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ABSTRACT A; Flame area [rf]
This paper presents first validations of an alternative method B Chirp frequency bandwidth [Hz]
to optical diagnostics to evaluate unsteady heat release rate dis- ¢ Speed of sound [nT$]
turbances. The technique is based on the determination of thec, Specific heat capacity [J kg]
propagation time of ultrasonic waves crossing a reacting flow. f; Initial frequency of chirp signal [Hz]
A train of pulses is synthesized and transmitted to the space by f,, Modulation frequency [Hz]
a tweeter. This signal is captured before and after its passage | Light-emission intensity measured in \olt [V]
through the flame. The cross-correlation of the two signals yields k Coefficient between heat release rdteand light-emission
a narrow compressed pulse response with a main lobe corre- intensity 1.
sponding to the time lag between the incident and transmitted | Acoustic path length [m]
signals. The technique is examined in two generic laminar con- |;  Characteristic length of the burned gases [m]
figurations. For open flames featuring buoyancy effects, it is 1 Mass flow rate [ kg sl
possible to link the rate of change of fluctuations of the sound | pressure [Pa]
travel time dit’/dt to heat release rate disturbano®s For pul- Q Heat release rate [W]
sated confined flames, the situation is more complex and atrans-gr__ . Correlation between;%ind S .
fer function must be defined between perturbations in the sound g Flame speed [m ]
travel timeAt’ and heat release rate disturband®s Measure- S Incident chirp signal [-]
ments are compared to predictions using different techniques. A S Transmitted chirp signal [-]
general agreement is obtain in term of phasing and amplitudes. t,
This study shows that the proposed technique is very sensitivet
to small perturbations in the heat release rate and provides the T
basis for further developments oriented towards more practical

Repetition time of the chirp signal [s]
Time [s]

Temperature [K]
v Flow velocity [m s1]

configurations. V Gas volume [ ]
At Sound propagation time [s]
NOMENCLATURE T Time duration of chirp signal [s]

Yy Specific heat capacity ratio [-]
B Amplitude of the chirp signal [-]
o Proportionality coefficient.

A Section area of burner [fh

*Address all correspondence to this author.
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Gas density [kg m?]

Coefficient between variations of propagation timét/dt
and light-emission intensity fluctuatioh |

Gas mixture equivalence ratio [-]

Unburned gas

Burned gas

Mean component

" Fluctuating component

111 ©

lo = g

1 Introduction

Heat release rate disturbances are the sources of unsteady
thermal stresses, they generate indirect combustion noise when
the flow is accelerated through turbines or a convergent noz-
zle and may even cause destructive combustion instabilities [1].
These perturbations are difficult to measure and are generally
determined using optical techniques. The chemiluminescence | |

|

mitted in well premixed flames if the composition is uniform.
Fluctuations in the light emission intensity of these radicals is ©
then proportional to the flame surface area and heat release rate

disturbances [7]. More sophisticated techniques can be used likeFigure 1. SCHEMATIC VIEW OF THE EXPERIMENTAL CONFIGURA-
laser induced fluorescence (LIF) for quantitative estimates of the TION.

heat release rate (see for example [8, 9]). These methods require

high power well-tuned laser beams at different wavelengths and

have been tested yet only in well controlled generic configura- tions in generic configurations are promising and help to identify

tlons.. There is thus a need for the development O.f alternative the main progress for further development of the proposed tect
techniques to determine heat release rate perturbations when th%-

reactants are not perfectly mixed or when optical access is lim- que.
ited. The objective of this paper is to present one possible al-
ternative based on an acoustic technique. The principle of this 2 Heat release rate and sound travel time
new method is introduced and first validations in well controlled
generic configurations are presented.

