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Sensitivity of Combustion Driven
Structural Dynamics and Damage
to Thermo-Acoustic Instability:
Combustion-Acoustics-Vibration
The dynamic combustion process generates high amplitude pressure oscillations due to
thermo-acoustic instabilities, which are excited within the gas turbine. The combustion
instabilities have a significant destructive impact on the life of the liner material due to
the high cyclic vibration amplitudes at elevated temperatures. This paper presents a
methodology developed for mechanical integrity analysis relevant to gas turbine combus-
tors and the results of an investigation of the combustion-acoustics-vibration interaction
by means of structural dynamics. In this investigation, the combustion dynamics was
found to be very sensitive to the thermal power of the system and the air-fuel ratio of the
mixture fed into the combustor. The unstable combustion caused a dominant pressure
peak at a characteristic frequency, which is the first acoustic eigenfrequency of the sys-
tem. Besides, the higher-harmonics of this peak were generated over a wide frequency-
band. The frequencies of the higher-harmonics were observed to be close to the structural
eigenfrequencies of the system. The structural integrity of both the intact and damaged
test specimens mounted on the combustor was monitored by vibration-based and
thermal-based techniques during the combustion operation. The flexibility method was
found to be accurate to detect, localize, and identify the damage. Furthermore, a temper-
ature increase was observed around the damage due to hot gas leakage from the combus-
tor that can induce detrimental thermal stresses enhancing the lifetime consumption.
[DOI: 10.1115/1.4025817]
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1 Introduction

In modern gas turbines used for power generation, lean pre-
mixed combustion technology is generally desired to accommo-
date the balance between the emission targets and the efficiency.
However, the gas turbine becomes more susceptible to combus-
tion instabilities, leading to thermo-acoustic oscillations [1]. In
general, particular combustion operation settings stimulate the
acoustic wave propagation to form a coupling between the com-
bustion dynamics and the structural vibrations. The variations of
the pressure flow field due to the flame dynamics create pressure
oscillations that can lead to thermo-acoustic instability. Basically,
when the pressure and heat release are in phase, the flame acts as
a strong sound source inside the combustor and amplifies the liner
vibration amplitudes. When they are out of phase, the flame-
sourced sound field is attenuated, leading to a stable system.

The Rayleigh criterion, which is an energy balance definition
providing an explanation of the system stability, can be expressed
in an integral formulation [2]ðs

0

ðV

0

p0 x;tð Þq0 x;tð ÞdtdV >
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0
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/ x;tð ÞdtdV (1)

where V is the volume of the domain (combustor volume), s is the
period of the oscillation, p0is the pressure oscillation and q0 is the

heat release perturbation, x is the length coordinate, t is the time,
and / is the wave energy dissipation. The equation is the balance
criterion that states whether the net energy gained by the system
(left-hand side) exceeds the sum of losses due to the radiation of
the sound at the boundaries (right-hand side): instability occurs.

The loop of the thermo-acoustic feedback mechanism [1] is
composed by the unsteady heat release that generates sound waves
leading to acoustic oscillations and velocity fluctuations, which,
in turn, perturbs the heat release (see Fig. 1). This feedback mech-
anism is directly linked with the structural domain of the system.
The dynamic interaction within the combustor brings about the
limit cycle pressure oscillations that cause elevated liner wall
vibration amplitudes. The contribution of fatigue damage can
become more profound in the lifetime consumption of the com-
bustor due to the high amplitude of the cyclic wall vibrations.
Damage can occur in the form of a crack initiated at possible flaws
or at hot spots in the structure. The structural health must be moni-
tored and assessed to ensure the structural integrity, durability,
and reliability of the gas turbine engines for highly efficient lean
combustion technologies and reduced emissions. A considerable
amount of work has been published in the combustion research
area in terms of fluid dynamics, improvement of efficiency, and
emissions [3–8]. Furthermore, together with the published research
on the thermo-acoustic instabilities in the literature [1,9–14], the
coupled-domains within the thermo-acoustic feedback mechanism
have been investigated to include the multiphysics such as
combustion-acoustics [15,16] and acoustics-vibrations [17,18].
Recent efforts in the investigation of the interaction between
combustion-acoustics-vibrations have been included in the litera-
ture [19–21], in fact their work focuses on stable combustion. Fur-
thermore, recent efforts have been conducted in combustion
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instabilities analysis to cover the two-way interaction of the fluid-
structure [22–24], however, the results are not linked to structural
damage conditions.

This paper presents an investigation performed in a combustor
test system to explore and assess the structural dynamics charac-
teristics, under intact and damaged conditions, altered by the
dynamic two-way interaction between the oscillating pressure
load in the fluid and the motion of the structure under limit cycle
conditions due to thermo-acoustic instabilities. Since the com-
plexity of the combustor system was enhanced by the existence of
the multiphysical interactions and the instability phenomenon, the
methodology development started with a sample problem with
well-defined initial and boundary conditions. Section 2 presents
the results of the experimental, analytical, and coupled/uncoupled
numerical approaches used for modal characterization of the sam-
ple problem. Furthermore, the validation of the structural health
monitoring techniques is described and the findings are stated in
the Sec. 2.8. In Sec. 3, the design of a laboratory-scaled generic
combustor and the adopted methods and materials are presented.
In addition, the application of the methods to the combustor test
setup is described with an emphasis on linking the structural
dynamics, acoustics, and combustion dynamics. Then, the results
on the analysis of the combustion-driven structural life consuming

phenomena due to the combustion instability are presented. In the
final section, the results are summarized and the conclusions are
drawn.

2 Sample Problem: Aero-Box

In this section, the structural and acoustic characterization of
a simplified test setup, the so-called aero-box, using analytical,
numerical, and experimental approaches is presented. Subse-
quently, the applied structural health monitoring techniques are
described. The aero-box is a fairly stiff structure with well-defined
test and boundary conditions [25]. Therefore, tests under both
intact and damaged conditions provide a basic understanding of
the relation between the eigenfrequencies, mode shapes, flexibil-
ity, and damage state. Lastly, this section is concluded by discus-
sing the structural response and damage state in the aero-box as
along with the challenges of applying the methods to the combus-
tor test setup.

2.1 Design of the Aero-Box. The structural responses of
intact and damaged flexible plates are explored in the aero-box
shown in Fig. 2. The dimensions, front view, side view, and the
damaged flexible plate, including an initial center-crack with
length ao in the total assembly, are illustrated in Figs. 2(a)–2(d),
respectively.The test system consists of a hollow aluminum box
with 30 mm thick walls, a 30 mm thick plate to cover the top of
the box, and an excitation source, a loudspeaker. The loudspeaker
inside the box generates an interior sound field resulting in the
vibration of the flexible plate that can be attached to the front side
of the box. The aero-box has a high stiffness to avoid any interac-
tion between the plate and the aero-box, whose first eigenfre-
quency is 1270 Hz. The aluminum plate material properties are: a
Young’s modulus (E) of 70.5 GPa, Poisson’s ratio (t) of 0.3, and
density (q) of 2700 kg/m3. The flexible plate was attached to the
box by reinforcement strips bolted to the box; thus satisfying a
‘clamped on all edges’ condition. The dimensions of the plate are:
160 mm in width, 210 mm in height, and 1.1 mm in thickness. A
slot-type crack was machined in the plate until the cutting tool-tip
reaches the next surface across the thickness. Note that the crack
in the damaged plate configuration is not a through-thickness-
crack but a deep-surface-crack with a 35 mm initial crack length
and a 3 mm crack width.

