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Broadband Infrared Absorption Sensor
for High-Pressure Combustor Control

J. M. Seitzman* and B. T. Scully’
Georgia Institute of Technology, Atlanta, Georgia 30332-0150

A sensor approach for monitoring temperature uniformity, and also integrated water mole fraction, in the exit
plane of a high-pressure gas turbine combustor is presented. The sensor, intended for use in an active control system,
is based on infrared line-of-sight absorption measurements of water with a relatively broadband light source.
Performance of the sensor was simulated using a computer model based on the HITRAN/HITEMP database for
the infrared absorption of water. Specific regions of interest near 2.5 6 m were identified, based on their relative
sensitivity to temperature. One region is relatively insensitive to temperature and permits monitoring of integrated
water mole fraction across the exhaust. Two wavelengths, one with positive slope sensitivity and the other negative,
are used to monitor the uniformity of the exhaust temperature profile. The linearity and sensitivity of the approach
to uncertainties in the spectral shape and width, as well as the wavelength of the filtered light source, are also

presented.

Introduction

OR improved efficiency, gas turbine combustor designs call

for progressively higher operating pressures. This is true for
ground power systems and particularly appropriate for aeroengines.
Simultaneously, thereis growing interestin control strategies for op-
timizing performance across a range of operating conditions. These
control systems are intended to improve performance of gas tur-
bine combustorsin a variety of areas, including pollutantemissions
and combustion efficiency. Additionally, the high stresses and high
temperatures that turbine blades encounter require maintenance of
optimum turbine inlet conditions. For example, sufficiently uniform
temperature profiles may be necessary to ensure that excessively hot
orcoldpocketsof gasdonotimpinge on the turbineblades. Likewise
at high-stress regions near the blade roots, lower temperature gases
may be needed to preventblade damage. The need for active control
is especially important as engines become smaller and are obliged
to achieve optimal performance in off-design conditions and under
the course of normal engine wear.

Although active control of jet engine combustors offers great
potential for such improvements, it requires sensors that are capa-
ble of monitoring performance parameters in high-temperature and
high-pressure gases. For example, thermocouplesare routinely em-
ployed for engine temperature measurements, for instance, in sec-
ond stage turbine stators. However, the temperatures that exist at the
combustor exhaust prevent thermocouples from successfully being
employed ahead of the first turbine stage. In such a hostile environ-
ment, optical techniques are a natural solution because they offer
the possibility of nonintrusive measurements. In particular, line-
of-sight absorption based on infrared (IR) diode lasers has shown
particular promise."? In general, the IR or near-IR lasers interact
with rotational-vibrational transitions of a molecule. Strategies for
simultaneous determination of gas concentration and temperature
have been developed and utilized for control of simple combustion
devices?

Current laser-based approaches have been limited, however, by
the small wavelength range accessible by available laser sources.
Single lasers can be tuned over small spectral regions; thus, appro-
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priate sensors may involve a number of laser sources. Also, laser
sources are not always available in regions that coincide with de-
sired absorption features of the molecules of interest. Furthermore,
the need for spectrally narrow laser sources is diminished at high
pressures. Because diode lasers generally have a spectral output that
is much narrower than the spectral lines of molecules, they are able
to resolve single absorption lines. At high pressures, however, the
molecular absorption features broaden to an extent that individual
lines begin to disappear; the wings of one line overlap neighbor-
ing lines. Thus at elevated pressures, absorption sensors based on
spectrally broader light sources have been suggested.

We present a sensor strategy for monitoring conditions at the
exit plane of a high-pressure gas turbine combustor. The strategy
is based on a spectrally broad, but potentially tunable, light source
and line-of-sightabsorptionmeasurementsof water. Specifically, we
consider approaches for monitoring temperature uniformity at the
exit of the combustor (or entrance to the first-stage turbine) and also
water mole fraction, as a gross measure of overall combustor health.
Water was chosen from among the other likely candidates, that is,
CO; and CO, because of its strong absorption features and because
spectral regions exist with negligible gas absorption interferences
from other important species. To test the sensor concept, we have
simulated the sensor performance for typical aeroengine combustor
exhaust conditions. The simulations are based on a model of the
water absorption at elevated pressures.

Absorption Modeling

To simulate the performance of the absorption sensor, the IR ab-
sorption features of water were modeled using a standard approach.
First, the spectral absorption coefficient &, (units of per length) for
a gas mixture at given thermodynamic conditions, including com-
position, is given by

p
k, ZEZX[ZSU(T)(ISU(V— V[j,T, P, Xi) (1
i J

where k is Boltzmann’s constant, p and T are the gas pressure and
temperature at the point, x; is the mole fraction of the ith gas species
with an absorption transition centered at frequency v;; having a
line strength S;;(T) and line shape function ¢;;(v, T, p, x;). The
summations in Eq. (1) represent the contributions from multiple
transitions j and absorbing species i.

