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ABSTRACT

This work focuses on the use of naturally
occurring optical emissions, specifically chemi-
luminescence, for sensing applications in active control
and health monitoring of combustors. First, monitoring
local equivalence ratio (¢), at the reaction zone, has
been demonstrated using the ratio of CH to OH chemi-
luminescence. This ratio (CH*/OH*) increases
monotonically with equivalence ratio, and the
dependence on equivalence ratio has been shown to be
a universal function for combustor configurations
ranging from unconfined jet flames to swirl and dump
stabilized combustors. There is essentially no
difference between the CH*/OH* ratio for methane and
natural (city) gas, but the ratio has a lower sensitivity to
¢ for n-heptane compared to methane or natural gas.
The ratio was found to increase almost linearly with
pressure for natural gas/methane combustion above
3 atm. Second, chemiluminescence emission from the
combustor was used to detect precursor events to
blowout, using a robust thresholding method. This
method was shown to be successful in jet flames and
swirl/dump stabilized combustors using premixed
methane/air and nonpremixed Jet-A/air. This method
gives the kind of information on proximity to blowout
that can be used by an active control system to prevent
lean blowout in low NO, turbine engine combustors.

INTRODUCTION

Both active control and health/performance
monitoring systems for turbine engine combustors
require knowledge of the state of the combustion
processes within the combustor. For example, active
control can be an efficient way to expand turbine
engine combustor operating limits without loss of
performance and safety. In the area of emissions
control, it is known that NOx can be reduced by use of
low fuel-air ratios in the flame region. However,
operation under these conditions also makes the
combustor prone to lean blowout (LBO) problems.
Thus sensors that could give advance warning of LBO,
in conjunction with an active control system, would
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permit lower emissions operation. In a similar way,
significant variations in local equivalence ratio in
premixed or partially premixed combustors can lead to
temperature nonuniformities that will increase NOx
emissions and decrease the useful life of the turbine.
Thus active control or engine health monitoring
systems would be aided by sensors that could monitor
fluctuations in local flame zone equivalence ratio
inside a combustion chamber.

In general, reliable and versatile sensors are
required. For most engine applications, they must also
provide measurements of conditions at locations away
from the combustor wall, thus nonintrusive methods
are preferred. In addition for active control systems that
use state feedback, the sensor time response is also an
important issue. Optical sensors offer the benefit of
being able to gather data from extremely hostile
environments (e.g., the combustion zone), and to do so
over large regions of space. With the rapidly growing
capability of these technologies for sensor hardware,
there is an increased interest and need to develop data
interpretation strategies that will allow optical flame
emission data to be converted to meaningful combustor
state information, such as heat release rate, proximity
to LBO, and local flame zone equivalence ratio.

There are a number of optical methods that can
give information about the combustion process non-
intrusively, e.g., optical emission, absorption,
fluorescence and other spectroscopic methods. The
focus of this work is on the simplest of all these
techniques, viz., observing the naturally occurring,
optical emissions from the combustor. While there are
a number of sources for optical radiation from a
combustor, the source most directly connected to the
combustion reactions is chemiluminescence. This
radiation is from high energy states of molecules
(typically electronically excited states) that are
produced by chemical reactions. Once produced, the
excited molecules will transfer to lower energy states,
in part by emitting light. This is known as chemi-
luminescence. Since the intensity of emission is
proportional, in part, to the chemical production rate of
the particular molecule, the chemiluminescence
intensity can be related to (specific) chemical reaction
rates.' For this reason, chemiluminescence has been
used previously as a rough measure of reaction rate and
heat release rate.”® Thus chemiluminescence can
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provide information on the presence and strength of the
combustion process in a specific region of the
combustor, making it well-suited for health monitoring
and diagnostics.

Since the chemiluminescence intensities relate to
the species that are produced during the reaction
process, the intensity of light produced is related to the
rate of production/depletion of that species. These rates
vary with reaction pathways which is a function of
equivalence ratios, making it easier to deduce the
equivalence ratio from the chemiluminescence
intensities. It has been shown that the ratios of chemi-
luminescence from different molecules, e.g., OH*/CH*
and C,*/OH*, vary with equivalence ratio in simple
flames.” !> Morrell et al.' used the C,*/OH¥* ratio to
determine the axial evolution of the local equivalence
ratio in a nonpremixed, liquid-fueled combustor at
atmospheric conditions.

