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Experimental study was carried out in an atmospheric pressure, laboratory-scale dump
combustor showing features of combustion instabilities. Flame structure and heat release rates
were obtained from OH emission spectroscopy. Qualitative comparisons were made between line
‘ -integrated OH chemiluminescence image and Abel-transformed one. Local Rayleigh index
distributions were also examined. Mean temperafure, normalized standard deviation and
temperature fluctuations were measured by coherent anti-Stokes Raman spectroscopy (CARS).
To see the periodic behavior of oscillating flames, phase-resolved measurements were performed
with respect to the pressure wave in the combustor. Results on system damping and driving
characteristics were provided as a function of equivalence ratio. It also could be observed that

phase resolved temperatures have been changed in a well-defined manner, while its difference
between maximum and minjmum reached up to 280K. These results would be expected to play
an important role in better understanding of driving mechanisms and thermo-acoustic

interactions.
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Nomenclature

Alphabetic

a | Sound velocity [m/s]

F | The frequency of the pressure wave |Hz]
[ ! The length of the combustor [m]

' . Pressure fluctuation

g" : Heat release fluctuation

R | Gas constant [k]/kg-K]
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7' : Mean temperature in the combustor [K]
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{ Time delay between the trigger and flash-

lamp [us]

: Time delay between flashlamp and Q-switch

L]

. equivalence ratio
: The phase of pressure [deg. ]
. The period of combustion instability [ms]

1. Introduction

Gas turbine combustion has been widely uti-

lized to provide both ground-based power gener-
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ation and propulsion for aero applications. It is
accentuated by the fact that increased combus-
tion temperature and high pressure ratio improve
the thermal engine efficiency. Recently, owing to
the increasingly stringent NOx emission regula-
tions, most of motivations for understanding
the dynamic and coupled phenomena associated
with gas turbine combustions are mainly driven
by a need to reduce the amount of pollutants pro-
duced while improving the efficiency of combus-
tion devices (McDonell and Samuelsen, 2000).
Among the low-emission technologies developed
or suggested so far, lean premixed pre-vaporized
combustion has been considered as an effective
means to meet current and future NOX emission
regulations while also providing acceptable per-
formances (Douquier and Candel, 2002 : Lefe-
byre, 1999 : Seo, 2003). In case of lean premixed
combustion, gas turbine combustors have to be
operated in a narrow range of equivalence ratio
near to the lean blow-out limit to obtain low
NOx and CO emission levels simultaneously.
Unfortunately, the lean premixed combustors are
known to be susceptible to combustion insta-
bilities. And many efforts have been devoted to
suppress or avoid these combustion instabilities
which are frequenily linked to thermo-acoustic
phenomena. Combustion instabilities are affected
by many mechanisms such as combustor geome-
try, local heat release rates, vortex shedding and
perturbation of equivalence ratio. Many works
have been carried out to identify the mechan-
isms of driving instabilities (Lee et al., 2000;
Venkataraman et al., 1999), Details on each me-
chanism and its active control schemes have
been described in the excellent review articles
(McManus et al., 1993; Zinn and Neumeier,
1997).

In characterizing unstable combustion in
lean premixed combustors, though some caution
should be used in applying emission spectroscopy
for flame diagnostics, naturally occurring flame
chemiluminescence such as OH®, CH* and COy*
has proven very useful. Extensive studies have
been conducted to investigate the relationship
between the rate of heat release and chemilumin-
escence emission (Samaniego et al., 1995 ; Dandy

and Vosen, 1992 ; Najm et al,, 1998}, which have
shown that the location of the chemiluminescence
emission could be used as an indicator of the
location of the reaction zone. They also suggest-
ed that there existed a correlation between the
chemiluminescence emission and the local rate of
heat release. In studying unstable combustion,
chemiluminescence emission has been extensively
used to characterize temporal fluctuation in both
the overall heat release and the spatial distributi-
on of the local heat release (Langhorne, 1988 :
Lee et al., 2000 ;: Paschereit and Gutmark, 2002).

Two dimensional chemiluminescence emission
images obtained by ICCD camera were used in
present study to see the flame structure which
represented the spatial distributions of heat re-
lease during unstable combustion, It must be re-
membered that emission spectroscopy techniques
are fme~of-sight one. Since it did not reveal the
cross—sectional structure of the flame, some de-
convolution procedures including Abel transfor-
mation and onion-peeling have often been used
to reconsiruct the 2D flame structuire. Although
the uncertainty associated with the axisymmetric
agsumptions existed, the insights gained from
these tomographic ansdlyses usually outweigh
those errors. In this study, simultaneous measure-
ments of heat release and pressure were made to
obtain the Rayleigh index distribution which
showed the system damping and gain charac-
teristics.

