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Abstract

This paper presents an experimental investigation of combustion instabilities for a laminar premixed
flame stabilized on a slot burner. For certain operating conditions, the system exhibits an unstable mode
locked on the Helmholtz mode of the burner. It is shown that the instability can be controlled and even
suppressed by changing solely the temperature of the burner rim. A theoretical model accounting for this
parameter in the flame transfer function is devised and the physical mechanisms for the temperature depen-

dance of the flame response are investigated.
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1. Introduction

The occurrence of combustion instabilities (CI)
is a major problem for the design and operation of
many power-generation systems such as gas tur-
bines, aeronautical engines and rocket engines
[1]. The constructive coupling between acoustic
waves and unsteady heat release rate constitutive
of CI is responsible for loss of performance,
restriction in operating conditions and sometimes
catastrophic failures. The challenge for under-
standing and predicting CI lies in the multiplicity
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of physical phenomena involved in the unstable
loop [2]: acoustics, vortex dynamics, mixing,
chemistry, two-phase flows, etc. One of the canon-
ical configurations for the study of CI is the lam-
inar premixed flame, which has been extensively
studied [3-5]. Recent theoretical developments
[6,7] propose analytical solutions for the flame
response to acoustic perturbation, which is a
central element for the prediction of CI. For lin-
ear-stability analysis, the flame response is
assumed to depend only on the frequency of the
incident perturbations, nevertheless its response
may depend on many other parameters. The pres-
ent study focuses on the impact of heat transfer on
the flame response, based on the experimental
observation that most systems behave differently
at cold start and in the permanent regime. We
therefore investigate the response of a laminar
premixed flame where the temperature of the



burner at the flame anchoring point can be con-
trolled and monitored.

The manuscript is organized as follows: in Sec-
tion 2 the experimental setup and diagnostics are
presented, while Section 3 presents a self-sustained
CI, dependent on the burner-rim temperature.
Section 4 is devoted to the derivation of a low-
order model for the prediction of the stability
map and the input parameters for this model are
measured in Section 5. Finally, in Section 6 the
impact of the flame-root dynamics on the overall
flame response is scrutinized.

2. Experimental setup and diagnostics

The experiment is a slot burner [8] with a lam-
inar premixed methane/air flame stabilized at the
burner outlet (¢f. Fig. 1). The four main compo-
nents are: a mixing chamber, a plenum, a conver-
gent nozzle and a rectangular-cross-section slot
(width wy = 10 mm and length /; = 100 mm) with
a height 4, = 70 mm. The flow rates of air and
methane are controlled and measured via individ-
ual mass flow meters: Bronkhorst F-201
AV-AAD-33-V. The reactants are injected at the
bottom of the mixing chamber in a cross-flow con-
figuration to maximize mixing. The premixed flow
is then laminarized in the plenum by an array of
small glass balls and three honeycomb panels.
Finally, it passes through the converging nozzle
and the slot. The level of premixing is excellent
as the flame shape is regular and steady. In order
to control the temperature of the burner rim, the
long sides of the slot are water-cooled by two
pairs of cylindrical passages (¢f Fig. 2) with a
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Fig. 1. Sketch of the burner: transverse cut and
experimental diagnostics. The four main components
are: the mixing chamber, the plenum, the nozzle and the
slot. My and M, are 1/2” microphones. PM + CH" is a
photomultiplier equipped with CH" filter. HW corre-
sponds to a hotwire. Ty is K-type thermocouple.
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Fig. 2. Perspective view of the slot with a cut through
the material at z=0. The upper and lower cooling
channels allow a water flow at 7, and T, respectively.

