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Abstract

We present here an experimental study of the influence of the aeroelastic coupling between the combustion
chamber walls and the acoustic fluid field on the onset and development of thermoacoustic instabilities in sto-
ichiometric propane-air premixed flames. A horizontal quasi-two-dimensional Hele-Shaw chamber formed
by two parallel plates separated a small distance / is used. The flames are ignited at the open end, in contact
with the atmosphere, and propagate towards the opposite closed end. The experiments reveal three distinct
propagation regimes determined by the stiffness of the plates and the evolution of the pressure perturbation
generated during ignition: (i) for sufficiently rigid plates, we observed secondary acoustic instabilities with
large amplitude oscillations in the direction of propagation of the flame; for flexible enough walls to be com-
pliant with ignition-related pressure changes, (ii) the propagation of the flame undergoes small-amplitude
oscillations (primary acoustic instabilities) along the channel or (iii) it is smooth with no oscillations whatso-
ever. The flexural rigidity of the plate is modified experimentally by changing both the width I and thickness
hy, of the top plate of the Hele—Shaw cell. The data recorded by the pressure transducer and the accelerometer
is used to plot a stability map in the W — h,, parametric space to define the combination of structural param-
eters that triggers the onset of thermoacoustic instabilities. Our experimental measurements, supplemented
with results from a theoretical analysis of the walls vibration modes, indicated that deformation-induced vol-
ume changes of around 0.1% of the volume of the Hele—Shaw cell are sufficient to suppress thermoacoustic
instabilities.
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1. Introduction

Thermoacoustic instabilities are oscillations
that arise when the heat release rate of a system
is coupled with its acoustic modes. In this study,
a flame front reacts to an acoustic perturbation
inside a semi confined combustion chamber. The
unsteady pressure field induced by the flame cre-
ates a force on the walls of the vessel, introduc-
ing structural vibrations that can also interact with
the gas mixture and modify the already compli-
cated interplay between the flame and pressure
waves. Previous experimental studies in quasi-2D
configurations (e.g., Hele-Shaw cells) [1-4] con-
sidered wide flat plates to build the combustion
chamber and study the onset and evolution of in-
trinsic hydrodynamic and thermo-diffusive flame
instabilities without reporting significant pressure
or flame oscillations during the experiments. On
the other hand, the recent work by Veiga-Lopez
et al. [5,6] and Martinez-Ruiz et al. [7,8], among
others, identified a regime of violent flame oscilla-
tions similar to those described by the seminal ex-
periments in tubes by Searby [9].

Specifically, the interaction between the struc-
tural vibration and the flame instability was ex-
plored by Radisson et al. [10]. According to their
results, the vibration of the plates was responsi-
ble for inducing oscillating instabilities in the flow
field, which emerged from a direct coupling with
the structural modes of the burner walls. The anal-
ysis therein proposed that the oscillation of the flow
was induced by the burner natural vibration modes,
introducing flame oscillation frequencies that did
not agree with the prediction of characteristic fre-
quencies in thermoacoustic instabilities. Very re-
cently, Liu et al. [11] studied the effect of a flush-
mounted flexible membrane over the duct wall on
the suppression of unstable thermoacoustic modes.
Using a numerical approach, the authors state that
the thermoacoustic instability of the system can be
controlled via vibro-acoustic coupling, concluding
that this idea can be used as an effective control
strategy by adjusting the physical parameters of the
membranes and their installation locations.