For alow-intensitylightsource with a center frequency of v and a
total intensity /,, the total absorbance A(vy) a through a nonuniform
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gas mixture of length L is then given by a form of the Beer-Lambert
law,

/"" I,(L)dv /"" /L
A(vy) =1- —7 =1- g(v)exp —k,(x)dx|dv
0 0

—00 —00

2

where I, (L) is the spectral intensity at frequency v after propagation
of the incident light (at x =0) to x =L, and where k,(x) is the
spectral absorption coefficient at a distance x from the source and
g(v) is the normalized incident spectral distribution of the light
source defined by

I(x =0) 1,,0
=_— 3
B = e = &)

The more traditional form of the Beer-Lambert law is recovered for
a uniform distribution across the path; that is,

I(IL) =1-A(w) =/ g(v)expl—k,L]dv )

0 o

For the modeling presented here, the line strength information
was obtained from the HITEMP database, a high-temperature ver-
sion of the HITRAN database for selected molecules, in conjunc-
tion with the HAWKS computer software®’ The spectral line
shapes were assumed to be Voigt functions (see Ref. 8), a com-
bination of Doppler broadeningand collision broadening. Although
collisional narrowing and line shifts are likely to occur at high
pressures,”'% such effects have been neglected in these calcula-
tions. Because these effects are typically much less than the nom-
inal value of the collisional broadening, they should not be im-
portant for the current simulations, which assume a light source
much broader than the spectral width of the absorption features.
The collisional broadening information was also obtained from
HITEMP.

Equations (1) and (2) show that the total absorbance of the gas
generally depends on the composition, temperature, and pressure of
the gas, through k,(x). Thus, with appropriate selectionof measure-
ment frequencies, it is possible to monitor these variables. Because
the absorbance depends on the distribution of k, integrated across
the path, however, any resulting measurement must be recognized
as some path-averaged property, which depends on the combined
distributions of the composition, temperature, and pressure across
the path. In other words, the absorbance depends on path-dependent
correlations between the properties. For example, a temperature in-
verted from an absorption measurement, for example, through a
Boltzmann ratio of the absorbance at two wavelengths, will typi-
cally be different than a mass-averaged temperature across the path
due to the correlation between temperature and absorber mole frac-
tion across the path and the nonlinearity of Egs. (1) and (2).

When spatially resolved measurements are required in nonuni-
form flows, this path averaging may represent a significant problem
and require complex reconstructionalgorithms.!! The measurement
requirements of a sensor used for active control can, however, be
less demanding. For example, a reasonable estimate of the average
value of water mole fraction or temperature at the combustor exit
can be sufficient to monitor the health of the combustor.

Exhaust Conditions and Band Selection

To identify a strategy for water sensing in the exhaust plane of
a gas turbine combustor, the following conditions were considered.
Across the exit, local gas temperatures were assumed to be within
the range 700-2100 K, with pressures in excess of 5 atm. For much
of the modeling, a nominal pressure of 10 atm, constant across the
exhaust, was used. Pressures in excess of 5 atm and the temperature
range given are reasonable values for modern, high-pressure-ratio
aircraft turbine engines at a range of altitudes and operating con-
ditions. Additionally, the exhaust composition assumes comparable
water and carbon dioxide mole fractions, which is appropriate for

jet fuels with C:H ratios near 1:2. For the purposes of this inves-
tigation, the sensor was assumed to integrate over a 10-cm path
length. This is similar to the distance across common annular com-
bustors. Additionally, the sensor’s light source/detector system was
assumed to be have a spectral profile given by a Lorentzian with a
resolution [full-width at half-maximum (FWHM)] of 10 cm™". The
Lorentzian profile, with its extensive wings, was chosen to simulate
a light source that employs a spectral bandpass filter with good, but
finite, out-of-bandrejection.

There are a number of regions in the IR that exhibit noticeable
absorption due to water. For reasons related to thermal background
emission, detector performance,and absorptionin optical materials,
we restrict our consideration to wavelengths less than about 3 pm,
or frequencies greater than about 3300 cm™'. In this range, the ab-
sorption features of water can be divided into three distinct regions.
For 3000-4000 cm™' (3.3-2.5 um), the dominant features result
from two fundamental transitions: specifically, transitions from the
ground level to two excited vibrationallevels, (1, 0, 0) and (0, 0, 1).
For the two otherregions,4800-5800cm™ (2.1-1.7 um) and 6800~
7600 cm™' (1.5-1.3 pm), combination bands primarily contribute
to peak absorption levels about one order of magnitude weaker than
for the fundamental bands. Note that it is in the latter, short wave-
length region that most diode-laser measurements of water have
been conducted?~#10:12.13

For the conditions at the combustor exhaust, all three regions
offer potential for broadband water sensing. From the standpoint
of interferences due to absorption by other major gas constituents,
primarily CO,, most of the 7000-cm™! band is virtually problem
free. Regions of the other bands can also be found with little or
no CO; interference’ For example, the region above 3800 cm™! is
free of CO, interference. Strong absorbances, which provide better
data from a signal-to-noiseperspective,are more easily found in the
strongly absorbing 3000-4000 cm™! region. However, absorbances
above 0.01 can also be found for the other regions.