Smm cross-section, centered 7 mm and 21 mm
below the burner rim, ie. at x = +12.5 mm,
y=—-7mm and y= -2l mm in the reference
coordinates of Fig. 1. The water temperature,
T,, in the upper channels (y = —7 mm) can be
set between 1 and 99 °C, with a mass flow rate
up to 1lkg/min. In the lower channels
(y =—-21 mm) water at ambient temperature
flows at 5kg/min. A K-type thermocouple is
placed 1mm below the burner outlet
(x=—6mm, y = —1 mm and z = 0 mm). It gives
the temperature, 7, of the material as close as
possible to the flame base. The purpose of this
dual-channel cooling system is to be able to con-
trol T,, while maintaining the lower part of the
slot and the burner under ambient conditions.

A hot wire probe, labeled HW in Fig. 1, is used
to measure the unsteady axial velocity uv(¢),
located 55mm upstream of the slot outlet
(x=0mm, y=-55mm and z=0mm). A
photomultiplier, labeled PM in Fig. 1, measures
the unsteady intensity, /(¢), of spontaneous emis-
sion of CH" radicals. The PM is equipped with a
narrow-band filter centered on a wavelength
A=430mm and is placed 400 mm away from
the flame, aligned with the z axis (x = 0 mm,
y =10 mm and z = 400 mm), facing the longitudi-
nal axis of the flame, which is fully included in its
field of view. It has been shown that for lean pre-
mixed flames, /(¢) is proportional to the heat
release rate [9]. Two microphones, My and My,
are used to record the acoustic pressure fluctua-
tion, p;(¢) and pi(¢), respectively. My is placed in
a waveguide connected to a pressure plughole in
the middle of the plenum (x= —100mm,
y = —270 mm and z = 0 mm), while M is located
300mm away from the burner (x =0 mm,
y=10mm and z = 300 mm). For forced experi-
ments the bottom of the plenum can be replaced
by a 130 mm loudspeaker driver by a signal gener-
ator. A high-speed camera (pco.dimax) is used to
track the flame root when submitted to an acous-
tic modulation. The camera is equipped with a



Micro-Nikkor /2.8 105 mm Nikon lens, located
at x = 0 mm, y = 10 mm and z = 350 mm. Images
zoomed on the flame base of 624-by-928 pixel
with a resolution of 70 px/mm were acquired at
a sampling frequency of f,, = 3000 fps and an
exposure time of 0.30 ms, during 2s. For each
pulsating frequency, 6000 images are acquired.
A LabVIEW program is used as a signal genera-
tor, to drive the loudspeaker at the bottom of
the burner and to send a synchronized TTL signal
to trigger the camera. Thanks to this synchroniza-
tion, the images can be phase-averaged with
respect to the acoustic modulation.

3. Description of the unstable behavior

Configurations similar to Fig. 1 typically exhi-
bit instabilities locked on the Helmholtz mode of
the cavity [10-12]. For a given flame, which has
its own response to acoustic perturbations, stabil-
ity depends on the Helmholtz frequency and the
level of dissipation in the system. Because of its
direct impact on both effects, the main parameter
controlling the occurrence of instabilities is the
height, A, of the slot [13].

In this study, however, an other parameter has
been identified: the temperature, T, of the burner
rim. Indeed, for a slot height 4, = 70 mm, the
flame is unstable when the slot is cold and stable
once hot. This behavior is illustrated in Fig. 3,
which presents the joint evolution of pressure fluc-
tuation in the plenum and slot temperature versus
time. The operating point for this test is an equiv-
alence ratio ® = 0.95 and a bulk velocity in the
slot #=1.6m/s. Temperature and pressure
correspond to ambient conditions 7, =20°C
and P, = 0.993 bar, respectively. As shown in
Fig. 3, at =0, the whole experiment is at
ambient temperature and the cooling system is
off. Combustion is initiated at #=20s and an
instability develops immediately at a frequency
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Fig. 3. Experimental evidence of the effect of wall
temperature on the amplitude of combustion instabili-
ties: acoustic pressure fluctuation and slot temperature
versus time. The flame is ignited at 7 = 20 s, without the
cooling system, which is turned on at t =480 s.

