some thermo-acoustic combustors are found to be associated
with time-variant pressure amplitudes. Lieuwen [5] experimen-
tally studied limit cycle oscillations in an unstable premixed com-
bustor. Here a bluff body was used to anchor the flame. It was
found that small-amplitude beating oscillations occurs occasion-
ally, shortly before the system evolved into large-amplitude limit
cycles. However, no further investigations are conducted on the
beating oscillations, such as the frequency, amplitude and flame
motion characteristics. Chatterjee et al. [8] experimentally and
numerically studied a closed-open unstable Rijke combustor in
Virginia tech. A low-frequency mode characterizing flame
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pulsating instability between 10 and 20 Hz was experimentally
measured. According to Margolis [9], it is classified as a type of
thermal-diffusive instability, which excites the flame-sheet to
move toward and away from the burner periodically. Recently,
Weng et al. [10–12] experimentally and numerically studied an
unstable Rijke burner. As the equivalence ratio was set to the upper
and lower limit, both beating oscillations and thermo-acoustic
limit cycles at dramatically different time scales were co-
existing. To simulate the experiments, a flame model incorporating
both time scales was proposed. Flame heat loss is identified to play
a critical role in low frequency flame pulsations. However, it would
be interesting to know if there is any other losses such as acoustics
or flow contributing to the low frequency flame pulsation.

Flame pulsating instability under acoustic excitation was exper-
imentally observed at large Lewis numbers [13]. A thermo-acoustic
field was generated in a tube to increase conductive and radiative
heat loss, which enabled a clear observation of the pulsating
motion. This is due to the fact that acoustic pressure suppressed
the intrinsic hydrodynamic instability arising from thermal expan-
sion. Mejia et al. [14] experimentally and numerically assessed the
effect of flame-holder temperature on the flame transfer function
(FTF) of a laminar flame. The formation of a recirculation zone is
found to affect strongly on the FTF, when a cooled flame-holder
is considered. Kabiraj and Sujith [15] experimentally studied non-
linear transition of thermo-acoustic instabilities to flame blowout
via intermittency in a duct burner with a premixed flame. The
flame was observed to undergo intermittent lift-off and reattach-
ment. They argued that such motions arisen from the Kelvin-
Helmholtz instability of the jet flow.

The flame dynamic responses to flow/acoustic disturbances
have been extensively investigated [12]. Saurabh and Paschereit
[16] experimentally studied the dynamic response of a swirl-
stabilized premixed flame to transverse acoustic disturbances to
gain insight on the occurrence and characteristics of thermo-
acoustic instability in an annular combustor. It was found that
transverse acoustic disturbance affected the responses of the flame
quite differently in comparison acoustic forcing at low frequencies.
Li et al. [17] numerically predicted the occurrence of thermo-
acoustic instability, when a long flame was confined in a combus-
tor. Blumenthal et al. [18] theoretically studied the linear response
of premixed laminar flames to different types of velocity distur-
bances via impulse response functions. The flame responses consist
of a convective motion and a restoring motion resulting from the
combined effects of flame propagation and anchoring.

The effect of the acoustic boundaries [19] and boundary losses
is barely known, as it is difficult to control in reacting flow config-
urations. However, for a few of simple and well-controlled config-
urations, predictive means [20] have already been developed.
These means are generally applicable to the specific studied config-
uration. There is no universal modelling developed. Since there is a
lack of prediction capacity, various approaches such as active or
passive means [21–23] have been developed to attenuate the oscil-
lations resulting from these instabilities. Active control can be
implemented. There are two configurations: open- and closed-
loop (feedback). Open-loop control of thermo-acoustic instability
was experimentally tested by Cosic et al. [24] on an atmospheric
combustor. Open-loop tuning of the acoustic and fuel flow forcing
at different frequencies and intensities were applied to attenuate
limit cycle oscillations. Uhm and Acharya [25,26] applied high-
momentum air jet to open-loop active control of combustion insta-
bilities in a swirl-stabilized spray combustor. The oscillation
amplitude is found to be reduced by a factor of approximately
10. A more complete review of open-loop active control of combus-
tion systems was conducted on a gas turbine engine by Richards
et al. [27,28]. It is often used to control some input parameters,
such as secondary fuel injection, or to modulate the acoustic con-
ditions at inlet or outlet of the combustor [29]. Compared with
closed-loop configurations, open-loop approach has some attrac-
tive features such as no need of high-fidelity fuel actuators and
easier implementation [30]. However, active control typically
involves a complex and costly modification of the combustion
chamber. It is intensively studied in academic communities but
unapplicable in engine industries.