Most importantly, numerous technological ap-
plications rely on the adequate prediction and con-
trol of this kind of processes to avoid structural
failure and reduced efficiencies. The ability to con-
trol combustion-related instabilities might signifi-
cantly reduce operational and maintenance costs,
which can constitute up to 70% of the non-fuel
costs of some turbines [12]. The understanding of
mechanisms that avoid this problem will surely have
a great impact on the performance and viability of
power generation devices. Nevertheless, to the best
of the authors’ knowledge, the work by Pozarlik
and Kok [13] is the only one that has considered
the mutual interaction between flow, chemical reac-
tion, acoustics and structural vibration in turbines
to show that the vibration of the combustion cham-

Pa Zt/lgnitiou )Hzlm(‘ p(t) W
i

1
T | AN

a
Pressure sensor

L

Fig. 1. Perspective (top) and side (bottom) view sketch of
the experimental setup indicating the ignition point, ac-
celerometer and pressure sensor. The distance between the
plates 4 is much smaller than the width 1 and length L
of the Hele—Shaw chamber # < W ~ L. The flame prop-
agates from left to right towards the closed end of the
chamber.

ber might play an important role to trigger or sup-
press thermoacoustic instabilities.

In this work, we present an experimental anal-
ysis under simplified geometries to explore the ef-
fect of the wall stiffness on the propagation of the
flame. In the following sections we introduce a the-
oretical prediction linking the mechanical proper-
ties of the plates forming the Hele-Shaw chamber
with the dynamics of the flame. Its influence on the
coupling dynamics will be assessed in this paper to
devise new methods to control and/or mitigate the
onset of thermoacoustic instabilities.

2. Experimental setup and procedure

The experimental setup is sketched in Fig. 1 and
thoroughly described in Veiga-Lopez et al. [5]. The
combustion chamber is formed by two flat plates
disposed horizontally and separated by a PMMA
hollow frame, enclosing a maximum volume of L x
W x h =900 x 500 x 10 mm?>. The lower plate is a
rigid aluminum table insulated with a 10-mm PVC
layer at z = 0 mm. The top plate is a PMMA plate
of width W, length L and thickness A, separated a
distance 4 from the lower plate. During this study,
L is kept constant, while the channel width ¥ and
the top-plate thickness /,, are modified to analyze
the effect of the plates flexural rigidity on the prop-
agation and acoustic coupling of propane flames.

The stoichiometric propane air mixture (equiv-
alence ratio ¢ = 1) is prepared before injection us-
ing two mass flow controllers (Sierra SmartTrak
100 for fuel and Omega FMAS5418A, 0-5 slm for
air). The experimental procedure starts by inject-
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ing the stoichiometric mixture into the chamber at
the ignition end, via four regularly-spaced injec-
tion ports. During this phase, the ignition end of
the vessel is kept sealed while the opposite end is
opened for venting. Upon the completion of the
charge, both ends are shut to allow the gases to
come to rest. Finally, the ignition-injection end is
reopened and the mixture is ignited using a glow
plug (BOSCH Duraspeed) which produces the de-
position of an electrical energy that is equal for
all the experiments. The whole section W x h at
the ignition end is available to freely vent the high-
temperature products off the chamber.

The luminous emission of the flame is recorded
with a high-speed camera (MEMRECAM HX-3)
shooting between 1000 and 25,000 fps depending
on the case. The top view (plane x — y in Fig. 1) is
used to obtain accurate quantitative data from the
recording through the visually-accessible PMMA
plates (i.e., oscillation frequencies, burned volume
fraction, flame velocity, etc.). The front view (plane
y —z in Fig. 1) is used to visualize the interaction
of the flame with the top plate right after ignition
(see Fig. 6). Simultaneously, a pressure transducer
located inside the chamber, near the closed end,
is used to record the pressure signal p(¢) induced
by the acoustic oscillations, with a characteristic
sampling frequency of 6000 Hz. At the same time,
an accelerometer measures the vertical acceleration
of the top plate at the ignition point just above
the glow plug. A low pass filter is applied to the
acceleration signal to remove both mechanical and
electrical noise, and a third-order time integration
method is used to obtain the vertical displacement
d(t) from the data recorded by the accelerom-
eter. Finally, image and signal post-processing
analyses are performed using an in-house Python
code.

