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To suppress combustion instabilities, perforated liners can be fitted along the bounding walls of a combustor to

provide acoustic damping. These liners are typically subjected to a low-Mach-number bias flow (a cooling flow

through perforated holes), and they tend to be effective only over narrow frequency ranges. To investigate the

damping effect of perforated liners on plane acoustic waves and to increase their effective frequency range,

experiments andnumerical simulations are carried out. An acoustically driven pipe system containing a lined section

was designed and experimentally tested. The length of the pipe system, along with the bias flow rate, could be varied.

The experimental results showed that the liner damping depended on both the pipe length and the bias flow rate, in

agreement with predictions from the numerical model presented by (Eldredge, J. D., and Dowling, A. P., “The

Absorption of Axial Acoustic Waves by a Perforated Liner with Bias Flow,” Journal of Fluid Mechanics, Vol. 485,

No. , 2003, pp. 307–335.). To maintain the acoustic damping of the liner in the presence of large frequency changes

(corresponding to instability frequency changes in a combustor), real-time tuning of perforated liners was

experimentally investigated. Both a pipe length parameter and the bias flow rate were sequentially tuned using a

multiple-parameter tuning scheme. The scheme required two algorithms to be developed: one for characterizing the

liner’s acoustic damping in real time and another for sequentially determining the two optimumactuation signals for

the damper tuning. The former involved developing a real-time version of the two-microphone technique for

resolving the two plane acoustic wave strengths, which is widely applicable. On implementing these algorithms in the

pipe system, optimal damping of the liner was achieved and maintained over a broad frequency range.

I. Introduction

M ORE stringent requirements on emissions mean that
combustors in ground-based gas turbines and aeroengines

need to operate under lean premixed conditions in order to achieve
lowNOx. However, under lean premixed conditions, combustors are
more susceptible to combustion instabilities. Combustion insta-
bilities [1] are generated by an interaction between acoustic waves
and unsteady combustion. Unsteady heat release is an efficient
acoustic source and generates acoustic waves. These pressure waves
propagatewithin the combustor and partially reflect from boundaries
to arrive back at the combustion zone, where they cause more
unsteady heat release. Under certain conditions, this feedback can
result in large and damaging self-excited oscillations.

To suppress combustion instabilities, the coupling between
unsteady heat release and the pressure perturbation must somehow
be interrupted. Perforated liners along the bounding walls of a
combustor can be used as acoustic dampers; they dissipate acoustic
waves, preventing further perturbations in heat release. The liners are
typically made of metal, are arranged in layers, and have tiny
perforated holes in them [2–5]. In practice, a cooling air flow through

the perforated holes (known as a bias flow) is needed to prevent the
liners from being damaged by high temperatures (see Fig. 1).
Remarkably, the bias flow is found to increase liner damping
performance [6,7]. Their main damping mechanism involves vortex
shedding generated over the rims of the perforated holes [8]. One
current drawback of such liners is that they tend to be effective over a
limited frequency range and cannot respond to changes in operating
conditions.

The perforated holes are too small to simulate accurately in most
computational codes, and so analysis of perforated liners is currently
restricted to modeling, measurement, and specialized direct
numerical simulations (DNSs). Tam et al. [9] carried out time-
domain DNS of a single liner and showed that vortex shedding is the
dominant mechanism of absorption for incident waves of high
amplitude. Reichert and Biringen [7] proposed a time-domain
approach that introduced a source term to the momentum equations,
and they assessed the effect of a bias flow numerically. They found
that, with an optimum bias flow rate, the liners damping efficiency
was significantly improved over that with no bias flow. This finding,
shared by Follet et al. [6], has supported the idea of tuning the bias
flow rate to improve the liner damping performance.