Passive control methods [31] are more reliable and robust and
effective, when designed properly. Some solutions have already
been proved to be applicable in real configurations [32,33]. The
proper design of passive means involves optimal placement of
acoustic dampers [34–37], such as quarter-wave resonators, Helm-
holtz resonators [34], or perforated liners [35]. They are generally
used to dampen specific tonable noise. Perforated liners [36] are
widely applied in mufflers. They have been the focus of many pre-
vious and on-going studies, due to their low cost and efficiency.
Their damping capacities are improved, if they are backed by a res-
onant cavity [38]. Furthermore, to protect the liners and to pro-
mote the combustor wall cooling, a cooling flow is needed, which
is known as bias flow [39]. As the bias flow through the perforated
liners, the acoustic damping performance of the liners can be dra-
matically increased, due to the enhanced vortex shedding [40].
Nonlinear interactions between the cooling flow and the perfo-
rated liners may lead to high level of acoustic pressure fluctuations
[41,42] due to incorrect implementation.

This paper describes the results of an experimental and numer-
ical investigation of both flame pulsating and limit cycle thermo-
acoustic oscillations in a Rijke-type combustor. Specially, it pre-
sents an open-loop active control approach that is effective for
damping these 2 types of oscillations and identifying another
mechanism contributing to attenuating low-frequency flame pul-
sating instability, besides the flame heat loss as identified in the
previous work [10].

2. Numerical simulations

To evaluate the idea of open-loop active control of perforated
pipe’s damping on attenuating combustion instability, a lined
Rijke-type combustor with a controllable cooling flow is numeri-
cally modelled as shown in Fig. 1. The total length Ltot of the com-
bustor is Ltot ¼ 80 cm. A premixed propane-fueled flame is
confined at Lf ¼ 13 cm away from the bottom inlet. A perforated
pipe with a large back cavity is implemented at Lf þ Ld ¼ 52 cm
downstream of the flame. The length and the inner diameter of
the perforated pipe are Ll ¼ 10 cm and D ¼ 45 mm respectively.
The boundary conditions are set as: the bottom open end is pres-
sure inlet, while the top open end is pressure outlet. Note that
the geometric dimensions and the boundary conditions of the
modelled combustor are following closely those of the experimen-
tal setup as described in the following section.

Time-dependent 2D simulations are conducted by using the
general purpose CFD code: ANSYS Fluent 15.0. Previous studies
[44,43] have confirmed that Fluent is able to simulate the unsteady
combustion-flow-acoustics interaction. It employs a control-
volume based finite-difference method to solve the unsteady con-
servation equations of mass as
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¼ 0; ð1Þ

where q is density, u is fluid velocity, t is time and x denotes the
spacial dimension. The momentum conservation equation is
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Fig. 1. (Color online) Geometry and dimension of the modelled Rijke-type
combustor with a perforated pipe implemented. Db ¼ 5 mm, a0 ¼ 10 mm,
d0 ¼ 3 mm, Dcav ¼ 200 mm, and h ¼ 5 mm.

D. Zhao et al. / Science Bulletin 64 (2019) 941–952 943
where p is pressure, lt is turbulent viscosity, and dij denotes Kro-
necker delta function. The conservation equation for the species
fractions is
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þ Rk; ð3Þ

where vk denotes the kth species mass fraction, Jk is the diffusion of
the species, and Rk is the production of the species due to chemical
reaction.

The energy conservation equation is
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where E denotes the total energy, keff is effective thermal conductiv-
ity, h denotes enthalpy, leff is effective viscosity, and T denotes the
temperature.