Finally,itis importantto find spectralregionswith low absorbance
for backgroundbaseline corrections. For sensors that must operate
inreal or dirty environments, the possibility of scattering particles or
degradation of optics must be considered. This requires the ability
to record the transmitted light intensity in spectral regions with
little or no gas absorption. Because these background sources of
light extinction are not uniform over large wavelength ranges, the
regions of low absorption should be as close to the measurement
wavelength as possible. It is this last constraint, along with the lack
of CO, interferences, that led us to focus currently on the region
above 3800 cm™!. The other water absorption bands, however, also
hold promise for sensors based on the approaches described next.

Results

Spectra

Spectral absorption coefficients were calculated according to
Eq. (1). The summation over spectral lines was performed for all
transitions with center frequencies within 16 cm™' of the desired
frequency. This is at least 40 times greater than the half-width of the
transitionsat the conditions of interest, and calculations with greater
summation ranges yield effectively identical results. Figure 1 illus-
trates the effect high pressures on the absorption coefficients of
water. As already suggested, the collision broadening of individ-
ual transitions at 10 atm causes them to merge, and recognizable
absorption features actually consist of multiple absorption lines.
This becomes even more pronounced at higher operating pressures.
Whereas a light source with a relatively narrow spectral output is
neededto resolvesingleabsorptionfeaturesat 1 atm, amuchbroader
source can be used at higher pressures. At high pressures, the exten-
sive broadening also makes it more difficult to find regions between
lines thathave sufficiently low absorptionfor correctingbackground
absorption.

These high-pressure spectral absorption coefficients were then
used to calculate total absorbances for a 10-cm™' bandwidth
(Lorentzian) light source over a 10-cm path and a water mole frac-
tion of 0.05, according to Eq. (2). The integration over frequency
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Fig. 1 Spectral absorption coefficient k,, for a mixture containing 5%
water by mole at 1300 K for two pressures, 1 and 10 atm.
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Fig. 2 Total absorbance for a broadband (10-cm™ 1) light source over
a 10-cm path length in a uniform gas at 10 atm, 5% H;O by volume.

was carried out over a range 10 times greater than the FWHM of
the light source; again larger integration ranges did not yield sig-
nificantly different results. Figure 2 shows the total absorbances
for three temperatures over a frequency range of 3800-4200 cm™!.
We note that, over most of this range, the absorbances are above
0.01, whichis desirable for ensuringreasonablesignal-to-noiseratio
measurements.In theregionbeyond4300cm™!, the absorbancefalls
below 0.004 for temperatures below 1600 K. Thus, backgroundcor-
rections, for example, for scattering, could be made there. Figure 2
also shows that the broadband absorbance has a noticeably differ-
ent temperature dependence in three regions. At low frequencies,
nearer 3800 cm™!, the absorbance decreases with increasing tem-
perature, whereas above 4100 cm™!, the absorbance increases. In a
central region, near 4010 cm™!, the temperature dependence of the
absorbance is greatly reduced.

Water Mole Fraction Sensing

As already noted, overall combustor performance, for example,
gross degree of fuel conversion, can be roughly quickly monitored
by sensing the total water content in the gases at the combustor
exhaust.In general,however, the absorbancedependsnonlinearlyon
the combination of pressure, water mole fraction, and temperature
distributions across the path [see Egs. (1) and (2)]. What we would
like to find is a situationin which the absorbanceis only a functionof
water mole fraction. Often, the pressure is nearly constant through
a cross section of the flow and, if necessary, could be measured by
sensorsmonitoringthe pressureat the combustorwall. Therefore, we
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Fig. 3 Temperature (in)sensitivity of the broadband absorbance for a
10-cm~! light source centered at 4049 cm~! and passing through 10 cm
of a uniform gas mixture, 5% H,O by volume, and at 10 atm.

need only focus on the temperature dependence of the absorbance.
What we desire is a spectral region where the absorbanceis (nearly)
independentof temperature. As seen in Fig. 2, there is such a region
with weak temperature dependence around 4000 cm. ™!

For example, Fig. 3 shows the temperature dependence of the
absorbance for a light source centered at 4049 cm™'. Compared to
other frequencies, a light source centered here has a relatively small
change in absorbance (£8%) for a constant mole fraction of water
over the temperature range 1000-2100 K. Thus, integrated water
fraction measurements could be made to a +8% relative accuracy
under these conditions. A sensor with this accuracy should be ad-
equate for use in an active control system monitoring overall com-
bustor health. For water colder than 1000 K, the temperature sensi-
tivity at 4049 cm™' increases. For example, the absorbance varies
by £15% over the range 900-2400 K. For better temperature in-
sensitivity to cold gases, a position closer to 4000 cm™! would be
appropriate (see Fig. 2); on the other hand, the temperature sensi-
tivity at higher temperatures would increase.