The majority of modeling work has been carried out in the
frequency domain. Howe [10] modeled the acoustic energy dis-
sipated by the periodic shedding of vorticity for a single orifice in a
high-Reynolds-number flow using a Rayleigh conductivity. Follow-
ing Howe’s research, Hughes and Dowling [11] studied the acoustic
damping of screens with a regular array of slits and circular
perforations with mean bias flow, showing that all impinging sound
could be absorbed at a particular frequency in theory. Jing and Sun
[4] experimentally investigated the effect of the screen thickness and
the bias flow rate, showing that an appropriate bias flow rate can
significantly increase damping and that the screen thickness is
crucial.
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Much of the precedingwork concluded that the choice of bias flow
rate was crucial to obtain the best possible damping performance
from a given liner. The recent modeling and experimental work of
Eldredge and Dowling [2] developed this idea further. They used a
one-dimensional duct model with a homogeneous liner compliance
to numerically simulate a loudspeaker-driven cold-flow pipe system.
Both the bias flow rate and the loudspeaker forcing frequency were
varied. They found that the liner damping was strongly dependent on
the bias flow rate at some frequencies (e.g., 273, 473, and 647 Hz),
but at others (e.g., 374 Hz), the bias flow rate had little effect. Their
analysis also showed that the liner damping was dependent on not
only the bias flow rate but also on the position of the liner along
the pipe.

In this work, both experiments and numerical simulations are
carried out: first, to investigate the damping effect of perforated
liners, and second, to increase their effective frequency range using
tuned passive control [12,13]. Our experimental setup is based on
that of Eldredge andDowling [2], but in our case, both the pipe length
and the bias flow rate are made variable. In Sec. II, the experimental
setup is described, and the dependence of the liner damping (defined
in different ways) on the pipe length and the bias flow rate is
discussed. In Sec. III, the numerical model of Eldredge and Dowling
[2] is used to simulate the experiments. This uses a homogeneous
liner compliance embodying the liner dampingmechanism to couple
the linearized flow conservation equations across the liner. The
numerical and experimental results are compared, and design
guidance insights for optimizing the liner damping performance are
extracted. Finally, in Sec. IV, in order to broaden their effective
frequency range, the tuning of perforated liners was experimentally
investigated. Both the pipe length parameter and the bias flow rate
were varied simultaneously using a multiple-parameter tuning
scheme. This involves developing algorithms for characterizing the
liner damping in real time and for determining the optimum bias flow
rate and the pipe length. The former algorithm involved developing a
real-time version of the two-microphone technique for resolving the
two plane acoustic wave strengths, which is widely applicable. On
implementing these algorithms, it was found that the optimum
dampingwas achieved andmaintained over a broad frequency range.

II. Description of Experiment

A. Experimental Setup

To investigate the acoustic damping of a perforated liner, a cold-
flow axial pipe system containing a small length of double-layer liner
was experimentally set up, as shown schematically in Fig. 2. The pipe
system had no imposed mean flow passing through it. Both the bias
flow rate through the liner and the pipe length to one side of the lined
section were made variable.

The double-layer liner (with thickness of 3 mm) was encased in a
large cavity, as shown in Fig. 3b. A controllable supply of air was fed
into the cavity by a centrifugal pump to produce biasflow through the
liner (measured by a pitot probe in the cavity inlet). The measured
flow rate was then used to calculate the corresponding bias flow rate
through the perforated holes. In this way, the bias flow rate was
calibrated from 0 to 12 m=s. The centrifugal pumpwas controlled by
an analog output channel through a four-channelDMXdimmer pack.

The centerlines of the perforated holes in the inner liner were tilted at
an angle by approximately 45�, so that the flow passing through them
would travel in the absence of a mean pipe flow.

A loudspeaker with an amplifier was attached to one end of the
pipe to generate acoustic waves in the pipewith amagnitude between
90 and 140 dB and a frequency between 300 and 700 Hz. This
frequency range was well below the cut-on frequency of the first
radial mode of approximately 3300 Hz. The pipe to the other side of
the lined section was open and consisted of a fixed-length piece and
an extension piece, as shown in Fig. 3a. The extension piece could be
moved horizontally along the tube axis by a Maxon direct current
(DC) motor (controlled by an EPOS24/5 controller), as shown in
Fig. 3c. Thismade the downstream pipe lengthLd variable from 1.32
to 1.78 m.

