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1.0 INTRODUCTION

Differences as large as 500 percent between measurements of nitric oxide (NO) ¢missions
from combustion sources using conventional sample extractor techniques and those using an
in situ ultraviolet (UV)-absorption (optical) technique have been reported (Refs. 1, 2, 3, 4,
and 5). The Federa! Aviation Administration (FAA) is directing an interagency-sponsored
program to determine the cause of the differences found between the measurements using
the two 1echniques. The United Technologies Research Center (UTRC) is the prime
contractor for the Interagency NO Investigation Program, which consists of three major
tasks. Task | concerns the development of calibration techniques for the optical
measurement system, Task 2 emphasizes determination of the relevant chemistry occurring
in the sample extraction and in the transfer lines to the NO measurement instrumentation,
and Task 3 includes both optical and probe sampling on three progressively more¢
complicated combustion systems. The Arnold Engineering Development Center (AEDC)
role in this program is to (1) provide assistance to the FAA and UTRC with regard 1o the
original computer model for the NO resonance absorption optical technique and (2} 1o
participate in the experimental phases of Tasks | and 3.

The optical method employed in the previous measurements (e.g., Refs. 1 through 5) was
a resonance line absorption technique. I[n this technique, the absorption by a gaseous
medium containing NO of NO y-band radiation produced by a discharge lamp conlaining a
mixture of N3, Oz, and Ar is measured and related through a theoretical line-by-line
radiative transfer model to the NO number density. The interagency program was designed
to investigate all aspects of the use of this optical technique and to examine thoroughly
probe designs and possible chemical reactions which might affect the probe sampling
measurements.

The calibration phase of the program (Task 1) has been completed, and the resulis are
reported by UTRC in Ref. 6 and by AEDC in Ref. 7. Essentially, the results of Task 1 are as
follows:

1. Discrepancies were found by UTRC personnel in the theory used in the original
AEDC computer model, and some coding errors were also found in the
computer code supplied to UTRC by AEDC. The effect on previously reported
results could not be assessed directly and re-examination of the model was
necessary.

2. The model was corrected, and AEDC and UTRC now use slightly different
versions, although the two models are basically the same.
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3. A necessary parameler, the collision-broadening parameter, had to be
redetermined as a result of the error in the original theory. UTRC determined
the parameter experimentally from the observed broadening of resolved lines as
a function of pressure and then inferred a band oscillator strength. AEDC
determined Lhe parameter by correlation of measured transmittance at low
resolution with model results using literature values for the oscillator sirength,
The UTRC model used with the UTRC parameters and the AEDC model used
with the AEDC parameters vield the same transmittance for several test cases
considered.

4. Measured transmittances through the flow above a lean H,/0»/Ar ilai-flame
burner seeded with NO, and the transmittance predicted by the model for several
values of temperature and seed flow agreed within about 20 percent. Similar
results were obtained by comparing the measured transmittances through the
flow from an ¢lectrically heated quartz bed heater consisting of N5 and sceded
NO, or Ar and seeded NO, to the model predicted transmittances. Most of the
unceriainty was attributed to the probe measurements of temperature and NO
concentration radial profiles, which were essential inputs to the computer
radiative transfer code because of the inhomogeneous path provided by the
calibration sources. These calibration sources were designed to provide exhaust
gas compositions in which no reactions between NO and other species could be
expected. To that end, the program appeared to be very successful and the
calibration phase was deemed 1o be satisfaciory.

The sample extraction and analysis phase of Task 2 is reported in Refl. 8. In this phase
several probe designs are used in a methane/air flame, a propane/air swirl combustor, and a
jet luel/air combusior 10 measure NO and NO, concentrations.

Results from Task 2 are as follows:

1. Cooled probes in which the temperature is reduced rapidly to less than 1,000°K
in about 1 to 2 msec do not disturb the NO concentration in sampling

hydrocarbon exhaust gases at temperatures up to 2,G00°K for equivalence ratios
between 0.8 and 1.2.

2. Uncooled or poorly cooled stainless-steel probes exhibit destruction of NO at

stoichiometric and larger equivalence ratios; no destruction was observed for an
equivalence ratio of 0.8.



AEDC-TR-80-22

3. No advantage was found in aerodynamic over purely convection cooling within
the probe.

During the final phase of Task 3, probe measurements and UV resonance absorption
measurements of NO concentration were made on the effluents from the three hydrocarbon
combustors. These combustors are supposed to represent successively more complex
combustion processes, to satisfy the overall goal of determining whether the differences
reported previously in NO concentration measured by probe sample extraction and optical
methods in jet engine exhausts were real, and, if so, to identify the cause. The UV resonance
absorption measurements were made by both UTRC and AEDC. In addition, an IR
absorption technique to measure NO concentration was employed by representatives of the
Ford-Philco Corp. The UTRC and Ford-Philco measurements and analysis are reported in
Ref. 9. The AEDC portion of Task 3 is reported herein.