Whereas temperature insensitivity is one requirement for an ab-
sorption sensor intended to monitor water content at the combustor
exhaust, there are other equally important sensitivityuncertainty is-
sues to be considered. As seen in Eq. (2), the absorbance depends
exponentially on absorber mole fraction. For simplified data reduc-
tion, it is advantageousfor the absorbanceto depend nearly linearly
on mole fraction, rather than through the exponential relationship
of Eq. (2). By the examining of the simple case of a uniform distri-
bution across the path [Eq. (4)],

A(w) =1- / g(v) exp[—k,L]dv

00

= / gk, L]dv o<k, oC Xm0 (5)

00

where the removal of the exponentialis strictly valid when the term
in brackets is small (1) for all frequencies in the bandwidth of
the light source. In this case, the absorbance is essentially a linear
function of the water content in the measurement volume. Figure 4
shows the variation in absorbance with water level, for a constant
temperature of 1300 K and pressure of 10 atm. The absorbance
reaches nearly 0.12 for yy,0 =0.09 and exhibits a slightly less
than linear increase with water content for yu,0 > 0.05. The rel-
ative error, |A(v) — A/(v)|/ A(v), where A(v) is the computed ab-
sorbance and A’(v) is a best-fit approximation to the absorbance
(solid line), is no more than 7% for a linear fit up to xu,o0 =0.07.
For improved accuracy, a quadraticbest fit gives a relative error less
than 2% over the complete range of water mole fractions shown
(dashed line).
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Fig. 4 Variation in total absorbance with water mole fraction for a
10-cm~! light source centered at 4049 cm~! for uniform combustor
exhaust conditions of 10 atm, 1300 K, and a 10-cm path length.

Thus, simplerelationshipscan be effectivelyused to convert mea-
sured absorbance to water mole fraction. This may seem surprising,
considering that the peak spectral absorption coefficients in this re-
gionare near 0.1 or k, L is of the order one. This is beyond the range
where the exponential term in brackets in Eq. (5) can be linearly
approximated; that is, exp(—k,L) = (1 — k,L). As seen in Fig. 1,
however, much of the absorption for a broadband (10-cm™") source
occurs in the wings (weaker regions) of the absorption lines, and
thus the linear approximation remains valid for a broadband sensor
and moderate amounts of water.

We also investigated the accuracy of the water sensor response
to potential uncertainties in other parameters, including the source
profile, center frequency shifts, and absorption line broadening.
The sensitivity of the water sensor to uncertainties in collisional
broadening of the water lines is considered first. Collision broaden-
ing is generally considered to be linearly proportional to pressure
and to vary with temperature to some power.*¢ Unfortunately, the
temperature scaling of the water broadening is not well character-
ized for all of the transitions of importance>!* In accord with the
HITEMP database, the temperaturescaling exponentfor most of the
transitions examined was approximately 0.5-0.7. To test sensitivity
to temperature scaling, simulations were performed with no tem-
perature scaling, which effectively increases the broadening. Only
results for the narrowband (source) case were noticeably altered.
Because the spectral extent of the broadband source is quite large
compared to even the broadened absorption features, the broad-
band source is less sensitive to line broadening effects. Similarly,
we investigated the sensitivity of the water sensor to potential un-
certainties in the exact center frequency of the light source and its
spectral distribution. We compared the predicted absorbances of a
sensor using the nominal sensor parameters, for example, 10 cm™!
FWHM, to absorbances produced using up to a &2-cm™! shift in
the center frequency combined with variations in the widths of
the distribution of +3 cm™! (£30% in FWHM). With these ef-
fects combined, the relative change in absorbance was less than
~6%. We also tested a change in the distribution from a Lorentzian
to a Gaussian. The Gaussian, which has wings that decay much
faster than the Lorentzian, produceda relative changein absorbance
of 12%.

In summary, we find that a broadband absorption sensor looks
promising as a means for monitoring water mole fraction. Accord-
ing to the modeling, this can be done with only a weak depen-
denceon gas temperature. Furthermore,in most cases a simple linear
(or perhaps quadratic) relationship between absorbance and water
mole fraction can be used for simplified data reduction. Finally, rea-
sonable uncertainties in line broadening, detection bandwidth, and
detection frequency do not have significant impact on the sensor
response.