The technique is based on the determination of the sound
travel time of ultrasonic waves in reacting flows. ultrasonic
waves do not interact with the flame or the flow due to their high

emission from the naturally excited radicals formed within the tweeter A G } )
flame front, such as OH CH" and G, is often considered as Dj‘__ A\ reeer
a good marker of heat release rate [2—6]. This is generally ad- ‘ Cy Cu

\

!

with predictions are presented in Sections 5 and 6. The valide

Consider the case of a sound wave crossing a homogeneo
gas at a fixed temperature and composition characterized by
speed of soundy over a path length. Knowing the acoustic
path length_, the propagation timAtg can be deduced from the

frequency [10]. The link between perturbations in the travel time equation

of sound waves crossing flames with perturbations in the heat re-

lease rate is examined in Section 2. The situation is different if Ao = L 1)
the flame is open or confined. The experimental methodology Cu

used to determine the travel time of sound waves and the corre-

sponding signal post-processing are presented in Section 3. This ~ When the acoustic path crosses a different medium, th
relies on a pulse compression technology used in radars. The ex-speed of sound in this region is modified and the propagatiol
perimental arrangement and the two configurations explored aretime is in turn also modified. This configuration is shown in
then presented in Section 4. The first one corresponds to a coni-Fig. 1(a) where acoustic waves emitted by a tweeter propaga
cal premixed flame stabilized on the nozzle of a laminar burner. through two different media. This second gas is characterize
This flame features small low frequency heat release rate per-by a speed of sound, and extends over a lengthy along the
turbations due to buoyancy effects. The second one considers aacoustic path. The first gas now occupies a lehgth_ ;. In this
laminar conical flame confined within a flame tube and submit- configuration, Eqn. 1 is modified and the propagation tifshe
ted to harmonic modulations. Measurements and comparisonsover the distance from the emitter to the receiver is now given
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wherecx = ¢cpcy/(Cp — Cy) is an equivalent sound speed. Con-
sider now perturbations in the distarice This may for example
take place in open configurations for flames stabilized on the rim
of a burner due to the influence of gravity. Buoyancy effects are
known to induce a low frequency oscillation of the flame plume
due to a shear layer instability between the hot combustion prod-
ucts and the surrounding ambient air [11, 12]. This results in
turn in small perturbations in the heat release rate and in fluctu-
ations of the volume of the burned gases and the length of the
acoustic path_s. This configuration is envisaged in Fig. 1(b)

where the acoustic path crosses the burned gases characterize?

by a speed of sound, which are surrounded by fresh air with
a speed of sound,. In confined combustors, it is possible to

envisage a second configuration as in Fig. 1(c) where the burned

gases characterized by a speed of sotyndre separated from
the fresh reactants characterized by a speed of sqund/hen

the flame is wrinkled due for example to a self-sustained oscil-
lation [1] or when it is submitted to flow modulations [13] this

produces perturbations in the heat release rate which are accom

panied by disturbances in the path length In both case, this
also corresponds to fluctuations in the travel time of sound waves

Lt

A = ——
Cx

3)

In this expression only disturbances in the acoustic path length
L; are taken into account, fluctuations in the temperature and

frequency domai/ = dexp(—iwt) :

L
At = ="

= L =gwQ @

In this expression the proportionality coefficignts a complex

number that depends on the shape of the flame, the floy
operating conditions, the experimental setup and the flov
disturbances frequency. It is probably possible to obtain at
analytical expression of this coefficient in the frequency domair
but this is beyond the scope of the present study. Measuremer
are however presented in Section 6 for a laminar conical flam
submitted to harmonic flow modulations. Two forcing frequen-

cies are considered and it is shown thats proportional toQ at
ach forcing frequency, the coefficignbeing smaller at higher
requencies with a larger phase shift.