In our experiments we describe the propagation
of a flame that oscillates with a frequency f; be-
cause of the interaction with an acoustic wave. The
main contribution to the absorption of the sound
wave is due to the presence of the walls, above
which an acoustic boundary layer of thickness §, ~
(v/m f7)"/? accommodates the velocity oscillation
amplitude of a fluid particle from its value in the
mainstream to zero on the walls surface. As indi-
cated in Landau and Lifshitz [14] for cylindrical
pipes, the sound absorption coefficient decreases
with the radius of the tube. In planar channels,
Veiga-Lopez et al. [5] demonstrated that a distance
between the horizontal plates # = 10 mm is suffi-
cient to make the viscous damping of the acoustic
signal negligible.

3. Experimental results
The aforementioned methodology is applied

here to obtain the following data on stoichiometric
propane air mixtures. Three different regimes are

Fig. 2. Top view of the flame luminous emissions
recorded by the high-speed camera at different times for
W =500 mm and L =900 mm, with a 25 mm-thick
PMMA plate (upper half) and a 10 mm-thick PMMA
plate (lower half).

identified from our experiments, two of them are il-
lustrated in Fig. 2 and in the video attached as sup-
plementary material. The figure shows a top-view
image composition of the propagation of the flame
from left to right, as recorded using rigid 25 mm-
thick (upper half) and flexible 10 mm-thick (lower
half) PMMA plates.

In the case illustrated in the upper half of
Fig. 2 (thicker plate), the stoichiometric flame wrin-
kles to form medium-size cells, as a consequence
of the Darrieus Landau instability, short after
the ignition event. Later, the flame starts a small-
amplitude oscillation that flattens the reacting front
before reaching the first quarter of the chamber.
Following that phase, when the reactive front pro-
gresses towards the half of the chamber, the oscilla-
tions grow rapidly in amplitude up to 6000 Pa (see
top panel of Fig. 3), accelerating the flame. It is
at this point that the front adopts a marked cellu-
lar finger-like shape, that simultaneously alternates
cusps and tails in consecutive periods. This is the
characteristic behavior of premixed flames under-
going secondary acoustic instabilities that exhibit
large-amplitude oscillatory dynamics.

When the thickness of the plate is progres-
sively reduced, the amplitude of flame oscilla-
tions becomes smaller, propagating with primary
thermoacoustic oscillations for 10 mm < A, <
20 mm, not shown here for the sake of concise-
ness. Given h,, < 10 mm, no flame oscillations are
observed. The particular case of A, = 10 mm is
shown in the lower half of Fig. 2. In this experi-
ment, the flame initially developed the character-
istic Darrieus-Landau wrinkling but the evolution
was smooth with nearly-constant flame propaga-
tion velocity and no oscillations of the reacting
front.

The pressure history p(z) and the vertical
displacement of the upper plate d(¢), obtained
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Fig. 3. Pressure p — p, (top) and displacement d (bottom) evolution with time ¢ — ¢ for a) two different top-plate thick-
nesses, iy = 25 mm (red) and Ay, = 10 mm (black) with W = 500 mm and b) two different top-plate widths, W = 400 mm
(red) and W = 500 mm (blue) with &y = 20 mm. The insets in the figures show the initial instants of p — p, and d after
the ignition event at ¢ = ¢y. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

through the pressure transducer and accelerometer
respectively, are both shown in Fig. 3(a) for W =
500 mm, L =900 mm and different plate thick-
nesses. When a thick plate of A, =25 mm was
used, the pressure history corresponds to the clas-
sical pattern of secondary instabilities mentioned
above and reported before in Veiga-Lopez et al.
[5], Searby [9]. The time history of the vertical dis-
placement d(¢), shows an identical shape to that of
the pressure record, with a maximum displacement
of around 0.2 mm and an oscillation frequency of
fr =114 Hz. Nevertheless, the use of a plate of
hy = 10 mm produces a change in the behavior,
making the pressure oscillations disappear. The ef-
fect of the variation of the channel width W on
the pressure and displacement response is shown
in Fig. 3(b). In this figure, we identify a similar
effect to reduce the plate thickness, with a tran-
sition from secondary to primary thermoacoustic
instabilities when the chamber width is increased
from W =400 mm to W = 500 mm. The mea-
sured flame oscillation behaviour (secondary, pri-
mary or no-oscillation) and the oscillation frequen-
cies in terms of W and A, are included in Table 1 in
the Appendix.