2.2 Analytical Model. Analytical equations were used to
obtain the structural and acoustic eigenfrequencies in order to val-
idate the experimental and numerical results. The eigenfrequen-
cies of the first six modes of the rectangular plate were
analytically calculated by [26]

Fig. 1 The feedback mechanism of the thermo-acoustic insta-
bilities in combustion processes

Fig. 2 The dimensions and the configuration of the aero-box
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where kij is the dimensionless frequency parameter of the rectan-
gular plates, which is a function of the boundary conditions
applied to the plate and the aspect ratio of the plate (defined as the
length to width ratio), Lp is the length and Bp is the thickness of
the plate, and c is the mass per unit area of the plate (c¼ l*Bp

with density q). The aspect ratio of the flexible plate is 0.762 and
the kij

2 values were interpolated between aspect ratios of 2/3 and
1.0. The kij

2 values for a clamped on all edges condition are listed
in Table 1 [26]. The calculations were performed under the
assumption that the influence of the air to the dynamic behavior of
the flexible plate is negligible.

The acoustic eigenfrequencies of the aero-box can be analyti-
cally calculated considering a closed rectangular volume (acoustic
cavity) with acoustically hard walls by the following equation
[26]:
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where c is the speed of sound, i, j, and k are the number of half
waves in the three length directions (Lx, Ly, Lz) associated with the
x, y, and z coordinates (160, 240, and 140 mm), respectively. The
analytical calculation results for both the structural S(i,j) and
acoustic A(i,j,k) modes are listed in Table 2.

2.3 Acousto-Elastic Interaction. The interaction between
the fluid and structure can be apparent since the dynamic behavior
of the structure is evidently influenced by the media in contact.
The eigenfrequencies and mode shapes can be altered due to the
coupled mechanism. Thus, the coupling between the acoustic vol-
ume and the adjacent structure domain was analyzed by the finite
element method (FEM). The acousto-elastic interaction analysis
includes acoustic elements to represent the acoustic pressure
waves in the cavity and shell elements to enable the displaced
motions of the structure. The acoustic and the structure mesh are
coupled at the interface, which ensures the exchange of the fluid
and structural loads between the acoustic and structure domains.
Thus, the acoustic pressure-driven structural displacements and,
hence, the bounce-back generation of an effective fluid load due

to these motions are provided. The general governing equations of
the system [27] can be written in the following form:

Mf €PþKf P ¼ Ff � qoCT €u (4)

Ms€uþKsu ¼ Fs � CP (5)

where P is the nodal pressure vector, u is the nodal displacement
vector, M

f is the assembled fluid equivalent “mass” matrix, K
f is

the assembled fluid equivalent “stiffness” matrix, Ms is the
assembled structural mass matrix, K

s is the assembled structural
stiffness matrix, qo is the density, and C is the so-called coupling
matrix, which represents the effective surface area composed by
the nodes at the interface. In the interface surface, the vector con-
taining the nodal displacements is associated with the fluid do-
main and the vector containing nodal pressures is associated with
the structural domain through the coupling matrix. Thus, the
exchange of the quantities is included within each domain. The
coupled acoustic and structural problem takes the following form
[28]:
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where Mfs¼ qoCT is the assembled fluid-structure coupling
“mass” matrix, K

fs¼�C is the assembled coupling “stiffness”
matrix, Fs and Ff are the structural and fluid load vectors, respec-
tively. In the finite element representation, the shared nodes at the
interface are equipped by the displacement and pressure degrees
of freedom and the acoustic domain assumes that the fluid is com-
pressible and inviscid and no mean flow velocity is considered.
The mean fluid density and the pressure are uniform in the acous-
tic field. The calculated eigenfrequencies from the coupled and
uncoupled FEM can be seen in Table 2.

2.4 Modal Characterization. Experiments were performed
on the aluminum flexible intact plate to examine the dynamic
modal parameters (eigenfrequencies and mode shapes). The sur-
face vibrations of the plate were scanned by a laser Doppler vi-
brometer (LDV) at 9� 9 measurement grid points on the plate,
which was found to be the optimum scan grid for an accurate anal-
ysis. Hereafter, this technique will be called the vibration-based
(VB) technique.

The experimental, analytical, and numerical results for the
structural eigenfrequencies are listed in Table 2. The (percent)
deviation in the results compared to the measured results is writ-
ten in parentheses. Note that the value in parentheses in the pre-
sented tables represents the deviation of the corresponding result
throughout this paper. The calculated eigenfrequencies show
some deviation from the measurements; nonetheless, the coupled
FEM provides better predictions in general. The deviation in the
structural eigenfrequencies of the plate for the analytical calcula-
tion can be caused by the interpolation of the kij values obtained
from the literature. Note that S(1,3) is not included in the list,
since this mode is out of the given kij range. Besides, the interior
of the aero-box was machined from a single piece aluminum slab
that contains fillets on the corners. In addition, the loudspeaker
placed inside the aero-box occupies a space and reduces the
acoustic volume and influences the acoustical behavior in the cav-
ity [25]. The differences in the acoustic eigenfrequency results
can be attributed to the fact that the interior volume is slightly dif-
ferent from the theoretical rectangular box volume in the analyti-
cal calculations. In the numerical models, the bolt connection of
the plate and the frame, which was modeled as bonded-connection
(perfectly clamped), and the presence of the loudspeaker, which
was not modeled, can cause a deviation.

The experimental and numerical results for the mode shapes are
depicted in Fig. 3 for the intact plate configuration. The

Table 1 The interpolated values for kij
2

Mode sequence

1 2 3 4 5 6

kij
2 29.58 50.8 68.22 78.49 94.64 109.84

(ij) S(1,1) S(2,1) S(1,2) S(3,1) S(2,2) S(3,2)

Table 2 Test setup eigenfrequencies (Hz) with the intact plate

Mode number Measured Analytic FEM uncoupled FEM coupled

S(1,1) 309 310 (0.3%) 306 (1.0%) 311 (0.6%)
S(2,1) 515 532 (3.3%) 519 (0.8%) 514 (0.2%)
S(1,2) 704 714 (1.4%) 715 (1.6%) 710 (0.9%)
A(1,0,0) 744 715 (3.9%) 734 (1.3%) 732 (1.6%)
S(3,1) 858 822 (4.2%) 868 (1.2%) 864 (0.7%)
S(2,2) 901 991 (10.0%) 911 (1.1%) 905 (0.4%)
A(0,0,1) 1087 1072 (1.4%) 1107 (1.8%) 1103 (1.5%)
A(0,1,0) 1232 1225 (0.6%) 1253 (1.7%) 1254 (1.8%)
S(3,2) 1235 1150 (6.9%) 1241 (0.5%) 1236 (0.1%)
S(1,3) 1310 — 1338 (2.1%) 1338 (2.1%)
A(1,0,1) 1333 1288 (3.4%) 1362 (2.2%) 1347 (1.1%)
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experimentally predicted mode shapes show an excellent match
with the numerical calculations.

2.5 Structural Damage Detection. Structural response moni-
toring and damage/fault detection at the earliest possible stage is
crucial to assure the safety of the component, assess the residual
lifetime, plan the required maintenance intervals, and set the
inspection requirements. Vibration-based damage monitoring is
one of the nondestructive methods used to examine the dynamic
properties of the structures. Basically, the vibration-based method
tracks the alterations of the modal parameters due to possible
damage such as eigenfrequencies, mode shapes, modal damping,
modal strain energy, and flexibility [29–40]. Much research has
been conducted on the frequency shifts for damage prognostics
[31,39]. The statistical variation of the eigenfrequencies is less
than the other modal parameters in the case of random error sour-
ces [41,42]; nevertheless, the feasibility of this technique can be
enhanced by picking up the most sensitive eigenfrequencies to
damage. Those selected eigenfrequencies reduce the necessary
monitoring locations and indicate damage while other modes can
remain insensitive. However, the frequency shift monitoring can
be misleading in some cases when damage in the structure
reshapes and rearranges the mode shapes in such a way that the
eigenfrequency of interest actually loses its sequence within the
mode numbers and swaps with the new eigenfrequency [43].
Therefore, the mode shape information, together with the eigen-
frequencies, can provide better accuracy in health monitoring.
The location of the damage in the geometry can be determined by
pursuing the changes in the measured flexibility of the structure.
The localization is based on the comparison of the flexibility
matrixes using the mass-normalized mode shapes and eigenfre-
quencies of the intact and the damaged structure. The flexibility
matrix [37,38] is inversely proportional to the square of the eigen-
frequencies; therefore, the flexibility matrix is very sensitive to
the changes in the low frequency modes of the structure.