Practical combustors usually operate at a range of
pressures usually higher than atmospheric pressure.
Since pressure can change the reaction mechanisms,
the number density of the radicals and thus the chemi-
luminescence signal will be affected by change in
pressure. Higgins et al.'' and Ikeda et al'’ have
investigated the behavior of OH and CH chemi-
luminescence at high pressure in simple, laminar
methane-air flames. There is little data in the literature
for more complicated combustors (e.g., turbulent or
swirl stabilized), especially at elevated pressures. This
work demonstrates the usefulness of
chemiluminescence as a useful diagnostic tool for
combustion processes in a variety of combustors, over
a range of pressures, and for a number of fuels.

As noted above, sensing of proximity to the
blowout limit in combustors is also an important issue
for combustor health monitoring. Lean blowout in
combustors has gaining attention among researchers
due to the increasing constraints on NO, emissions
constraints in the turbine engine industry. Flame
stability has been studied close to blowout by a number
of researchers.”* The focus was mainly on
understanding the mechanisms that influence the loss
of stability. This is usually attributed to high heat loss
and strain rates.

A handful of researchers have focused on
detecting the approach of stability loss. Some observed
significant flame instability near lean blowout and
noted that there was a considerable amount of time
when there was essentially no flame present in the
combustor.”>****  Muruganandam et al.’' showed that
the approach of LBO can be detected by observing the
OH chemiluminescence from specific locations in a
gas-fueled, atmospheric pressure, non-preheated, swirl-
stabilized combustor. Since this work focuses on the
usefulness of chemiluminescence emissions from the
combustor, the precursor events to blowout of the
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combustor were also used to give information about the
proximity of the blowout limit from the operation
conditions. Various combustors have been used to
show the robustness and applicability of the
techniques.

EXPERIMENT SETUP

CHEMILUMINESCENCE COLLECTION
Chemiluminescence is collected using two
systems. The first models a practical sensor device and
employs a 365 um fused silica optical fiber. The fiber
has a numerical aperture of 0.22 which allows it to
collect light from a conical region of half angle of
12.5°. The collected light passes through appropriate
interference filters (308 nm center wavelength for OH*
and 430 nm for CH*, both 10 nm full-width-half-
maximum) and is detected by miniature, metal-can
photomultiplier tubes (PMT, Hamamatsu H5784). The
location of the fiber determines the region of the flame
observed (this gives the flexibility of choosing the
viewing volume). For most of the measurements, the
fiber was used only to demonstrate LBO detection and
thus the fiber collected light from a region very close to
the stabilization zone or the bright flame zone. Since
the PMT has a very fast time response (20 kHz band
width) it can be used to monitor temporal variations of

chemiluminescence in the combustor.
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Figure 1. Schematic of the imaging spectrometer setup
used to obtain the emission spectra from the combustors.

The second detection system employs an imaging
spectrometer (300 groove/mm grating) coupled to a
1024%x256 intensified CCD camera to simultaneously
capture the ultraviolet and visible optical emission
spectrum (~280-550 nm). In order to mimic the
anticipated resolution of practical engine optical
sensors, the resolution of the spectrometer is typically
set to ~5-10 nm through control of the entrance slit
width. With this setup, flame spectra can be acquired
with relatively low temporal resolution (~10 Hz).
COMBUSTORS

Experiments were conducted in various
combustors from simple open flames to combustors
that emulate many aspects of practical, turbine engine
combustors. Both premixed and non-premixed/partially
premixed combustors were used in this study.
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PREMIXED COMBUSTORS

Three types of premixed combustors were
employed: 1) a ring-pilot stabilized, unconfined jet
flame, 2) an atmospheric pressure, swirl stabilized,
dump combustor with circular cross-section and 3) a
high pressure, gas turbine combustor simulator, with
square cross-section.