Three pressure sensors (Kulite transducers) were placed on the
tube sections to either side of the liner. The Kulite transducers
(hereafter referred to as Kulites) were calibrated by a calibration box
and piston phone (124 dB at 250 Hz) before being used, as shown in
Fig. 3c.

The geometry of the liners and the experimental setup, and the
positions of pressure transducers (Kulites), are summarized in
Table 1.Here, x1 to x6 denote the axial positions of theKulite sensors,
and Lu denotes the length of the pipe upstream of the liner (i.e.,
containing the loudspeaker forcing). Note that there is no mean flow
through the pipe, but the end containing the loudspeaker will be
referred to as the upstream end. Ld denotes the pipe length to the
other side of the liner (which includes both the fixed and extension
tube lengths), Lext and Dext denote the extension length and its
internal diameter, respectively,L is the liner length,D1,D2, �1, and �2

Fig. 1 Schematic of typical perforated liner/plate.

Fig. 2 Schematic of experimental setup.

Fig. 3 Experimental rig setup, double-liner lined section, Kulite

calibration box, and Maxon DC motor controller.
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are the diameters and open-area ratios of the inner and outer liners,

respectively, �Mh1 is the bias flow Mach number through the inner
liner holes, d1 and d2 are the diameters of the perforated holes of the
inner and outer liners, respectively, Sp is the pipe cross-sectional
area, and T is the measured temperature.

A LabVIEW program was developed to vary the downstream
length and the bias flow rate and to acquire pressure measurements.
The pressure perturbations measured by the Kulites are used to
determine the amplitudes of the incident and reflected waves

upstream and downstream of the liner [i.e., I�t� and R�t�], as shown
in Fig. 2, using the two-microphone technique [14–16].

B. Preliminary Investigations

Initial investigations were carried out to study the effect of varying
the downstream pipe length and the bias flow rate on the acoustic
damping of the perforated liner. The acoustic damping can be
characterized by either considering the pressure amplitude at a given
location or by considering the acoustic wave energy being absorbed
(i.e., power absorption). Power absorption � is defined in terms of
the incident and reflected waves on either side of the lined section, as
shown in Eq. (1). Theoretically, the achievable maximum power

absorption is approximately 83%, as shown by [2]. Here, Î�!� and
R̂�!�denote the Fourier transforms of the incident and reflectedwave
amplitudes I�t� and R�t�, respectively, in Fig. 2. One can envisage
many situations where absorbing the most acoustic power would be
the aim:

�� 1:0 � jR̂d�!�j
2 � jR̂u�!�j2

jÎu�!�j2 � jÎd�!�j2
(1)

There are many other situations, such as in a combustor, where
(instead) it may be desirable to minimize the pressure amplitude at a
given location, such as the flame location. For this reason, the

Table 1 Geometry of the experimental pipe system

Parameter Value Parameter Value

x1 �0:578 m d1 0.75 mm
x2 �0:478 m D2 0.152 m
x3 �0:378 m d2 3.0 mm
x4 0.1 m T 293.0 K
x5 0.2 m �Mh1 0.0–0.036

x6 0.3 m Dext 0.125 m
xu �0:958 m L 0.178 m
Sp 0:0127 m2 Ld 1.32–1.78 m
�1 0.04 Lext 1.0 m
�2 0.02 Lu 0.78 m
D1 0.127 m

Bias flow M
h1

L
d (

m
)

647 Hz

0 0.012 0.024 0.036
1.32

1.44

1.56

1.68

1.78

0

20

40

60

80

Bias flow M
h1

L
d (

m
)

473 Hz

0 0.012 0.024 0.036
1.32

1.44

1.56

1.68

1.78

0

50

100

150

L
d (

m
)

374 Hz

0 0.012 0.024 0.036
1.32

1.44

1.56

1.68

1.78

0

50

100

L
d (

m
)

273 Hz

Bia flow Mh1 Bia flow Mh1

0 0.012 0.024 0.036
1.32

1.44

1.56

1.68

1.78

0

50

100

150

200 (Pa) 150 (Pa)

100 (Pa)200 (Pa)

Fig. 4 Variations of pressure amplitude with downstream pipe length Ld and bias flow Mach number Mh1, as measured experimentally.
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Fig. 5 Variation of power absorption with downstream pipe length Ld and bias flow Mach number Mh1, as measured experimentally.
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preliminary investigations considered the effect of downstream
length and bias flow rate on both power absorption and pressure
amplitude at a given location.