2.6 Damage Detection by Frequency Shift Method. A
center-crack, as described in Sec. 2.1, was introduced in the plate.
The eigenfrequencies of the damaged plate were measured using
the VB technique. The results were cross checked by the so-called
acoustic emission (AE) technique, which is elastic radiation gen-
erated by the rapid release of energy from sources within the ma-
terial (plate) under an external excitation source (loudspeaker).
Therefore, a microphone was used instead of the LDV for the
measurement. The alteration of the first seven eigenfrequencies
due to the damage state in the plate is presented in Table 3. The
VB and AE monitoring techniques applied to the damaged plate
show a very good match. The structural stiffness decreases due to
the damage; as a result, the eigenfrequencies decrease in the dam-
aged case, as seen in the table.

A sensitivity analysis was performed to obtain the most sensi-
tive mode to the current damage configuration by calculating the
difference in the structural eigenfrequencies between the intact
and damaged plate. The results for the VB and AE techniques are
shown in Fig. 4. Mode 1, S(1,1), was found to give the most dis-
tinguishable response to the damage because the introduced dam-
age (center-crack) is positioned on one of the node points within
the mode shape.

A numerical analysis was carried out to predict the mode
shapes of the damaged plate configuration, which is described in
Sec. 2.1. The comparison of the mode shapes between the intact
and damaged cases is presented in Fig. 5. As seen from the figure,
the presence of the center-crack causes a swap between modes
S(1,3) and S(4,1) and deterioration in the mode shapes of some
higher modes, in which the crack location coincides with the node
points of the particular mode. The actual deviation in mode S(1,3)

Fig. 3 Experimental (above) and numerical (below) results for the mode shapes of the intact
plate configuration

Table 3 Eigenfrequencies (Hz) of the intact and damaged plate

Mode
number

Intact plate
(VB)

Damaged plate
(VB)

Damaged plate
(AE)

S(1,1) 309 299 (3.2%) 300 (2.9%)
S(2,1) 515 509 (1.2%) 510 (1.0%)
S(1,2) 704 693 (1.6%) 694 (1.4%)
S(3,1) 858 838 (2.3%) 837 (2.4%)
S(2,2) 901 900 (0.1%) 898 (0.3%)
S(3,2) 1235 1227 (0.6%) 1225 (0.8%)
S(1,3) 1310 1282 (2.1%) 1283 (2.1%)

Fig. 4 Sensitivity analysis on the eigenfrequencies
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with respect to the damage is hindered, since the two adjacent
modes exchange their modal sequence. In conclusion, the most
sensitive mode is very much dependent on the damage location
and the orientation; therefore, the selection of the mode to monitor
is crucial to be able to capture the small changes in the dynamic
structural properties. However, damage detection by the fre-
quency shift method can be misleading since the mode sequence
can reshuffle due to the damage configuration.

2.7 Damage Localization by Flexibility Method. The sys-
tem stiffness matrix is more sensitive to higher modes than lower
modes; thus obtaining the accurate dynamic stiffness matrix
requires measuring a significant amount of higher modes [44].
However, experimentally extracting higher modes of the system is
challenging due to practical limitations. On the contrary, the flexi-
bility matrix, which is defined as the inverse of the stiffness ma-
trix, is inversely related to the square of the natural frequencies;
hence, higher modes contribute less to the flexibility matrix.
Instead, it is more sensitive to the changes in lower modes. The
flexibility method is based on the change of the flexibility matrix,
which is composed of the mode shape and the reciprocal of the
natural frequency. In theory, the structural damage reduces the
stiffness [45] and increases the flexibility. The responsiveness of
the flexibility matrix to a structural deterioration serves as a good
indicator in structural health monitoring. The homogeneous
dynamic equilibrium equation can be expressed as

KU ¼MUX (7)

where K is the stiffness matrix, M is the mass matrix,
U¼ [U1,U2,…,Un] is the mode shape matrix where the mode-
shape vectors are mass-normalized to unity as UT

MU¼ I,
X¼ diag(xi

2) is the modal stiffness matrix, i (¼ 1,…,n) is the
mode shape number indicator, n is the number of degrees of free-
dom, and x is the modal frequency. The flexibility matrix, G.
related to the modal data can be derived as [44]

UTKU ¼ UTMUX (8)

G ¼ K�1 ¼ UX�1UT ¼
Xn

i¼1

1

x2
i

UiU
T
i (9)

The change in the flexibility matrix with respect to the initial
reference data set for the intact case and the data set for the dam-
aged case is given by

GD ¼ dim ¼ Gh �Gd (10)

where GD is the change in the flexibility matrix and dim are the
elements of GD. Here, Gh and Gd are the intact and damaged case
flexibility matrices, respectively. The parameter used to detect
and locate the damage in the structure is the degree of change in
the flexibility for each measurement location. It can be character-
ized by [37]

�dm¼ maxi dimj j (11)

where �dm is the maximum absolute value of the elements in each
corresponding column in GD and m is the degree of freedom. The
presence of the damage reduces the stiffness of the structure and
the flexibility is the inverse of the stiffness. Thus, the structural
response of the plate alters as damage occurs by increasing the
local flexibility of the structure. The damage in the flexible alumi-
num plate was detected and localized by comparing the flexibility
matrices of the intact and damaged cases shown in Fig. 6. Since
the slot-type crack machined into the specimen is not through-
thickness, yet a deep-surface-crack, in the figure the change in the
local flexibility is concentrated at the damage location and the
traces to the sides are visible representing the transversely.aligned
center-crack configuration.

2.8 Discussion on the Aero-Box. The applicability of the
methodology was verified and validated in a sample problem: the
so-called aero-box. Two cases, for intact and damaged plates,
were investigated to assess the structural health monitoring meth-
ods. Both the VB and AE techniques provide a noncontact struc-
tural health monitoring, however, the VB technique is superior in
overcoming the challenges of elevated temperature conditions,
high amplitude loading, and harsh environment conditions due to
the combustion process. The damage was detected using the fre-
quency shift method and the most sensitive eigenfrequency to the
damage configuration was found. Moreover, the location and the
severity of the damage were also predicted using the flexibility
method. The results of this method show that identification of the
modal parameters enables the construction of the flexibility ma-
trix. The change in the measured entities of the matrices between
the initial reference intact case and damaged case was captured to
detect and localize the damage. Both damage monitoring methods
can be performed using only the test data, without requiring any
additional models for the structure. However, the field-of-interest
in the structure should be determined with hot spot analysis to

Fig. 5 Damage sensitivity of mode shapes (top: intact and bottom: damaged)

Fig. 6 Damage localization by the flexibility method
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avoid a full modal analysis. Thus, the flexibility method can be
used for damage localizations accompanying the frequency shift
method, which can be applied on a single measurement point,
excluding the node points of the most sensitive mode, to detect
the presence of the damage. It should be highlighted that with
regard to the measurements, the acousto-elastic fully coupled fi-
nite element model was found to be more accurate, in general,
compared to the analytical and uncoupled FEM calculations. This
result indicates the existence of an interaction between the
enclosed acoustic volume and the flexible structure that is also
observed in combustors [46]. The outcome of this study was uti-
lized as a reference to describe the behavior of the complex com-
bustor system, for which the investigation is presented in the next
section.