The ring-pilot stabilized, jet flame used both
methane and natural gas as fuels. The jet inner
diameter was 0.91” with a step on the outside of the lip
of the burner, where the pilot mixture (usually slightly
fuel rich) was injected through 25 holes. The pilot flow
rates were very small compared to the main flow rates.
The main jet exit velocity was ~5m/s, with a Reynolds
number based on jet diameter of ~5000. The
spectrometer collected the optical emission from a
1x15 mm region centered on the axis of the flame, far
enough downstream where the effect of the pilot flame
was negligible.

70 mm Dia.

Quartz
tube

127 mm

Flame -
. Optical
shape fiber
[ ]
450 swirl
30° swirl

CH,/air

mixture
Figure 2. Schematic of the Swirl stabilized dump
combustor used in this work. The location of the fiber,
its collection volume and flame shape are also shown.

A schematic of the second combustor used is
shown in Figure 2. The overall combustor
configuration was chosen as a simplified model of a
lean, premixed, gas turbine combustor that includes a
swirling inlet section. Premixed gas, consisting of
gaseous fuel (methane or natural gas) and air flows
through swirl vanes housed in a 23 mm i.d. tube. The
swirler consists of two sets of vanes, 30° followed by
45° causing the exit flow to have a (theoretical) swirl
number of 0.66.> The quartz wall permits uncooled
operation of the combustor and facilitates detection of
ultraviolet (UV) radiation. The data presented here
correspond to a bulk average axial velocity of around
4m/s in the combustor under cold conditions.
Assuming complete combustion, the average axial
velocity of the product gases would be ~20 m/s. Also
shown in figure are the nominal flame shape and the
location of the optical fiber used to collect optical
emissions.
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The third premixed combustor (Figure 3) is a high
pressure, gas turbine combustor simulator.”® The
facility consists of modular inlet, combustor and
exhaust sections. High-pressure air and natural gas are
supplied through building lines capable of providing
720 and 1000 psi pressures, respectively. Both the air
and fuel flow rates are measured through the use of
calibrated critical orifices. The equivalence ratio was
kept constant by double choking of both air and fuel
flow paths. The fuel-air mixture enters the circular
4.75cm diameter, 60cm long inlet section and passes
through a 45° swirler prior to entering the combustor.
Combustion occurs in the 51 cm long, 5x5cm square
combustor downstream of the conical flame holder,
and the combustion products then flow through a
circular 7.6cm diameter, 195cm long exhaust section
before leaving the system. A separate high-pressure air
stream cools the combustor walls, and is then injected
through a tube into the exhaust section where it mixes
with the combustion products. Tests were performed at
pressures ranging 1.5 to 10 atm, over equivalence
ratios ranging from lean blow out to near
stoichiometric with mass flowrates of 10-50 g/sec.

el |
; iy = : ..
Figure 3. Picture of the high pressure gas turbine
combustor simulator.

NON-PREMIXED COMBUSTORS

Two non-premixed, liquid fueled, atmospheric
pressure, swirling combustors were used in this study:
1) an axisymmetric, air-staged combustor, and 2) a
single cup, annular section model of a CFMS56
combustor.

The first non-premixed combustor’® used n-
heptane (C;H;q) fuel, which is supplied to the bottom
of the combustor through a modified pressure-
atomizer. One-third of the air premixes with the fuel
spray in a central diverging tube, and the remaining air
mixes with the central flow downstream of the
diverging tube. The combustor walls are made of 42
mm diameter quartz tube. The maximum airflow rate is
~15 g/s and the maximum fuel flow rate is ~1 g/s. The
lean stability limit of the flame without air preheating
is at an overall equivalence ratio of ~0.6.
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The CFM56 single cup combustor uses a burner
head with co-annular, counter rotating swirlers. The
standard fuel nozzle was replaced with a pressure-swirl
atomizer. The combustor air comes from an air plenum
chamber fed by electrically heated air (~400 K). The
test-section is optically accessible through quartz side
walls. The combustion gases exit through a small
converging nozzle to provide a more realistic boundary
condition. The fuel used for these experiments was Jet-
A aviation grade petroleum.