f» = 58 Hz, corresponding to the Helmholtz mode
of the burner (¢f. Section 4). The pressure fluctu-
ation inside the plenum reaches 113 dB and
decreases gradually as the slot temperature, 7%,
increases. Around ¢=300s, the instability
reduces drastically and the flame is fully stable
past ¢ = 400 s. Meanwhile, T is over 100 °C and
still increasing. At ¢t =480 s, the cooling system
is started with water at T, = 3 °C flowing through
the slot, resulting in a sharp drop of 7. The insta-
bility rises back up and the whole system reaches a
steady state around ¢ = 800 s, with ||p,|| = 110 dB
and T, = 50 °C. This behavior is fully repeatable
and the instability can be controlled only using
the cooling system, demonstrating that the
burner-rim temperature is one of the parameters
controlling the instability. To study the transition
between stable and unstable modes, a quasi-
steady-state analysis was performed. By varying
the cooling-water temperature and waiting for a
steady state, one can determine the amplitude of
the instability versus slot temperature. The rela-
tive velocity fluctuation, &= v /v, and heat
release rate fluctuation, ¢ = I /I, are presented
in Fig. 4 versus T,. With maximum cooling, corre-
sponding to T, = 48 °C, ¢ and ¢ reach as much as
10%. For T, = 60°C the fluctuation levels are
down to 5% and lower than 1% past 7, = 70 °C.
The instability is shut down by increasing the wall
temperature by less than 20 °C, showing how
sensitive flames are to heat transfer.

4. Low-order model

Because the instability described in Section 3 is
locked on the Helmholtz mode of the burner, one
can derive an analytical model as described in
[10]. For harmonic perturbations, v} = ||v}|le~™",
Eq. (6) in [10] reduces to an equation for the
pulsation w:

[1+ Cne|w® + 2i6w — wy =0 (1)

s, T50h T90h T120h

T, [°Cl

Fig. 4. Influence of slot temperature, 7 on the magni-
tude of velocity and heat release rate fluctuations, e and
g, respectively. Steady-state test where 7', is controlled
via the cooling-water temperature, 7,,.



where wy is the Helmholtz mode pulsation and
the damping coefficient, both under non-reacting
conditions. The relative response of the flame to
acoustic velocity perturbations is modeled by an
interaction index, 7, and a time delay, 7. Note that
n and 7 are not necessarily constants: they mea-
sure the amplitude and phase of the flame transfer
function F (c¢f. Eq. (5)). The factor C is derived
from combustion-noise theory [14] and depends
on the burner geometry and the operating condi-
tions through

A, E—1
:4nhg r (2)

where A, is the slot outlet area, h, = h; + e the
effective height of the slot (e is an end-correction
for acoustic waves) and E is the ratio of the fresh
to the burnt-gases density. The distance, r,
between the noise source and the burner outlet is
difficult to evaluate. Here, we define the source
as the location where the flame pinches [13]. The
numerical values used to compute C are recalled
in Table 1.

With the assumption that the pulsation, w, is
close to the Helmholtz mode, g, of the burner,
Eq. (1) can be simplified as:

[1+ Cn cos(wpt)]w?
+ iw[25 + Cn wy sin(wot)] — wj =0 (3)

which is a second-order polynomial equation. The
combustion is unstable if the imaginary part of o
is positive, which according to Eq. (3), is equiva-
lent to

. 20
n sin(wot) < o (4)
Equation 4 is a linear stability criterion, which
indicates that in the presence of dissipation (i.e.
0 # 0), the occurrence of a combustion instability
depends on both the phase-lag, wyt, and the mag-
nitude, n, of the flame response.

The resolution of Eq. (1) requires the determi-
nation of four parameters:

1. wy and o, which are related to the acoustic
properties of the burner.
2. n and 7, which account for the flame response.

These parameters are evaluated experimentally
in Section 5 in order to predict the stability map of
the apparatus with respect to the slot temperature,
T,.

Table 1
Numerical values for the evaluation of the combustion-
noise parameter C (Eq. (2)).