In the open flame configuration presented in Fig. 1(b) ultra-
sonic waves travel through the surrounding fresh air bounding th
hot plume of a flame. Buoyancy effects generate low frequenc
periodic oscillations of the hot plume width} . It is possible to
link these fluctuations to the induced heat release rate perturb
tions. The main step of the derivation are presented here. TF

volume of the burned gas¥s depends on the flame surface area
Ag

Wy = oLt Af (5)

wherel; is the apparent dimension of the burned gases in the
line of sight of the microphones ardis a constant coefficient.
For a premixed flame, a mass balance between the burner out

composition of the gases in the fresh and hot gases are neglectedand the flame front yieldg,A = S Ar, whereS_ is the laminar

This approximation is valid as long as relative fluctuations of
c*' /cx remain small. In air combustion systems, fluctuations in

flame speed and, the flow velocity at the burner outlet. It is
then possible to obtain an expression of the hot plume wigth

the gases composition can be neglected due the large dilutionas a function of the burned gases volume

with nitrogen.

It is now worth examining the link between fluctuations in
the sound travel tim@t’ and perturbations in the heat release
rate Q. This relation depends on the case considered. Starting
with confined flames surrounded by hot gases, it is well known

that perturbations in the shape of the flame produce heat release

rate disturbances. This has for example been used to derive ex

S
= Wi
avyA b

Lt

In this expressiong_ only depends on the equivalence ratig,
is kept constant and is time independent so that can be sub-
stituted in Eqn. 3

pressions for heat release rate perturbations induced by different

types of flow modulations [14—18]. These relations are generally
expressed in the frequency domain and take the form of flame
transfer functions which depend on the frequency of the flow
disturbances. For the configuration presented in Fig. 1(c), it is

then natural to consider the link between heat release rate fluctu-

ationsQ’ and perturbations in the acoustic path lenigthin the

S

A =————
avyAck b

(6)

Fluctuations in the travel time of sound waves are proportional tc
fluctuations in the volume of burned gass The purpose of the
following paragraph is to express fluctuations of the burned gase
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Figure 2. SCHEMATIC OF THE CONTROL VOLUME DIVIDED IN TWO a‘;;‘;ﬂgff sensor
PARTS BY THE FLAME: UNBURNED GASES (VOLUME V, AND MASS
FLOW IT,) AND BURNED GASES (VOLUME Vp AND MASS FLOW I1).
Signal Correlation Evolution of
preprocessing processing propagation time

volume as a function of heat release rate disturbances. For buoy-
ancy driven oscillations, the flow can be considered isobaric. Us-
ing the simplified model presented in Fig. 2, a global energy bal-
ance over the control volume yields

Figure 3. BLOCK DIAGRAM OF THE PULSE COMPRESSION
METHOD.

o [ Ne N _ 3 Propagation time determination
— <— + —> =MyCpTu —MpCpTh+ Q (7) A pulse compression technique is applied to determine th
y-1\ ot ot propagation time of ultrasonic waves between an emitter and
receiver [19]. Figure 3 presents the block diagram of the com
plete system. A train of pulses, as illustrated in Fig. 4, is syn-
thesized by a wave generator. This signal is amplified and tran:
mitted to space using a tweeter. The ultrasonic waves gene

where the lateral surface of the control volume in contact with
ambient air is supposed impermeabig & 0) and adiabatic
(Qi = 0). A first order perturbation analysis at low frequency

yields ated are measured with fixed microphones before and after the
) passage through the perturbed flow. These sound pressure s

Lp% e (8) nals are then amplified, high pass filtered and post-processed

y—1" ot extract the cross-correlation between the incident and transmi

ted sound waves. Each train of pulses is a chirp signal with :

where fluctuations in the fresh reactants volume were neglected constant amplitud® but with a Linear Frequency Modulation
sinceVy/Vb ~ pp/pu = Tu/Th < 1. Combining Eqns. 6 and 8,  (LFM) over a certain frequency bandwidBrand time duration
one finally finds that heat release rate disturbances induced by(Fig. 4). This technique enables to obtain a narrow compresse
buoyancy effects are proportional to the rate of change of the pulse response for the cross-correlation between the incident al
sound propagation time through the hot plume gases transmitted signals with a main peak corresponding to the soug|

sound travel timét. Provided that the repetition tintebetween
) two successive chirps is large enough, the time resolution of th

technique improves as/{Brt) [19-21]. Theoretically, the inci-

dent and transmitted signals can be expressed as:

