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Experimental Diagnostics for the Study of Combustion
Instabilities in Lean Premixed Combustors

J.G. Lee*and D. A. Santavicca'
Pennsylvania State University, University Park, Pennsylvania 16802

An improved understanding of the mechanisms of unstable combustion in lean premixed combustors is essential
to the development of stable gas turbine combustion systems. To obtain such understanding, detailed experimental
studies of the phenomenology of unstable combustionare required. A number of experimental diagnostic techniques
for characterizing unstable combustion and the underlying instability mechanisms are discussed. This includes
techniques based on pressure, chemiluminescence emission, infrared absorption, and laser-induced fluorescence
measurements. The techniques themselves are discussed briefly; however, the primary objective is to present
and discuss results illustrating how these techniques can be used to characterize the mechanisms of unstable
combustion, to gain an improved understanding of unstable combustion, and to develop strategies for suppressing
unstable combustion in lean premixed gas turbine combustors.

Introduction

HE problem of unstable combustionin lean premixed combus-

tors continues to be a critical issue limiting the development
of stable low-emissions gas turbine combustors for propulsion and
land-based power-generation applications. To develop combustors
thatare capable of stable operationover their entire operatingrange,
an understanding of the mechanisms that initiate and sustain unsta-
ble combustion and their relative importance at different operating
conditions is essential.

Unstable combustionrefers to self-sustained combustion oscilla-
tions at or near the acoustic frequency of the combustion chamber,
which are the result of the closed-loop coupling between unsteady
heatrelease and pressure fluctuations. That heat release fluctuations
producepressure fluctuationsis well known and well understood' ~#;
however, the mechanisms whereby pressure fluctuations result in
heat release fluctuations are not. In lean premixed gas turbine
combustion systems, it is generally considered that flame—vortex
interaction’*® and feed system coupling’~!! are the most important
of these mechanisms. Flame—vortex interactionrefers to the interac-
tion between the flame front and vortices that are periodically shed
at the entrance to the combustor. As the vortex passes through the
flame front, the flame is stretched by the vortex. Depending on the
rate at which the flame is stretched and the local equivalence ratio,
this interaction can either increase the flame area and, hence, the
rate of heat release, or it can lead to local extinction and as a result
decrease the rate of heat release. Feed system coupling refers to a
modulation of the fuel flow caused by pressure fluctuations in the
nozzle and fuel delivery system. These fuel flow fluctuations result
in equivalenceratio fluctuations that are convected from the nozzle
into the combustor. If the equivalence ratio fluctuation arrives at
the flame front in-phase with the pressure fluctuation, the resulting
heat release fluctuation amplifies the oscillations, whereas, if the
equivalenceratio fluctuation arrives at the flame front out-of-phase
with the pressure fluctuation, the resulting heat release fluctuation
damps the oscillations. In most instabilities, it is likely that both
flame—vortex interaction and feed system coupling play a role and
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that their relative importance varies with operating conditions and
combustor design.

To understand the role and relative importance of flame—vortex
interaction and feed system coupling during unstable combustion,
measurements must be made that characterize the mechanisms, the
resulting instability,and the relationshipbetween the two. Of partic-
ular importance are measurements of pressure, heat release, equiv-
alence ratio, and flame structure fluctuations. This paper discusses
a number of diagnostic techniques that have been used for making
such measurements. Most of the techniques require optical access
and, therefore, are limited to use in laboratory-scale combustors or
in full-scale single-nozzle combustor test rigs where optical access
is available. The purposes of this paper are to discuss the appli-
cation of these techniques to the study of combustion instabilities
and, in particular, to demonstrate how these techniques can be used
to gain an improved understanding of the mechanisms of unstable
combustion in lean premixed combustors. Note that, to date, these
techniqueshave primarily been used to study the mechanisms of un-
stable combustion under limit-cycle conditions and that there have
been very few studies of the mechanisms involved in the transition
from stable to unstable combustion.

Pressure Measurements

There are a number of ways to detect and characterize unstable
combustion. The most basic measurement is that of the dynamic
pressure in the combustor. This measurement is typically made us-
ing high-frequencyresponse (up to 250 kHz), water-cooled, piezo-
electric pressure transducers. From a measurementof the combustor
pressure vs time, the magnitude, phase, and frequency of the pres-
sure fluctuations, as well as various statistical properties,’>!3 can be
determined.

A typical pressure trace from a longitudinal-mode instability in
a laboratory-scale, lean premixed combustor is shown in Fig. la,
along with the corresponding frequency spectrum in Fig. 1b. This
particular instability exhibits a peak-to-peak pressure fluctuation of
approximately 2 psi at a frequency of 360 Hz with weaker pres-
sure fluctuations at the second and third harmonics, that is, 720 Hz
and 1080 Hz. Proper interpretation of such measurements requires
knowledge of the mode of the instability, which determines the lo-
cation of the nodes and antinodes of the pressure oscillation. The
instability mode can be determined by measuring the pressure at
several locations in the combustor.!* For example, identification
and characterizationof a longitudinal mode requires a minimum of
three transducers located along the length of the combustor, that is,
at the entrance, exit, and halfway between. To identify transverse or
circumferential modes, it is necessary to locate multiple transducers
at specific circumferential positions.
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Fig. 1 Typical pressure fluctuation during unstable combustion.

A simpler approach, which can sometimes be used to identify
the mode, is to estimate the acoustic frequencies of the different
modes, which are given by the speed of sound in the combustor
divided by the corresponding dimension of the combustor, and to
compare thoseto the measured frequency.If the acousticfrequencies
of the different modes are well separated, one can often match the
measured frequency to that of a specific mode and, thereby, identify
the mode of the instability.

To measure accurately combustor pressure fluctuations, the pres-
sure transducer should be flush mounted with the inner wall of the
combustion chamber. In some combustors, however, the design of
the combustion chamber does not allow for this, or there might be
concerns about exposing the transducer to the high temperatures
of combustion. In such cases it is necessary to isolate the trans-
ducer from the combustion chamber using a recess mount with a
small-diameter passageway between the transducer and the com-
bustion chamber. When the pressure transducer is mounted in this
manner, it is important to account for the acoustic characteristicsof
the passageway because they can alter the amplitude and phase of
the measured pressure signal.'* Another consideration when mak-
ing pressure measurements is that the interaction between the flame
and the pressure wave results in a three-dimensional acoustic field
in the vicinity of the flame. As a result, the pressure at the wall of
the combustor, where it is often measured, can differ in amplitude
and phase by as much as 20% from the pressure at the flame.!>!®

Combustor pressure measurementsare often combined with other
measurements when characterizing unstable combustion. (Exam-
ples of such measurements are presented in the following sections.)
When doing so, it is important to phase synchronize the measure-
ments with the pressure oscillation, in which case it is usually nec-
essary to filter electronically the pressure signal to eliminate higher
harmonics and noise from the pressure signal. When using an elec-
tronic filter for this purpose, care must be taken to account for the
phase delay introduced by the filter to synchronize correctly the two
measurements.

In addition to measuring pressure fluctuationsin the combustor, it
is useful to simultaneously measure pressure fluctuationsin the noz-
zle and the fuel line. These fluctuationsresult in fluctuationsin the
fuel flow rate, a phenomenon that was discussed earlier and that is
referredto as feed system coupling.”~!! Such measurementsprovide
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Fig. 2 Phase difference between fuel-line pressure and combustor
pressure fluctuations vs equivalence ratio: ®, original length fuel line
and O, extended length fuel line.
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Fig. 3 RMS fluctuation in combustor pressure vs equivalence ratio:
M, original length fuel line; and 8, extended length fuel line.

valuable information for assessing the role of feed system coupling
as an instability driving or damping mechanism. They can also be
used as a guide when attempting to modify the nozzle or fuel system
geometry to alter the relative phase of the equivalenceratio and heat
release fluctuations to suppress the instability. This has been suc-
cessfully demonstratedin a single-nozzleresearch combustor!” and
a single-nozzle industrial nozzle,'® resulting in attenuation of the
pressure oscillationand a shift of the instability range. For example,
Fig. 2 shows the phase difference between the pressure fluctuation
in the combustor and the pressure fluctuation in the fuel line as a
functionof equivalenceratio for two differentfuel line geometries.'®
The geometry change in this case involved decreasing the length of
the fuel line between the fuel injector and an upstream choked ori-
fice. The correspondingchangein the stability characteristicsof this
combustor are presented in Fig. 3, where it is shown that the range
of unstable combustion has shifted to higher equivalence ratios.
Comparing Figs. 2 and 3 reveals that, with both fuel line geome-
tries, the strength of the instability increases as the phase difference
between the fuel line and the combustion chamber pressure fluctu-
ations changes from approximately —250 to —300 deg, indicating
the importance of feed system coupling and suggesting strategies
for suppressing this instability.