There is no doubt that the use of a non-in-
trusive, laser-based method for temperature de-
termination is superiotr to the probe techniques,
in particular, in the higlily unsteady flames such
as unstable combustion. CARS thermométry is
one among the well established ron-intrusive
diagnostic tools that allows temporally and spat-
ially resolved temperature measureéments. It has
been applied to numerous laboratory-scale and
practical combustion systems and the funda-
mentals on CARS technique has been described
in some articles (Eckbreth, 1988 ; Stricker and
Meier, 1993). Tt could be found that femperature
measurement using CARS and comparisons with
maodel predictions were made in several works
(Bradley et al,, 1998). More recently, CARS tem-



1368

perature measurements were made with other
laser technigues such as laser Doppler velocinte-
try (LDV) or planar laser induced fluorescence
(PLII) by several researcher groups (1Hedman et
al, 2002 ; Foglesong et al., 1999 ; Woodmansee,
2001 ; 2001). although
many experimental studies have been done in a

Foglesong, However,
lean premixed combustor, there was little article
on the measurements of phase-resolved gas tem-
perature under unstable combustion condition.
Most of measurcments were restricted to velocity,
pressure fluctuations and visualization of flame
structure by using CH*, OH*, CO;* or PLIKF
techniques. In these regards, the present paper
aims to provide information necessary lor further
understanding of combustion-acoustic interac-
tion in an unstable combustor. Another motiva-
tion for temperature measurement is that most of
chemical reactions in 4 flame, which are respon-
sible for the heat releasc or the formation of
pollutants, are highly dependent on temperature.
Therefore, the local hecat rclease rale obtained
from Ol emission spectroscopy and the determi-
nation of temperature from CARS technique
would be expected to play an important role
better undersianding of thermo—acoustic mechan-
isms.

2. Experimental Details

2.1 Combustor

Figure | showed a schematic of optically ac-
cessible and laboratory-scale dump combustor
which was a duplicatc of that employed by San-
tavicca and coworkers (Shih et al., 1996 ; Joncs
et al, 1999). The combuslor consists of mixing
section (13.7 mm i.d., 760 mm long) where fuel is
mixed with air and combustion scction (42 mm
i.d., 380 mm long). In studying [(lame structure
using OH cmission spectroscopy, quartz tube was
used as combustion scction. However, for CARS
mcasurements, it was replaced with stainless—steel
one since the diameter of quartz tube was so small
that the focusing point of the laser beams dam-
aged the tube surface. To circumvent this prob-
Iem, as shown in Fig. |. window arrangement has
been located remote from the laser beam focal
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peint. This eptical scheme of CARS measurement
has been adapted from other article (Bradiey et.
al., 1998}. Air was delivered to a mixing section
through the mass flow controller under atmos-
phere pressure, then it was heated Lo a tempera-
ture about 630K using the temperature controlled
2 kW air heater to simulatec actual temperature at
the gas turbine compressor ¢xit.

22 OH chemiluminescence emission mca-
surements

1CCD camera was used to record the OII
chemiluminescence images of unstable flames.
Measurcments were phase-synchronized with the
pressure signal obtained from sound level meter,
which location and orientation were kept con-
stant to ensure the consistency of medasurcments.
Scquences of images which show the temporal
and spatial evolution of the heat release distribu-
tion during onc period of the pressure oscilla-
tion were obiained. A tomographic deconvolu-
tion procedure, as described in intreduction scc-
tion, was used Lo extract the two-dimensional
heat release distribution from the original line—
of-sight images. The threc point Abel inversion
has been used in present study based on easc of
calculation and relative noise performances. Ex-
cellent review on tomographic deconvolution in-
cluding the method used in this study was pro-
vided elsewhere (Dasch, 1992). The exposure
time of the JCCD camera was sct as | gs and 50
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individual images were averaged to represent the
heat releasc structurce at cach phase. 10 nm band-
width filter centered at the wavelength of 310 nm
was used. Equivalence ratios were in the range
from 0.5 to 0.89 in this study.