Note, however, that like all path-averaged measurements, the
path-averageresult ¥ is not necessarily equal to the more conven-
tional (density-weighted) averaged y overthe measurementvolume;
that is,

L L L
X0 = / A,0(X) dX £ Y0 = / Ny,0(X) dx/ Nioe(X) dx
0 0 0
L L
=/ XHQO(x)nlot(x)dx// N (x) dx
0 0
_ XH';O(X) dx 6)
. T T(x)

where n(x) is the number of moles and where the last step assumes a
uniform pressure across the path. The difference between fu,0 and
Zm,0 dependson the temperature (or molar concentrationin the most
general case) variation across the path. This leads to the problem of
sensing the level of nonuniformity across the measurement path.

Temperature Uniformity Sensing

As already noted, uniformity of the temperature across the com-
bustor exit is an important performance parameter for gas turbines.
Excessively high or low temperatures can impact the structural in-
tegrity of highly stressed turbine blades that are just downstream
of the combustor. Unlike sensing of water mole fraction, temper-
ature sensing requires a region of the absorbance spectrum that is
sensitive to temperature variations. This can be accomplished with
absorption measurements in either of the other two regions shown
in Fig. 2. In the region near 3800 cm™!, the absorbance decreases
with temperature, whereas above ~4100 cm™! it generally increases
(although the absolute variation in absorbance is not large in this
spectral region, the fractional change is significant).

Based on the modeled temperature dependence, absorbance mea-
surements near 3800 cm™! will be more heavily weighted toward
portions of the flow containing cold water, and measurements near
4100 cm™! are more sensitive to parts of the exhaust that contain
hot water. From a mathematical viewpoint, the temperature weight-
ing is clearly evident in the linear limit of Eq. (2) (this limiting
assumption is not necessary to the argument, but simply helpful in
the explanation),

L
A(v) =/ Xm,0(X) fip [T (x)] dx M
0

where f,,(T) is the temperature dependence of the absorbance for
the light source centered at v, and we have assumed a fixed and
known pressure. Now it is easily seen that the integral, and therefore
the absorbance,fora givencenter frequency will be weighted toward
spatial locations with high values of f, (7).

The uniformity of the temperature profile across a path can be
found by comparing the absorbance at a few spectral positions v;,
if f,,(T) is appreciably different for each v;. For example, in the
linear limit, we could determine a path-averaged temperature by
taking the ratio of the absorbancein the cold-sensitiveregion to that
in the temperature-insensitiveregion; that is,

A(3800cm™!) _ f Xi,0(%) Fisoo[ T(x)] dx
A@049em™) 1y () faous[T(x)] dx
1 L
=W/U Zi20(%) fgool T (x)] dx (®)

where for simplicity of the explanation, we have assumed that the
4049-cm™" absorbance has no temperature dependence and yields
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Xm,0- An effective average temperature T 3300 could then be pro-
duced by inverting the result

_ _, | A3800cm™") | _ ,_, [ A(3800cm™")
Tasoo = Fiso [ A(4049cm-1)} =/ 3*‘“[ fioao oL } ©
where f~! is the inverse function of f. Effectively, this proce-
dure gives a temperature that corresponds to a uniform gas with the
same absorption and path-averaged (rather than density-averaged)
water content as the actual profile. Similarly, measurements near
4100 cm™' could be used to produce another temperature 7 4,00.
Because T 4100 is more sensitive to parts of the exhaust that contain
hot water and T 349 is weighted toward the cold gas regions, we
find in general that T 400 > T'3300. Thus, a comparison of the tem-
peratures predicted by the two measurements would be a test of a
flow’s temperature uniformity. As shown later, the differencein the
two temperatures can also be used as a measure of the degree of
deviation from a uniform profile. This difference signal could then
be used in a feedback loop of an active control system devoted to
maintaining a (nearly) uniform temperature profile.

Two specific spectral locations, 3816 and 4104 cm™", were iden-
tified as appropriate for temperature uniformity monitoring. Both
have reasonable absorption levels and show a strong, monotonic
response to temperature variations across the range 700-2000 K.
The effective temperatures resulting from measured absorbances at
these wavelengths were simulated for two temperature profiles. The
first case was a uniform path, 10 cm long, containing 1300-K gas.
The nonuniformcase was a bimodal distribution containing 3.8 cm
of 1000-K gas and 6.2 cm of 1600-K gas. For the comparison, both
profiles have the same total path (10 cm), same 7 (1300 K), and
a constant yy,o (0.05). For illustrative purposes, the temperatures
(T .ol from the 3816 cm™! result and T, for 4104 cm™') were
inverted from the simulated absorbances and the known yp,0. As
expected, both temperatures inverted for the uniform profile are
close to 1300 K, T .o =1299 K and T, =1302 K, with the dif-
ference due to the simulated noise floor for the absorbance. For the
nonuniform case, T .oq and T, were significantly different: 1228
and 1326 K, respectively.