Although the ignition of the flame caused the
initial displacement of the top plate, we need to
determine if the subsequent motion depends only
upon the inherent properties of the system (natu-
ral oscillations) or, in contrast, is driven by pressure
oscillations generated by flame instabilities. With
that objective in mind, the following section is de-
voted to describe the structural properties of the
plate and to calculate of the plate’s natural oscil-
lation frequencies.

4. Structural considerations

The structural properties and boundary condi-
tions of the upper plate are a key point to de-
vise the influence of the structure on the thermoa-
coustic coupling. As defined in the experimental
set-up, the lower plate is attached to a solid alu-
minium table that can be considered infinitely rigid
as (Eh3)a1/(ER )pmma ~ 35> 1. The upper plate,
on the other hand, is a transparent PMMA rect-
angular plate where the three edges corresponding
to the closed sides shown in the sketch included
in Fig. 1 are clamped. The edge on the open end
is free of any restriction. The frequency values as-
sociated to those specific constraints can be ob-
tained using the semi-analytical method described
in Leissa [15]. Nevertheless, and to avoid the un-
certainties of the semi-empirical parameters used
in this reference, the natural oscillation frequen-
cies of the top plate were numerically calculated,
using standard Finite Element Method techniques
in Comsol Multiphysics, for the first and second
deformations modes. The values of W, L and A,
in these calculations correspond to those used in
the experiments. The values of the Youngs Modu-
lus £ = 1934 MPa and Poissons ratio v = 0.33 for
the PMMA plates used in our measurements were
gauged in our laboratories to ensure the maximum
possible accuracy in the calculations of the natu-
ral frequencies. In particular, for a plate of width
W = 500 mm, length L = 900 mm and thickness
hy, = 25 mm, the fundamental frequency obtained
for the first deformation mode is f, = 142.7 Hz.
The complete set of computations for all the range
of parameters W and h,, considered are included
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Fig. 4. Frequency analysis of both pressure (solid) and displacement (dashed) signals in the cases a) W = 500 mm with
hyw = 25 mm (secondary thermoacoustic instabilities) and /,, = 10 mm (no pressure oscillations) and b) /,, = 20 mm with
W = 400 mm (secondary thermoacoustic instabilities) and W = 500 mm (primary oscillations). The colored vertical lines
indicate the pressure or flame frequencies f, while the dashed, gray lines show the natural frequency of the plate f1 | for

each case.

d

Fig. 5. First (top) and second (bottom) deformation
modes of the plate. The natural frequencies of both de-
formation modes are included in Tables 2 and 3 in the
Appendix.

in Tables 2 and 3 in the Appendix for the first and
second deformation modes, respectively, which are
illustrated in Fig. 5. In the former, the shaded re-
gion corresponds to those cases in which secondary
flame oscillations were experimentally observed.
The frequency analyses of the flame oscillation,
pressure and plate displacement signals are plot-
ted in Fig. 4. As shown in this figure, for W =
500 mm and /A, = 25 mm we find a coherent peak
at f; = 114 Hz but not at f, = 142.7 Hz, suggest-
ing that the vibration of the plate is induced by the
acoustic pressure wave travelling inside the channel,
whose frequency only depends on the geometrical

details of the Hele—Shaw cell and the properties of
the gas. A similar behavior is observed with differ-
ent combination of parameters. Nevertheless, we
found a controversial case when /4, = 20 mm and
W = 500 mm. In that experiment, the flame oscil-
lation frequency f, = 106 Hz is sufficiently close to
the natural frequency of the plate f;; = 114.9 Hz
to raise suspicion about the real origin of the os-
cillations observed in the experiments. Nonethe-
less, as the chamber width was reduced to W =
400 mm, keeping Ay, = 20 mm, the flame oscilla-
tion frequency remained constant at f; = 104 Hz
but f1, = 177.4 Hz, sufficiently larger than f; to
confirm the pressure coupling as the real cause of
the oscillations.