2.3 CARS temperature measurements

A frequency-doubled Nd: YAG laser(Con-
tinuum, Surelite [T} whick produced light of 532
nm having about 200 mJ pulse encrgy and 78 ns
pulse duration was used. Repetition rate was de-
termined by the dominant frequency of fluctua-
ting pressure signal to measure the temperature as
a function of pressure phase. Details on optical
arrangement of broadband mobile CARS system
could be found in previously published article
(Hahn et al., 1997}, where the uncertainty of the
averaged CARS temperature in present work has
been reported to be estimaled <2% in the tem-
perature range from [000 to 2400K. CARS mea-
surements volume could be assumed as a cylinder
which had 100 zm diameter and [~2 mm long.

The schematic of CARS temperature measure-
ment sysiem was shown in Fig. 2(a). A micro-
phone-hased sound level meter {SLM) was used
to sense the acoustic pressure signals. Since the
output signal was too weak o use it as a laser

Combustor

trigger signal, it was sent to control circuit system
which was composed of amplifier and counter.
The purpose of counter circuit was producing a
wave signal which has frequency of about 10 Hz,
since the Jaser head lamps must flash at approxi-
mately the same frequency that the system was
optimized. The outpuf voltage has been amplified
up to 5V by ampiifier circuit. To provide TTL
negative going signal (5V — 0V) for the laser
operation, output signal coming through the cir-
cuit system was sent to delay generator (DG-
335}, The signal synchronization chart employed
in present study was schematically shown in Fig.
2(b}. We could sct a typical phase of pressure
cvcle by changing @, because f which meant the
time delay between flash lamp and Q-switched
was fixed as 150 1< for CARS temperature mea-
surements. Temperature data obtained at two ax-
1al locations which displayed different Rayleigh
index characteristics at overall equivalence ratio
near the blowout limit were presented. At cvery
measurement conditions, 4 total of 500 single-
shot spectra were acquired and approximately O
~10% of the spectra which displayed the lower
temperature than the inlet air temperature were
discarded. And 100 single-shot background spec-
tra were also obtained to account for the varia
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Fig, 2

{a) Schematic diagram of experimental apparatus and (b) Chart for signal synchronization : A, sound

level meter (SLM); B, amplifier circuit ; C, counter ¢ircuit ; D, delay generator {D(-535}; @, time delay

between external trigger and [lash-lamp signal, 5, time delay between flash lamp and Q-switched signal
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tions in the background signal al:a particular

location.
3. Results and Discussions

A typical pressure trace during unstable com-
bustion was shown in Fig. 3(a). along with the
correspending dominant frequency in Fig. 3(b).
Generally, for proper interpretation ol pressure, it
often required some knowledge on the mode of
the instability. Though the mode could be deter-
mined by measuring pressures at several locations
in the combustor, in case of the acoustic frequen-
cies of the different modes were well separated
like the case shown in Fig. 3{b), it could be
estimated by following simple equation ;

(where, g~y ERT ) {n

7;_(2_]
Sz T

where f is the frequency, a is the sound velocity,

0.0

Presamrn|s

il I |
i | |
' l If BRlER 1, Al
U
4 ) il || I !
.n_.|! | R |'I '.'[I e ‘J' I
i
woan (NS u.iu
Vime |
' : SHET U7
g ozl |
'l_'
.
, TR}
|IJ'|] - +
i Jnx LILH
Froguwmeey {Ha|
Fig. 3 (4} A typical pressure trace with respect 1o

time and (b) its corresponding freguency
spectrum showing  dominant frequency ol

3417 Hz
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[is the length of combustor, # is the value of
mode, & is the specific heat ratio, £ is gas con-
stant and 7 is the temperature in the combustor.
Agsuming the temperature in the combustor as
1100K, the calculated frequency represents value
ol 364 Hz. Comparing this to the measured do-
minant frequency of 341.7 Hz. the mode of the
instability was found (o be longitudinal, quarier
wave one. In present study. the dominant [re-
quency was determined not to analyze the pres-
sure data itsclf but (o use it as 4 trigger source in
mecasuring OQH chemiluminescence emission ima-
ges and gas lemperatures. [lence, though the
pressure signal obtained at the exit of the com-
bustor by using sound level meter could be dil-
ferent from that at flames in amplitude and phase
in some degree, the measurement of OH chemilu-
minegscence and temperature could be expected (o
be phase: synchronized reasonably.
Phase-reselved OH  chemiluminescenee  ima-
ges representing the evolution of flame structure
during one peried of unstable combustion were
acquired at the cquivalence ratio of 0.63 and
shown in Tig. 4. The left half of each pieture is
line—of-sight integrated image and the right half
is corresponding Abel transformed one. From
visual inspection, it could be observed thal flame