3 Laboratory-Scaled Generic Combustor Test Setup

In this section, the investigation of the impact of the combus-
tion driven limit cycle oscillations on the structural properties
under the intact and damaged conditions is presented. The meth-
odology described in the previous section is utilized for a
laboratory-scaled generic combustion test system. For this pur-
pose, a test combustor setup [47] depicted in Fig. 7, which can be
modified to generate stable and unstable combustion conditions,
was utilized in this research. Two geometric configurations of the
combustor were investigated; namely, a single liner combustor
and a double liner combustor. In the latter configuration, the
limit cycle oscillations were observed due to the combustion
instabilities. In this configuration, the acoustic field was enlarged
by doubling the liner length and, consequently, the acoustic eigen-
frequencies of the combustor decreased inversely proportional to
the length. The first acoustic eigenfrequency was excited by the
combustion process and the resulting pressure oscillations were
generated. The materials used in the combustor and their compli-
ance are described in the next sections with an emphasis on the
similarities to a typical combustor base material. Next, a compara-
tive investigation on the combustion stability, considering the
operational input parameters and the liner length, is presented.

Finally, the results are linked to the structural dynamics of the
intact and damaged cases.

3.1 Design of the Combustor. In Fig. 7, the single (S3) and
double liner (S3þ S4) configurations of the test combustor are
depicted and the dimensions are listed in Table 4. The marks indi-
cated as ‘p’ designate the gas pressure and temperature and the
liner surface vibration measurement locations. The combustor was
designed as a Rijke tube configuration consisting of mainly two
sections: the acoustically closed upstream and the downstream
(flame-box and the liner). The upstream section (S1) consists of
an air-feeding box, a rectangular duct with a 25� 150 mm hollow
cross-sectional area and 275 mm long, and an equilateral triangu-
lar wedge as a flame holder, where methane, as the fuel, is
injected through the holes on both sides (see Fig. 8). The down-
stream section consists of a flame-box (S2) and a rectangular
liner (S3 and S4). The flame-box is surrounded by four quartz
glass windows providing an optical access to the flame. The rec-
tangular geometry eases assembly of the glass windows. Addition-
ally, the glass windows can be replaced by an intact or a
damaged test specimen to investigate the structural dynamics dur-
ing the operation while visualizing the flame through the side win-
dows. The turbulent flame is technically premixed and flame
stabilization takes place on the wedge wake in the combustor test
system. The combustor is supported from the bottom of the flame-
box.

Fig. 7 Combustor test system: (a) and (b) single, and (c) double liner configura-
tions (upstream section (S1), flame-box (S2), and a rectangular liner (S3 and S4))

Table 4 Combustor test system dimensions

Section Dimension (mm)

Combustor outer width 158
Upstream outer depth 33
Downstream outer depth 58
Wall thickness 4
Quartz glass thickness 5
Specimen thickness 1
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3.2 Material Compliance and Properties. During the com-
bustion process, the liner is exposed to elevated temperatures;
therefore, the influence of the temperature levels on the structural
properties becomes crucial. The combustor liner and the flame-
box are made of austenitic stainless steel (AISI) Type310.
Type316 was chosen as the specimen material that has sufficiently
enough heat and corrosion resistance at the test temperatures
within a relatively short exposure time and well established prop-
erties. Since the specimen was replaced with a new one in every
new experiment, this material serves satisfactorily for the test

purposes with its cost-effectiveness. The compliance of the test
material can be seen in Fig. 9 in comparison to a typical combus-
tor base material: the nickel-base superalloy Alloy230 (Hay-
nes230) [48,49]. The materials used in the test setup exhibit
analogical trends to the Alloy230 and satisfactory properties
within the experimental conditions. In the three materials, the
effect of the temperature on the thermal expansion and elastic
modulus is fairly proportional, whereas the ultimate tensile
strength dramatically decreases beyond 900 K. There is a clear
switch due to the transition from normal low temperature mecha-
nisms to creep controlled mechanisms, as can be observed from
the drastic decline in the stress to rupture time curve.

3.3 Specimen Configuration. The dimensions of the test
specimen used in the combustor are 150� 108� 1 mm, in length
(L), width (W), and thickness (B), respectively. The damage on
the specimen is represented by a center-hole 6 mm in diameter
(dc) and an adjacent crack was machined towards its length direc-
tion of 6 mm to each side that creates a crack length of 18 mm (ac)
and the crack width is 1 mm (wc). The geometric representation of
the specimen, the introduced damage, and the assembly of the
flame-box can be seen in Fig. 10. The numbered items in the fig-
ure, respectively, are: gaskets (1), the supporting frame (2), quartz
glass or specimen (3), liner (4), flame-box (5), upstream (6), and
damage configuration (detail-Z). The hatch area shown in the
specimen geometry (3) is the contact area with the gaskets and,
hence, sandwiched by the supporting frame and the flame-box.

Fig. 8 Combustor flame-box and wedge

Fig. 9 Temperature dependence of the material properties
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3.4. Instrumentation. The structural modal characterization
tests were performed on the combustor test setup as a bare struc-
ture to link the structural dynamics later in the combustion experi-
ments (see Fig. 11). The two experimentation procedures will be
mentioned as the cold and hot cases, respectively.

In the cold case, the vibration modes of the combustor test sys-
tem were analyzed by two methods: the roving hammer impact
test and the shaker test. In the roving hammer test, an accelerome-
ter was placed at a single degree of freedom (DOF) and an impact
hammer was used to excite at the measurement grid (DOFs). The
shaker test includes the electromechanical shaker to excite the
system at a fixed reference point and the LDV was used to travel
between the measurement grid points. The shaker was attached to
the combustor liner with a stinger that enables the applied force to
be aligned along the stinger axis. The generated random noise ex-
citation was characterized by a force transducer. The frequency
response functions between the measured wall velocity and the
excitation force were recorded by a data acquisition and an ana-
lyzer system (Siglab). A software package (ME’scopeVES) was
used to extract the modal parameters.

The combustion tests for the hot case covers the combustor
inner temperature, pressure, and liner wall velocity recordings and
the combustor surface temperature measurement by an infrared
(IR) camera. The temperature inside the combustor was measured
by K-type thermocouples. The dynamic pressure measurement
sensors were attached in the side-tubes that are connected to the
semi-infinite hoses and external coolers were directed towards the
devices. This technique overcomes the high temperature effects to
the piezoelectric pressure transducers and provides nonreflecting
acoustic conditions. The liner wall vibration was recorded by a
LDV via a data acquisition system, DAQ (National Instruments).

The mass flow controllers for fuel and for air were used and the
flow was controlled by a PC via the LabVIEW program [50]. The
vibration analysis of the specimen attached to the flame-box
(Fig. 10) was utilized by the LDV mounted on a traverse system
that enables automated measurements (Fig. 12).

3.5 Structural Condition Monitoring. The structural health
monitoring system is depicted in Fig. 12, including the LDV (3)
for vibration characterization and the IR camera (2) for thermal
characterization mounted on a programmable traverse system (1),
which can slide in the x-y plane. In the figure, the clamping posi-
tion of the test setup is denoted as “C.” Since the combustor envi-
ronment is harsh at a high temperature and elevated vibration
levels exist due to the unstable combustion process, a noncontact
vibration-based damage monitoring method was utilized to ana-
lyze the structural dynamics and the health of the combustion liner
during operation (Fig. 11). The technique used here is capable of
detecting the presence of damage, localizing and quantifying the
severity of the damage by examining changes in the measured
dynamic response of the structure.

3.6 Combustion-Driven Dynamics. Four test cases were car-
ried out in the test system, as listed in Table 5. In the investiga-
tion, two test system configurations (single and double liners) are
included, as described in Sec. 3.1, and the initial operation setting
varies from 40 to 60 kW for the thermal power and from 1.4 to 1.6
for the air-fuel (equivalence) ratio, which is the mass ratio in the
mixture normalized by the stoichiometric air-fuel ratio.