RESULTS

CHEMILUMINESCENCE SPECTRA

Figure 4 shows the spectral distribution of chemi-
luminescence emission from the atmospheric pressure,
jet flame at 0.85 equivalence ratio. It can be seen that
OH and CH are the primary narrowband emitters for
lean natural gas combustion (for rich combustion, C,
chemiluminescence is also important). However, there
is also a significant background of broadband emission
due to chemiluminescence from other sources, such as
HCO* and CO,*.*'? This background is especially
significant when the spectral bandwidth of the
detection system is 5-10 nm or greater, as might be
expected for a practical engine sensor (and for the
detection systems employed here).

1
18x 0

161

141

12f

10

Intensity [a.u.]

250

Figure 4. Typical chemiluminescence emission spectrum
from the pilot stabilized, atmospheric pressure, jet flame.
Also shown here is the quadratic fit for background
correction used to subtract out the broadband emission.

EQUIVALENCE RATIO SENSING

Thus to get a more accurate measure of chemi-
luminescence intensities from OH* and CH¥* alone,
background correction based on the side bands can be
used.'® Figure 4 shows the polynomial fit based on the
side bands, used to correct for background emissions
from other species. It is essentially a quadratic fit to the
spectrum around the primary peak. The curve fit value
at ~308 nm is subtracted from the intensity measured,
to get a corrected OH* peak intensity, and likewise at
~430 nm for CH*.

400 450 500
Wavelength [nm]

300 350 550 600
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As noted above, the CH*/OH* ratio is known to
vary with equivalence ratio, but most of the previous
efforts studied simple flames. The main focus of this
work was to study the effect of combustor
configurations, fuel variations and pressure changes on
this ratio, with motivation towards using the
observation to get useful information about the
combustion process itself.

EFFECT OF COMBUSTOR

Figure 5 shows the variation of the CH*/OH*
ratio for averaged chemiluminescence signals acquired
with the spectrometer system from two different
methane-air premixed combustors. One is the
unconfined jet flame, the second is the swirl/dump
stabilized combustor. The data from the jet flame have
been multiplied by a constant to account for a change
in the entrance slit width used in the two cases. It can
be seen that the general trend in the CH*/OH* ratio
with equivalence ratio remains the same, irrespective
of the combustor geometry. The main differences
between these two combustors are the swirl and
complex flow structure (significant recirculation and
three-dimensionality) in the swirl/dump stabilized
combustor. These flow features should cause local
variations in strain and temperature in the combustion
zone. (Note, the uncooled quartz walls in the swirl
combustor prevent significant heat losses in that
combustor). Thus, the lack of dependence on flow
geometry indicated by the results of Figure 5 indicates
that turbulence induced strain does not significantly
alter the CH*/OH* trend with local fuel/air ratio. This
result supports the work by Higgins et al,'”"" who
observed only weak strain effect on CH and OH chemi-
luminescence in opposed flow, laminar flames.

0.45 T T T T T T
v Turbulent jet combustor
® Swirlldump stabilized combustor v
04} 1
v
0.35} ° 1
I
v
Q o3f oV .
I
© v
0.25f 1
°
v
0.2} v 4
v ¥
v
0.15 L L L L L L
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
¢

Figure 5. Comparison of CH*/OH* for premixed
methane air combustion in a turbulent jet flame and in a
swirling dump combustor.

Since the dependence of the ratio on ¢ appears to
be universal across combustor configurations and
flowfields, a sensor developed based on this method
should have wide applicability. Of course, such sensors
would either have to be calibrated to account for
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variations in spectral response” or the ratio must be
measured at least at one operating condition where
equivalence ratio is known.
EFFECT OF FUEL