anchored on the centerbody gradually extended

Fig. 4 Phase resolved flame structure images during
one petiod of unsiable combustion at the
equivalence ratio of 0.63 (the left half of cach
picture is lime of-sight image and the right

hall is corresponding Abel transformed one)
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outward into the recirculalion zone, in particular,
the variations of the flame structure were very
nearly in phase with the pressure oscillation. It
suggested that flame structure played a role in the
observed heat release [luctuations. Similar obser-
vations based on flame length and/or arca fluc-
tuations could be found clsewhere {Reuter et al,,
1990 ; Venkataraman et sl, 1999). [n addition, a
large change has been found in the overall inten-
sity ef OH chemiluminescence indicating the heat
release of & whole flame. From a standpoint of
using the intensity of chemiluminescence emission
as an indicator of the heal release, the funclional
relationship between these lwo quantities were
investigated in the following figure in detail.

To cheek the dependency of OH chemilu-
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Profiles of {a) global heat release with respect
to the phase of pressure and (b) global heat
release obtained from several different cquiv-

alence ratio conditions

mingscence intensity, the global heat release rates
with respect Lo the equivalence ratic ranged [rom
ncar blowout limit to neur stoichiometric condi-
Lion were shown in Fig, 5(a). It was notable that
the intensity of OT1 chemiluminescence at each
phase angle varied in a nearly sinusoidal manner
and images indicating maximum and minimum
heat releases also occurred at the corresponding
phases of pressure as stated previousty. These re-
sulls also showed a good agreement with Ray-
leigh’s criterion which stated that the fluctuating
heat release had to be in phase with the fluctua-
ting pressure for unstable combustion. Moreover,
its amplitude was found to be larger at the fuel -
richer condition.

To see the effect of equivalence ratio on the
overall OH chemiluminescence intensity clearly,
the overall chemiluminescence intensity for each
equivalence ratio was provided in Tig. 5(b), N
could be observed that the overall OH intensity
was increased exponentially with equivalence ra-
tio, which could be awributed to the exponential
temperature dependence of the reaction rate for
the formation of OI1.

Two dimensional heat release images, shown in
Fig. 4, were correlated with the pressure fluctua-
tion to [urther explore the mutual coupling be-
tween the pressure and heat release Tuctuations,
The strength of the coupling could be quantified
by the Rayleigh index, /¢ (x, ¥}, which was given
by following equation

Ny N e A .
Rlx, vl= Trfp (. v, B g, w, Bhdt (2

where, £ s time, 7 is the period of instabilily,
P 1s the pressure fluctuation and g is the heat
release fluctuation. Morcover, the pressure lerm
of plx, v. {) in Eq. 2 could be assumed as &
function of time only in casc that the wavelength
of pressure oscillation was much longer than the
length of the flame {Lee and Santavicea, 2003).
This assumption was rcasonably valid in present
study because the flame length (=5cm) was
much shorler than the caleulated wavelength of
the pressure wave. Rayleigh index distributions
obtained at dilferent equivalence ratio were (=

180 em} provided in Fig. 6. In case of fuel lean
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condition (TFig. 6{a)), regions of positive Ray-
leigh index which represented strong interactions
between acoustic oscillations and unsteady heat
release could be found immediately behind the
centerbody {regions indicated as “a” and “d”). In
the Tuel-richer case (Fig. 6{c)}, oppositc trend
to the former casc, the instability was sitrongly

/
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Fig. 6 Two dimensional Rayleigh index distributions obtained at different equivalence ratio conditions which
showed the features of unstable combustion
_____ S ;
u L n— g fhid B - D43
— o * -+ g~ 04D - 9= 0an
5 A - A ¢ 0T 4 §-UR
= " . w082 v # DR
% L4 - 13
3 « " ' 48 =08Y g e $= DR
A s} v aoan |
= . e P S <, {
B JELT : . e Bige. -
AR & b Bl o 0.8 G Y , . ;
0 L S St Sl -i | BE by (RS OPS SO NPRIEE L 1 ST SRR G
; i | |
= Y] i I ey
10t = ' ' s . — i
0 =l Wi al LE) b | B g ™ a am Tl
Piase of pressave, 0 |ileg.
LLLT) — -— -