In these conservation equations, the turbulent viscosity lt was
introduced to model the effect of turbulence on the flow according
to the Boussinesq hypothesis. This additional unknown needs to be
determined via additional modeling, for which the RNG k� e
model in Fluent is employed. The turbulent viscosity is computed
from k, the turbulent kinetic energy, and e, turbulent dissipation,
as given in the following expression:

lt ¼ 0:0845q
k2

e
: ð5Þ

Turbulent kinetic energy k and dissipation e are determined from
transport equations of similar structure to the governing equation
for the fluid flow, as given as:
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where Gk and Gb denote the generation of turbulence kinetic energy
due to mean velocity gradients and buoyancy. YM denotes the con-
tribution of the fluctuating dilatation in compressible turbulence to
the overall dissipation rate. The model constants are
C1e ¼ 1:42;C12e ¼ 1:68. ak and ae are inverse effective Prandtl num-
ber for k and e respectively.

The combustion of propane in Fluent is simulated by a single-
step reaction mechanism as given as

C3H8 þ 5 O2 þ 3:76N2ð Þ�!3CO2 þ 4H2Oþ 18:8N2: ð8Þ
The eddy-dissipation model is used for determining the production
term Rk in Eq. (3). This production term is computed according to
the following expression:
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where m0 denotes the stoichiometric coefficient of reactants, M
denotes the molecular weight of species.

Further details can be found in the relevant text book [45–47] or
the Fluent documentation, which contains more information about
the modeling of the governing equations. By solving these govern-
ing equations with the proper boundary conditions, the lined
Rijke-type combustion system is numerically simulated. The
essential properties of the CFD model are summarized here:

� pressure-based, coupled solver (Courant number 1.0), under-
relaxation factors 0:90.

� unsteady simulation (time step size Dt ¼ 0:0001 s, second order
discretization).

� spatial discretization: second order pressure discretiation, third
order MUSCL scheme.

� turbulence dissipation (second order upwind).
� fluid: ideal gas, propane-air mixture (air mass composition:
nitrogen (76:8%), oxygen (23:2%))

� species transport model, volumetric reactions, eddy-dissipation
turbulence-chemistry interaction

� boundary conditions:
– tube and burner side walls – adiabatic
– perforated pipe wall – adiabatic
– burner tip – mass flow inlet
– lower tube end – pressure inlet
– upper tube end – pressure outlet
– cavity side surface – adiabatic
– cavity outer surface – mass flow inlet
– cooling mass flow rate is tuned by applying a cosine-shaped

function controlled via a UDF (user-defined function))
� turbulence model: k� e� RNG
� gravitational acceleration g ¼ �9:81 m=s2 along the tube axial
direction

It is worth noting that actively tuning of the cooling flow rate is
achieved by Fluent’s UDF (user defined function). The initial cool-
ing mass flow rate is determined by evaluating the mass flow rate
through the tube outlet, as no cooling flow is applied through the
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Fig. 3. (Color online) Time evolution of (a), (b) pressure fluctuation and (c) mass
flow rate of the cooling flow and the combustor inlet flow.
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perforated pipe. The boundary condition of the bias/cooling flow is
set to be constant mass flow through the perforated liner. The cool-
ing flow rate is then continuously varied by checking if the pre-
dicted pressure rms value is decreased.

The mesh consists exclusively of quadrilateral elements, in total
71,404 elements, from which 15,936 are located in the liner cavity
and 54,428 in the open ended tube. There are 23 elements along
bunsen burner outlet in radial direction and 53 elements for the
remaining tube radius yielding 76 elements along tube radius.
The tube has 348 elements along tube axial direction from inlet
to liner section. The liner section is discretized with 332 elements
in axial direction, followed by 64 elements for the remaining tube
towards the outlet. Each of the 13 orifices is filled with 8 (in axial
direction) times 10 elements (in radial direction). The liner cavity
has 332 times 48 elements. The meshes near the regions of the
liner section and the perforated orifices and the bunsen burner
are illustrated in Fig. 2.

The model is validated first as discussed in the following section
by comparing with our experimental measurements. It is then
used to predict the performance of the bias-flow perforated liner
on attenuating combustion oscillations as shown in Fig. 3. It can
be seen from Fig. 3a that large-amplitude limit cycle oscillations
are successfully produced, before the cooling flow is actuated at
t = 2.1 s. However, as the cooling flow rate is increased at
t P 2:1 s as shown in Fig. 3b, the combustion-driven pressure
oscillations are attenuated. With the increased cooling flow rate,
the limit cycle oscillations are completely attenuated at t � 5:0 s.
Time evolution of the cooling flow rate is shown in Fig. 3c. For com-
parison, the inlet mass flow rate is also provided. It can be seen that
minimizing the combustion-driven oscillations is achieved, when
the mass flow ratio between the cooling and the inlet flow is
approximately 205%.