Considering first the variation of pressure amplitude at a given
location, chosen to be k4, the effect of varying the downstream pipe
length and bias flow rate was experimentally measured and shown in
Fig. 4 at four different frequencies. It can be seen that the pressure
amplitude can be reduced to approximately 0 Pa at each frequency, as
long as the downstream pipe length is properly chosen. This reveals
that the pressure amplitude depends on downstream pipe length
much more strongly than on bias flow rate: the latter having little
effect on the pressure amplitude minima, for which the location is
independent on the presence of the lined section (or biasflow). This is
due to the constructive interference between the incident and
reflected waves [8].

Considering now the variation of power absorption with the
downstream length and the bias flow rate, this was experimentally
measured and shown in Fig. 5. It can be seen that the power
absorption can be increased to approximately 80%at each frequency,
when both the downstream pipe length and the bias flow rate are
properly chosen. Moreover, the maximum power absorption region
becomes smaller as forcing frequency increases and the acoustic

wavelength becomes smaller. The results reveal that, in order to
maximize the acoustic power being absorbed, both the downstream
pipe length and the bias flow ratemust be optimized. In summary, the
findings from the preliminary tests support the idea that the liner
effectiveness (however it may be defined) can be robustly optimized
over a broad frequency range by tuning both the downstream length
and the bias flow rate.

III. Numerical Investigations of Perforated
Liner Damping

A. Description of One-Dimensional Numerical Model

To numerically simulate the preceding experiments, the numerical
model developed by Eldredge and Dowling [2] was used. This is a
frequency domain code that models the flow fluctuations as being
due to plane acoustic waves traveling in opposite directions. The
fluctuations are assumed to be linear with respect to the mean flow.
The loudspeaker forcing in the experiments is simulated by imposing
an inward traveling acoustic wave in one section of the duct (with the
amplitude chosen to match that in the experiments). A pressure
reflection coefficient at the other end of the duct is used to simulate
the open tube end. The acoustic wave strengths within and on either
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Fig. 6 Pressure amplitude variation at k4 with downstream pipe length Ld and bias flow Mach number Mh1, asMu is fixed at 0.0.
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Fig. 7 Power absorption variation with downstream pipe length Ld and bias flow Mach number Mh1, asMu is fixed at 0.0.
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side of the lined section are related using the flow conservation
equations along with a homogeneous compliance liner model
(adapted from the Rayleigh conductivity for a single aperture).

B. Numerical Simulations

The variations of both the pressure amplitude at k4 and the power
absorption with the bias flow rate and the pipe length are determined
numerically and shown in Figs. 6 and 7, respectively. It can be seen
from Fig. 6 that the achievable pressure minima is close to 0 Pa at all
four frequencies, and the regions of the minimum and maximum
pressure amplitudes are periodic in the pipe length Ld. However, the
minimum pressure amplitude regions become thinner, as the forcing
frequency is increased and the corresponding wave length is
decreased. Furthermore, the pressure amplitude depends on the
variation of the pipe length much more strongly than the bias flow
rate. This is consistent with the measured experimental results. It is
noted that the maximum pressure amplitude regions are slightly
different from the measured experimental results, as shown in Fig. 4;
this is most likely due to the reflection coefficient used in the model.
However, qualitatively, the numerical and experimental results are in
good agreement.

Figure 7 shows that, as the forcing frequency is increased, the
maximum power absorption is slightly deceased. However, to
achieve themaximum power absorption, both the pipe length and the
bias flow rate need to be properly chosen. All these numerical
findings are consistent with experimental ones. It is worth noting that
when there is no bias flow (i.e., Mh1 � 0:0), the numerical model
shows no acoustic waves being absorbed (i.e.,�� 0). This is due to
the assumption that the liner damping is generated by the vortex
shedding excited by the biasflowat the rims of perforated holes.With
no mean flow, the liner model has no mechanism for dissipation and
reverts to a Rayleigh-type aperture with only an inertial response.