In addition, when the plate is under the effect of
an uniformly distributed constant load of intensity
P, the vertical displacement of the plate d relative
to the channel height / can be explicitly calculated
[16] as

% = AH(x, y)P, (1)

where A = 12(1 —v))W*/(Ehh3) is the rigidity
factor, and H(x, y) is a known periodic function
that only depends on geometrical parameters It can
be written as an infinite series of sines and cosines
and ensures the boundary conditions of zero ver-
tical displacement at y = £W/2 and x = L. There-
fore, Eq. (1) anticipates the parametric dependence
of the deformation of the vibrating plate with the
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Fig. 6. Frontal view of the first instants of flame propagation near the glow plug located at y = z = 0 mm.

geometrical details through the stiffness coefficient
A.

Unexpectedly, the vertical displacement of the
top plate is reduced one order of magnitude when
hy, = 10 mm, although the same material for the
horizontal plate is used in our experiments. As seen
through the flame front in Fig. 2 (lower half) and
the pressure record in Fig. 3(a) (black curves), both
pressure and flame front oscillations completely
disappear. The maximum pressure increase in this
case was around 100 Pa, a value significantly below
the 6000 Pa recorded in the previous case with A, =
25 mm, and of the same order as the over pressure
generated during ignition (see inset in Fig. 3). The
evaluation of the natural frequency of the PMMA
plate with this 4, = 10 mm provides f, = 58 Hz. In
this precise experiment (Figs. 3 and 4), we observed
a peak at this frequency in the displacement signal,
but not in the pressure, clearly indicating that the
vibration of the plate does not induce flame oscil-
lations.

5. Discussion

To gain further insight into the thermal and
structural nature of the observations, this section is
devoted to study the physical mechanisms driving
the experimental measurements. First, we explore
the details of the evolution of the flame propaga-
tion right after ignition in Fig. 6. To take this se-
quence of images, the high-speed camera is placed
horizontally at the open end of the chamber and set
to record at 15,000 fps, focusing at the ignition in
the y — z plane. During the post-processing of the
footage, the glow plug luminosity at y = z = ( was
removed for an improved visualization. The evo-
lution of the front illustrates how the over pres-
sure measured by the pressure transducer is built

once the flame hits the upper plate of the Hele—
Shaw chamber. Once this happens at approximately
t —ty = 1.3 ms, with £, representing the ignition
time, pressure increases locally near z = A, and the
flame starts propagating faster in the proximity of
the upper wall. That event creates an axisymmet-
ric bulge in the reaction front, readily noticeable
at t — o = 6 ms, which then grows to overcome
the slower region of the reactive front that moves
close to the lower plate at z = 0 mm. Finally, at
t — ty = 10.6 ms, a single parabolic-like flame prop-
agates towards the sides of the chamber.

In addition, both the pressure and plate dis-
placement signals shortly after ignition were given
in the insets of Fig. 3. As a consequence of the ini-
tiation of the chemical reactions, a pressure rise of
around 100 Pa is created when W = 500 mm and
hy, = 10 mm. For estimation purposes, that pres-
sure applied to the 0.5 m? plate gives a vertical force
of the order of 50 N that deforms the upper plate
producing a small volume change. If the plate is
sufficiently rigid, the deformation is negligible and
the initial pressure wave created during the igni-
tion becomes trapped between the flame and the
closed end of the Hele-Shaw cell. As demonstrated
in Veiga-Lopez et al. [5], Martinez-Ruiz et al. [8] for
propane flames, under the conditions of our exper-
iments, this acoustic wave would couple with the
flame triggering the onset of thermoacoustic insta-
bilities illustrated in Figs. 2 and 3. On the other
hand, compliant walls with less flexural rigidity
will suffer initially a greater vertical displacement
that, in turn, induces a pressure change that can
be estimated using the ideal gas equation to give
Ap/p=—AV/V ~ —d/h. According to Eq. (1),
once the properties of the material are chosen, this
ratio of vertical displacement of the plate d/h is
controlled by the width W and thickness of the
plate hy,. More precisely, the controlling parameter
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is identified to be the stiffness coefficient A defined
above.