Fig. 10 Flame-box assembly and specimen configuration

Fig. 11 Laser surface scan on the damaged specimen mounted in the flame-box

Fig. 12 Schematic representation of the structural condition
monitoring system
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In Fig. 13, the pressure spectrum for the test cases is shown.
There was no limit cycle regime observed in the case 11, case 12,
and case 21, in which the flame was stable and generated a low-
level combustion noise only. Instability was observed, however,
in case 22 at the frequency of 111 Hz while the pressure amplitude
inside the combustor was around 160 dB. The frequency of the
acoustic pressure at the flame excites the first acoustic mode of
the combustor that induces the instability. The acoustic characteri-
zation is presented in the next section (see Tables 6 and 7). Fur-
thermore, the system generates characteristic frequencies as the
higher-harmonics of the limit cycle frequency at 222 Hz and 333
Hz. These visible peaks are considered as the higher-order modes
of the system [14,51]. Note that the pressure signals are obtained
from the transducer located at the top measurement location for
all cases. Recalling the combustor test system design (see Fig. 7),
the three pressure transducers were mounted at the bottom, mid-
dle, and top locations of the liner length. In the single liner config-
uration, these measurement points correspond to p2, p3, and p4,
whereas the p2, p5, and p7 locations are used in the double liner
configuration.

A stability map containing nine operating points was created in
terms of the thermal power and air-fuel ratio to characterize the
combustor (see Fig. 14). In the figure, the combustion process
tends to become unstable with an increasing air-fuel ratio for a
leaner mixture combustion and with increasing power. A transi-
tion line is observed that divides the map into stable and unstable
operating zones. The operating points on the transition line

implied a dynamic system characteristic, including two different
combustion regimes: stable and unstable. A bifurcation at these
certain operating conditions can occur depending on the initial
operation setting, air-fuel ratio, and power as in this work, due to
the sequential direction of the test points (initial operation set-
tings) that indicates the nonlinear characteristics of combustion
instabilities [52].

The surface temperatures were measured at the same locations
(p1, p2, p3, and p4) for the cases 22 and 12 that have the same ini-
tial operation settings (see Fig. 7). The liner surface temperature
profile and the flame profiles are depicted in Fig. 15. The maxi-
mum surface temperature is measured as 370 �C for case 22 and
245 �C for case 12. Since the test system is technically uncooled,
the main heat transfer processes are the radiation heat flux from
the gas, the convection heat flux from the gas, the conduction heat
flux across the wall thickness, and the convection heat flux to the
surrounding air. In the figure, taking into account the energy bal-
ance, the trend of the curves can be considered as a comparative
indicator for the flame height that exhibits a bend-down at the
‘p3’ location in both cases. Regardless of the length of the com-
bustor, an analogous liner surface temperature curve was obtained
under the same operating conditions and generalized initial test
conditions (inlet pressure, inlet temperature, and mass flow). Since
the distance between the two temperature measurement nodes of
‘p3’ and ‘p4’ is 250 mm, the exact interpretation on the flame
length would not be feasible due to the insufficient data within

Fig. 13 Pressure spectrum of the combustor

Table 6 Characteristic acoustic frequency (Hz) of the single liner configuration

Test temperature Experimental Analytical FEM FVM Analytical† FEM† FVM†

(s)Troom 84 82 (2.4) 91 (8.3) 92 (9.5) 80 (4.8) 89 (6.0) 90 (7.1)
(s)T60-1.6 163 165 (1.2) 175 (7.4) 171 (4.9) 161 (1.2) 170 (4.3) 166 (1.8)
Difference (%) 94 101 92 86 101 91 84

Note: the superscript symbol ‘†’ denotes the end correction.

Table 7 Characteristic acoustic frequency (Hz) of the single
and double liner configurations

Test temperature Experimental Analytical FEM Analytical† FEM†

(s)T60-1.6 163 165 (1.2) 175 (7.4) 161 (1.2) 170 (4.3)
(d)T60-1.6 111 104 (6.3) 112 (0.9) 102 (8.1) 110 (0.9)
Difference (%) 32 37 36 37 35

Note: the superscript symbol ‘†’ denotes the end correction.

Fig. 14 Stability map for the double liner configuration

Table 5 Combustion test cases

Case
code

Thermal
power (kW)

Air-fuel
ratio

Test system
configuration

Combustion
stability

Case 11 40 1.4 Single liner Stable
Case 12 60 1.6 Single liner Stable
Case 21 40 1.4 Double liner Stable
Case 22 60 1.6 Double liner Unstable
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these two nodes. However, the relative flame occupying the cross-
section area of the stable and unstable combustion flame differs
(see Fig. 15). The turbulence advances the flame speed in gaseous
fuel-air mixtures and elevates the burning rates in gas turbine
engines [53]. According to Damkohler [54] and Schelkin [55], the
burning velocity is related to the turbulence intensity; hence, the
wrinkled flame front that increases the specific flame surface area
yielding an increase in the fresh mixture consuming ability.
Hence, the temperature levels are proportionally increased. The
aforementioned findings imply that the system instability is asso-
ciated with elevated pressure levels and increased structure tem-
peratures in comparison to the stable system (single liner) under
the same initial operating conditions.

Note that the start-up of the experiments was held relative by
progressing the input parameters up to the desired test case set-
tings within the time-to-start to sustain the initial experimental
conditions. The structure was gradually heated up, avoiding ther-
mal shocks in the start-up periods, and it was air-cooled down in
the shut-off periods.

3.7 Acoustic Characterization. The acoustic modal proper-
ties of the combustor test system with the single and double liner
configurations at room temperature and at the operation tempera-
ture (cases 12 and 22) were experimentally, analytically, and
numerically characterized. Note that hereafter, the single liner
configuration will be denoted as the superscript ‘(s)’ and the dou-
ble liner is denoted as ‘(d)’. From the previous experiments [47],
the acoustic boundary conditions of the combustor downstream
were obtained by means of the reflection coefficient (R) that are
closed (R¼ 1) at one end (xc¼ 0, where the wedge is located) and
open (R¼�1) at the other end (xo¼ the height of the combustor
downstream). The end conditions for the single (xo

s� xc
s) and

double (xo
d� xc

d) liner configurations can be seen in Fig. 7. Fur-
thermore, the mean temperature was measured as 1200 K inside
the downstream part for the initial operating conditions of 60 kW
power and a 1.6 air-fuel ratio. The acoustic eigenfrequencies of a
rectangular volume (combustor) for the open-closed end condition
are calculated by the following equation [26]:

f ijk ¼
c

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i

2Lx

� �2

þ j

Ly

� �2

þ k

Lz

� �2
s

(12)

where c is the speed of sound, i, j, and k are the number of half
waves in the three length directions (Lx, Ly, and Lz) associated
with the x, y, and z coordinates (height, width, and depth of the
combustor), respectively. For the first mode, the quarter-wave

acoustic mode A (1,0,0), the equation is simplified as f¼ c/4Leff,
where Leff is the effective length. The effective length of a closed-
open end tube is given as Leff¼ Lxþ (Rr)(atube), where Rr is the
radiation resistance that is taken as ‘0.6’ and atube is the radius of
the tube opening [56]. Note that the combustor in this work has a
rectangular cross section. Therefore, this area is related to a tube
opening cross section, which has the same area of the combustor
in order to obtain an equivalent radius to calculate the effective
length. The numerical results were calculated using an FEM code
in the commercial software ANSYS and a finite volume method
(FVM) Helmholtz solver AVSP. The reader is referred to the
Ref. [47] for more information on the AVSP. The characteristic
acoustic frequency of the combustor without mean flow is pre-
sented in Table 6 for the single liner configuration at room tem-
perature (Troom) and at 1200 K (T60-1.6) and in Table 7 for both the
single and double liner configurations at T60-1.6. These frequencies
correspond to the first quarter-wave acoustic mode A [1,0,0] of the
combustor. In the presented results, the superscript ‘†’ denotes
that the end correction is applied and the deviation in the results
compared to the experimental results are specified in parentheses.
As presented in the tables, the experimental results showthe devia-
tion compared with the predicted results that is attributed to some
parameters that are not included in the numerical model such as
the possible acoustic damping presence in the combustor test
setup and the additional volume created by the semi-infinite hoses
attached to the combustor to avoid the high temperature effect in
the piezoelectric pressure transducers. Furthermore, in the analyti-
cal calculation the entire geometry is assumed to have the same
cross section; however, the depth of the upstream part of the com-
bustor is half of the downstream part. However, the analytical
results show a good coherence at both room and high temperatures
for the single liner configuration. On the contrary, the acoustic
response of the double liner configuration is accurately predicted
by numerical calculations. The direct proportionality of the eigen-
frequencies to the speed of sound, and considering that the speed
of sound is proportional to the square root of the temperature,
results in an apparent jump in the characteristic acoustic fre-
quency of the single liner configuration at a mean temperature of
T60-1.6 inside the combustor. As seen in Table 7, a reduction in the
range of 32–37% of the characteristic acoustic frequency is
obtained when the liner is doubled, which is due to the larger
acoustic period.