C. Comparison Between Numerical and Experimental Results

To gain insight into the conditions under which the optimum
damping occurs, the numerical and experimental results are analyzed
and compared. The optimum downstream lengths and bias flow rates

for the four different frequencies are summarized in Table 2 for
minimizing pressure amplitude at k4 and in Table 3 for maximizing
the power absorption. Table 2 demonstrates that varying bias flow
rate has little effect on the pressure amplitude minima at k4 once the
pipe length is properly chosen. Further analysis based on the forcing
frequency and speed of sound shows that pressure amplitude minima
occur when k4 is placed near a pressure node.

Table 3 shows that the maximum power absorption depends on
both the pipe length and the bias flow rate, with experimental and
numerical results agreeing very well. Furthermore, the bias flow
Mach number corresponding to maximum power absorption is
approximately 0.016 at the three different frequencies, which is close
to the theoretical optimumMachnumber of 0.021 givenbyEq. (5.12)
of Eldredge and Dowling [2]. More detailed investigations into how
to optimize the liner damping are performed in the following section.

IV. Actively Tuning Perforated Liner Damping

A. Multiple-Parameter Tuning Scheme

To broaden the liners’ effective frequency range, both the down-
stream length and the bias flow rate need to be actively tuned. For
this, a multiple-parameter tuning strategy was developed, shown
schematically in Fig. 8. It consists of an online identification
algorithm, which uses the sensor signal P�t� to predict the main
frequency present in the system and its amplitude components at that
frequency [13]. That is, it uses an iterative time-domain algorithm,
summarized in Eqs. (2a–2c), where n denotes iteration number, to
find !, s, and c, such that P�t� is well approximated by
s sin!t� c cos!t. This information is fed to a tuning algorithm to
determine the optimum actuation signals to alter the downstream
pipe length and bias flow rate:

!2
n�1 � !2

n �
!2
n

�

�P�t� � P�t� 2�=!n��
�sn cos!nt� cn sin!n�

(2a)

cn �
!n
�

Z
t

t�2�=!n
P��� cos!n� d� (2b)

Fig. 8 Multiple-parameter tuning scheme.

Table 2 Comparison between numerical and experimental optimum downstream pipe

length Ld and bias flow Mach number Mh1 for minimizing pressure amplitude at k4

Frequency, Hz Experiment Ld, m Model Ld, m ExperimentMh1 ModelMh1

647 1.70 1.69 0.0–0.036 0.0–0.036
473 1.56 1.55 0.0–0.036 0.0–0.036
374 1.44 1.47 0.0–0.036 0.0–0.036

Table 3 Comparison between numerical and experimental optimum downstream pipe

length Ld and bias flow Mach number Mh1 for maximizing power absorption

Frequency, Hz Experiment Ld, m Model Ld, m ExperimentMh1 ModelMh1

647 1.61 1.60 0.0161 0.0163
473 1.49 1.54 0.0155 0.0157
374 1.50 1.52 0.0149 0.0155

ZHAO, MORGANS, AND DOWLING 729



sn �
!n
�

Z
t

t�2�=!n
P��� sin!n� d� (2c)

The tuning process initially tunes the downstream length. This can be
thought of as placing the liner at an optimum position within the
mode shape. Once the downstream length has been tuned, the bias
flow rate is then optimized. This process is repeated. The sequential
tuning of the two parameters optimizes the liner damping as the
frequency present in the system varies. The tuning strategy could be
extended to tune a set of perforated liners for damping different
modes.

As discussed in Sec. II.B, the acoustic damping of perforated liners
can be characterized by either power absorption � or pressure
amplitude at a given location. To estimate the pressure amplitude at a
given location in real time, the mode identification algorithm, as
described by Zhao and Morgans [13], is used. To determine the
power absorption in real time, the plane waves present in the pipe
system need to be decomposed into incident and reflected waves on
either side of the lined section. Seybert and Ross [15] developed a
two-microphone technique for doing this, involving auto- and cross-
spectral density analysis and Fourier transforms. The problem with
this approach is that it can only be used at the postprocessing stage
rather than in real time. In this work, a real-time version of the two-
microphone technique is developed for online decomposition of the
plane waves. This is performed in the time domain.