~yp_ovuAck oAt

Q= y—-1 § ot

This last relation shows that it is possible to estimate
heat release rate perturbations induced by flame flickering Bi sin(2n[fi+§t}t) 0<t<T
from fluctuations in the sound propagation time of ultrasonic S(t) = { x
waves crossing the hot plume of open flames. Heat release rate
disturbances are then proportional to the time rate of change
of the sound travel tim@At/ot 0 Q. In the case of confined
flames surrounded by hot gases, fluctuations in the travel time {

0 elsewhere

Btsin(Zn[fiJrz%(t—At)} (tht)) A<t <THAL

of ultrasonic waves crossing the flame are also linked to heat S(t) =
0 elsewhere

release rate disturbances, but the relation must be examined in
the frequency domain and is given by EqgnM:= &(w)Q.
The correlation between these two signals is used to obtai
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in Fig. 5(a). A digital Butterworth filter with a cutt-off frequency
f=100 Hz, an attenuation of less than 3 dB in the pass-band ar
‘ at least 30 dB in the stop-band was used [23]. This filtered sig
} bandwidth nal and the signal generated by the synthesizer are processed
\ the cross-correlation algorithm to locate the leading edge of th
\ Ti chirp. The resolving signal is multiplied by a rectangular box
‘ > function of duratiort to eliminate the signal outside the chirp
time as shown in Fig. 5(b). A Hilbert transform is used to obtain the
pulse width  repetition time envelope of the signal, shown in Fig. 5(c). This envelope is thel
used to renormalize the signal presented in Fig. 5(b) and obtal
a constant amplitude signal presented in Fig. 5(d).

The pre-processed signals from the reference microphon

frequency

initial
frequenc

Figure 4. SCHEMATIC OF A TRAIN OF CHIRP SIGNALS.

Table 1. CHIRP PARAMETERS CHOSEN FOR THE HEAT RELEASE M1 and the microphone M2 are cross-correlated. The outpu
RATE MEASUREMENT. is also processed by the Hilbert transform to keep only the en
velope. The location of the peak of the main lobe returns the

fi B T tr propagation timé\t. Figure 6 shows an example of the normal-

[kHz] [kHz] [ms] [ms] ized cross-correlation. It can be noted that the level reached b

the side lobes for the pre-processed response is significantly r

without modulation 20 20 2 25 duced compared to the result obtained without pre-processin

. . The resolution of the technique is indicated by the width of the

with modulation 20 20 038 1.0 main peak calculated at the level 0.5 (Fig. 6). The pre-processin
clearly improves the result.