4 [m?) e [m] E[-] r [m] Cl-]
1073 1072 7.07 0.022 0.274

5. Experimental results
5.1. Burner acoustics

The determination of wy = fy/2n and ¢ is
conducted under non-reacting conditions with a
bulk velocity of air in the slot o = 1.6 m/s. Two
methods are considered:

1. Impulse response (IR): a short impulse is deliv-
ered by the loudspeaker at the bottom of the
plenum and the velocity signal is recorded with
the hot wire. The response of the system is pre-
sented in Fig. 5. An optimal fit with the analyt-
ical solution of Eq. (1) (taking n = 0) yields the
values of f; and J, given in Table 2.

2. Harmonic response (HR): the signal of micro-
phones M, and M; are simultaneously
recorded while a harmonic perturbation is
applied via a loudspeaker, outside of the bur-
ner. The ratio of the power spectral densities
(PSD) is presented in Fig. 6 versus the excita-
tion frequency: the maximum corresponds to
the value of f; and the half-maximum width
to 6/n. The corresponding values are also
reported in Table 2.

The two methods give exactly the same value
for the Helmholtz frequency but not for the dissi-
pation. This experimental difficulty is known to be
one of the weakest points of the prediction of
combustion instabilities. For the validation of
Section 5.3 an intermediate value between the IR
and HR methods is used for the dissipation. A dis-
cussion on the sensitivity of the stability map to
uncertainties in model parameters is beyond the
scope of this paper.

Under non-reacting conditions, the slot tem-
perature is controlled by flowing hot water in
the ‘cooling’ passages (¢f. Fig. 2). Consequently,
values of T, larger than 100 °C could not be
reached. Nevertheless, both acoustic characteris-
tics of the burner proved to be independent of
the slot temperature.

=1
v by I
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Fig. 5. Impulse response of the system under non-
reacting conditions with a bulk velocity 7 = 1.6 m/s.
Hot-wire probe normalized velocity fluctuation signal
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Table 2

Experimental values for the resolution of Eq. (1). Acoustic parameters, w, and ¢ are determined under non-reacting
conditions, either with the impulse-response (IR) or the harmonic response (HR) methodologies.

T, [°C]
50 90 120
Acoustics Jo [Hz] IR 52
2M 52
5 [51] IR 16.9
2M 15.7
FTF n 0.87 0.77 0.75
® 3.56 343 3.33

PSD(po/p1)/PSD(po/p1)mas
[=3
(9,1
|

(=}

[/ Hz]

Fig. 6. Two-microphone method for the determination
of the acoustic parameters w, and J under non-reacting
conditions. Ratio of the power spectral densities of
microphones My, and M.

5.2. Flame transfer function

The response of the flame to acoustic perturba-
tions is represented by a Flame transfer function
(FTF), which is the ratio of the relative heat
release rate perturbations, ¢'/q, to the upstream
velocity fluctuations, ¢'/v. For linear-stability
analysis, the FTF is a function of a single variable:
the pulsation w. In order to predict limit-cycle
amplitudes and more complex phenomena, the
dependance to the amplitude of the velocity fluc-
tuation may be added, resulting in a so-called
Flame Describing Function (FDF) [15.11,16,17].
Here, we explore how the FTF may depend on
the slot temperature:

FlonT) =1 — e )
where ¢ = wrt is the phase difference associated
with the time delay of the flame.