1. Real-Time Version of Two-Microphone Technique

Following the approach of Seybert and Ross [15], two pressure
measurements at x1 and x2 are acquired, as shown in Fig. 9. The
measured pressures p1�t� and p2�t� are assumed to consist of only
one mode at frequency !, as shown as in Eqs. (3a) and (3b):

p1�t� � <fp̂1e
j!tg � <fÎ 	 ej�!t�kix1� � R̂ 	 ej�!t�krx1�g

� <f�B1 � jA1�ej!tg � A1 sin�!t� � B1 cos�!t� (3a)

p2�t� � <fp̂2e
j!tg � <fÎ 	 ej�!t�kix2� � R̂ 	 ej�!t�krx2�g

� <f�B2 � jA2�ej!tg � A2 sin�!t� � B2 cos�!t� (3b)

where ki � !=� �c� �u� and kr � !=� �c � �u� are the incident and

reflected wave numbers, Î and R̂ denote the Fourier transforms of the
incident and reflected waves amplitudes I�t� and R�t�, respectively,
j�

�������
�1
p

, �c denotes the speed of sound, �u is the mean flow velocity,
and A1, B1, A2, and B2 are the amplitude components of p1�t� and
p2�t�. Note that, in the experiment, there is no mean pipe flow (i.e.,
�u� 0). However, to make the equations more widely applicable to
the cases with mean flow, �u is kept in the equations.

The corresponding Fourier transform of acoustic pressures p̂1�!�
and p̂2�!� can be expressed as

p̂ 1�!� �
1

T

Z
t

t�T
p1�t�e�j!t dt� Îe�jkix1 � R̂ejkrx1 �

1

2
�B1 � jA1�

(4)

p̂ 2�!� �
1

T

Z
t

t�T
p2�t�e�j!t dt� Îe�jkix2 � R̂ejkrx2 �

1

2
�B2 � jA2�

(5)

Manipulating Eqs. (4) and (5) gives

p̂1�!�
p̂2�!�

� �
� Z 	 Î�!�

R̂�!�

� �
(6)

Z is a 2 
 2 matrix,

Z � e�jkix1 ejkrx1

e�jkix2 ejkrx2

� �
(7)

The amplitudes of the decomposed incident and reflected waves
can be determined using Eq. (8), where the matrixZ is assumed to be
regular (i.e., nonsingular). Singularity analysis ofZ can be shown to
correspond to the two pressure measurements being the same,
meaning that it is not possible to uniquely determine the two wave
strengths [17,18]:

Î�!�
R̂�!�

� �
� Z�1 	 p̂1�!�

p̂2�!�

� �
� Z�1 	

1
2
�B1�!� � jA1�!��

1
2
�B1�!� � jA1�!��

� �
(8)

Although the frequency ! and the amplitude components A1�!�,
B1�!�, A2�!�, and B2�!� are not known exactly, estimates for them
can be provided by the mode identification algorithm, as described
by Zhao and Morgans [13]. If the estimates are �, c1���, s1���,
c2���, and s2���, respectively, then the incident and reflected wave
amplitudes are obtained in practice using
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2. Passive Control Algorithm

A passive control algorithm is now developed for determining the
optimum actuation signals for the downstream pipe length and the
bias flow rate. The core of the control algorithm is a revised Newton–
Raphson method used to perform the maximization of the power
absorption coefficient or minimization of pressure amplitude, as
shown in Eq. (10):

vn�1 � vn � �
@q̂�v�=@v

�j@2q̂�v�=@v2j
(10)

Here, v is the parameter to be optimized, either the downstream pipe
length or the bias flow rate. The variable q̂ denotes the optimization
measure, either the power absorption coefficient or pressure
amplitude, and � is a relaxation coefficient to avoid divergence. The
full forms of @q̂=@v and @2q̂=@v2 can be found in the work of Wang
[19]. Note that, in order to obtain a power absorption maximum, the
condition @2q̂�v�=@v

2 < 0 implies that the� sign in Eq. (10) must be
taken, while to obtain a pressure amplitude minimum, the condition
@2q̂�v�=@v

2 > 0 implies choosing the � sign.