a narrow compressed pulse response [22]
4 Experimental arrangement

1 oo Experiments are conducted on an axisymmetric burner witt
Reorr(t) = = SH)SEH —t)dt’ (10) a 20 mm outlet nozzle diameter. Laminar premixed methane/a
T/ flames can be stabilized at the lip of the burner where the gas flo
can be acoustically modulated with the loudspeakeplaced at
The sound propagation tinde is determined by finding the max-  the bottom. The ultrasonic pulses crossing the burned gases &
imum value of the envelope of the cross-correlation response. To generated by the tweeter which is placed on one side of the
avoid mixing different neighbor transmitted signals, the gap be- setup. The acoustic waves are recorded by microphonesl
tween two pulse$ — T must be larger than the fluctuations of M2 before and after the passage through the flame (B&K, type
propagation timét. In this study, the parameters chosen for the 4938). These microphones are alined so that sound waves crc
pulse compression technique are indicated in Tab. 1. They differ on the burner symmetry axis in Fig.7. The steady and modulate
for the open flames (first line in the table) and the modulated con- flow velocities are also measured with a hot-wire placed at the
fined flames (second line in the table) investigated in this study. exit of the burner (in absence of combustion). A photomultiplier
(PM) is placed in the far-field of the flame to record the light in-
Due to the different mechanical devices in the signal gen- tensity from intermediate radicals present in the flame front. Fo
eration and reception, it is not desirable to operate with square the premixed flames considered here, it is possible to estimat
chirps characterized by large abrupt changes at the leading andheat release rate perturbatio@sby examining fluctuations in
trailing edges of the signal. A Hamming window is then applied the chemiluminescence intensityf free radicals OH*, G* or
to the rectangular chirp produced by the signal synthesizer to ob- CH* present in the reaction zone [3, 24]
tain a smooth transition in amplitude at the beginning and end
of the chirp, but the response measured by the different sensors : /
o : : . Q =kl (11)
is still distorded. To improve results, a pre-processing applied
to these raw signals is necessary. The technique is the same for
the incident and transmitted signals and will only be detailed for The coefficientkk can be determined by a calibration procedure
the reference microphoneMn Fig. 5. The raw signal is first in steady operating conditions. It is a function of the experimen:
filtered with a high pass zero-phase shift filter to eliminate the tal apparatus and the mixture composition. For premixed flame
low frequency background noise induced by the flow and the keptata constant equivalence ratio, it is determined by changin
measurement chain. The filtered result is actually that shown the flowrate around the steady operating conditions.
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Figure 5. PRE-PROCESSING OF SIGNAL FROM ML1. (a) FILTERED
SIGNAL; (b) OUTPUT OF THE MULTIPLICATION BETWEEN THE FIL-
TERED SIGNAL AND THE RECTANGULAR BOX FUNCTION; (c) ENVE-
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Figure 6. COMPARISON OF THE CROSS-CORRELATIONS WITH
(BLACK LINE) AND WITHOUT PRE-PROCESSING (GRAY LINE).
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Ma Burner
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Figure 7. SCHEMATIC OF THE EXPERIMENTAL SET-UP,

urations envisaged in this study.

5 Analysis of open flames with buoyancy effects

Flame flickering is associated to the regular oscillation of the
unstable interface formed between the burned gases and ambic
air, and features typical frequencies around-12D Hz [11, 12].
Flickering generates small low frequency perturbations in the
heat release rate. It is also known that a cylindrical tube on thi

A quartz tube, with an inner diameter of 50 mm and a length top of the flame stabilizes the flow of the burned gases and th
of 300 mm can also be placed on the top of the burner to con- phenomenon is attenuated [25, 26]. This is illustrated in Fig. &
fine the burned gases and avoid instabilities induced by buoyancywhere the time trace and the power spectrum of the PM ar
forces [25, 26]. Heat release rate fluctuations measured with the plotted for a methane/air flame (bulk velocity=1.5 m s and
photomultiplier can be compared to that deduced from the fluc- @= 0.9) without and with the quartz tube on the top of the flame.
tuations on the travel time of ultrasonic waves in the two config- Fluctuations of the intensity induced by the buoyancy forces

6
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Figure 8. TIME HISTORY AND POWER SPECTRUM DENSITY OF
THE LIGHT EMISSION FROM A PREMIXED FLAME WITHOUT AND (b) =0.85 andv, =1.68 ms*
WITH THE QUARTZ TUBE: EQUIVALENCE RATIO @ = 0.9, FLOW
VERTICAL VELOCITY Vy = 1.50m s L. %107
3 0.045
: 2 0.03
are suppressed with the tube.