1

Simulated Sensor Performance with Water/Temperature Correlation

To this point, all calculations were based on independent values
for water mole fraction and temperature. For a combustor exhaust,
this is unrealistic; there will be some correlation between water
contentand temperature. Forinstance,high-temperatureregionswill
tend to consist of hot combustion products, including high water
content, that have not mixed with much of the colder, drier dilution
air from the compressor.

To investigate the importance of such a relationship, we consid-
ered a simple linear correlationbetween temperature and water con-
tent. For purposes of the simulations to be discussed, we obtained
the linear correlation by taking the gas at any point in the combus-
tor exhaust to be a mixture of stoichiometric combustion products
and dilution air. The adiabatic flame temperature of a stoichiometric
mixture of jet fuel burning with preheatedair was takento be 2500 K,
and the products contain 13% water. For the nominal conditions of
the dilutionair, we assumed a temperature of 700 K and 0.5% water.
At both these extremes, the molecular weight of the gas is nearly
identical. For any intermediate mixture, we assume a linear relation
between temperature and water content. Essentially, this requires
constant specific heats, complete combustion, and no heat losses.
Although none of these assumptions is completely valid, they are
sufficient to test the behavior of the proposed sensor approach in a
nonuniform combustor exhaust.

The overall influence of the water-temperature is seen in Fig. 5,
which shows the total absorbances for the same conditions used in
Fig. 2. Now, the absorbances are weighted more toward hot gases,
which contain higher levels of water. The water content at each
temperaturevaries linearly with temperature. Specifically, the region
near 4100 cm™! shows a much greater sensitivity to hot gases, that
is, an increased absorbance with temperature rise. Conversely, the

Table 1 Simulated water mole fraction measurement results

Measured Calculated
Profile Absorbance AH20 Error, % AH0
Uniform 0.064 0.046 -1.5 0.0467
Partial mixing 0.068 0.049 4.9 0.0515
Cooling layer 0.075 0.054 15.6 0.0563
Hot spike 0.065 0.047 0.6 0.0501
Cold spike 0.070 0.050 7.1 0.0520
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Fig. 5 Total absorbance for broadbandlight source over a 10-cm path
in a uniform gas at 10 atm and various temperatures.

region previously weighted toward cold gases (below 3900 cm™!,

see Fig. 2) has a much reduced sensitivity. In fact, the effects of
the water-temperature correlation nearly offset the (fixed-water)
temperature sensitivity above about 1000 K.

Based on the described water-temperature correlation, simula-
tions were performed for a broadband sensor intended to monitor
integrated water mole fractionand temperature uniformity in a com-
bustor exhaust. The simulations were performed by calculation of
the total absorbances that would be obtained for various exhaust
gas profiles (Fig. 6). In each, the temperature range at the combus-
tor exhaust was limited to 700-2000 K. The lower limit allows for
residual (pure) dilution air (though preheated by the compressor)
to be present at the exhaust, whereas the upper limit presupposes
some mixing of the products of any stoichiometric combustion that
could have occurred. Each profile represents a path containing the
same (density-weighted) overall water content, yu,0 =4.67%, and
temperature, T =1300 K. The profiles include 1) a single stream
(uniform), 2) a bimodal distribution with both streams close to the
uniform conditions (partial mixing), 3) a bimodal distribution with
a mixed stream and small regions of pure dilution air that might be
residuals of the cooler flow used to protecta casing or liner (cooling
layer), and two trimodal distributions with a small region of poor
mixing containing either very 4) hot gases (hot spike) or 5) cold
gases (cold spike).

Table 1 contains the calculated absorbances for each of the listed
gas profiles shown in Fig. 6 at pressure of 10 atm for a sensor with a
10-cm™!-wide Lorentzianlightsource centeredata low-temperature
sensitivity position (4049 cm™!). The calculated absorbancesare all
rounded to the nearest 0.001 to simulate a sensor resolution of 1073
in absorbance. Also shown are the mole fractions that would be
inferred from the rounded absorbances, based on the linear fit of
Fig. 4. For the uniform profile, the inferred mole fraction is 0.046,
which is 1.5% below the expected value of 0.0467. The error re-
sults primarily from the difference between the linear fit and the
actual absorbance change with water mole fraction. Compared to
the uniform profile, only the two profiles containing pure dilution
air (cooling layer and cold spike) produce significant errors in inte-
grated water fraction. Additionally for all the nonuniform profiles,
the measured mole fractions jy,o are above the density-weighted
value of 0.0467. Most of this error is due to the difference between
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7m0 and Yu,o. The second to last column shows the error between
the measured mole fractions and the true density weighted average
Zm,0, and the last column provides the true values of jy,o. For the
correlation chosen here, that is, water level increasing with tem-
perature, ¥u,0 > Xu,0. as seen in the last column of Table 1. This
difference is most evident for the cooling layer, which is at 700 K
for nearly one-fifth of its length and has an error of nearly +16%
compared to yy,0, but only —4% compared to Zy,0-