The variation of CH*/OH* with fuel (as well as
combustor geometry) is shown in Figure 6. Natural gas
and methane give almost the same trend with
equivalence ratio for the various combustors. Thus
small changes in fuel composition for natural gas fired
combustor are unlikely to significantly change the
CH*/OH* dependence on equivalence ratio. Data from
the n-heptane fueled combustor, which were acquired
using a monochromator system (with a different
spectral response curve),'* have been multiplied by an
arbitrary factor to compare the results. The chemi-
luminescence ratio for n-heptane also increases with
equivalence ratio, but shows less sensitivity than
natural gas and methane. This is not surprising, since
the fuel-oxidation chemistry for higher order
hydrocarbons includes different chemical reaction
paths. In fact, Morrell et al."* showed the C,*/OH*
ratio is more attractive for complex hydrocarbons.
These fuels produce much more C, emission,
especially in lean flames compared to methane and
natural gas, and that the C,*/OH* chemiluminescence
ratio is more sensitive to equivalence ratio changes
than CH*/OH*.

04
v CH4 Turbulent jet flame
NG Turbulent jet flame
035) e CH4 Swirl dump combustor u] e ]
NG Gas turbine simulator (1.5 atm)
x C., H16 Swirl dump combustor v
« 03 L2l 4 |
5 o
© 025} x
°
ov % X
0.2} - \{ x X ]
xY x
v
0415 1 1 1 1 1
0.65 0.7 0.75 0.8 0.85 0.9 0.95
]
Figure 6. Comparison of the CH*/OH* chemi-

luminescence ratio in the various combustors studied.
The gas turbine simulator data is for 1.5 atm, all the
other data are at 1 atm pressure. Data from the n-heptane
combustor have been multiplied by a constant to
compare the trend with ¢.

EFFECT OF PRESSURE
Most of the data shown above were obtained at
atmospheric  conditions. While the gas turbine

simulator values, acquired at 1.5 atm and shown in
Figure 6 are nearly the same as the atmospheric
pressure results, there is some difference at high ¢.

* . .
The current results do not include corrections for the
spectral response of the spectrometer/ICCD system.
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Thus experiments were conducted in the gas turbine
combustor simulator at various pressures (~2-8 atm).
As already shown, combustor geometry does not seem
to significantly influence the CH*/OH* response, so it
is expected that the pressure results from this single
combustor should be representative of gas turbine
combustors. As found for the atmospheric pressure
cases, the CH*/OH* increases for higher ¢, with
pressure held constant (see Figure 7).

12— . .
v ¢=075 o
¢=0.80
e ¢=085
M o ¢=090 o ]
L ]
v
. 08 .
X
o
T °
© o6t .
[m]
o v
L4 °
04} .
v
v
0.2—s . . . . .
2 3 4 5 6 7 8

Pressure [atm]
Figure 7. CH*/OH* chemiluminescence ratio measured
in the high pressure, gas turbine combustor simulator at
various pressures (absolute) for fixed mass flow rate
(30g/s).

For most conditions, an increase in pressure
generally causes a corresponding increase in the
CH*/OH* chemiluminescence ratio. For the leaner
mixtures (0<0.8), this is always the case, i.e.,
CH*/OH* increases monotonically with pressure (at
least for range studied here). For richer mixtures,
however, the pressure dependence appears more
complicated. There appears to be a pressure region,
somewhere below 3 atm, where the CH*/OH* actually
decreases with increase in pressure. Thus, use of this
approach to monitor equivalence ratio (or fuel-air
mixing variations) will also require measurement of the
combustor pressure. This requirement is not severe,
however, since combustor pressures are normally
monitored, and because the sensitivity to pressure is
not dramatic.

Since the pressure dependence is complex, the
higher pressure (P > 3 atm) data were used to obtain a
least squares correlation fit for the pressure
dependence. Since the pressure dependence seen in
Figure 7 appears to be nearly linear, a simple power
law function was wused, and the result was
(CH*/OH*)e<P***. Higgins et al.'' also measured the
pressure dependence over the range 5-25 atm in a
laminar burner, and suggested a correlation of

(CH*/OH*)e<0>*'P*#, a  much lower pressure
dependence than found here. Moreover, the
equivalence ratio dependence shown by their
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correlation suggests a decrease in the CH*/OH* ratio
with increased equivalence ratio. This is contrary to the
observations in this work and elsewhere.”'*