Chemiluminescence Measurements

A second measurement that has proven extremely useful in char-
acterizing unstable combustion in lean premixed combustors is
that of the naturally occurring flame chemiluminescence. Chemi-
luminescence is the radiative emission from electronically excited
species formed by chemical reactions.!”?° The intensity of the
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chemiluminescenceemissionis directly related to the concentration
of the electronically excited species, which is determined by the
competition between the chemical reactions that produce the ex-
cited species and collisional quenching reactions.

The strongest chemiluminescence emission in lean hydrocarbon
flames is that due to CH*, OH*, and CO} (The asterisk indicates
an excited species.) Figure 4 shows a chemiluminescence emission
spectrum measured in a laboratory-scale optically accessible lean
premixed combustor, which is schematically shown in Fig. 5.2! As
shown, the chemiluminescence emission from CH* (431 nm) and
OH* (309 nm) occur at distinctly different and relatively narrow
wavelengthintervals, whereas the CO; chemiluminescencelies over
abroad wavelengthinterval (350-600 nm) and overlaps the CH* and
OH* chemiluminescencespectra. For diagnostic applications, there
are several considerations to keep in mind when choosing between
OH*, CH*, and CO; chemiluminescence.One is that the CO; chemi-
luminescencesignal strength can be significantly increased over that
of OH* and CH* chemiluminescence by using a very broad band
filter, for example, AL =100-200 nm, when detecting the chemi-
luminescence emission. The second is that, to detect OH* chemi-
luminescence, which occurs below 350 nm, ultraviolet-grade op-
tics must be used. Last, elimination of the CO; chemiluminescence
from an OH* or CH* chemiluminescence measurement requires
the added complexity of an independent measurement of the CO3
chemiluminescence background. As a result, most OH* and CH*
chemiluminescence measurements that have been reported include
a significant contribution due to CO} chemiluminescence.

Measurementsof the chemiluminescenceemission from lean pre-
mixed flames have been used in numerous studies as an indicator of
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Fig. 4 Chemiluminescence emission spectrum from a lean premixed
combustor operating at 100 kPa on natural gas at an equivalence ratio
of 0.8 with an inlet temperature of 673 K.
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the location of the reaction zone and to infer local and overall heat
release rates.?>~3® The rationale for such measurements is usually
based on the experimental observation that, for a fixed equivalence
ratio, the intensity of chemiluminescence emission from the en-
tire flame, hereafter referred to as the overall chemiluminescence
emission, increases linearly with the fuel flow rate, where the slope
increases with increasing equivalence ratio.”?=2° This is shown in
Fig. 6, which shows the overall CO; chemiluminescence emission
as a function of the fuel flow rate for a fixed equivalenceratio and in-
let temperature. These results were obtained in the laboratory-scale
optically accessible lean premixed combustor shown in Fig. 5.2!
The CO; chemiluminescence was detected by imaging the entire
flame onto a photomultiplier tube through a glass filter (BG-40),
which transmits over the wavelength interval from 325 to 650 nm.
The results shown in Fig. 6 indicate that the overall chemilumi-
nescence intensity is a function of both the fuel flow rate, that is,
the overall heat release rate, and the equivalenceratio. (This obser-
vation has important implications regarding the use of the overall
chemiluminescenceemissionas a measure of the overall rate of heat
release during unstable combustion, which will be discussed later.)
The effect of equivalence ratio on the overall chemiluminescence
emission is shown more clearly in Fig. 7, which is the overall chemi-
luminescence emission divided by the fuel flow rate vs equivalence
ratio for a constant inlet temperature (650 K) and inlet velocity
(67 m/s). These measurements were made in the same combustor
described earlier. This result indicates that the overall chemilumi-
nescence emission increases exponentially with equivalence ratio,
which can be attributed to the exponential temperature dependence
of the reaction rate for the formation of CO; (Ref. 39).
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Fig. 5 Schematic of optically accessible lean premixed combustor.
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Fig. 7 Overall CO; chemiluminescence emission divided by fuel flow
rate vs equivalence ratio.
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The fact that it is the flame temperature, and not the equivalence
ratio per se, that affects the intensity of the chemiluminescence
emission, is further evidenced by the observation that the overall
chemiluminescence emission can be increased by increasing either
the equivalenceratio or the inlet temperature2** Measurementsin
this same combustor of the overall OH* chemiluminescenceand the
overall CH* chemiluminescencealso show a linear dependence on
the fuel flow rate and an exponential dependence on equivalence
ratio.?! For these measurements, the OH* chemiluminescence was
detected using a bandpass filter centered at 307 nm with a full width
at half maximum (FWHM) of 10 nm, and the CH* chemilumines-
cence was detected with a bandpass filter centered at 430 nm and a
FWHM of 10 nm.

In addition to the effects of fuel flow rate and equivalence ratio,
some studies have shown that turbulencereduces the intensity of the
overall chemiluminescence emission.??2° In tests conducted in the
same lean premixed combustor already discussed (Fig. 5), however,
such an effect was not observed. These results are shown in Fig. 8,
which shows the overall CO} chemiluminescenceintensity divided
by the fuel flow rate vs the combustor inlet velocity for constant
values of equivalence ratio and a fixed inlet temperature of 650 K.
As shown, the inlet velocity was increased by a factor of two, cor-
responding to a change in the Reynolds number from 9 x 10° to
1.8 x 10*, with no apparent decrease in the overall chemilumines-
cence intensity.

To better understand the relationship between the rate of heat
release and chemiluminescence emission, several studies involv-
ing detailed chemical kinetic calculations of lean premixed laminar
methane-air flames have been conductedto investigatethe relation-
ship between the local rate of heat release, that is, the rate of heat
release per unit flame area, and the local chemiluminescence emis-
sion, that is, the rate of chemiluminescenceemission per unit flame
area.® 2 These studies have shown that CH*, OH*, and CO} occur
within the reaction zone, indicating that the location of the chemi-
luminescence emission can be used as an indicator of the location

of the reaction zone. They have also shown that there is a correla-
tion between the chemiluminescence emission from both OH* and
COj3 and the local rate of heatrelease. An exception to both of these
results, however, is in the case of extreme local strain or flame cur-
vature, for example at cusps, where the calculations show that the
chemiluminescenceemission can effectively go to zero without ex-
tinction of the flame. The studies also indicate that most of the fuel
goes through a reaction path that includes the formation of COj,
suggesting that CO; chemiluminescenceshould be a good indicator
of the rate of heatrelease. Last, the studies show that the local rate of
heat release Hp,,, and the local chemiluminescenceemission /jca
are affected by unsteady strain and flame curvature and that they
increase exponentially with temperature, leading to a power law re-
lationship between the local chemiluminescence emission and the
local rate of heat release, that is,

Ilocal X (HRM;.[ )(X

where the exponent is a positivenumber and dependson the flame
temperature (as determined by the equivalence ratio, unburned gas
temperature, dilution, and radiation losses) and on the effects of
unsteady strain and flame curvature *

To determine the relationshipbetween the overall chemilumines-
cence emission /oan and the overall rate of heat release Hg, .,
one must integrate the local values over the flame area, that is,