Fig. 4 illustrates the phase diagrams of the unsteady heat
release, as time is set to 4 different values. As the cooling flow rate
is actively increased, Q 0ðtÞ is decreased. And the phase diagram of
the unsteady heat release Q 0ðtÞ is changed from an elliptical-
shape (see Fig. 4a) to a non-uniform shape as shown in Fig. 4d
Fig. 2. Numerical meshes (a) in the lined cavity section, (b) zoom-in view of th
and shrink into a point. This indicates that there is negligible
unsteady hear release and the flame front distortion should be
minimized. This will be confirmed by checking the flame image
as discuss later.
e mesh near the perforated orifices, (c) around the bunsen burner outlet.
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Fig. 5 shows the 2D contours of the heat of reaction and vortic-
ity at the perforated pipe section. It can be seen from Fig. 5a and d
that when no cooling flow is injected, limit cycle oscillations are
produced. The flame front is in the wavy shapes and periodically
varies in space and time. As the cooling flow rate is increased,
combustion-driven oscillations are attenuated. The flame front is
smoother and becomes smaller, as shown in Fig. 5b and c. This
reveals that the flame shape distortion is mainly due to the acous-
tic disturbances. However, the vorticity generated through the per-
forated pipe is intensified, as shown in Fig. 5e and f. Furthermore,
vorticity is not uniformly generated from the perforated pipe sec-
tion along the axial direction. Further downstream, more intensi-
fied vortcity is produced. This is most likely due to the acoustics
mode-shape along the tube axial direction. Near the pressure node,
there is a larger pressure difference across the orifices and thus
more vortices are produced.
3. Description of the experimental setup

To validate the numerical findings and to evaluate the potential
of implementing the control strategy in practice, a lab-scale Rijke-
type combustor is re-designed to incorporate a perforated pipe,
which is enclosed by a large cavity (15 cm� 50 cm� 50 cm). To
protect the perforated pipe, a cooling air flow, also known as a bias
flow in the literature is applied. For this, a centrifugal pump is used
to produce and force an ambient air flow through the perforated
pipe with an orifice diameter of 3 mm and join the combustion
flow in the Rijke tube as shown in Fig. 6a. A Bunsen burner with
a premixed flame is used for the combustion experiment. The
flame is confined in the lower half of a Rijke tube with a length
of Lf þ Ld ¼ 0:65 m. It is placed at Lf ¼ 13 cm from the bottom open
end of the combustor.
The lined section is a cylindrical duct perforated with hundreds
of tiny circle-shaped orifices. The length and diameter of the lined
section are Ll ¼ 100 mm and Dl ¼ D ¼ 45 mm. The perforated pipe
is enclosed in the large cavity as shown in Fig. 6a. The geometry
and dimension of the perforated pipe is summarized in Table 1.

A centrifugal pump is connected to the cavity to provide a cool-
ing flow through the perforated pipe. The mass flow rate of the
cooling flow is steady and controllable, by varying the voltage
applied to the pump. In other words, constant mass flow rate of
cooling air is supplied to the liner. A correlation between the pump
voltage and the cooling flow velocity is provided in Supplementary
materials. The voltage is tuned by monitoring the measured pres-
sure rms value. For this, there is a pressure sensor located
400 mm away from the bottom open end of the Rijke tube. It is also
a cylindrical duct. Its outer and inner diameters are 51 and 45 mm.
When the lined section is removed, the setup is converted into a
classical Rijke-type combustor with both ends acoustically open
(see Fig. 6b). Since the experimental measured pressure rms values
is used to monitor the stability condition/behaviours of the Rijke
tube. If the rms value is too small, then the cooling flow rate is
not increased any more (see Fig. 3c). This means that the measured
pressure rms is a reference signal [48–51]. The cooling flow is an
actuator. By following the previous classical review study [52],
the current control approach is an open-loop active control.
4. Experimental results and discussion