Measuring the complex number F(w,Ty),
requires a stable configuration that can be pul-
sated. For this purpose, it is sufficient to increase
the height of the slot to A, = 150 mm. Indeed,
the resulting decrease in the Helmholtz frequency
brings this configuration back to an uncondition-
ally stable region. The forcing signal is generated
by the loudspeaker. The explored frequency range
is [10, 300]Hz. Heat release rate and velocity

fluctuations are recorded simultaneously by the
photomultiplier (PM) and the hot-wire probe
(HW) represented in Fig. 1, respectively. The level
of rms velocity fluctuation is kept constant at
& =10% of the bulk velocity for all frequencies,
which corresponds to the value observed in the
self-sustained oscillation test when the slot is cold
(¢f. Fig. 4). The bulk velocity and equivalence
ratio are v = 1.6 m/s and ® = 0.95, respectively.
The cooling system allows to control the wall tem-
perature in the range 7,=48-150 °C. Three rele-
vant temperatures were chosen to measure the
FTF: T;=50, 90 and 120 °C. These operating
conditions are labeled T50h, T90h and T120h,
respectively.

The amplitude and phase of the FTF are pre-
sented in Fig. 7. For all slot temperatures, the gain
features a characteristic low-pass-filter shape and
the phase grows almost lineally with the fre-
quency. However, as 7T is increased, n decreases
for frequencies below 100 Hz while it increases
past 100 Hz. The potential causes for this peculiar
behavior are discussed in Section 6. The phase, ¢,
is however marginally affected despite a slight

1.0 ‘
1 T50h
B ——— TY0h
] [ ™~ |- T120h
s 054 J‘
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Fig. 7. Flame transfer function. Top: gain, bottom:
phase, for three wall temperatures T50h, T90h and
T120h. Flow velocity and equivalence ratio are
7= 1.6m/s and ® = 0.95 respectively. Velocity fluctu-
ation is keep constant for all frequencies at ¢ = 0.10.



decrease as T, increases. This behavior is consis-
tent with previous findings that the phase of the
flame response is mostly controlled by the flame
height [18,7]. Indeed, thanks to the dual-channel
cooling system (c¢f. Fig. 2), the increase in slot tem-
perature has very little impact on the fresh gases
resulting in virtually identical flame height. For
cases T90h and T120h, the decrease in flame
height relative to case T50h are 0.5% and 1.7%,
respectively.

The unstable zones corresponding to a case
without dissipation (i.e. Eq. (4) with § =0) are
shaded in Fig. 7. At the Helmholtz-mode fre-
quency, the three values of T correspond to an
unstable condition. However, as reported in
Fig. 4, only the case T50h should be unstable.
As discussed in Section 5.1, the damping 6 and
Helmbholtz pulsation w, are not affected by the
slot temperature. Therefore, Eq. (4) hints that
the mechanism responsible for the stabilization
is the decrease of n when T, is increased. The
underlying mechanisms of this decrease are
discussed in Section 6.

5.3. Validation of the analytical model

The values of n,7, and fy given in Table 2 are
used for a numerical resolution of Eq. (1). For
the dissipation, we use 6 = 16, which is between
the IR and HR values.! The solution is the
complex-valued pulsation, w = w, + i w;, which
is reported in Table 3 for the three cases. The
low-order model is consistent with the experimen-
tal observation (cf. Fig. 7) that the flame is unsta-
ble for case T50h whereas it is stable for T90h and
T120h.

This results shows the ability of low-order
models — or more generally acoustic solvers using
a FTF to describe the flame response — to account
for additional parameters, such as the slot temper-
ature. Despite their versatility, these methods still
require input parameters, which can only be
obtained through experiments or detailed numer-
ical simulations.

6. Flame-root dynamics

In this section we investigate the mechanisms
that may be responsible for the modification of
the flame response by the slot temperature.
Theoretical and experimental studies have shown
how the response of conical flames is essentially
controlled by the flame aspect ratio [18-20]. How-
ever, in the present configuration, it has been

! The stability map is the same with both methods
except that with the IR value, case T50h has a lower
amplification rate and with the HR value, case T90h is
marginally damped.

Table 3

Numerical determination of w = w, +i w; from Eq. (1)
for three values of the slot temperature 7. The
experimental observation of the stability is inferred
from Fig. 4.