One possible cause of the difference is heat
losses. Higgins ef al. used a quasi-flat flame burner, in
which the flame sits very close to the burner surface.
This can cause heat (and radical) losses to the wall. In
the current work, a large portion of the flame sits away
from the combustor walls. Another likely cause is the
presence of the broadband background. Figure 8 shows
spectra obtained from the high pressure, gas turbine
combustor simulator at an equivalence ratio of 0.8 at
two pressures. With a pressure increase, the overall
optical intensity of the flame was found to decrease.
Although the overall intensity decreases, the OH* and
CH* peaks decrease relatively more than the
broadband background emission. Thus the CH*/OH*
ratio will change depending on whether the background
is subtracted. While the data presented here were
corrected for the broadband background, the results of
Higgins et al. are based only on measurements of OH*
and CH* using a bandpass filter, which also passes the
background chemiluminescence. Thus, their results
will also depend on the variation of the background
emission in the two spectral regions.
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10001
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Figure 8. Chemiluminescence spectra from the high

pressure, gas turbine combustor simulator at equivalence

ratio of 0.8 and at pressures (absolute) 1.5 and 10 atm.

300 350

LEAN BLOW OUT SENSING

As noted previously, chemiluminescence has
been used as a rough measure of reaction rate and heat
release rate. The interest here was to use
chemiluminescence to detect sudden changes in the
flameholding stability of a combustor, through
detection of sudden changes in chemical reaction rates.
The approach is to look for short-lived (and often
localized) extinction events, which would be followed
by a sudden reignition of the fuel/air mixture. As these
extinction events occur more often, flame loss, i.e.,
blowout, becomes more likely.”'

Figure 9 shows a typical OH chemiluminescence
intensity ~ variation from the methane-fueled,

6

swirl/dump combustor at two operating points, far from
LBO, ¢=0.87, and close to LBO, ¢=0.82 (¢150=0.81).
The results were obtained using the fiber optic-PMT
detection system in order to obtain the necessary time
response. There were two fibers looking at the
centerline of the combustor form the side, at a height of
~62 mm from the dump plane. The two fibers collected
the light and delivered to two different PMTs, each
with appropriate interference filters (one for CH* and
other for OH*) in front of them. The average intensity
decreases with equivalence ratio; this is an artifact of
the method used to vary ¢. The leaner mixture was
produced by decreasing the fuel flow while keeping the
air flow constant, so as to maintain the same nominal
velocity field. The mean OH* signal scales roughly
with the overall heat release, which in turn scales with
the fuel flowrate.

time [sec]
0 1 2 3 4 5
¢=0.87

Signal [a.u.]

Signal [a.u.]

Signal [a.u.]

00 150 200
time [msec]

Figure 9. Typical OH* signal from the swirl dump
combustor far and close to LBO limit (¢=0.81). Also
shown is the thresholding method used to detect the local
extinction-re-ignition events from the signal.

400

More importantly, as the combustor is operated
closer to its LBO limit, the OH chemiluminescence
more often drops to a “near” zero value, indicating the
occurrence of the short duration, extinction events.
These events can be identified using a simple, but
robust thresholding method, in which the event begins
when the signal drops below the threshold level (see
bottom graph in Figure 9). The threshold value was
taken to be a fraction of the time-localized mean OH*
signal rather than a fixed value. This removes the
dependence of the overall signal on power setting
variations, and long term changes in the fiber (e.g.,
coating) or detector. Here, the local mean signal at a
given time is based on the signal averaged over the
previous 0.5 secs.

The CH chemiluminescence signals also show the
capability to detect these LBO precursors (see Figure
10). Although the general behavior with time is the
same for both OH* and CH¥*, there are small
differences during the events. The OH* extinction
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events are usually more distinct compared to the CH*
events. Thus the thresholding method might not give
the same results for both.

100 150 200 250 300 350 400

"OH

Normalized chemiluminescence signal

0 L

100 150 200 250 300 350

0 50 400
time [msec]
Figure 10. Chemiluminescence signal from the

combustor showing both CH and OH signals close to
blowout.