Ioverall = / Ilocal dAﬂamea HRUVC,M] = / HR]\,cul dAﬂame
A A

If the flame temperature, that is, the equivalence ratio, unburned
gas temperature, dilution, and radiation losses, are constant and the
effects of strain and flame curvature are negligible or constant, then
Loca, Hg,,,, and o are constant over the flame, which leads to the
result that the overall chemiluminescence emission and the overall
rate of heat release are proportional, that is,

Ioverall =C HRovcml]

where the constant C depends on the flame temperature, that is,
equivalenceratio, unburned gas temperature,dilution, and radiation
losses, and the effects of strain and curvature. This result is consis-
tent with the experimental results presented in Fig. 6, which show
that for fixed equivalence ratio and inlet temperature the overall
chemiluminescence emission increases linearly with fuel flow rate,
that is, the overall rate of heat release, and that the slope depends
on the equivalence ratio. Similarly, the results presented in Fig. 7,
which show that the overall chemiluminescence emission divided
by the fuel flow rate increases exponentially with the equivalencera-
tio, are also predicted by the detailed chemical kinetic calculations.
Last, that the local chemiluminescence emission can be affected by
unsteady strain and flame curvature is consistent with the obser-
vations that turbulence can reduce the overall chemiluminescence
emission.

The relationship between the overall chemiluminescence emis-
sion and the overall rate of heat release, however, is more compli-
cated if the equivalence ratio and/or the effects of strain and cur-
vature vary over the flame area. This, for example, would occur
in a partially premixed turbulent flame. In this case, the exponent
o, in the equation relating the local chemiluminescence emission
to the local rate of heat release, varies with location on the flame
surface, which in turn affects the relationship between the overall
chemiluminescence emission and the overall rate of heat release.
To some extent, though, such variations are likely to average out
such that the relationship between the overall chemiluminescence
and the overall rate of heat release can be expressed in terms of
the average equivalence ratio. Data supporting this are shown in
Fig. 9, which shows the overall CO} chemiluminescenceemission,
for constant inlet temperature (650 K), inlet velocity (84 m/s), and
overall equivalence ratio conditions, vs a parameter referred to as
“% premixed.”?! These measurements were made in the combustor
illustrated in Fig. 5. In the 100% premixed case, the fuel and air
are perfectly mixed, whereas in the 0% premixed case, there is a
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Fig. 9 Effect of incomplete fuel-air mixing on the overall CO; chemi-
luminescence intensity.

gradient in the equivalenceratio across the annular mixing section,
which, for example, varies from 0.3 to 0.9 for an overall equivalence
ratio of 0.6. (Note that the fuel distribution measurement was made
at the exit of the mixing section under cold-flow, noncombusting
conditions.) The effect of incomplete mixing is to increase the over-
all chemiluminescence emission, as would be expected given the
exponential dependence of chemiluminescence emission on equiv-
alence ratio; however, the effect is small, that is, there is only a
10% increase in going from a 100% premixed to a 0% premixed
condition.

The other factor affecting the overall chemiluminescence emis-
sion and the overall rate of heat release is, of course, the area of the
flame. Any factors causing the flame area to change, for example,
flame—vortex interaction,will resultin a changein the overallchemi-
luminescenceemission and the overall rate of heatrelease. Changes
in the flame area will not alter the relationship between the overall
chemiliuminescence emission and the overall rate of heat release,
as long as the flame temperature and the effects of strain and cur-
vature are constant. In other words, as the flame area changes, both
the overall chemiluminescenceemission and the overall rate of heat
release will change in proportionto the area change. If, however, the
effects of stretch and/or curvature change over the flame surface as
the flame area changes, as might be expected during flame—vortex
interaction, then the relationship between the overall chemilumi-
nescence emission and the overall rate of heat release is likely to
change as the flame area changes.

In general, the results of the detailed chemical kinetic studies
support the use of chemiluminescence emission as a qualitative
measure of the local and the overall rate of heat release in lean
premixed flames; however, the studies also clearly indicate that
even for qualitative applications such measurements should be in-
terpreted with caution. (Another technique that has been proposed
for making quantitative measurements of the rate of heat release is
HCO fluorescence*'**> This technique is discussed in the section
on laser-induced fluorescence measurements.)

In studies of unstable combustion, chemiluminescence emission
has been used by numerous researchers to characterize temporal
fluctuations in both the overall heat release!?:18:28:29:33.36=38 ap the
spatial distribution of the local heat release 3-10:18:28-30.32.33.35.37 A¢
the preceding discussion indicates, however, care must be taken
when interpreting such measurements. For example, when making
overall chemiluminescence measurements, it is important to realize
that changes in the fuel flow rate and changes in the equivalence
ratio independently affect the overall chemiluminescenceemission,
whereas only changes in the fuel flow rate affect the overall rate of
heat release. This point can be illustrated by considering two com-
bustors where the equivalenceratio at the inlet to the combustor is
fluctuating, but for different reasons. In the first case, the equiva-
lence ratio fluctuations are the result of fluctuations in the airflow

rate, while the fuel flow rate is constant. Under these conditions,
there will be fluctuations in the overall chemiluminescence emis-
sion, however, the overall rate of heat release will be constant. (This
is not to be confused with the fact that the local rate of heat release,
that is, the local flame speed, changes with local equivalence ratio.
This is compensated for by changes in the flame area such that the
overall rate of heatrelease remains constant.) In the second case, the
equivalenceratio fluctuationsare the resultof fluctuationsin the fuel
flow rate, while the airflow rate is constant. Under these conditions,
there will be fluctuationsin the overall chemiluminescenceemission
that will be due in part to equivalenceratio fluctuations and in part
to fuel flow rate fluctuations. In this situation, the chemilumines-
cence fluctuations overestimate the fluctuations in the overall rate
of heat release. The only situation where the fluctuationin the over-
all chemiluminescencecan be attributed solely to fluctuationsin the
overall rate of heat release is when the equivalenceratio is constant.
In general, such conditions can only be achieved in a laboratory
combustor, whereas in an actual combustor one would expect some
degree of feed system coupling and as a result fluctuations in the
equivalenceratio. Under such conditions,measurements of the over-
all chemiluminescenceemission fluctuations without simultaneous
measurements of the equivalence ratio fluctuations can potentially
give misleading information about both the amplitude and phase of
the overall heat release fluctuations.

There are also considerations when using chemiluminescence
emission as a measure of the local rate of heat release. The most
obvious is the fact that the chemiluminescence emission measure-
ment is a line-of-sight measurement, that is, one measures the total
emission integratedalong the line of sight. This effect can be signifi-
cantly reduced using an optical arrangement with a very shortdepth
of field; however, this is at the expense of significantly reduced sig-
nal strength.33 Another approach, if the flame is axisymmetric, is to
use a deconvolution technique to reconstruct the two-dimensional
emission field from line-of-sightchemiluminescenceimages. (This
approachisdiscussedand illustratedlaterin this section.)Itis impor-
tant to realize that the two-dimensional chemiluminescenceimages
obtained in this manner, however, do not actually represent the local
chemiluminescenceintensity, thatis, on the scale of the flame thick-
ness. Because of the line-of-sight nature of the chemiluminescence
measurement, the two-dimensional chemiluminescence results ef-
fectively integrate over the local three-dimensional flame structure.
In other words, the intensity of the chemiluminescence emission
depicted in the two-dimensional chemiluminescence images, /,-p,
representsthe productof the local chemiluminescenceemission and
the local flame area, that is,

12-D = Ilocal : Alocal

where Ao is the flame area within a volume defined by the reso-
lution of the line-of-sight measurement.