Table 2 lists the absorbance A values calculated for the profiles of
Fig. 6 that simulate a sensor with a 10-cm™!-wide Lorentzian light
source centered at the two temperature sensitive positions noted
in the preceding section, with absorbances weighted toward cold
(3816-cm™!) and hot (4104-cm™!) gases. For most cases, the change
in absorbance at both frequencies, compared to the uniform distri-
bution, is well above the 0.1% resolution assumed for a practical
sensor. For the cooling layer and cold spike cases, measurements
at both frequencies would record a significant difference from the
uniform case. For the hot spike and partial mixing profiles, only
the measurementsensitive to hot gases records a significant change.
The reduced sensitivity of the cold weighted measurement results
from offsetting effects of the temperature sensitivity and the water—
temperature correlation as shown in Fig. 5. In any case, the overall
result, for example the ratio of the hot and cold measurement posi-
tions, for the nonuniform cases, is significantly different from the
uniform profile.

It is unlikely, however, that a control system would have a priori
knowledgeof the average gas temperature at the exhaust. Therefore,
it could not compare the absorbancesto an (unknown) uniform case
to infer temperature uniformity. Rather, as prescribed by Egs. (8)
and (9), the sensor would infer two effective average temperatures,

Table2 Absorbances simulations for temperature
sensitive frequencies

one based on the cold-weighted measurement and one based on
the hot-weighted measurement. The effective temperatures 7 are
inverted using the calculated variation of absorbance with tempera-
ture (at each measurement wavelength) assuming a uniform path of
10 cm. The two calibration curves are determined at one water con-
centration and linearly scaled by the integrated water concentration
inferred from the temperature-independent line.

Table 3 shows the temperatures inferred for the absorbance mea-
surements listed in Table 2 based on two approaches using a known
integrated water level and using a water level inferred from the
temperature-insensitive line. In one case, no temperature can be
inferred (NA). The effective temperature results based on the mea-
sured water content are shown in the rightmost columns of Table 3.
In all cases, T o is above T 4. For the uniform case, both tempera-
tures have a small error compared to the expected value of 1300 K.
The temperature error comes mainly from the small error in the
measured water content. Based on this result, the estimated sensor
accuracy is 20 K at the simulated conditions (and for a uniform,
steady flow). For the nonuniform profiles, the difference between
the two effective temperatures, AT =T o, — T .14, ranges from 125
to 233 K. Thus, the nonuniform profiles can easily be distinguished
from the uniform case (with AT =12 K).

For both sensor outputs, hot and cold, the effective temperatures
are above the true density-weightedtemperature. This is in contrast
to the constant mole fraction results, where only T 1ot Was above
T. Now T also exceeds T, predominantly due to the water—
temperature correlation, that is, there is more water at higher tem-
peratures. Thus, all effective 7 become more weighted toward hot-
ter gases. As was seen in the absorbance values of Table 2, T .4
is nearly temperature insensitive for cases without very cold gases.
Thus, Tcq iS very close to 7' except in cases where the profile
contains completely unmixed air (700 K). This is mainly due to its
effective temperature sensitivity including the water-temperature
correlation. As seen in Fig. 5, the absorbance for the cold sensor
(at 3816 cm™") is now weakly sensitive to temperature variations

Profile A (3816cm™!)cold A (4104 cm™') hot
- above ~1000 K. Below that value, the absorbance decreases as the
gmfc;lrm. ) 81 ig 88% temperature drops. Though the cold absorbance does not have the
Ca(fft)llin mll::lzrg 0.107 0.031 same weighting toward cold gases as it did for a fixed water content,
Hot Spie Y 0.115 0.024 our approach for monitoring temperature uniformity still works be-
Cold spike 0111 0.027 cause we are sensing at two wavelengths with drastically different
temperature sensitivities.
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Fig. 6 Test profiles of temperature across a 10-cm path through the exit plane of a combustor.
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Table3 Temperature uniformity sensing results

T based on actual 7,0, K

T based on measured 7u,0, K

Profile Teold 3816 cm™!

Thot 4104 cm™!

AT Teoa3816cm™ Ty 4104cm™' AT

Uniform 1295 1281
Partial mixing 1300 1609
Cooling layer 1381 NA
Hot spike 1300 1475
Cold spike 1340 1781

14 1285 1297 12
309 1352 1530 178
NA 1526 1759 233
175 1300 1475 175
441 1421 1546 125

250 T T

200

AT, K

150 r 4

100 i L i L i L " L L | L " L "
250 300 350 400
T{mSv K

Fig. 7 Relationship between differential sensor output, AT =
Thot — Tcolds and Ty for the four nonuniform profiles shown in Fig. 6.