The OH chemiluminescence signal was used to
detect the precursor events and the average number of
events occurring per second is shown in Figure 11 for
two different combustors. The thresholds used to detect
the events was 30% of the mean signal for the
methane/air premixed swirl/dump combustor and 45%
of the mean signal for the annular section,
nonpremixed, liquid-fueled combustor. The
combustors have very different LBO limits (¢ po for
the nonpremixed combustor is based on the overall fuel
and air flowrates). Thus the data is presented as a
function of equivalence-ratio-standoff from LBO,
which is the difference in equivalence ratio of
operation to that of LBO limit, i.e., ¢-O;po. Thus
blowout occurs when this parameter is zero. As is
evident from the figure, the average number of these
events increases as the LBO limit is approached.

3

A Annular section liq fuel combustor
CH4Iair Premixed swirl/dump combustor

2.5F 1
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Figure 11. Number of chemiluminescence-based, LBO
precursor events/sec in two combustors as a function of
proximity to the LBO limit (¢, go =0.821 for the methane
combustor and 0.352 for the liquid-fueled combustor).
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These results show that chemiluminescence from
a combustor can be effectively used to detect LBO
precursors and assess the proximity to LBO. This can
be achieved in both premixed and non-premixed
combustors, with gaseous or liquid fuel, with or
without swirl. Using the suggested thresholding
method with normalization by the local mean signal,
LBO proximity can be determined whether it is caused
by changes in the fuel or air flowrates. In addition, the
method should be robust in the presence of long term
aging of the combustor and sensor. Although data has
been shown for only two of the combustors, this
method was found to give similar results in other
combustors studied.

SUMMARY

This work has focused on the use of naturally
occurring, optical radiation from combustors to give
information about the combustion process that would
be useful for active control and diagnostics/health
monitoring of the combustor. Chemiluminescence
emissions from a variety of combustors have been
measured. OH* (308nm) and CH* (430 nm) chemi-
luminescence emissions were studied, since they are
the primary narrowband sources in lean, hydrocarbon
combustion.

The ratio of peak intensities at select wavelengths
has been shown to be a robust measure of local
(reaction zone) equivalence ratio in lean burning
combustors. This sensing approach would provide a
practical way to monitor nonuniformities fuel-air
mixing and heat release, which in turn causes
nonuniform temperature patterns at the exit of the
combustor and can increase NOx emissions.

Peak intensity values were obtained after
correction for the broadband background emission.
This correction can be important since the background
emission may depend differently on the relevant
operating conditions (e.g., equivalence ratio and
pressure). The ratio of CH* to OH* peak intensities
was shown to increase monotonically with increasing
equivalence ratio. Natural gas and methane burned in
various combustor geometries, from simple,
unconfined jet flames to combustors with swirling
flows and recirculation zones, gave nearly identical
results for the relationship between CH*/OH* and
equivalence ratio.

The pressure dependence of CH*/OH* was found
to be nearly linear (P"**) at elevated pressures (>3 atm)
for these fuels, though there appears to be a more
complex behavior for near stoichiometric (and rich?)
mixtures at lower pressures. Thus measurement of
equivalence ratios in practical devices will require
pressure measurements as well. Compared to natural
gas or methane, n-heptane shows a lower sensitivity of
CH*/OH* to changes in ¢. Previous work'* suggested
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that C,*/OH* is a more sensitive measure for higher
order hydrocarbons.

In addition to giving local equivalence ratio,
chemiluminescence was also shown to be an excellent
approach for monitoring flame stability in combustors.
Both OH and CH chemiluminescence were used to
detect blowout precursors, which are localized (in time
and space) extinction events that precede blowout.

These events were detected using thresholding,
and were found to increase in number as LBO limit is
approached. Thus, the more frequent occurrence of
these events indicates a closer proximity to blowout.
This method was found to give good LBO proximity
warning in a variety of atmospheric pressure
combustors, including a single-cup, annular section,
liquid-fueled combustor. Fiber optic collection of the
emissions has been used to demonstrate the practicality
of these methods for application in industrial and
aircraft turbine engine combustors.
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