Even though the dynamical load created by the
flame ignition is not uniform and the response of
the plate will be different to that anticipated in
Eq. (1), it is possible to use the scaling suggested
by this equation to vary the rigidity of the upper
plate, thus controlling the amplitude of the plate
vertical displacement. Therefore, the same material
for the top plates is maintained while varying the
thicknesses /,, and widths I to keep constant both
Poisson’s ratio v and Young’s modulus E.

The set of experiments performed in our setup
shows a systematic shifting of the flame fre-
quency towards lower values as the thickness of
the plate is reduced, giving, for example fr =
(114, 106, 100) Hz for hy, = (25,20, 15) mm in a
plate of width W = 500 mm. As the thickness is
reduced, the plate becomes more flexible and the
distance between the horizontal plates increases a
small quantity d as a consequence of the overpres-
sure Ap built during the propagation of the flame.
The relative change of volume d/h, of the order
of 0.1% of the chamber volume, increases with the
overpressure and is inversely proportional to E and
hy so that d o« Ap/(hwE) [17]. This slight volume
expansion, in turn, reduces the pressure level, the
velocity of the acoustic wave traveling in the cham-
ber and, therefore, the amplitude and oscillation
frequency of the flame.

Once the structural aspects of the experiments
have been discussed, we turn our attention now
to the influence of heat losses on our measure-
ments. The sensibility of the acoustically-induced
flame oscillation to heat losses has been recently ad-
dressed by Flores-Montoya et al. [18]. Varying the
wall temperature, they showed that heat losses to
the walls change the interplay between the acoustic
field and the reaction sheet, diminishing the oscilla-
tion frequency of flames affected by thermoacous-
tic instabilities in tubes.

This effect, that will be present in our case as
well, only depends on the unburned gas temper-
ature, which is the same in all cases tested here.
Nevertheless, reducing A, might eventually have an
effect on the flame propagation speed as a con-
sequence of the change in plate’s thermal behav-
ior. To estimate its importance, we calculate next
the characteristic heat conduction time across the
plate 7, ~ 2 pycy/ky, with ky, p,, and ¢, the ther-
mal conductivity, density and heat capacity of the
PMMA plate. On the other hand, the flame transit
time and the experiment duration can be estimated
as ty~38./Sp ~ Dr/S? and tex, ~ L/Sy, respec-
tively. Using k,, = 0.2 W/m K, p,, = 1200 kg/m?,
cw = 1466 J/kg K, hy, =(10, 25) mm, we obtain ¢, ~
(880, 5500) s respectively. This time is much longer
than the transit time 7, ~ 107* s (D7 = 20 x 10~¢
m?/s and S; = 0.4 m/s) or the experiment dura-
tion 7., ~ 1 s and, therefore, we can anticipate that
the thermal effect of reducing /, in this range has

25 % x / x

x  Secondary inst.

®  Primary inst.

O  No instabilities
20F x /& x
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° o o o -
/ ‘ 100 ,/
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Fig. 7. Stability map in the W — hy, parametric space.
Red crosses and filled circles represent the cases in which
the secondary and primary instabilities are observed, re-
spectively. Empty circles are those cases in which no pres-
sure oscillations were measured. The lines correspond to
iso-contours of A = AAp. The curve A = i\c,z =0.225
identifies the onset of secondary instabilities while A=
A1 = 1.4 depicts the boundary separating primary in-
stabilities and no flame oscillations.

a negligible influence on the propagation of the
flame.