4.1. Open-loop active control

Before the centrifugal pump is actuated (i.e. no cooling flow is
injected through the perforate pipe), the flame-sustained combus-
tion instability is successfully generated from the lined Rijke-type



Fig. 5. (Color online) Two-dimensional contours of (a)–(c) heat of reaction from the premixed flame, (d)–(f) vorticity at the perforated pipe section, as time t is set to 3
different values.
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combustor at t 6 18 s, as shown in Fig. 7a. Here, the propane flow
rate is 230 mL/s. However, as the pump is actuated at t ¼ 18 s and
actively control as shown in Fig. 7c, the combustion instability is
attenuated somehow,dependingon thecoolingflowrate. Theampli-
tude of the limit cycle is minimized at t P 36 s, as shown in Fig. 7b.
However, as the pump is turned off at t P 48 s, the combustion-
excited limit cycle oscillations are reproducedwith almost the same
amplitude. This reveals that the cooling flow rate plays an important
role on attenuating combustion-excited oscillations.

Active control of the perforated pipe in the presence of a con-
trollable cooling flow results in a sound pressure level (SPL) reduc-
tion of more than 35 dB at the fundamental frequency at
x1=2p � 245 Hz, as shown in Fig. 8a. Here the sound pressure level
(SPL) with a unit of dB is defined as

SPLðxÞ ¼ 20log10
kp0

rmsðxÞk
pref

� �
; ð10Þ

where kp0
rmsðxÞk is the root mean square value of the pressure fluc-

tuations. pref ¼ 2:0� 10�5 Pa is the reference pressure.
The implementation of such active open-loop control strategy

leads to the harmonics and sub-harmonics of combustion-excited
oscillations being completely attenuated. The experimental results
confirm that actively tuning the cooling flow rate through the per-
forated pipe can lead to unstable combustion system being suc-
cessfully stabilized. Comparison between the experimental
measurements and the numerical results are then made. It can
be seen from Fig. 8a and b that the experimental and numerical
results agree well in terms of SPL reduction and the dominant
eigenmode at x1. Note that the experimental measurements are
conducted by applying B&K microphones (type 4958). The micro-
phones are calibrated by using a B&K 4228 pistonphone
(124 dB@251 Hz). The unit of measurements is Pa. However, when
we attempted to obtain frequency spectrum [53,54], we converted
the amplitude of the pressure oscillation into dB by using the
above definition of sound pressure level (SPL). Fig. 8c and d shows
the comparison between the predicted and measured pressure
fluctuations in time- and frequency-domain respectively [53]. It
can be seen that a good agreement is obtained in terms of the
amplitude and frequency of the oscillations. This confirms that
the model is applicable to simulate the experiments. Finally, a clo-
ser observation of the dominant peak in the frequency spectrum
(see Fig. 8d) reveals that there are some less apparent local peaks
near the dominant one than what Weng et al. [11] found in their
experiment. This is most likely due to the fact that an additional
bias-flow perforated liner is attached to the Rijke-type combustor.
In general, the observation of these frequencies are consistent with
the previous observation in Weng et al.’s experiments.
4.2. Damping flame pulsating oscillations

Further study is then conducted on the lined Rijke-type com-
bustor by suddenly but gently removing the perforated pipe sec-



Fig. 6. (Color online) Schematic of (a) the experimental setup with a perforated pipe and a data processing unit implemented; (b) the conventional Rijke tube without the
perforated pipe implemented.

Table 1
Geometric dimensions of the perforated pipe with circle-shaped orifices.