Similarly, one can define a two-dimensional rate of heat release
Hpg,_,, which represents the product of the local rate of heat release
and the local flame area, thatis, Hg,_, = Hp, ., - Alocal- Of interestis
the relationship between the two-dimensional chemiluminescence
emission and the two-dimensional rate of heat release. When the
preceding equations are used, Ir-p = (Jioca/Hry, o) Hr,opp. Using
the power law relationship between the local chemiluminescence
emission and the local rate of heat release, already discussed, gives
the following relationship:

Lo = (Hkml)a_l “Hp,, = Cop - Hpyyy

where C,-p depends on the local flame temperature and any fac-
tors that affect the flame temperature. Therefore, the intensity of the
chemiluminescenceemission shown in the two-dimensional chemi-
luminescence images is indicative of the two-dimensional rate of
heat release; however, it can also change independently of the rate
of heat release as a result of changes in the flame temperature and
any factors that affect the flame temperature. As was the case with
overall chemiluminescence measurements, the most likely concern
would be in a partially premixed flame where variations in local
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Fig. 10 During unstable combustion, simultaneous measurements
of a) overall heat release fluctuations and b) combustor pressure
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equivalence ratio could lead to an inaccurate estimate of the local
rate of heat release.

An example of a measurement of the overall heat release fluctu-
ations during unstable combustion made in the optically accessible
lean premixed combustorshown in Fig. 5 using CO; chemilumines-
cence emission is shown in Fig. 10a, whereas the simultaneously
recorded pressure fluctuationis shown in Fig. 10b. The overall CO;
chemiluminescenceemission in Fig. 10a was measured by imaging
the entire flame onto a photomultiplier tube through an appropriate
bandpassfilter as already described. Care must be taken when mak-
ing such measurements to collect the chemiluminescence emission
from the entire flame as to obtain an accurate indication of the to-
tal heat release rate and to avoid erroneous fluctuations due to the
flame moving in and out of the field of view. Simultaneous mea-
surements of the overall heat release rate and the pressure, such as
shown in Fig. 10, can be used to determine the phase difference
between the heat release and pressure fluctuations, which is related
to the overall system damping and gain characteristics.! Such mea-
surements also provide information on how the flame’s heat release
responds to pressure fluctuations. For example, Fig. 11 shows the
rms overall heat release fluctuation normalized by the mean overall
heat release (measured using CO; chemiluminescence) vs the rms
combustor pressure fluctuation during unstable combustion. These
measurements were made in an optically accessible single-nozzle
testrig equipped with a full-scale, industrial fuel nozzle (Solar Tur-
bines Centaur 50) operating on natural gas at an inlet temperature
of 660 K over a range of inlet velocities from 75 to 100 m/s and
a range of equivalence ratios from 0.575 to 0.7. This result shows
that the normalized heat release fluctuation increases linearly as
the pressure fluctuationincreases until it becomes saturated at high-
pressure fluctuations,indicating that there is a nonlinearrelationship
between the pressure and heat release fluctuations during unstable
combustion**** A more comprehensive assessment of the nonlin-
ear response of lean premixed flames to pressure fluctuations can
be obtained from forced response studies where the amplitude and
relative phase of heat release fluctuations resulting from imposed
pressure fluctuations over a range of frequenciesand amplitudes are
measured.*®
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Fig. 11 RMS heat release fluctuation normalized by the average
heat release vs rms pressure fluctuation at various unstable operating
conditions.
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Fig. 12 Chemiluminescence a) line-of-sight integrated image and
b) corresponding deconvoluted image.

Chemiluminescence emission can also be recorded using an in-
tensified charge-coupled device (CCD) camera to obtain an image
of the flame structure during unstable combustion that represents
the spatial distribution of the flame’s heat release. An example of
such a measurement is shown in Fig. 12a, where a CO; chemilu-
minescence image of the flame in a laboratory-scalelean premixed
dump combustor (Fig. 5) operating on natural gas is presented. The
gray scale shown above the image indicates the magnitude of the
chemiluminescence intensity. The left-hand side of each chemilu-
minescence image shows the centerbody and the dump plane, as
well as the location of the image within the 110-mm-diam quartz
combustor. The direction of flow in this and all subsequent chemi-
luminescenceimages is from left to right. For this measurement, the
image acquisition is phase synchronized with the pressure oscilla-
tion and a total of 30 individual images at that same phase angle are
averagedto obtainthe phase-averagedimage shownin Fig. 12a. This
image is a record of the line-of-sightintegrated chemiluminescence
intensity and, therefore,does notreveal the cross-sectional structure
of the flame. If the flame is assumed to be axisymmetric, one can
use a deconvolution procedure to reconstruct the two-dimensional
flame structure, including onion-peeling, Abel transformation, and
filtered backprojectionmethods.* The line-of-sightimage shownin
Fig. 12a was processedusing an Abel deconvolutionprocedure. The
resulting image, (Fig. 12b) reveals the two-dimensional structure of
the flame that was not apparent in the original line-of-sightimage.

A basicassumptionof the deconvolutionprocedureis that the im-
age is axisymmetric. Because the line-of-sightimage in Fig. 12a is
not perfectly axisymmetric, the upper and lower halves of the image
were averaged to create an axisymmetricimage before applying the
Abel inversion. This procedure of creating an axisymmetric line-
of-sight image is usually necessary; however, care must be taken
when interpreting the resulting reconstructed images. If the line-
of-sight images are reasonably axisymmetric, the insights gained
from the reconstructed two-dimensional images usually outweigh
the uncertainty associated with the axisymmetric approximation.
Unfortunately there is no way to quantify this tradeoff; therefore,
the reconstructed two-dimensional images must always be inter-
preted with care.
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Fig. 14 Flame structure during one period of unstable combustion with a frequency of 350 Hz at two different operating conditions in the same lean

premixed combustor.

Figure 13 shows a sequence of 12 phase-averaged two-
dimensional CO; chemiluminescence images recorded in incre-
ments of 30 phase-angle degrees during one period of a 235 Hz
instability in the same laboratory-scale lean premixed dump com-
bustor mentioned earlier. In this case the combustor was operating
at 100 kPa, with an inlet temperature of 673 K, an inlet velocity of
45 m/s, and an equivalenceratio of 0.45. In addition, the exit of the
combustor was not restricted (Fig. 5); hence, the marked change in
the frequency of the instability compared to earlier results in this
combustor. Note that only the upper-half of the flame is shown be-
cause the reconstructedimages are axisymmetric. Again, to the left
of eachimage is shown the location of the image relative to the com-
bustor. Also shown in Fig. 13 is a plot of the combustor pressure vs
time, measured at the dump plane, over one period of the instabil-
ity with markers indicating when each of the images was recorded.
The two-dimensional flame structure image sequence reveals the
temporal evolution of the flame structure during the instability and
provides insight regarding the phenomenology of the instability.
For example, the images in Fig. 13 show a flame that is anchored
on the centerbody and extends outward into the recirculation zone
and all of the way to the wall of the combustor. The overall flame
shape remains very nearly the same during the instability; however,
there is a noticeable change in the overall intensity of the flame’s
heat release, indicating that minimum heat release, that is, images
9-11 (Fig. 13), occurs when the pressure is minimum. There is also
a periodic break in the flame between where it is attached to the
centerbody and the recirculation zone, which also occurs when the
pressure and overall heat release are at their minimum levels.

Two flame structure image sequences are shown in Figs. 14a
and 14b, which correspond to instabilities in the same lean pre-
mixed combustor (Fig. 5) and at the same operating conditions

(Tiniet = 623 K, Vigee =59 m/s, and ¢ = 0.58), except that the in-
let fuel distribution is different. In Fig. 14a, the fuel and air are
completely mixed before entering combustor, whereas in Fig. 14b,
although the overall equivalence ratio is the same, the equivalence
ratioincreases with increasingradius across the annularoutlet of the
mixing section. Again, only the upper-half of the image is shown
because the reconstructed images are axisymmetric. In both cases
the instability frequency is approximately 350 Hz, and the phase-
synchronizedimages are acquired in increments of 24 phase-angle
degrees, giving a total of 15 images within one period, where each
image is an average of 30 individual images acquired at a given
phase angle. Both cases show evidence of flame—vortex interaction;
however, the details of the interactionare noticeably differentin the
two cases. The flame in Fig. 14a appears to be wrapped around the
vortex, resulting in stretching and contraction of the flame zone,
whereas in Fig. 14b the flame appears to be contained within the
vortex, exhibiting periodic extinction and reignition of the entire
reaction zone.