3.7.1 Structural Characterization. The structural modal char-
acterization of the combustor test system was performed and the
results were experimentally and numerically validated. Two ex-
perimental techniques were used: the roving hammer impact test

Fig. 15 Liner surface temperature profile and flame profile for (a) case 12, stable, and (b) case 22, unstable
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and the shaker test, as described in Sec. 3.4. The autospectra of
the output signals were averaged over all of the measurement grid
points. Hence, all the modes can be captured and missing a mode
due to a measurement on the node point was avoided. The experi-
mental and numerical results for the mode shapes and the eigen-
frequencies of the first seven modes are presented in Fig. 16 and
Table 8, respectively. Note that the measurements are performed
on the liner only (see Fig. 7). The results show that the mode
shapes are captured well. Furthermore, the predicted structural
eigenfrequencies show good agreement with the measurements,
except for two modes (first-torsional t(1) and the second-bending
b(2) modes) in Table 8. In these modes, a large deviation was
observed. This deviation is attributed to the production technique
of the combustor test system. The downstream liner is composed
of two L-shaped profiles welded together to form its rectangular
geometry. The two opposite corners contain welds that can have
an influence on the structural dynamic behavior [57]. The corner
welds increase the local stiffness; thus, they increase the rigidity
and act as a stiffener. Therewith, particularly, these torsional and
bending modes appear to be shifted further within the mode
sequence. This finding is attributed to the following reasons. As
seen from the mode shapes in Fig. 16, the liner structure deforms

with a limited amount of flexure in the first bending mode; thus
this mode suffers less from the weld effects. However, in the sec-
ond bending mode the corner welds experience a significant
deflection and thus plays a role in the dynamic behavior. Further-
more, as seen from the experimental results in the second torsional
mode, the deformation of the structure is restricted in the liner ge-
ometry, whereas the structure deforms together with the flame-
box in the numerical results. Hence, the deviation between the

Fig. 16 Mode shapes of the single liner configuration (top: experiment; bottom:
FEM)

Table 8 Structural eigenfrequencies (Hz) of the single liner
configuration at (Troom)

Mode Shaker testing Impact testing Average-testing FEM

Bending, b(1) 125 125 125 126 (0.8)
Torsional, t(1) 534 534 534 437 (18.2)
Plate, p(1) 639 640 639.5 633 (1.0)
Bending, b(2) 645 645 645 532 (17.5)
Plate, p(2) 673 673 673 671 (0.3)
Plate, �p(3) 744 742 743 750 (0.9)
Torsional, t(2) 764 765 764.5 761 (0.5)

Journal of Engineering for Gas Turbines and Power MAY 2014, Vol. 136 / 051501-11

Downloaded From: http://gasturbinespower.asmedigitalcollection.asme.org/ on 01/28/2014 Terms of Use: http://asme.org/terms



measurement and simulation caused by the welding is hindered in
this mode t(2). The corner weldments require an approximate
modeling to accommodate the overall modal analysis. However,
the unknown material properties and the inhomogeneity of the
weld turned down the numerical efforts for a better prediction of
the eigenfrequencies. Considering that the plate modes of the
structure are crucial for the acoustic response of the combustor
due to the change in the acoustic volume (expansion and contrac-
tion of the volume) during the combustion process, the numerical
results are claimed to be a good prediction, taking note of these
remarks. For further analysis, the modal characterization of the
double liner configuration was performed numerically.

It can be remarked that welds are the local discontinuous
regions where fatigue cracks can occur. Residual stresses can be
generated in weldments due to thermal expansion, plastic defor-
mation, and shrinkage during cooling [58]. Even low-level resid-
ual stresses can significantly enhance the cracking behavior in
structures [58,59] such as in combustion liners [60]. Besides, the
welds can alter the structural dynamics due to the local stiff
regions and dimensional inhomogeneity of the weld. Therefore,
welding should be avoided in the design of the combustors under
possible circumstances.

Since the combustion liner material is exposed to elevated tem-
peratures during the combustion operation, the temperature de-
pendence of the material properties must be considered. The
surface temperature in the tests for case 22 was observed to vary
between 160–370 �C (see Fig. 15). The eigenfrequencies of the
specimen scale by the square root of Young’s modulus. Hence, a
temperature increase from room temperature to the maximum
temperature of 370 �C (Tw

case 22) causes a reduction of about 15%
of the Young’s modulus of the liner material and, thus, the eigen-
frequencies decrease by approximately 8%. The temperature de-
pendency of the material properties is limited within this range
(see Fig. 9), therefore, the maximum temperature was used as a
homogeneous structural temperature in the numerical model. In
Table 9, the FEM results are presented for single and double liner
configurations at Troom and Tw

case 22. In the table, for the double
liner configuration ‘top’ and ‘bot’ define the location of the mode,
which is active either in the top or bottom liner, as depicted in
Fig. 17 for the first two plate modes.

3.8 Acoustical and Structural Response. In this section, the
acoustic and the structural responses of the combustor test system,
with double liner configuration, during the combustion process
are described. The acoustic, combustion, and structure domains
are interlinked in the experimental results and the observed char-
acteristics of the stable and unstable combustion are discussed.
The temperature influence on the acoustic behavior at T60-1.6 and
structural behavior Tw

case 22 was investigated in the previous sec-
tions. The sound pressure level (SPL) and the liner wall velocity
(t) measurements in the time and frequency domain are depicted
in Fig. 18 for the unstable combustion case 22. In the figure, the
pressure signal at the three measurement locations, p2, p5, p7, and
vibration signal at the p3 location are shown. The combustion
instability generated a turbulent flame, high amplitude pressure
oscillations, and a nonlinear system, including higher-order har-
monics of the characteristic frequency but a deterministic vibra-
tion behavior with a well-shaped cyclic pressure and
corresponding vibration of the liner.

The SPL and vibration of the liner wall within the range up to
1000 Hz for cases 21 and 22 are shown in Figs. 19 and 20. The
y-axis is rescaled in each plot to give a close-up view of the peaks.
The higher-order harmonics of the limit cycle frequency are
defined by the dashed lines in order to distinguish the modal
frequencies from those harmonics. In case 22, seven more higher-
harmonics of the characteristic frequency appeared in the
0–1000 Hz range. The generated pressure excites the combustor
structure at these higher-harmonic frequencies. The reasons for
the deviation in the observed eigenfrequencies in the experiments,
compared to the numerical results, can be due to the use of a
mean temperature value instead of the full temperature profile of
the fluid and the structure. Besides, unstable combustion is a com-
plex phenomenon and develops varying recirculation zones above
the wedge of the combustor; therefore, the acoustic excitation is
not completely uniform inside the combustor. The asymmetrical

Table 9 Predicted structural eigenfrequencies (Hz)

Mode
number

Single
Troom

Single
Tw

case 22

Double
Troom

Double
Tw

case 22

p(1) 663 610 (top) 628 (bot) 648 (top) 578 (bot) 596
p(2) 671 617 (top) 666 (bot) 714 (top) 613 (bot) 657
p(3) 750 690 (top) 743 (bot) 829 (top) 684 (bot) 763
p(4) 875 805 (top) 865 (bot) 995 (top) 796 (bot) 915