Parameters Values

Perforated pipe length Ll 100.0 mm
Orifice diameter Do 3.0 mm

Number of orifices per row 14
Ambient pressure p0 1:01325� 105 Pa

Porosity go 5:1%
Air density q0 1:2 kg=m3

Orifice thickness ho 5.0 mm
Number of rows 8

Ambient temperature T0 297 K
Pipe inner diameter D 45 mm
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Fig. 7. (Color online) Time trace of the measured pressure fluctuation (a) pressure
amplitude (b) controllable bias flow rate (c) in the lined Rijke-type combustion
system.
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tion. In this case, the setup is converted into the classical Rijke-type
combustor as shown in Fig. 6b. The obtained experimental results
are summarized in Fig. 9. It can be seen that as the lined section is
suddenly removed at t ¼ 22 s, the limit cycle oscillations becomes
large-amplitude beating ones. Close observation is made by plot-
ting the phase diagrams at 5 6 t 6 6 s and 25 6 t 6 26 s, as shown
in Fig. 9b and c. In the presence of the perforated pipe backed by
the cavity, thermo-acoustic oscillations are present and a circle-
shaped phase diagram is obtained. It represents the typical sinu-
soid waveform signal. It indicates that there is a dominant mode.
However, as the perforated pipe section is removed, a circle-belt
shaped phase diagram is observed. This reveals that there are mul-
tiple dominant modes. It is worth noting that the length of the
Rijke tube does affect the combustion instability characteristics
in terms of frequency and amplitude [55,56]. This is due to the
mode-shape present along the combustor, as the liner is attached
or not. When there is no lined section, the total length of the Rijke
tube is shorter. Since the tube length (both ends are pressure
nodes) is corresponding to half of the wavelength and thus the fre-
quency of the dominant mode is higher. However, when the lined
section is attached to the Rijke tube, the total length is increased.
And the frequency of the dominant mode is decreased.
To gain insights on the beating oscillations, the frequency spec-
trum and probability density function (PDF) of the measured pres-
sure fluctuations are obtained. This is shown in Fig. 10. It is clear
that in the presence of beating oscillations, there is a very low-
frequency mode at xrmf ¼ 1:4 Hz in addition to the thermo-
acoustic mode at x1 � 245 Hz. Furthermore, there are harmonics



Fig. 8. (Color online) Frequency spectrum of the experimental (a) and predicted (b) pressure fluctuation from the lined Rijke-type combustion system before and after control
(i.e. implementing cooling flow), (c) comparison between predicted pressure fluctuations and measured ones in time domain, (d) comparison of the frequency spectrum of
the predicted and measured pressure fluctuations.

Fig. 9. (Color online) Time evolution of the combustion-excited pressure oscillations before and after removing the lined section.
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of the low-frequency mode at xrmf and the thermo-acoustic mode
atx1. It reveals that the combustion system is nonlinear, as shown
in Fig. 10a.

The statistical characteristics [5] of the measured oscillations in
the presence or absence of the perforated pipe section are illus-
trated by the probability density function (PDF) of p0ðtÞ in
Fig. 10b. It can be seen that the pressure distribution peaks at
kp0ðtÞk � 152 Pa and has a U-shaped distribution about its mean,
as the perforated pipe is applied. Such U-shaped PDF represents
a typical sinusoid waveform. However, the U-shaped distribution
is quite different from the M-shaped distribution. The M-shaped
distribution represents a superposition of two or more sinusoid
waveforms with comparable amplitudes but different frequencies.
The pressure distribution becomes more uniformed and broad.

To identify the generation mechanism of such low-frequency
mode, flame motion is experimentally recorded. Fig. 11 illustrates
the periodic motion of the flame at 4 different time instants, which
are captured by a high speed camera. It can be seen that the flame
is undergoing a ‘‘pulsating” motion with a period of
Trmf ¼ 2p=xrmf � 0:71 s. For illustration and demonstration, a
recorded video of the flame motion and combustion-driven noises
is supplied as a Supplementary material. Both loud combustion
noise and flame ‘‘pulsating” motion are clearly observed. It reveals
that in the absence of the perforated pipe, flame pulsating oscilla-
tions are superimposed on the combustion-excited thermo-
acoustic oscillations. These 2 types of oscillations are associated
with dramatically different time scales. One is associated with a
period of 1=245 � 0:0041 s and the other is 1=1:4 � 0:71 s. These
Fig. 10. (Color online) Comparison of (a) the frequency spectrum and (b) probability de
lined section being removed.
periods are fundamentally different. The large-period pulsating
oscillations can be attributed to the thermal-diffusive effects,
whereas shorter-period combustion-excited oscillations [48–50]
correspond to acoustic resonances of the Rijke-type combustor.
Further study confirms that introducing the acoustic damping/loss
[51] to a combustor by implementing the perforated pipe, even in
the absence of a cooling flow, can attenuate the thermal-diffusive
instability. Such thermal-diffusive instability is conventionally
believed to be strongly coupled with periodic thermo-acoustic
oscillations. These periodic oscillations may promote flame pulsat-
ing motions by increasing flame heat loss, as discussed by Weng
et al. [10].