Further information can be obtained from the
vertical displacement d(¢) in Fig. 3 (bottom), for
the cases i, = 10 and 25 mm. Shortly after igni-
tion ¢t —ty K h/S,, with S, ~ 10 m/s an estima-
tion of the flame speed right after the ignition ob-
tained from the experiments, it can be observed that
the vertical displacement of the plate d is one or-
der of magnitude smaller with /4, = 25 mm than
with A, = 10 mm. Correspondingly, the ignition-
induced initial pressure increase observed in the
pressure record is rapidly damped in the case iy, =
10 mm. This effect is a direct consequence of the
small, but sufficient, volume expansion created by
the deformation of the plate in z direction. As seen
in Fig. 3, this feature determines the posterior evo-
lution of the acoustic pressure wave, with an expo-
nential increase of p — p, when A, = 25 mm ver-
sus an almost negligible pressure variation when
hy = 10 mm.

Additional experiments changing W in the
range of 150 to 500 mm provide the data to plot
the stability map depicted in Fig. 7, where we sum-
marize our experimental measurements indicating,
with red crosses, the combination of parameters
that cause secondary thermoacoustic instabilities.
Dots are used to indicate primary oscillations (blue,
filled) or steady propagation (black, empty) ob-
served in the flame. In addition, the curves rep-
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resented in Fig. 7 correspond to iso-contours of
A = AAp, where Ap = 100 Pa is the value of the
overpressure measured in our experiments. As sug-
gested by Eq. (1), the parameter A is proportional
to the relative displacement d/A.

From the stability map included in Fig. 7 we
identify the isolines 1~\a2 =0225and A, = 1.4 as
the critical values separating the aforementioned
oscillatory flame regimes, confirming the paramet-
ric dependence anticipated above by Eq. (1). Con-
sequently, once the material of the upper plate and
the parameters W and A, are set, we can anticipate
that thermoacoustic instabilities will be suppressed
if A > A, primary oscillations are found when
Ae> < A < A, and secondary thermoacoustic os-
cillations when A < [N\CVZ. In terms of the relative
displacement d/h, a volume expansion of the com-
bustion chamber right after ignition of around
0.1% is enough to suppress the onset of thermoa-
coustic oscillations.

6. Conclusions

Our experimental measurements in a Hele—
Shaw cell have shown a great influence of the struc-
tural rigidity on the thermo-acoustic stability of
flames. When sufficiently rigid horizontal plates are
used in the construction of the combustion cham-
ber, large acoustic-induced flame oscillations are
observed. On the contrary, if the top plate is sub-
stituted by compliant materials, flame oscillations
disappear with the pressure acoustic waves damp-
ening rapidly. The detailed analysis of both the ac-
celerometer and pressure transducer indicates that
the initial deformation of the plate determines the
posterior evolution of both the acoustic pressure
wave and the flame. The initial pressure rise gen-
erated by the gas ignition creates a vertical dis-
placement of the plate that is one order of mag-
nitude larger in thin plates. Thus, the volume ex-
pansion compensates for the increase of pressure
observed in the ignition, reducing the amplitude
of the flame oscillations caused by the acoustic
pressure waves. The systematic modification of the
width and thickness of the top plate points towards
A = AAp as the parameter controlling the onset
of undamped thermoacoustic instabilities, with A
the material stiffness parameter and Ap the pres-
sure rise during ignition. When A > 1.4, the initial
vertical displacement of the plate is large enough
to totally suppress flame thermoacoustic instabil-
ities. Large pressure oscillations are avoided when
A > 0.225, but small primary oscillations can still
be observed during the propagation of the flame.
Large secondary flame oscillations will be expected
when A < 0.225.