Fig. 17 First two plate modes in the double liner
configurations

Fig. 18 Time signal and autospectrum of the acoustic pres-
sure and velocity of the wall (case 22): (the measurement loca-
tions are shown in parentheses)
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structural dynamics caused by the corner welding and the fact that
the measurement devices are mounted on one side of the combus-
tor contribute to the overall deviation. In the numerical analysis,
the effect of the surrounding fluid in the structural dynamics was
neglected; however, the structural dynamics adjacent to a fluid do-
main generally couples to the fluid motion. Thus, the fluid affects
the structure as damping forces and an added mass. The damping
of the plate will be increased, accounting for the fluid and its state.
The added mass represents the fluid inertia related to the accelera-
tion of the structure and, consequently, the back-relation of the
surrounding fluid acceleration. Hence, the effective mass and the
effective mass moment of inertia of the structure are increased by
the added mass components of the fluid inside the combustor with
two-way interaction. The following equation [26] can approxi-
mately describe the effect of the added mass on the eigenfrequen-
cies, due to the fact that the eigenfrequency of an elastic structure
is inversely proportional to the square root of the mass

f fluid medium
i

f vacuum medium
i

¼ 1

1þAp

Mp

� �1=2
(13)

where Mp is the mass of the structure and Ap is the added mass
that is generally a function of the structure geometry, boundary
conditions and mode number, fluid properties, and the fluid state.
In this equation, the mode shapes are assumed to be preserved and

the effect of the air surrounding the combustor from outside is
assumed to be negligible. Thus, it can be concluded that the
acousto-elastic coupling, which was described in Sec. 2, is
expected to contribute to the changes in eigenfrequencies
observed in the experiments.

The shaded areas in Figs. 19 and 20 represent the frequency
range of the 4th and 5th harmonics of the characteristic frequency.
In this range, the structural eigenfrequencies belonging to the first
and the second plate modes take place. The expansion and con-
traction motion of the walls, due these modes, alters the acoustic
volume of the combustor and, thus, the pressure inside. Hence, the
structure to fluid interaction is stimulated and the acoustic pres-
sure is coupled to the wall vibrations. The shaded areas are
depicted in Fig. 21. In the figure, the velocity peaks are marked
and the corresponding frequencies (vertical dashed lines) are
matched in the pressure spectrum. The frequencies of the peaks in
both plots are in agreement. However, the wall vibration peaks
enclosed with the rectangular dotted-frame in the figure are found
to have limited influence on the pressure. The measured frequen-
cies, where the significant peaks are located, and the FEM results
are listed in Table 10. The results are in good agreement, except
for the frequency of 599 Hz. In this frequency, the pressure ampli-
tudes reach a local-peak at the ‘p2’ and ‘p5’ locations; however,
this behavior is not responsive at the ‘p7’ location. Thus, even
though the plate modes of the structure interact with the fluid, the
main driving mechanism of the thermo-acoustic instability
remains independent from these modes, since the characteristic
frequency is much lower than the eigenfrequencies belonging to
these modes. At the characteristic frequency, a strong fluid-to-
structure interaction is generated due to the combustion-driven
instability. This results in the highest amplitude of the wall vibra-
tions of the structure at the characteristic frequency.

3.9 Structural Damage Monitoring. The presence of dam-
age in the structure leads to a change in the modal parameters.
Since the responsiveness of the modal parameters depends on the
severity and the location of the damage, the changes in the modal
parameters are not identical. Therefore, dynamic testing was con-
ducted during the combustion operation by means of the fre-
quency shift technique and the flexibility method. The vibration
of the plate specimen attached to the flame-box was continuously
monitored at the half-diagonal node points to ensure that all
modes are covered in the assessment. In the figure, ‘tnode no.’ is
used to identify the velocity of the measured node number on the
scan grid (Fig. 22).

Two experiments were carried out: one on the intact and one on
the damaged specimen attached to the flame-box and the

Fig. 19 SPL inside the combustor

Fig. 20 Velocity amplitude of the liner wall Fig. 21 SPL and the velocity amplitude of the liner wall
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combustor was set to case 22, where the combustion instabilities
were observed. Since the abnormal loss of the stiffness due to
damage will be reflected as a reduction of the measured eigenfre-
quencies, the damage detection algorithm infers the existence of
the damage by the eigenfrequency shift. The stochastic nature of

the instability exhibits identical characteristic frequencies but dif-
ferent pressure amplitudes at the higher-harmonics of the charac-
teristic frequencies. Thus, the specimen was excited with different
pressure levels that lead to different vibrations. Therefore, the ve-
locity amplitudes at each node are normalized with respect to its
maximum amplitudes and pressure to avoid differing pressure lev-
els (see Figs. 23 and 24). Note that the superscript ‘�’ denotes
normalization. In Fig. 23, the pressure (at the ‘p7’ location) and
velocity measurements are depicted, belonging to the intact and
the damaged cases for the 0–1000 Hz range. The ranges of the y-
axes in the figures are identically set. In the damaged specimen,
‘node 41’ coincides with the damage location; thus, the corre-
sponding velocity data is not available.

Since the unstable combustion generated distinct acoustic pres-
sures at four frequencies until 444 Hz, the vibration behavior was
dominated by these pressures in this range. Therefore, the investi-
gation frequency range was scaled down to 445–610 Hz in order
to distinguish the structural eigenfrequencies of the system from
the frequencies of the dominant acoustic pressures. In Fig. 24, the
vertical lines represent the higher-harmonic frequencies of
the characteristic (limit-cycle oscillation) frequency (solid line),
the peak frequency marking for the intact specimen (dotted line),
and for the damaged specimen (dashed-dotted line). Inside each
pocket (between two adjacent higher-harmonic frequencies), one
distinct peak frequency pair was marked in both the intact and
damaged plots. The average reduction of representative frequen-
cies in the presented frequency range is less than 1.5%. The fre-
quency shift method was, therefore, found to be insensitive to the
current damage configuration.

Next, the local response of the structure was investigated under
the instability pressure peaks. A new method is proposed, the so-
called instability peaks method, which is based on the change of
dynamics behavior of the structure at characteristic and higher-
harmonic frequencies. In Fig. 25, the normalized velocity mea-
surement at each distinct frequency (characteristic frequency and
harmonics), which is normalized here by the characteristic fre-
quency ðf̂ Þ, is presented, including both intact and damaged cases.
As previously discussed, tnode 41 for the damage case is not avail-
able; hence, its maximum normalized amplitude does not reach
one at any of the distinct frequencies. Furthermore, the maximum
amplitude of tnode 81 is at the second frequency (first harmonic of
the characteristic frequency) in the intact case, whereas in the
damaged case its location shifts to the first frequency, which can
be attributed to the local mode change due to the damage. Further-
more, in Table 11 the absolute deviation of btrms of the damaged
configuration from the intact configuration and the average of
each row (Average t, velocity component based) and column (Av-
erage f, frequency component based) are presented. Here, tnode 41

is excluded from the table due to the aforementioned reasons. As
seen from the table, the highest difference between the intact and

Table 10 Experimental and numerical comparison of the fre-
quencies (Hz)

Experiment FEM Mode Deviation (%)

575 578 p(1) (top) 0.5
593 596 p(1) (bot) 0.5
599 — — —
611 612 p(2) (top) 0.2
649 657 p(2) (bot) 1.2

Fig. 22 Measurement grid (9 3 9: tnode no.)

Fig. 23 Cross-correlations of the pressure (at p7) and the velocity of the diagonal-nodes (tnode#) of the intact (left) and damaged
(right) specimen
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damaged configurations is at the ‘node 51’ location and the ninth
frequency (eight harmonic frequency). This node is the closest
measurement location to the damage that leads to the highest
change in the velocity amplitude. Furthermore, the sensitivity of
the ninth frequency is attributed to local mode alteration due to
the damaged state. However, this method is not reliable to predict
the damage location, since the combustion process generates com-
plex behavior that can lead to a misinterpretation. Moreover, the
method requires a prior numerical analysis in order to obtain the
structural modes and define the contribution of the frequency con-
tent from the graph.