Two-dimensional flame structure images, such as those shown in
Figs. 13 and 14, reveal the location and intensity of the flame’s heat
release and its temporal evolution during one period of the insta-
bility. Combining this information with the measured pressure fluc-
tuation, one can calculate the Rayleigh index distribution R (x, y),
which is given by the following equation:

1
R(x,y) = ;/ p'(x,y,0q (x,y,t)dt
T

where q'(x,y,t) is the local heat release fluctuation deter-
mined from the two-dimensional flame structure images and

p'(x, y, t) is the local pressure fluctuation > 13:28-30.32.33.37 Because
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a) b)

Fig. 15 Rayleigh index distributions corresponding to the unstable
flames shown in Figs. 14a and 14b, respectively.

the wavelength of the pressure oscillationis often much greater than
the length of the flame, the pressure in that case can be assumed to
be spatially uniform over the region of heat release and, therefore,
only a function of time.

The Rayleigh index is a measure of the correlation between the
heat release fluctuation and the pressure fluctuation and, therefore,
represents the strength of the coupling between the two. A positive
Rayleigh index indicates that the heat release and pressure fluc-
tuations are in-phase, in which case the heat release amplifies the
pressure fluctuation. A negative Rayleigh index indicates that the
heat release and pressure fluctuations are out-of-phase, and there-
fore, the heat release acts to damp the pressure fluctuation.

The Rayleigh index distributions corresponding to the two-
dimensional flame structure images shown in Figs. 14a and 14b
are presented in Figs. 15a and 15b, respectively, where the accom-
panying gray scale indicates the value of the Rayleigh index. The
Rayleigh index distribution can be used to identify locations where
the instability is amplified, that is, regions of positive Rayleigh in-
dex, and locations where the instabilityis damped, thatis, regions of
negative Rayleigh index, and thereby provide insight regarding the
phenomenology of the instability. Figure 15a shows two damping
regions, one in the recirculationzone behind the centerbody and the
other in the recirculationzone downstream of the dump plane; there
is a larger region of positive Rayleigh index along the shear layer
between the dump plane and the centerbody recirculation zones.
Fig. 15b shows a drastically different Rayleigh index distribution
with a large region of positive Rayleigh index centered in the dump
planerecirculation zone and a smaller damping region immediately
downstream of the dump plane. A comparison of the locations of
minimum and maximum Rayleigh index, that is, the locations of
damping and gain, with the flame image sequence can provide in-
sight as to the phenomenology of the instability and the role of the
instability driving mechanisms.

Chemiluminescence emission measurements have also been
shown to provide information and insights that can be used to opti-
mize active combustion control systems employing modulated sec-
ondary fuel injection for the suppression of unstable combustion.
Forexample,ithas beenshown thateffectivesuppressionof an insta-
bility can be achieved with less secondary fuel if the fuel is injected
into the region of maximum damping indicated in the Rayleigh in-
dex distribution* Chemiluminescence imaging can also be used
to determine the optimum phase delay in active combustion con-
trol systems employing secondary fuel flow modulation*® When a
pulse of secondary fuel is injected into a combustor, it produces a
detectable modulation of the chemiluminescenceemission, referred
to as the flame response, which indicates when the secondary fuel
reaches the flame front and burns. Using that signal as an indication
of the heatrelease produced by the combustionof the secondary fuel
pulse, one can calculate what is called the flame response Rayleigh
index using the following equation:

0+T
flame response Rayleigh index = T / P' % ccondary At

fo

where T is the period of the secondary fuel flow modulation, #, is
the time delay between the pressure signal zero crossing and the
secondary fuel valve trigger signal, p’ is the measured pressure
signal, and g; g, i the flame response function. An example of
the flame response function is shown in Fig. 16a.° In this case,
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subharmonic secondary injection is used, where the frequency of
secondary fuel injection is one-fourth that of the instability. This
is shown in Fig. 16b, where the flame response function is shown
along with the pressure oscillation. Also shown in Fig. 16b is the
control signal to the secondary fuel control valve and the time delay
between that signal and the zero crossing of the pressuresignal. The
flame response Rayleigh index is a measure of the effect of the heat
release due to the secondary fuel on the instability. If its value is
positive, the secondary fuel acts to amplify the instability, whereas
if it has a negative value, it acts to damp the instability, where the
optimum phase delay correspondsto the case of maximum damping.
The flame response Rayleigh index as a function of the time delay
1y is plottedin Fig. 16c for the flame response function and pressure
oscillationshowninFig. 16b. Accordingto thisresult, the time delay
between the zero crossing of the pressure oscillation and the valve
trigger signal for maximum damping is approximately 1.25 ms.
This compares reasonably well with the experimentally determined
delay time for maximum suppression of this instability, which is
approximately 1 ms.

Infrared Absorption Measurements

Laser absorption techniques have been used to measure various
flowfield parameters such as gas concentration, temperature, pres-
sure, and velocity.!%!847=59 The basic technique involves passing
laser light of known wavelength and intensity through the medium
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of interest and measuring the attenuation of the light due to reso-
nance absorption by specific atoms or molecules. The absorption
process is described by Beer—Lambert’s law, that is,

1
1/10 — lo—l/;)ecdx

where I, is the intensity of incidentlight, / is the intensity of trans-
mitted light, ¢ is the decadic molar absorption coefficient (square
centimeter per mole), / is the absorption path length (centimeter),
and ¢ is the molar concentration of absorbing species (mole per
cubic centimeter). The attenuation also depends on the tempera-
ture and pressure through changes in the absorption coefficient.
The major limitation of this technique is that it is a line-of-sight
measurement, that is, the measured attenuation is the result of
the integrated absorption over the entire beam path and, therefore,
is a measure of the average flowfield properties along the beam
path.

The laser absorption measurement that has proven most valu-
able in the study of combustion dynamics is an infrared absorption
measurement of hydrocarbon fuel concentration based on the for-
tuitous matchup between the 3.39-um wavelength of the infrared
helium—neon laser and a vibrational-rotational energy level transi-
tion in hydrocarbon molecules.*”** In this case, where the absorb-
ing molecule is a stable species, the simplest procedure for making
quantitative concentration measurements is to determine empiri-
cally the pressure and temperature dependence of the absorption
coefficient. An example of this for methane is shown in Figs. 17a
and 17b, where the normalized transmittance (1 /1) vs temperature
at a fixed pressure and vs pressure for values of constant temper-
ature, respectively, are shown.!” These measurements were made
in a flow cell with a homogeneous methane—air mixture at known
conditions. The 3.39-um output from a He—Ne laser (3 mW) was
used as a light source, and the transmitted light was detected us-
ing a thermoelectrically cooled indium-arsenide (InAs) detector.
Once the normalized transmittanceis known, the decadic molar ab-
sorption coefficient ¢ can be obtained from Beer-Lambert’s law,
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Fig. 17 Normalized transmittancel/I, of a 3.39-pxm He—Ne laser beam
through a homogeneous methane-air mixture.
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that is,
e =—(1/cl)log,,(I/1y)

With use of the data shown in Fig. 17, the following expression for
the decadic molar absorption coefficient for methane as a function
of pressure and temperature is obtained':

e =84,737(Py/P)(T /293 K){C, + C,[(P/Py) — 1]}

with C; =-0.1131+1.1875(293K/T) and C,=0.712—1.536
exp(—2.118 x 293K/ T).