Measurements oflAt /dt and I’ were conducted for lean +— 1 10015
premixed methane/air flames with inlet flow velocities ranging Py 0 “ 0 >
from 0.84 m s to 1.90 m s and equivalence ratiog vary- b T
ing from 0.85 to 100. Parameters fixed for the chirp generation © -1 1-0.015
are indicated in Tab. 1. This enables to operate with a sampling > ~0.03
frequency equal to 400 Hz corresponding to a repetition time '
tr = 25 ms. The resulting signal fakt’ is then filtered by a - -0.045

o i 0 200 400 600
low-pass zero-phase shift filter with a cut-off frequency equal to time[ms]
40 Hz. The PM signal is sampled at a frequency of 8192 Hz
during a period of B s and is filtered with the same low pass (€) o= 1.00 andv, — 0.84 m 51
. . . — 4 u—uv.
filter. Comparisons between the two measurements techniques
are presented in Fig. 9 for three cases with different couples of Figyre 9. SIMULTANEOUSLY RECORDED SIGNALS —I’ (REPRE-
equivalence ratio and flow velocity. The opposite sign#l is SENTED BY THE SOLID LINE) AND dAt /dt (REPRESENTED BY THE

plotted for clarity because the proportionality coeffici@nbe- LINE WITH MARKER +)
tweenl’ anddAt’ /ot given by Eqn. 9 and Eqn. 11 is negative.
The signal was also rescaled in this figure with a constant fac-
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Figure 10. COMPARISON BETWEEN MEASURES AND PREDIC- = 0 %ﬁ@ﬁﬁ%ﬁﬁ
TIONS FOR THE COEFFICIENT = AT DIFFERENT EQUIVALENCE RA- < _0.01
TIOS. MARKERS v/ : @ = 0.85AND MARKERS o : @= 1.0. PREDIC- '
TIONS CORRESPOND TO THE SOLID LINES. 0 50 . ]100 150
ms

(@ fm=40Hz,0=1, % =15ms?!andy, =

tor. The two signalgiAt/dt and —I’ match well in phase and 013msl

amplitude confirming the validity of Eqn. 9 and the sensitivity of
the acoustic technique to detect small perturbations in the heat -3

release rate. It is also possible to examine more quantitatively x 10

.the yaI|d|ty of Eqn. 9 by plotting predictions for the coefflmfant T 5‘& P
in Fig. 10 which are compared to measurements for two different B gft bt e i R A k
equivalence ratiop= 0.85 andp= 1.00 as a function of the noz- Z A A T R P
zle outlet flow velocity. The numerical values used to estinzate © 5

are listed in Tab. 2. The distribution of experimental results still 01

match well with the predictions.

-I'v]
%

Table 2. NUMERICAL VALUES USED FOR COMPUTATION OF THE -0.1
COEFFICIENT =
001
I prastrasn
— b o o o
¢ S [msY cmsy cimsy kKkwWV-Y a = RN R TR R T
-0.01
0.85 0.31 343 797 3.11 0.1
0 25 50 75 100
1.00 0.38 343 834 5.79 0.1 t[ms]

(b) fm=80Hz,0=1, vy =15ms?tandy, =
013ms?

Figure 11. COMPARISON BETWEEN FLUCTUATIONS OF THE
TRAVEL TIME WITH THE CHEMILUMINESCENCE SIGNAL AT TWO
DIFFERENT MODULATION FREQUENCIES. PLOTS ARE dAt /dt (TOP
GRAPH), —|’ (MIDDLE GRAPH) AND At’ (BOTTOM GRAPH).

6 Analysis of confined flames submitted to flow mod-

ulation

The case of lean premixed methane/air confined flames sub-
mitted to flow disturbances is now examined. The quartz tube
is placed on the top of the setup to hind buoyancy effects and
the loudspeaker is used to produce harmonic flow modulations. The chirp signal parameters are now given by the second line i
The modulation frequenci, varies from 20 Hz to 100 Hz and  Tab. 1. This enables to use a higher sampling frequency of 1 kH
the velocity perturbation amplitudd covers 007 to Q40 m s corresponding to a shirp repetition tifge= 1 ms. This is neces-