Predicting the growth rate of pressure oscilla-
tions is crucial to design new control methods. An

example of how the amplitude of pressure oscilla-
tions grows with time in our experiments is shown
in Fig. 3. From a theoretical point of view, it is
possible to anticipate the growth rate of the experi-
ments by taking advantage of the disparity between
the acoustic characteristic time z, ~ L/c, with ¢
representing the velocity of sound, and the flame
propagation time fep, ~ L/Sy > t,. This feature
simplifies the calculation by decoupling the compu-
tation of the acoustic field and the response of the
flame [19]. The former can be computed using low
order network models, but the later needs an accu-
rate flame model capable of properly describing the
unsteady non-linear behavior. Its determination, ei-
ther numerically or experimentally is of central im-
portance to correctly identify the growth rate and
the amplitude saturation observed in Fig. 3. More-
over, such calculation should include the effect of
the flexibility of the combustion chamber to take
into account the new effect reported in this paper.
Unfortunately, and regardless the intrinsic interest
of the data that this approach can provide, this cal-
culation falls out of the scope of this paper. In spite
of this, our measurements bring the design of com-
pliant combustion chambers to the spotlight as a
novel method to control the onset of thermoacous-
tic instabilities. Therefore, this result might be used
to extend the range of utilization of some fuels,
like hydrogen, towards leaner mixtures where they
give better burning efficiencies but are known to be
acoustically unstable [6].

Declaration of Competing Interest

The authors declare that they have no known
competing financial interests or personal relation-
ships that could have appeared to influence the
work reported in this paper.

Acknowledgments

This work was funded by the Agencia Estatal
de Investigacion of Spain under grants PID2019-
108592R A-C43 and PID2019-108592RB-C41, and
by the Regional Government of Madrid (Comu-
nidad de Madrid-Spain) under the Multiannual
Agreement with UC3M (H2SFE-CM-UC3M).
The authors wish to thank the technical knowl-
edge and assistance of David Diaz, Israel Pina and
Manuel Santos in the design, construction and op-
eration of the experimental setup. The assistance
of Rubén Palomeque in the preparation of figure 6
is greatly acknowledged. We would also like to ac-
knowledge Raul San Miguel and Ramoén Zaera for
providing the values of E and v of the PMMA
plates. Funding for APC: Universidad Carlos I1I de
Madrid Read & Publish Agreement CRUE-CSIC
2022.



M. Rubio-Rubio et al. | Proceedings of the Combustion Institute 39 (2023) 1577-1585 1585

Appendix A

Table 1

Fundamental mode of the flame/pressure oscillation fre-
quency f for the tested values of the plate’s width 7 and
thickness /. Gray cells indicate when secondary ther-
moacoustic instabilities are observed in the flame. Dash
symbols - indicate when pressure oscillations where not
detected.

hy (mm) W (mm)

150 200 300 400 500
25 114
20 104 106
15 118 117 107 99 100
10 116 109 97 - -
5 106 97 - — -

Table 2

Natural frequency in the first deformation mode f; ; (Hz)
of a PMMA plate of width W and thickness /., obtained
under the effect of a constant load.

hy (mm) W (mm)

150 200 300 400 500
25 1346.9 810.2 380.8 219.5 142.7
20 11389 6714 3100 1774 1149
15 896.4 518.6 2358 134.1 86.7
10 620.8 353.6 158.8 90.0 58.0
5 318.6 179.5  80.0 452 29.1

Table 3

Second deformation mode natural frequency f; > (Hz) of
a PMMA plate of width W and thickness /,, obtained
under the effect of a constant load.

hy (mm) W (mm)

150 200 300 400 500
25 13649 830.0 403.2 2439 168.8
20 11547 688.2 3285 197.3 136.1
15 909.3 531.9 250.0 149.3 102.8
10 630.0  362.8 168.5 100.2 68.8
5 3233 1842 849 50.3 34.5

Supplementary material

Videos of Figs. 2 and 6 are provided as supple-
mentary material.

Supplementary material associated with this ar-
ticle can be found, in the online version, at doi:10.
1016/j.proci.2022.07.165
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