An important application of the infrared absorption technique in
combustioninstabilitystudiesis for measuringtemporal fluctuations
in equivalenceratio due to feed system coupling. The experimental
setup for an infrared absorption measurementin a single-nozzletest
rig equipped with a full-scale,industrial fuel nozzle (Solar Turbines
Centaur 50) operating on natural gas is presented in Fig. 18.!1% As
shown, the 3.39-um laser beam passes through the annular mixing
section in the injector, just upstream of the entrance to the combus-
tor. This required a modification to the nozzle to provide two-sided
optical access for the laser beam. Note that sapphire windows are
required for transmissionof the infrared beam. The actual measure-
ment is of the normalized transmittance of the incident laser beam,
that is, the ratio of the transmitted to the incident laser power. To
convert this to equivalence ratio, an in situ calibration of the nor-
malized transmittance vs the overall equivalence ratio is required.
This involves making measurements over a range of equivalence
ratios, without combustion, at fixed pressure and temperature. To
use this calibration at other pressures and temperatures, one must
account for the pressure and temperature dependence of the decadic
molar absorption coefficient discussed earlier. In addition, the fact
that the density changes with pressure and temperature must be ac-
counted for because the absorption measurementactually measures
fuel concentration not equivalence ratio.

Figure 19a shows the equivalenceratio vs time measured with the
infraredabsorptiontechniqueoverone periodof a 465-Hzinstability
in the combustor shown in Fig. 18. In this case, the combustor was
operating on natural gas, at a pressure of 100 kPa with an inlet
temperature of 658 K and an inlet velocity of 100 m/s. It is assumed
that the temperature of the mixture in the nozzle is constant, and
therefore, only fluctuations in the pressure are accounted for when
converting the measured transmittance to equivalence ratio. This
resultclearly shows thatfeed systemcouplingis playing a significant
role in this instability, resulting in peak-to-peak fluctuations in the
equivalenceratio of approximately £0.05 abouta mean of 0.65. The
frequency spectrum corresponding to these fluctuations is shown
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in Fig. 19d. The equivalence ratio fluctuations show a dominant
frequencyat465 Hz, with weaker oscillationsappearingat the higher
harmonics. Shown in Figs. 19b and 19c are the phase-synchronized
pressure and heat release measurements for this instability and in
Figs. 19e and 19fthe correspondingfrequencyspectra.Itis clear that
the dominant frequency of the equivalenceratio, pressure, and heat
release fluctuations are the same, that is, 465 Hz. However, there
are significant differences in the relative magnitude of the second-
harmonic oscillations. Most noticeable is that there is only a 10-dB
differencebetween the firstand second harmonicsof the equivalence
ratio fluctuation, whereas there is a 23-dB difference between the
first and second harmonics of the heat release fluctuations. This
suggeststhatthe flame, whichis spatiallydistributed,actsto average
out the higher frequency fluctuations in the equivalenceratio. Also
of interest are the relative magnitudes of the pressure, equivalence
ratio and heat release fluctuations, which for this instability are 3,
5, and 23% of the mean, respectively.

Last, the simultaneouspressure,heatrelease and equivalenceratio
fluctuation measurements can be used to determine the phase delay
or time lag between these processes. Of particularinterestis the time
lag between the equivalence ratio fluctuation and the heat release
fluctuation because of its importance in assessing the role of feed
system coupling. To estimate whether or not the equivalence ratio
fluctuation produced by feed system coupling arrives at the flame
front in-phase with the heat release fluctuation, one must estimate
the convectiontime between the fuel injectionlocation and the flame
front. The most difficult part of the convectiontime to estimateis the
time required for the fuel to travel from the entrance to the combustor
to the flame front where the fuel burns. The phase delay or the time
lag between the equivalence ratio and the heat release fluctuation
shown in Figs. 19a and 19c is a direct measurement of that quantity.

The 3.39-um helium—neon laser absorption technique has also
been implemented in a fiber optic probe’*-> and in a fast-response
extraction probe.’” The main advantage of this approachis that spa-
tially resolved measurements are possible, that is, with a spatial
resolution of the order of 1 mm. Such probes have been success-
fully used to measure spatial fuel distributionsand equivalenceratio
fluctuations in laboratory-scaleand commercial single-nozzlelean
premixed combustors.

Laser-Induced Fluorescence Measurements

The basic principal of the laser-induced fluorescencetechniqueis
that laser radiation is used to excite selectively an atomic or molec-
ular species of interest to an upper electronic state via a laser ab-
sorption process.®° The excitation process is followed by the spon-
taneous emission of a photon when the excited atom or molecule
decays back to a lower energy level. The spontaneous emission is
referred to as fluorescence, or in this case as laser-induced fluores-
cence, and its intensity can be related to the number density of the
species of interest. To quantify the relationship between the fluo-
rescence intensity and the number density of the absorbing species,
one must account for the energy level populationdistribution of the
absorbing atom or molecule and for collisional quenching and re-
distribution effects. For certain molecules, such as OH and CH, and
with the selection of an appropriate excitation/detection scheme, it
has been shown that the fluorescence signal is directly proportional
to the concentration of the absorbing species.®! Similarly, excita-
tion/detection schemes have been developed for certain molecules
that allow for the determination of the temperature.5? In the case of
stable species, these effects can be accounted for by simply calibrat-
ing the fluorescence intensity vs number density of the fluorescing
species as a function of temperature and pressure. When calibrating
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a fluorescence measurement, the overall composition should be ap-
proximately the same as in the actual measurement because colli-
sional quenching is dependent on composition. Note, however, that
quantitative fluorescence measurements are not always necessary
and that useful information can often be obtained from qualita-
tive measurements that provide a relative measure of the number
density, or in some cases, only indicate the location of the species
of interest.

At low laser excitation irradiance, the fluorescence signal S
(joules per square centimeter) can be related to the mole fraction
of the fluorescence seed, xans, by the following equation:

Sy < (E/hv) [ Xaos(P/T)]o (A, T (A, P, T)

where E is the laser irradiance (joules per square centimeter), 1 is
Planck’s constant, v is the laser frequency, x.s is the molar con-
centration of the fluorescence species, o (A, T) is the molecular ab-
sorption cross section of the fluorescencespecies,and ¢ (A, P, T') is
the fluorescence quantum yield. In this equation, it is assumed that
the effect of gas composition on the fluorescence yield is constant.
For a fixed excitation wavelength and under isothermal and isobaric
conditions, the fluorescence signal is only proportional to the mole
fraction of the fluorescence seed. However, in flows where the tem-
perature and pressure are changing, the effect of the energy level
population distribution and of collisional quenching and redistribu-
tion on the absorption cross section and the fluorescence quantum
yield, and therefore the fluorescence signal, must be accounted for,
as discussed earlier.

Laser-induced fluorescence can be used to make point mea-
surements with submillimeter spatial resolution or to make two-
dimensional measurements, also referred to as planar laser-induced
fluorescence (PLIF) measurements 5% In the former case, the laser
beam is focused with a spherical lens to a small diameter beam
waist, and the fluorescence signal is detected by imaging the beam
waist through an aperture onto a photomultiplier tube. In the latter
case, the laser beam passes through a combination of cylindrical
and spherical lenses to produce a thin laser sheet, and the resulting
fluorescence signal is detected by imaging a portion of the laser
sheetonto an intensified CCD camera. In both cases, an appropriate
interferencefilter is used to isolate and selectively detect the desired
fluorescence wavelengths. The fluorescence signal strength for gas-
phase fluorescence measurements is typically very low, requiring
the use of high-power pulsed lasers; however, depending on the
fluorescence species and its concentration, single-pulse measure-
ments are often possible. Unfortunately, high-power pulsed lasers
operate at relatively low pulse rates, that is, typically 10-20 Hz;
therefore, this technique does not provide a continuous measure of
the fluorescence species concentration. However, for periodic phe-
nomena, such as unstable combustion, the measurements can be
phase synchronized with the instability and the periodic behavior
reconstructed.