Case o, [rad/s] w; [rad/s] Experiment
T50h 369 245 Unstable
T90h 366 —6.27 Stable
T120h 365 —11.22 Stable

observed that the flame height and shape are mar-
ginally affected by changes in T, which is due to
the limited impact of the slot temperature on the
fresh gases temperature (¢f. Section 5.2).

Nevertheless, multiple studies show that flames
nearby a solid surface respond differently to
acoustic perturbation, depending on the surface
temperature [21-27]. We therefore seek how the
flame-root region, which is close to the solid
boundary, may alter the flame response. Recent
work on conical flames [28] explains how the
FTF is the sum of two contributions, one from
the flame-root motion and the other one from
the interaction of the flame front with a convective
perturbation. We propose to explore experimen-
tally how the slot temperature affects the flame-
root movement.

6.1. Experimental technique

A flame-front detection algorithm is designed
to track the flame root during the harmonic exci-
tation. The flame-root location is chosen as the
intersection of the crest of light intensity with
the iso-contour at 65% of the maximum pixel
value over the whole image. A typical image is
presented in Fig. 8.

6.2. Flame root movement

The phase-averaged location of the flame base
is presented in Fig. 9, at the frequency f, of the
instability. The coordinates (x',)’) are relative to
the location of the flame root without excitation,
which means that the influence of 7 on the mean
flame-root position has been removed from Fig. 9.
For the three values of the burner-rim tempera-
ture, the horizontal flame displacement is virtually
identical and equal to 0.85 mm. However, the ver-
tical displacement is reduced, at least by a factor 3
when T, increases from 50 to 120 °C. Qualita-
tively, it means that for this frequency, when the
slot is hot, the flame base is more resilient to
acoustic velocity perturbations.

Together with the theoretical developments of
[28], this behavior of the flame root sheds light
on the influence of 7 on the gain of the FTF pre-
sented in Fig. 7. The damping of the flame-root
movement at f,, translates into a diminution of
the FTF gain.
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Fig. 8. Typical phase-averaged image for the determi-
nation of the flame-root location.
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Fig. 9. Phase-averaged flame base trajectory, relative to
the flame root position without excitation, at the
frequency, f,, of the instability.

6.3. Flame root transfer function

The trajectories plotted in Fig. 9 are only rep-
resentative of one frequency. The experiment is
replicated over the frequency range [10,200] Hz
and a flame-root transfer function is devised. In
the theoretical developments for the flame
response, only the displacement normal to the
flame front is relevant. Consequently, the gain
and phase of the flame-root displacement normal
to the mean flame angle (based on the slot width

Fig. 10. Gain of the flame-root displacement normal to
the mean flame position.

and the flame height) are presented in Fig. 10.
For all values of T, the gain is small at low and
high frequencies and presents a single peak
between 100 Hz and 120 Hz. The frequency at
the peak increases with 7. The location of this
peak versus the pulsation frequency is related to
the flame stand-off distance and it is discussed in
[23] for a different setup. The most interesting fea-
ture is that while for frequencies below 120 Hz the
gain decreases with increasing 7, the opposite
trend is observed past 120 Hz. This feature repli-
cates the trends observed on the FTF in Fig. 7,
strongly suggesting that the alteration of the
flame-root movement by the burner-rim tempera-
ture is the key to the modification of the global
flame response.

7. Conclusion

A laminar premixed flame stabilized on a slot
burner has been investigated experimentally,
which exhibits a combustion instability dependent
on the temperature of the burner at the flame
anchoring point. When the slot is cold, the flame
is unstable but as it heats up the instability is
damped. Flame transfer functions for various bur-
ner-rim temperatures were measured showing that
the phase of the FTF is marginally affected while
its gain is reduced at low frequency and increased
at higher frequencies. Together with measure-
ments of acoustic damping in the apparatus, a
low-order model that can predict the influence of
the burner-rim temperature on the stability was
derived. Finally, the influence of temperature on
the FTF was attributed to the dynamics of the
flame root at the anchoring point and its dynamic
interaction with heat transfer in the material.
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