B. Performance of Multiple-Parameter Tuning Approach

The multiple-parameter tuning scheme is implemented in
LabVIEW 8.50, with the data acquisition system consisting of a
National Instruments PCI-6229 card and two BNC 2090 connectors.
Its effectiveness in optimizing the damping performance of the liner
is evaluated.

1. Minimizing Pressure Amplitude

The cold-flow pipe system was acoustically forced using the
loudspeaker mounted at one end. The forcing frequency was varied
significantly in time, as shown in the top graph of Fig. 10, to simulate
the effect of changing operating conditions. Even though, in the
experiment, the forcing frequency is known exactly, this would not
be true for a general combustion system, and so the frequency was
assumed unknown in the tuning algorithms. The aim of the tuning
was to obtain and maintain minimum pressure amplitude at k4 as
these frequency changes occurred.

The measured pressure perturbation at k4 is analyzed using the
online algorithm described in the work of Zhao and Morgans [13].
This provides a continually updated estimate of the frequency and
pressure amplitude present at k4. This information is fed into the

control algorithm so that the downstream pipe length Ld and bias
flow rateMh1 can be tuned so as to minimize the pressure amplitude
at k4.

Figure 10 presents the sequence of the variation of the forcing
frequency, the tuning process (middle graphs), and the effect of
tuning in terms of pressure amplitude (bottom graph). Initially, the
forcing frequency is 647 Hz. When the tuning algorithm is switched
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Fig. 12 Mode shape before and after minimizing the pressure
amplitude at k4 at a forcing frequency of 647 Hz.
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on at t� 25 s, the downstream length and bias flow rate both
successively adapt from starting values of 1790 mm and 6 m=s, so
that within 25 s, the pressure amplitude at k4 has been minimized to
approximately 5 Pa. Note that the speed of tuning in the experiment
was limited by the stepper motor and centrifugal pump. At t� 70 s,
the forcing frequency is changed to 374 Hz. The downstream length
and bias flow rate retune to reduce the pressure amplitude
corresponding at the new forcing frequency. At t� 130 s, the
forcing frequency is changed again, this time to 473 Hz. Once again,
the pressure amplitude is minimized via tuning the downstream
length and bias flow rate. Thus, it can be seen that the downstream

length and bias flow rate are successfully tuned to maintain a small
pressure amplitude at k4, even for very large changes in the main
frequency present. It is noted that, while the optimum downstream
length depends very much on the forcing frequency, the optimum
biasflow ratevaries little. This is consistentwith thefindings from the
preliminary experimental tests and numerical simulations.
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Fig. 17 Mode shape before and aftermaximizing the power absorption

at a forcing frequency of 473 Hz.
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Fig. 18 Mode shape before and aftermaximizing the power absorption

at a forcing frequency of 647 Hz.
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Figure 11a presents the reduction in the pressure amplitude at k4
obtained at each of the three frequencies by the multiple-parameter
tuning. A significant reduction is obtained at all three frequencies.
The effect of this reduction on the pressure spectrum at k4 is shown in
Fig. 11b (for excitation at 647 Hz).

To gain insight into the conditions under which the minimum
pressure amplitude occurs, the mode shape along the pipe was
obtained before and after control using the two-microphone
technique at each of the three forcing frequencies. The mode shapes
before and after tuning are shown in Figs. 12–14 at each of the three
forcing frequencies. It can be seen that, at each frequency, the effect
of the tuning is to place k4 at a pressure node, as expected. Moreover,
the amplitude of acoustic waves downstream of the lined section is
significantly reduced after tuning. Note that the pressure amplitude at
the open end after tuning is approximately 5 Pa rather than exactly
0 Pa. This is most likely due to the end correction effect [8].