. [ ] 4 ol a @ =M} a 2 =153
E— 8 ens o] B =049 “e g - 060
g W A P =075 * 5 . & LI R e b4 BT
| ] §ay » - ~wee § 032 . : "

o " " - 4087
i L 4 - D2t Fy # o ey, R k] gy
o s FITIE Ss o 4 o g gy
g i ‘1. o - !.‘X'-& LR
-Il ol v 2 - b s B et | = e e 4 0 T TR VAT PR
T -.:"-s PR |
=T Y Mg 54 L
g b 4 |
e '
=t \ el fad -

aw b () LR Le) i
U. tl 130 pavt) won () ia 27 ¥0 0 1] ) 1m0 iam
hase af pressus, O [des.]
Fig. 7 Profiles of local heat release rate obtained from six reference Jocations ai the various equivalence ratio

conditions

L
Radial position, x [pixels]

L)

Jong Ho Lee, Chung [hwan Jeon, Young June Chang, Chul Woong Park and Jae Won Hahn

damped at thesc regions of “a” and “d” while
appreciable driving regions could be obscrved
along the shear layer between the dump plane and
the centerbody recirculation zone {regions of “b”
and “¢”). This result also showed that it could be
used to identify the variations in the damping

and/or driving regions of instability with respoct

i — s damil]

Hh=0.T0 {d) ’,-'l' 0.82 el
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to equivaience ratio (Moon et al., 2004).

For further investigation, local heat relcase ra-
fes obtained at six rcference locations, as in-
dicated in Fig. 6, were presented in Fig. 7. First,
at the location of “a,” il could be found that the
characteristic of heat release rate at the fuel-
leanest condition showed most in-phase with the
pressure wave while those magnitudes were simi-
lar. And most of profifes at the location of “d”
showed nearly out-of-phase oncs with pressure
Muctuation, which was consistent with the previ-
ous results showing the negalive Rayleigh index
at this location. On the other hand, al the location
of “b,” it alse could be observed that the heat
release rate became more in-phasc with pressure
as well as the magnitude of heat release was
increased as the cquivalence ratic went richer.

Temperature measurements were also made at
typical condition which obtained the OH chemi-
luminescence images. [t has been motivated by the
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fact that most of chemical reactions, which were
responsible for the heat release, were highly de-
pendent on temperature. Another motivation was
that there have been little works which inves-
tigated periodic variations of temperature during
unslable combustion. [n these regards, phase-re-
solved single-pulse temperature measurements
using CARS technique were performed to provide
fundamental data for better understanding the
thermo- acoustic interactions as well as correlate
the measured temperature with local heat release
rate. Temperature probability density functions
(PDFs) were constructed from 500 single-pulsc
measurements at several locations of inlerest
throughout the combustor at various cxperiment-
al conditions. Tig. & showed the resullts of tem-
perature PDFs, lor instance, acquired at the loca-
tion of “a”{in Fig. 6). The 12 plates have shown
the temperature PDFs obtained in phasc with the
12 points indicated on the periedic pressure cycle

.2 i'.
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Fig. 8 Temperature PDFs obtained at the equally spaced [2 phases of periodic pressure cyele at the lecation

of “a” {in I'ig. 6) and equivalence ratio of 0.63
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as shown in the lower lefl corner. The shape of
cach PDF distribution has a physical significance
giving insights into the nature of the tempera-
ture (luctuations at a given location (Foglesong,
2001} . For cxample, bela distribution implies u
predominance of lemperature value around the
peak ol the distribution with signilicant contri-
butions of cither higher or lower temperature,
while himodal distribution could be interpreted
as the existence of two gas streams whose tem-
peratures vary widely and arc centered at either
one of 1the contiguous peaks. Additional insights
regarding the flow structure under reacting con-
dition also could be oblained by cxamining the
spatial variation in the shape ol the temperature
PDEs {Lee et al., 2004).

Among temperature histograms showsn in Fig.
8, representative ones obtained at typical phascs
ol pressure were provided in Mg, 9 to sce the
temperature (Muctuation characteristics. Though
there were little changes in the shape of histo-
grams, it could be [ound that the temperature
distributions have been changed during a period
ot the pressure wave periodically. And the tem-
perature value with the highest probability within
the histogram also changed consecutively from
16301 1o 1830K, and vice versa.