8 Copyright (© 2011 by ASME



sary to obtain a good resolution in the determination of theé hea
release rate with the acoustic technique at the largest modulation
frequency envisaged herfe= 100 Hz. The processing of the
measured sound travel time and the PM output is the same as in
the previous section but with a larger cut-off frequency equal to
200 Hz. The axial velocity signal at the burner outlet is deter-
mined with a hot-wire in absence of combustion and writes

Vy = Vi + V, sin(2mft) (12)

Comparisons for a stoechiometric mixture between the
records ofdAt/dt, I’ andAt” are shown in Fig. 11 for two mod-
ulation frequenciedy, = 40 and 80 Hz at a fixed input level
v, =0.13 m s1. The responses delivered by the PM and the
acoustic technique correspond nearly to harmonic signals with
the same frequency as the velocity forcing signal. This is con-
firmed in Fig. 12 where the power spectra of the fluctuations in
the sound travel timAt’ and in the chemiluminescence intensity
I” are plotted. The response of these signals clearly follows the
modulation for the two forcing frequencies. It is however vis-
ible in Fig. 11 that the time rate of change of the sound travel
time dAt/dt is not in phase with the fluctuations observed in the
chemiluminescence signall’ as it was the case for the flame
submitted to buoyancy forces investigated in the previous sec-
tion.

Equation 9 does not apply to confined flames. It is prefer-
able to directly compare fluctuations in the sound travel time
At’ to disturbances in the chemiluminescence intensity signal
I” as suggested in Egn. 4. It is in particular found that the
phase shift between these two signals is higher for a modulation
frequencyfy, = 80 Hz than atf,, = 40 Hz. This is consistent
with the conjecture made in Section 2, that the phase shift

between fluctuations in the sound travel time and the heat releasedm/dt (dotted lines), 1’ (GRAY SOLID LINE) AND At/

rate increases with increasing the forcing frequency. Further
validations with more detailed comparisons are necessary to
determine the exact link between these two signals. This will

be the object of future work. It can nonetheless be concluded
that it is possible to detect heat release rate fluctuations with the
acoustic methodology proposed in this study for confined flames
submitted to flow modulations.

7 Conclusion

It has been shown that it is possible to estimate heat release
rate perturbations based on the knowledge of fluctuations in the
sound propagation time of ultrasonic waves crossing a flame.
This has led to the development of an acoustic methodology to
determine small changes in the sound propagation time of high

2 1
=
S 0.
g 0.8
©
- 0.6
(0]
N
'® 0.4
£
202 :
0 20 40 60 80 100
f[Hz]

(@ fm=40Hz,0=1, % =15ms?!andy, =
013ms?

0.8
0.6
0.4

normalized amplitude

o
(M)

l

80 120 160 200
f[Hz]

0

0 40

(b) fm=80Hz,0=1, vy =15ms?tandy, =
013ms?

NORMALIZED POWER SPECTRA OF THE SIGNALS
(BLACK SOLID

Figure 12.

LINE) FOR TWO MODULATIONS FREQUENCIES.

with a tweeter to generate the sound waves and microphones
record the incident and transmitted signals. It was possible t
detect small heat release rate disturbances driven by buoyan
forces in open flames indicating that the technique is very ser
sitive. The temporal resolution of the technique depends on th
compression factdBt whereB is the chirp bandwidth andthe

chirp duration. It is thus necessary to reduce the chirp duratio
T and go to higher frequencies to obtain time resolved result
of heat release rate perturbations at high frequencies. This wi
be the object of future developments by changing the material t
ultrasonic transmitters and receivers. Examination of the theore
ical link between fluctuations in the sound travel time and hea
release rate is also in progress. Detailed validations in more con

frequency acoustic waves using a pulse compression technique plex flow configurations are envisaged as well. The objective i

First validations were conducted in two generic configurations

9

to develop an alternative technique to optical diagnostics whe
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