The acoustical energy consists of both potential and kinematic
energy [53]. Thus, it is reasonable to assume that the acoustical
energy

P
En is proportional to the potential energy. Mathemati-

cally,
P

En � pD2

4
jp0 j2
cp0

. The measured acoustic potential energy flux

from the lined Rijke (LR) tube and the classical Rijke (CR) tube
without the perforated pipe are compared, as shown in Fig. 12a.
It can be seen that the lined Rijke tube is associated with enhanced
acoustic losses (resulting from the perforated pipe) in comparison
with that in the classical Rijke tube. However, no thermal-diffusive
instability is observed. The relative change of the acoustic potential
energy flux with and without the perforated pipe is shown in
Fig. 12b. It can be seen that the potential energy flux is changed
between 30% and 83% and so the acoustic losses introduced by
implementing the perforated pipe. This suggests that decreased
acoustic losses trigger the thermal-diffusive instability.
nsity function (PDF) (b) of the measured pressure oscillations before and after the



Fig. 11. (Color online) Flame motion images over a period of xrmf=2p � 0:71 s (see attached Video).

Fig. 12. (Color online) Comparison between the lined Rijke tube and the classical Rijke tube without the perforated liner (a) the measured acoustic losses, (b) the acoustic
potential energy flux change.
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5. Conclusions

To mitigate combustion instabilities, active open-loop control of
a low-porosity perforated pipe with a cooling flow is conducted on
a Rijke-type thermoacoustic combustor. For this, both numerical
and experimental studies are conducted. A 2D numerical model
of a lined Rijke-type combustor is developed first. Numerical
results reveal that the model can not only successfully produce
limit cycle combustion-excited oscillations but be used to evaluate
the performance of the control strategy. As the cooling flow rate
through the perforated pipe is actively tuned, combustion-
excited oscillations can be completely attenuated. A wavy flame
front in the presence of thermo-acoustic oscillations is changed
to be a more smooth conical shape, when the oscillations are atten-
uated. In addition, the vorticity-induced acoustic damping contri-
bution of the perforated pipe is not uniformly distributed along
the axial direction of the combustor. The downstream of the perfo-
rated pipe contributes more to the attenuation performance of the
control strategy. This may be due to the acoustics mode shape. Fur-
ther downstream means more closer to the pressure node and lar-
ger pressure difference across the perforated pipe.

To evaluate the performance of the control approach in practice
and to confirm the numerical findings, a lined Rijke-type combus-
tor is designed and tested. A low porosity perforated pipe enclosed
by a large cavity is attached to the classical Rijke-type combustor
downstream of a premixed propane-fueled flame. The flame is
anchored on top of a Bunsen burner, which is confined at the bot-
tom part of the lined combustor. It is found that self-sustained
combustion-oscillations occur in the absence of a cooling flow.
To maximize the damping performance of the perforated pipe,
the cooling flow rate is actively controlled, based on the measured
pressure fluctuation. On implementing such active open-loop con-
trol strategy, the unstable combustor is successfully stabilized by
reducing sound pressure level over 35 dB. Finally, the perforated
pipe is found to be able to attenuate flame pulsating oscillations.
Such flame oscillations are at extremely low frequency and result
from the thermal-diffusive effect. The flame pulsating instability
is quite different from the classical thermo-acoustic oscillations
in terms of the generation mechanism and time scales. To achieve
complete attenuation of combustion-driven oscillations, the mass
flow ratio between the implemented cooling flow and the inlet
flow is found to be approximately 330%. This critical ratio is much
larger than the numerical prediction of approximately 205%. This
could be due to the assumptions made in the modelled combustor.
For example, the modelled perforated pipe is assumed to be adia-
batic. In general, the present studies confirm that implementing
perforated pipes with an appropriate amount of cooling flow could
be an effective control strategy to stabilize gas turbine combustors
and to attenuate combustion-driven tonable noise.
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