The effect of using the temperature-indepencent line as a mea-
sure of the water content can be seen by comparing those results
to temperatures inverted using the actual water content ¥y,0. These
temperatures are found in the central columns of Table 3. When
the actual, density-weighted water content is employed, T .4 pro-
vides an even better measure of the true 7. For profiles that do not
contain 700-K gases, the average temperature can be inverted quite
accurately. In addition, the hot line is now more sensitive to nonuni-
formities. For the cooling layer case, T 1o cannot even be inverted
because the absorbance is outside the calibration range. In terms
of sensing temperature uniformity, the sensor outputs inverted with
Zu,0 yield some improvement,now AT ranges from 175 to at least
440 K. However, uniformity detection is not strongly dependent on
precise knowledge of water content.

Simply determining whether the temperature profile is uniform
may not be sufficient for a sensor employed in an active control
system designed to reduce temperature nonuniformities. It is advan-
tageous for the magnitude of the sensor output to somehow scale
with the degree of nonuniformity. A reasonable measure of tem-
perature nonuniformity at the exhaust is the rms deviation in the
temperature profile, that is,

L
T = [~ / [T(x) - TP dx (10)
L 0

The Tins, due to its dependence on the square of the deviation, is
more sensitive to the extremes in the temperature profile. Similarly,
the turbine blade is more susceptibleto the extremes in temperature
to which it is subjected. Therefore, we investigated the relationship
between the differential sensor output AT and T,,,, for the same
temperature profiles tested earlier. The results are shown in Fig. 7.
Based on the current results, there is a nearly monotonic relation-
ship between the differential sensor output and the rms temperature
deviation. Thus, the sensor proposedhere could be used in the feed-
back loop of an active control system. The control system would
simply try to minimize the output signal from the sensor, thereby
minimizing the temperature nonuniformity.

Conclusions

The IR absorptionspectraof the exhaust gases of a turbine engine
combustor were modeled to simulate the behavior of a sensor for
monitoring water mole fraction and temperature uniformity in the
combustorexhaustplane.Itis intendedthat this line-of-sightabsorp-
tion sensor would be employed in an active control system. Unlike
most sensors previously proposed, the current approach would em-
ploy broadbandIR sources, or perhapsa single source with a tunable
bandpass filter.

Both path-integrated water content and temperature uniformity
across the combustor exhaust can be monitored by a sensor us-
ing as few as three measurements between 3800 and 4100 cm™!
(2.63-2.38 um). In this region, the absorption is dominated by wa-
ter, with little interference from the other gases that comprise the
bulk of the combustor exhaust. In addition, interferences associated
with dirty optics and particle extinction can be assessed at nearby
wavelengths that have little water absorption. At the wavelengths
chosen, expected absorbance values are between 0.02 and 0.1 for
the conditions tested.

Overall water contentin the exhaustis monitored at a wavelength
with an absorbance that weakly depends on temperature. Based on
the simulations, water measurementsin a uniform mixture, inferred
from a simple linear relation between mole fraction and absorbance
and uncorrected for temperature dependence, would have an ac-
curacy of about 10% over a broad range of temperatures (1000-
2000 K) and water levels. Based on background absorption mea-
surements near 4300 cm™! and an estimate of 1073 in absorbance
for the resolution of the sensor, mole fraction results would have a
1-2% relativeresolution. In the presence of various exhaust profiles,
the sensor output tends to fall between the (true) density-averaged
and simple path-averaged values of water mole fraction. The simu-
lated sensor approach achieved a relative accuracy typically better
than 10%. Thus, the sensor could be used in a number of control
systems that require a rapid determination of general combustor
health.

Approaches for monitoring temperature uniformity were also
demonstrated and involved comparison of measurements at two
wavelengths, one sensitive to cold gases (3816 cm™!) and the other
sensitive to hot gases (4104 cm™!). The difference in the temper-
atures inferred from these measurements is a measure of the tem-
perature uniformity. According to the simulation results, a sensor
based on this approach should be easily able to identify a nonuni-
form exhaust profile and even provide a reasonable measure of the
amount of (rms) deviation from a uniform profile. Based on the be-
havior of the absorbance from the cold wavelength, a sensor based
on this approach may also be able to discriminate profiles contain-
ing excessive amounts of unmixed (cold) air from those with less
pronounced cold excursions.

The sensor approach described here is not limited to the three
frequencieschosenin this work. If there are inaccuraciesor missing
transitions in the HITEMP database, there should still be some re-
gions that behave like those used here. Also for changesin expected
operating conditions, for example, pressure and average temper-
ature, we should expect other center frequencies to have better
sensitivity than the current choices. Thus, an engine sensor re-
quired to operate over a very large range of temperatures, pres-
sures, and fuel/air ratios would either require many light sources or
a broadly tunable IR source or filter. Similarly, the general method
employed for monitoring temperature uniformity could also be
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applicable to narrowband (diode laser) approaches if similar
temperature-dependent and temperature-independent wavelengths
can be identified.
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