The frequency shift and instability peaks response methods are
not found to be robustly predictive in structural damage monitor-
ing. Therefore, the vibration measurement is performed on a 9� 9
scan grid in the whole specimen area and the flexibility method is
applied using two sets of data (intact and damaged cases). The
results are depicted in Fig. 26. The highest flexibility was found
on the sides of the center-crack type of damage. The flexibility
method captured the damage existence, location, and severity.

The influence of damage in the structural dynamics was cov-
ered up to this point by means of the modal parameters and the
flexibility. The damage can progress during the operation, not
only by cyclic pressure amplitudes but also due to the elevated

temperature exposure. Furthermore, the thermal gradient presence
can enhance the deterioration of the component. The IR camera
method was used to obtain the temperature profile evolution on
the specimen during the operation. The comparative test results
for both the intact and damaged specimens are shown in Fig. 27.
The color bar is depicted as a representative spectrum in order to
emphasize the distinct temperature field in each frame. In the
intact specimen case the temperature increase starts locally and
spreads to the upper body as the hot combustion gas flows,
whereas in the damaged case the temperature increase concen-
trates around the introduced damage. This can lead to a reduction

Fig. 24 Laser zigzag path generation and nodal surface scan-
ning grid and structural vibrations comparison

Fig. 25 Structural response to instability peaks

Table 11 Deviation (%) of t̂rms with respect to the intact and
damaged configurations

bf 1 2 3 4 5 6 7 8 9 Average t

tnode 51 0.0 90.6 54.7 48.0 13.2 76.0 207.4 214.9 361.5 118.5
tnode 61 0.0 98.0 9.4 66.3 16.4 90.4 89.2 75.5 90.0 59.5
tnode 71 0.0 98.9 90.8 91.5 98.4 99.3 99.4 97.3 97.3 85.9
tnode 81 283.0 98.1 93.4 87.9 20.2 77.5 10.5 69.6 55.6 88.4

Average f 70.7 96.4 62.1 73.4 37.1 85.8 101.6 114.3 151.1

Fig. 26 Damage localization due to the change in the flexibility
matrix
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of the material strength due to the temperature-dependent proper-
ties. The hot gases leaked out through the damage, potentially
causing an additional temperature gradient across the structure
interacting with the atmospheric environment under this condi-
tion. In general, the plastic work fields around the crack tip gener-
ate thermal energy due to plasticity and, hence, temperature fields,
which leads to a softening of the material [61]. The sustained
intense thermal stresses at the damage location can elevate the
energy release rate along the crack front and, thus, the crack driv-
ing forces [62]. Therefore, the intensified temperature rise at the
damage location would lead to an accelerated crack growth com-
pared to the initial design conditions.

4 Concluding Remarks and Discussion

The conclusions of this multiphysical investigation covering
combustion, acoustics, and vibration phenomena, can be drawn
mainly as follows:

• Limit-cycle pressure oscillations due to combustion instabil-
ities can be generated in the generic combustor test system
on demand. The operating points, which induce instabilities,
are defined in the instability map.

• The higher-order harmonics of the combustion characteristic
frequency due to the nonlinear nature of the combustion
instability was generated. Since the harmonics spread over a
large frequency band with respect to the order-number, a pos-
sible concurrence/interaction of those harmonics with the
structural modes of the system is unavoidable. Yet, the full
explanation for the number of fairly high amplitudes of the
harmonics and the occurrence of the feedback mechanisms
that damp some acoustic oscillations is deficient. This effect
becomes crucial in designing instability control systems (and
its frequency range) for gas turbine engines.

• The generic combustor test system in this work is a basic
prototype of an industrial system, which enables an easy
operation and validation of numerical calculations with well-
defined boundary conditions in a cost-effective manner. Con-
sequently, the test system enables a robust investigation of
the combustion-acoustics-structure interrelation under limit
cycle conditions. Besides, several variances and analogies
between the test system and industrial combustion systems
were described throughout the paper. Nevertheless, the meth-
odology for the structural dynamics assessment was proven
to be valid and feasible up to a reasonable complexity. There-
fore, the core of the modeling procedure can be used to
achieve the desired accuracy and complexity by including the
circumstances belonging to industrial combustors.

• A real-time combined vibration and thermal based structural
assessment method, consisting of an LDV, an infrared

camera, and a programmable traverse system, was integrated
in the combustor test system and enables working continu-
ously during the experiments. The progressive variation in
the structural response and the temperature profile were
monitored and characterized under combustion driven
dynamic loading conditions. The generated pressure was
coupled with the structure vibrations in the limit cycle condi-
tion. Structural damage detection, localization, and severity
quantification was successfully performed by using a com-
bined flexibility and thermography method. For the flexibility
method, only a few of the lower modes are sufficient for the
measurement to obtain an accurate calculation of the change
in the flexibility matrix. The thermography method enables
measurement of the full-field in image form and a fast evalu-
ation. In addition, the thermography method showed that the
temperature was localized around the damage, which is in
contrast to the intact case during the combustion operation.
This leads to an accelerated damaging process due to local-
ized softening of the material.

• It should be noted that the variation of the thermal expansion
coefficient due to the temperature change can cause a pre-
stress effect. The specimen holder in the generic combustion
test system enables the specimen to slide inside the fixture
due to expansion in the longitudinal and transverse directions.
This mechanism partially compensates for the thermal expan-
sion; however, the prestress can still remain due to the
friction.
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Nomenclature

ac ¼ crack length
ao ¼ initial crack length
Ap ¼ added mass

atube ¼ radius of the tube opening
A(i,j,k) ¼ acoustic mode representation

B ¼ thickness
c ¼ speed of sound

C ¼ coupling matrix

Fig. 27 Temperature evolution on the intact (above) and damaged (below) specimens
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dc ¼ crack diameter
E ¼ Young’s modulus
f ¼ frequency

Ff ¼ fluid load vector
F

s ¼ structural load vector
G ¼ flexibility matrix

GD ¼ flexibility-change matrix
K ¼ stiffness matrix
Kf ¼ assembled fluid equivalent “stiffness” matrix

K
fs ¼ assembled coupling “stiffness” matrix

K
s ¼ assembled structural stiffness matrix

L ¼ length
M ¼ mass matrix

Mp ¼ mass of the structure
M

f ¼ assembled fluid equivalent “mass” matrix
M

fs ¼ assembled fluid-structure coupling “mass” matrix
Ms ¼ assembled structural mass matrix

P ¼ nodal pressure vector
p0 ¼ pressure oscillation

p1�7 ¼ measurement locations
q0 ¼ heat release perturbation
R ¼ reflection coefficient

Rr ¼ radiation resistance
S1�4 ¼ test combustor part numbers
S(i,j) ¼ structural mode representation

t ¼ time
T ¼ temperature
u ¼ nodal displacement vector
V ¼ volume of the domain
W ¼ width
wc ¼ crack width

x ¼ length coordinate
c ¼ mass per unit area of the plate

dlm ¼ elements of (GD)
kij ¼ dimensionless frequency parameter
q ¼ density
s ¼ period of the oscillation
t ¼ Poisson’s ratio
t ¼ liner wall velocity
/ ¼ wave energy dissipation
U ¼ mode shape matrix
x ¼ modal frequency
X ¼ modal stiffness matrix

Subscripts

d ¼ damaged
eff ¼ effective

h ¼ intact
i, j, k ¼ mode shape number indicators

m ¼ index for the damaged element
n ¼ number of degrees of freedom

node number ¼ measurement node number
p ¼ plate

x, y, z ¼ Cartesian coordinate indicators

Superscripts

d ¼ double liner configuration
s ¼ single liner configuration

w ¼ liner wall
† ¼ end correction
� ¼ normalization

Abbreviations

AE ¼ acoustic emission
DAQ ¼ data acquisition system
DOF ¼ degree of freedom
FEM ¼ finite element method

FVM ¼ finite volume method
IR ¼ infrared

LDV ¼ laser Doppler vibrometer
SPL ¼ sound pressure level
VB ¼ vibration-based
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