2. Maximizing Power Absorption

The multiple-parameter tuning strategy is now used to experi-
mentally maximize the power absorption provided by the perforated
liner. Figure 15 presents the sequence of frequency changes, the
resulting tuning of the parameters Ld andMh1, and the effect of this
tuning on the power absorption. Initially, the forcing frequency is
473 Hz. When the tuning algorithm is switched on at t� 25 s, the
downstream length and bias flow rate both successively adapt from
starting values of 1670mm and 7 m=s, so that within 25 s, the power
absorption has been maximized to approximately 80%. At t� 70 s,
the forcing frequency is changed to 647 Hz. The downstream length
and bias flow rate retune to give maximum power absorption at the
new frequency. At t� 130 s, the forcing frequency is changed again
to 374 Hz, and the tuning results in the power absorption again being
maximized. The change in the power absorption provided by the
tuning at each frequency is summarized in Fig. 16. It is clear that the
tuning is successful in maintaining peak power absorption, even for
large changes in the system frequency.

Themode shapes before and after tuning are shown in Figs. 17–19.
It can be seen in each case that maximum power absorption occurs
when the liner (i.e., the axial centerline of the lined section) is located
at a pressure antinode. These findings are found to be consistent with
the numerical findings from Eldredge and Dowling [2].

V. Conclusions

For different applications, the damping effect of perforated liners
can be characterized using either pressure amplitude at a prescribed

location (such as at theflame position) or the degree towhich acoustic
waves are absorbed (i.e., power absorption). It has been shown,
experimentally and using a numerical model, that the damping of a
liner can be altered by varying two parameters: a pipe length scale
and the bias flow rate through the perforated holes. When expressing
the liner damping in terms of pressure amplitude at a given location,
the dependence on pipe length is much stronger than the dependence
on bias flow rate. When power absorption is used, the liner
performance is strongly dependent on both the bias flow rate and the
pipe length. Design guidance insights, in terms of the mode shapes
that give the optimum pipe lengths and bias flow rates, have been
obtained.

To maintain the damping performance of a perforated liner in the
presence of a varying instability frequency, a multiple-parameter
tuning was performed, using a strategy that first tuned the
downstream pipe length and then the bias flow rate successively. The
tuning strategy consists of a revisedNewton–Raphson algorithm that
seeks to optimize the liner damping effect. The liner damping was
tracked in real time using a combination of the mode identification
algorithm, developed by Zhao and Morgans [13], and a real-time
version of the two-microphone technique, developed especially for
this experiment.

On implementing the tuning algorithms, it was found that the
downstream pipe length and the bias flow rate could be successively
optimized to give either maximum power absorption or minimum
pressure amplitude. It was seen that maximum power absorption
corresponded to placing the liner at a pressure antinode, while
minimum pressure amplitude corresponded to the measurement
location being placed at a pressure node.

The reported investigation was undertaken in a cold-flow pipe
system in which both the bias flow rate and the pipe length could be
varied so as to optimize the liner damping. Although, in a real
combustion system, it would be difficult to alter the combustor
length, a similar effect can be achieved by varying the combustor
boundary condition [20], as this also results in the changes of the
mode shape.

Appendix: Assessing Perforated Liner Damping Effect
Using Transmission Coefficient

In some applications, perforated liners are implemented as
acoustic dampers to prevent reflected acoustic waves in the pipe/
combustor from transmitting back to the noise source (e.g., flame),
thus alleviating the growth of acoustically driven instabilities. For
this, the fraction of the acoustic wave energy that is transmitted
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downstream of the lined section (i.e., the transmission coefficient �)
can be used as an alternative to access the liner damping effect. The
variation of the transmission coefficient �, defined as �� 1:0�
jR̂u�!�j2=jÎu�!�j2, with the bias flow rate and the pipe length is
shown in Figure A1 at four different frequencies. It can be seen that
the transmission coefficient depends on both the pipe length and the
bias flow rate. The maximum transmission coefficient can thus also
be achieved by choosing both the pipe length and the bias flow rate
appropriately.
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