For further investigation on the dynamic beha-

vior of temperature, phase-reselved mean lem-
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Fig. 9 Representative temperature histograms at difl-

ferent phascs of pressure oblained at the Jo-
cation of “a” (in lig. 6) and cquivalence

ratio of 0.63

peratures and corresponding normalized  stan-
dard deviations acquired st the locations of “u”
and “c”(in Fig. 6) werc shown in Uig. 10. Re-
mind that the Rayleigh index at the location of
“a” showed positive value while that at the loca-
tion of “¢” was negative. The profiles ol phase-
resolved mcean temperatures at these locations
also showed similar trends with those of locul
heat release rates as shown in Fig. 7. From these
observations, it could be assumed that there
exisled a relationship between the measured tem-
perature and the heat release rate obtained from
OIl chemiluminescence. After the standard de-
viations for the mceasured temperatures being
calculated, these values were divided by the cor-
responding mean temperature. These results of
normalized standard deviation were also included
in Fig. 10, This melhod was analogous lo that
donc with {Tuctuating velocity data to determine a
local turbulent intensity. Details on this could be
found from other article (Iledman et al. 2002},
The prelile of normalized standard deviation at
the focation of “c”, for example, showed ncarly
constani value, which also indicated the precision
ol CARS tcchnigque. However, 11 was charac-
terized by a rclatively broader temperature distri-
bution than the case of single-shot CARS mea-
surcments in a temperature stable medium which
usually had ihe standard deviation of 100~ 150K,
It was probably due to the evolution of flame

0 n = Loecation of "a™

. e o Loetion ol e »

180

resolved mem
.
%

10 371
Phiase of preasure, O |deg,

Fig. 10 Profiles of (&) phase-resclved mean temper-

ature and (b) normalized stundard devia-

tion obtained at two locations which show-

ed the different Rayleigh index characteris-

tics at the equivalence ratic of 0.63
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structure induced by unstable combustion. It was
also notable that maximum temperature differ-
ence among those phase-resolved mean tempera-
turcs reached up to 280K. For reference, the
phase-resolved medn temperature at the poor fu-
el/air mixed condition, not shown here, variced by
almost 300K over one period. Tt suggesied that
temperature measurements during unstable com-
bustion should be made under consideration of
pressure oscillations.

The profiles of phase-resolved mean tempera-
ture and local heat release rate were shown in
Fig. 11 o sec the relationship. 'rem visual in-
spection, it could be found that these two profiles
were in phase qualitatively and the local heat
relecase obtained from OH chemiluminescence
showed low values in typical range of pressure
phase, that is, when the measured temperatures
displayed valuc lower than 1650K approximalely.
It probably suggested that the intensity of Ol
chemiluminescence was  highly dependent on
temperature. The profile of global heat release
obtained from a whole flame, for refcrence, was
also included in Fig. 1. Tt showed somewhat
different characteristics compared with that of
local heat release while strong coupling between
pressure and heat rclease fluctuations was re-
confirmed by the observation that the profile of
fluctuation by

pressure led the heat release

approximately 20 deg.

Nornualized heat release rare [uou.]
—
u
\'\
-

— e

a0 140 20 J6D
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Fig. 11 Profiles of global heat release, local heat

release and temperatures with respect (o the
phase of pressure abtained at the lecation of

L]

a” {in Fig. 6) and equivalence ratio of (.63

4, Conclusions

A study on the flame structurc and phase re-
solved gas temperature during unstable combus-
tion in a lean premixed dump combustor was
performed by means of OH emission and CARS
spectroscopy respectively, Flame structure ima-
ges showed its evolution and nearly in phase
characteristics with respect o pressure phase
during one period of instability. The use of OH
chemiluminescence intensity as an indicator of
heut release was also investigated and its linear
relationship between the two quantitics could be
confirmed. In combining these resulls with the
pressure [luctuations, the coupling strength be-
tween pressure and heat release fluctuations could
be quantified by the Rayleigh index, which pro-
vided an insight on the damping and/or driving
regions of instabtlity at typical equivalence ratio
condition.

The present work also provided non- exisient
phase-resolved temperature data to add funda-
mental knowledge of combustion-acoustic inter-
action in an unstable combustor. Results showed
that the shapes of temperature distributions ob-
iained at typical location werc unchanged, while
the temperature with the highest probability
within the histogram varied periodically from
1650K to 1850K, and vice versa, [t also could
be found that maximum temperature difference
among these phase-resolved mean temperaturcs
reached up to 280K. At the fuel/air poor mixing
condition, though not shown here, those phase-
resolved mean temperatures varied by almost
300K over one period. It meant that phase-
synchronized temperature measurcments should
be made during unstable combustion with respect
to the pressure oscillations. Lastly, qualitatively
in-phase relationship between the profiles of
phase-resolved mean temperature and local heat

release rate was ObSCl‘VCd.
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