A useful application of laser-induced fluorescence in the study
of combustion dynamics is for characterizing fuel-air mixing. This
is an important measurement because both the temporal and spatial
fuel distribution can have a significant effect on the stability char-
acteristics of the combustor.® Many fuels of interest, however, are
not well suited for fluorescence measurements, so that a common
approach is to seed the fuel with a small amount of a fluorescence
seed, where the concentrationof the fluorescence seed, as measured
by the fluorescence technique, is assumed to be an indicator of the
fuel concentration. An advantageof using a fluorescenceseed is that
its concentrationcan be controlled. In addition, a fluorescence seed
can be selected that has optimum physicaland spectroscopicproper-
ties, making quantitative equivalence ratio measurements possible.
Various species have been employed as fluorescence seeds for fuel—
air mixing studies and detailed information on their fluorescence
characteristics can be found in Refs. 65-70. A number of factors
must be considered when selecting the fluorescence seed for char-
acterizingmixing, includingboiling point, autoignitiontemperature,
absorption and fluorescence characteristics, mass diffusion coeffi-
cient, cost, toxicity, etc. For gaseous fuels, acetone is commonly
used as a fluorescence seed because of its low boiling point (50°C at
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Fig. 20 Acetone LIF signal with 266-nm excitation.

1 atm) and high vapor pressure (184 torr at 20°C), which allows for
easy seeding and high seed density. The spectroscopic characteris-
tics of acetone are also well known. It absorbs over a broad range
of wavelengths (225-320 nm) with maximum absorption between
270 and 280 nm. The fluorescence emission is broadband in the
blue (350-550 nm) and short lived (t & 4 ns), with a fluorescence
efficiency of 0.2% (Refs. 67-70).

Because acetone is a stable species, the effects of pressure and
temperature on the absorption cross section and the fluorescence
yield are best accounted for empirically. Figures 20a and 20b show
the effect of temperature and pressure, respectively, on the ace-
tone fluorescence signal with 266-nm excitation, that is, the fourth-
harmonic outputof a Nd: YAG laser. Figures 20a and 20b each show
two curves. The solid circles are the actual measurements, whereas
the solid squares have been corrected to constant number density.
The measurements were made in a flow cell with the volume fraction
of acetone fixed at 1%; therefore, changes in pressure and tempera-
ture also affect the fluorescence signal as a result of changes in the
density. The actual measurements show that the fluorescence signal
decreases with increasingtemperatureand increases with increasing
pressure. After changes in density are corrected for, however, it is
found that the fluorescence signal is independent of pressure, and
it decreases with increasing temperature. Knowledge of the effect
of pressure and temperature on the fluorescence signal, indepen-
dent of their effect on density, is critical to the proper interpreta-
tion of fluorescence measurements. The temperature and pressure
dependence of acetone laser-induced fluorescence using different
excitation wavelengths may be found in Refs. 67-70.

Acetone PLIF was used to measure the fuel distributionin a nat-
ural gas-fueled laboratory-scaledump combustor, which is shown
schematically in Fig. 21a.”! This particular combustor was used in
a study of the effect of combustor inlet fuel distribution on combus-
tion stability and emissions and, hence, has the unique capability
of allowing for systematic variation of the fuel distribution. This is
accomplished by injecting the fuel at one or more of three injection
locations, labeled 1-3 in Fig. 21a. For the acetone fluorescencemea-
surements, the fuel is replaced with air to which 0.5%, by volume,
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of acetone is added. (Therefore the measurements are made without
combustion.) To ensure complete vaporization of the acetone, it is
injected into the air using a spray nozzle, and the air is preheated to
100°C. Also note that, in the case of injection locations 2 and 3, the
flow rate of the simulated fuel was set to match the momentum flux
of the actual fuel jet.

The excitation source is the fourth-harmonic (266-nm) output of
a pulsed Nd:YAG laser, with a laser pulse energy and duration of
40 mJ/pulse and 7 ns, respectively. The laser beam is formed into
a 0.5 mm thick by 40 mm high sheet, which is positioned approxi-
mately 1 mm downstream of the dump plane across the exit of the
annularmixing section. The fluorescencesignalis recordedusing an
intensified CCD camera positioned downstream of the combustor,
perpendicularto the laser sheet. Background noise subtraction and
a uniform field correction are applied to each of the acetone PLIF
images. In addition, the images are corrected for pulse-to-pulsefluc-
tuations in laser energy. Figure 21b shows the processed images
for four different fuel distributions, where only the fuel distribution
across the annular mixing section is shown and the equivalenceratio
values are indicated by the accompanying gray scale. These results
are averages of 30 individual images and, therefore, represent the
average fuel distribution. In all four cases, the overall equivalence
ratio is the same, that is, 0.7, as are the combustor inlet velocity

Fig. 22 Effect of inlet fuel distribution on flame structure for PM, CB,
and DS fuel distributions of Fig. 21.

(50 m/s), inlet temperature (373 K), and pressure (100 kPa). In the
premixed (PM) case, the fuel and air are premixed well upstream
of the combustor. In this case, the fuel distribution is expected to
be perfectly uniform. In the centerbody (CB) case, all of the fuel is
injected through holes in the centerbody at a location approximately
25 mm upstream of the dump plane, that is, location 2. In this case,
the fuel penetrates to the outer wall of the mixing section resulting
in fuel-rich conditions along the outer wall and fuel lean conditions
along the centerbody. In the downstream (DS) case, all of the fuel
is injected through holes in the outer wall of the mixing section at
a location approximately 25 mm upstream of the dump plane, that
is, location 3. In this case, the fuel penetrates to the centerbody,
resulting in fuel-rich conditions along the centerbody and fuel-lean
conditions along the outer wall of the mixing section. Also note
that there is evidence of the effect of the six-vane swirler on the
fuel distribution in the DS image shown in Fig. 21b. Last, in the
50%CB/50%DS case, half of the fuel is injected through the holes
located in the centerbody, location 2, and half is injected through
the holes in the outer wall of the mixing section, location 3. The
resulting fuel distributionis very uniform. These results are further
quantified by calculating an average radial fuel distribution for each
case. This is an average of the radial fuel distribution over 12 radial
profiles spaced 30-deg apart around the axis of the combustor. These
results are presented in Fig. 21c.

Figure 22 shows the CO} chemiluminescenceflame structure im-
ages correspondingto the PM, CB, and DS fuel distributionsshown
in Fig. 21. Note that the velocity, temperature and overall equiva-
lence ratio were the same for all three cases and the combustor was
stable at these conditions. In the PM case, the flame is anchored on
the centerbody and extends outward all the way to the wall of com-
bustor. For the CB case, there is a noticeable shiftin the most intense
region of the flame toward the outer wall of the combustor, which is
consistent with the fact that the fuel concentrationis greatest away
from the centerbody, whereas for the DS case the most intense re-
gion of the flame has moved closer to the centerbody, where the fuel
concentrationis greatest. The fuel distributionalso had an effect on
the stability characteristics, that is, with PM injection, combustion
was stable at low inlet velocities, butbecame unstableas the inlet ve-
locity increased. In contrast, with CB injection, the reverse was true,
that is, combustion became unstable as the velocity was decreased.
Because velocity was found to have little effect on the fuel distri-
bution, it can be argued that differences in the susceptibility of the
different flame shapes to changes in velocity explain these results.

In combustors that do not have the optical access required for
an acetone PLIF measurement, it is possible to use a fiber optic
probe for making point measurements of the equivalence ratio and,
thereby, determine the fuel distribution. A fiber optic laser fluores-
cence equivalenceratio probe has been developed and successfully
used for this purpose.”? The overall diameter of the probe is 16 mm
(% in.), and the length can be made to accommodate different com-
bustors. The probe consists of a stainless steel, water-cooled jacket,
inside of which are mounted two fused silica optical fibers, one
for transmitting the laser beam and the other for transmitting the
collected fluorescence signal. The measurement volume, which is
approximately 1 mm in diameter and 3 mm in length, is located
25 mm from the side of the probe and faces upstream. This probe
has been used to measure spatial and temporal fuel-air distributions
in a number of industrial and research gas turbine combustor facil-
ities at combustor pressures up to 10 atm and inlet temperatures up
to 673 K, both with and without combustion.
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Another application of laser-induced fluorescence is the use of
HCO fluorescence to measure the rate of heat release. Although
this technique has not been used to measure either local or over-
all rates of heat release in lean premixed gas turbine combustors,
it is often mentioned as an alternative to the chemiluminescence
technique and, therefore, warrants discussion. Two advantages of
the HCO fluorescence technique, as compared to the chemilumi-
nescencetechnique,are that the HCO mole fraction has been shown
to be an accurate indicator of the flame’s heat release, even in the
presenceof unsteady strain and flame curvature, and that the fluores-
cencemeasurementis spatially resolved.*'*** The HCO fluorescence
measurement, however, also has a number of disadvantages com-
pared to the chemiluminescence technique. First, it requires both
a laser and a detector, whereas the chemiluminescence technique
requires only a detector. Second, it requires two-sided (90-deg) op-
tical access, whereas the chemiluminecencetechniqueonly requires
optical access from one direction. Third, the measurementrate is at
best 20 Hz due to the limited pulse rate of the required laser system,
whereas chemiluminescence measurements can be made continu-
ously. Fourth, because the HCO fluorescence signals are very weak,
itis unlikely that two-dimensional fluorescence measurements with
adequate signal to noise will be possible over typical combustor
dimensions. For these reasons, the chemiluminescence technique,
although it only provides a qualitative measure of the rate of heat
release, is a more viable approach for measuring heat release rates
in lean premixed combustor experiments.

Last, another application of the laser-induced fluorescence tech-
nique is the use of OH PLIF to obtain detailed two-dimensional
flame structuremeasurementsduring unstable combustion.”*~7¢ The
reaction zones in lean premixed combustors can be expected to be
predominantlyin the so-called wrinkled laminar flame regime,”’~"°
with the exception of conditions that are susceptible to local extinc-
tion, for example, regions of high strain and/or curvature, particu-
larly near the lean limit. In the wrinkled laminar flame regime, the
leading edge of the reaction zone, that is, the flame front, is charac-
terized by a steep gradientin OH concentration. However, because
OH isrelatively longlived, it persists well into the high-temperature
products downstream of the flame front.%! The location of the steep
gradientin OH concentrationcan be used as an indicator of the lo-
cation of the reaction zone or flame front. Because OH PLIF signal
strengths are typically strong, single-shot measurements are possi-
ble, which provide a detailed space- and time-resolved map of the
two-dimensional flame structure.

An OH PLIF image from the laboratory-scale dump combustor
in Fig. 5 is shown in Fig. 23a, where only the upper-half of the
combustor is shown.”>7 This is a single-shot image acquired at a
particular phase angle during unstable combustion. It clearly shows
that the flame is anchored on the centerbody.It also shows that there
is a well defined and highly wrinkled flame front, indicating that
combustion is occurring in the wrinkled laminar flame regime.”’
Last, there is clear evidence of the interaction between the flame
front and the vortex, which is shed from the dump plane shoulder.
Of particular interest is the effect of this interaction on the area of
the flame because the flame area is directly related to the flame’s
rate of heat release.

The first step in calculatingthe flame areais determining the loca-
tion of the flame front. This involves correcting the images for shot-
to-shot laser energy variations, background noise, and laser sheet
nonuniformity.Because there is a marked increasein OH concentra-
tion at the leading edge of the flame front, its location can be readily
determined by applying a threshold to the corrected image. This
threshold was not based on the magnitude of the OH fluorescence
intensity, as is often done, but rather on the magnitude of the local
gradient of the OH intensity.”*’* This was done to avoid mistak-
enly identifying as a flame front the boundary between combustion
products and unburned reactants, which result from the mixing of
products and reactants in the recirculation zone of the dump com-
bustor. The flame front determined by this threshold procedure from
the OH PLIF image shown in Fig. 23a is shown in Fig. 23b. Once
the flame front is determined, the total flame area is calculated by
revolving the flame front around the centerline of the combustor.

X

a) Normalized OH PLIF image

b) Thresholded flame surface

Fig. 23 Flame surface area calculation procedure.

An assumptionin this calculationis that the flame front determined
from the OH PLIF image is representativeof the flame front at other
cross sections of the flame. In addition because the OH PLIF image
is a single-shotimage, one must calculate the area for a number of
such images from which an average flame area can be determined.

To understand the role of flame area changes during unstable
combustion, it is necessary to obtain OH PLIF images at various
times during one period of the instability. The image acquisition
rate of the OH PLIF technique, however, is considerably less than
typical instability frequencies. Therefore, it is necessary to recon-
struct the image sequence by obtaining images at different phase
angles from different cycles. Figure 24 shows a sequence of flame
fronts determined from single-shot OH PLIF images over one pe-
riod of a 378-Hz instability. These measurements were made in the
laboratory combustor referred to earlier, operating on natural gas at
an equivalenceratio of 0.9 with an inlet velocity of 59 m/s and tem-
perature of 623 K. These results clearly show the evolution of the
interaction between the flame front and the vortex and the resulting
changesin the flame length. Five single-shot OH PLIF images were
acquired at each phase angle, the flame area was then calculated for
each image using the procedure already described, and an average
flame area at each phase angle was calculated. The resulting flame
area vs phase angle over one period of the instability is plotted in
Fig. 25, along with the measured overall heat release fluctuation,
that is, the overall CO; chemiluminescence intensity fluctuation.
In this case, the area and heat release fluctuations are very nearly
in-phase, indicating that flame area changes due to flame vortex
interaction plays an important role in this instability. Results such
as these provide valuable insight regarding the phenomenology of
unstable combustion and can be used to provide guidance for the
development of reduced-ordermodels of unstable combustion**

Detailed two-dimensional OH flame structure measurements can
also be used to calculate the local flame surface density, which
is a measure of the local reaction rate in turbulent flames. Such
measurements have been made in a lean premixed combustor under
stable and unstable operating conditions and have shown to be in
goodagreementwith OH* chemiluminescencemeasurementsof the
rate of heat release.”
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Conclusions

Chemiluminescence emission-, infrared absorption-, and laser-
induced fluorescence-based measurement techniques, when com-
bined with phase-synchronizedpressure fluctuation measurements,
can be used to obtain a detailed characterization of unstable com-
bustion and the underlying mechanisms of unstable combustion in
lean premixed gas turbine combustors.

Chemiluminescenceemission measurementscan be used to mon-
itor fluctuationsin the flame’s overall heat release, as well as fluctu-
ations in the flame’s structure during unstable combustion. Simulta-
neous measurementsof overallheatrelease and pressurefluctuations
provide information related to the overall system gain and damp-
ing. Phase-synchronized chemiluminescence flame structure mea-
surements reveal the spatial and temporal evolution of the flame’s
heat release and provide insight regarding the phenomenology of
an instability, such as showing evidence of flame—vortex interaction
or periodic extinction and reignition. Simultaneous flame structure

measurements and pressure measurements can be used to calcu-
late the Rayleigh index distribution from which regions of gain and
damping can be identified.

Infrared absorption can be used to measure the frequency and
magnitude of equivalence ratio fluctuations at the entrance to the
combustor during unstable combustion. Such measurements, when
combined with simultaneous pressure and overall heat release fluc-
tuation measurements, can be used to quantify the role of feed sys-
tem coupling and to assess the effectivenessof control strategies for
suppressing the instability.

Laser-induced fluorescence measurements can be used to charac-
terize fuel-air mixing and the resultant fuel distribution at the inlet
to the combustor. Phase-synchronizedOH PLIF measurements can
be used to obtain detailed information about the flame structure
and its evolution during an instability. For example, OH PLIF mea-
surements can be used to calculate the flame area, which, when
combined with simultaneous heat release and pressure fluctuation
measurements, provides quantitative informationregarding the role
of flame area changes during an instability.

The detailed information that can be obtained with these mea-
surement techniques is critical to improving our understanding of
unstable combustion, to the formulation and validation of reduced-
order models of unstable combustion, and to the identification and
optimization of strategies for suppressing unstable combustion.
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