The three hydrocarbon combustors selected were (Ref. 8):

1. Flat-flame burner (FFB) burning methane (CH,) with a mixture of oxygen (O3)
and nitrogen (N3).

2. Swirl combustor after the model adopted by the International Flame Research
Foundation (IFRF) burning propane (C3;Hg) with air.

3. Jet engine combustor, a modification of the standard Pratt and Whitney Model
FT-12 Combustor, burning Jet A fuel with air.

The FFB burning methane at lean, stoichiometric, and rich equivalence ratios is meant to
provide the extension from the lean H;/0; FFB to a combustion situation where free
radicals, hydrocarbun fragments, and free hydrogen are available to react with the NO. The
prepane-fueled IFRF combustor offers slightly more complex chemistry, and the FT-12
combustion products should be similar to the final composition of jet engine exhausts. The
IFRF and FT-12 combustors exhausted into a large plenum chamber where the velocity was
on the order of a few feet per second. This latier factor represents the major difference in the
cambustor exhausts employed in this study and jet engine exhausts in which the velocities
are much greater.

The AEDC measurements were made under similar conditions of operation of the
combustots as those made by UTRC and Philco-Ford. The combustors were operated by
UTRC, and AEDC was supplied a set of probe-measured temperature and NO, NO
concentration profile data along the optical path. These data are required in the analysis and
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reduction of the optical data because of the nonhomogeniety of the temperature and NO
concentration along the single observation path, and are included herein. The optical system
will be described briefly, as will the UV resonance absorption technique and the daia
reduction procedure. The results of the data reduction will be presented and discussed and
conclusions will be presented.

2.0 COMBUSTOR FACILITIES

The combustor facilitics, probe designs, operation of facilities, and probe measurements
were the responsibility of UTRC and are fully described in Ref. 8. For completeness the
facilities will be briefly discussed here, and the temperature and NO concentration profiles
measured by UTRC are presented since these data are integral to the determination of the
NO concentration by the optical method.

2.1 FLAT-FLAME BURNER

The CH4/0Q3/Nz> flat-flame burner had interior dimensions of 17.5 by 9.2 cm (see Fig. 1).
A surrounding buffer zone (area 76 cm?) contained a methane flame (Fig. 1) which served to
isolate the inner burner flame from the ambient atmosphere.

The gas sampling of the flat-flame burner was accomplished in the main flow 2 cm from
the burner face by stainless-steel-tipped, water-cooled probes, and the samples were
analyzed using conventional gas analyzer instrumentation. The probe-measured NO
concentration profiles for the flat-flame burner are given in Figs. 2, 3, and 4 at equivalence
ratios (¢) of 0.8, 1.0, and 1,2, respectively. The profiles are shown normalized to seed values
determined by a gas metering system.

The exhaust gas temperature profiles were obtained using a butt-welded, Ir 60-perceni/Ir
40-percent Rh thermocouple coated with a mixture of ytirium and beryllium oxides. The
temperature profiles are given in Figs. 5, 6, and 7 for the three equivalence ratics. The
optical axis coincided with the placement of the probes.

2.2 IFRF SWIRL COMBUSTOR

The IFRF combustor (Fig. 8) is a model of those burners described in Ret. 10 and
consists of a central fuel nozzle and annular air supply. The operation of the combustor is
further described in Ref. 8. The IFRF combustor was operated with propane (C:Hy) and air
at equivalence ratios of 0.8, 1.0, and 1.2.

10
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The gas sampling of the IFRF combustor was accomplished by a stainless-steel water-
cooled orifice probe located 87.5 cm downstream of the combustor exit (Rel. 7). Probe-
measured NO concentration profiles are given on Figs. 9, 10, and 11 for equivalence ratios
of 0.8, 1.0, and 1.2, respectively.

The exhaust gas temperature profiles were obtained using a water-cooled, double-
shielded, aspirated thermocouple probe with a bead made of Pt/Pt 13-percent Rh. Further
description of the probe and the radiation and conduction corrections are given in Ref. 8.
The temperature profiles were made in the same plane (87.5 ¢m downstream) of the
combustor exhaust as the concentration measurements and are given for the three
equivalence ratios on Figs. 12, 13, and 14,

2.3 FT-12 COMBUSTOR

A modified FT-12 engine combustor can 29.5 ¢m in length (11.5 cm shorter than
original) and 13.0 cm in diameter is shown in Fig. 15. The combustor was operated at
equivalence ratios of 0.14, 0.19, and 0.20, corresponding to simulated conditions of idle,
cruise, and maximum continuous power, respectively, using Jet A fuel.

The gas sampling of the FT-12 combustor was accomplished using a stainless-steel orifice
waler-cooled probe (Ref. 7). The probe axis was 78 cm downstream from the FT-12
combustor exit. The probe-determined NO concentration profiles are shown in Figs. 16, 17,
and 18 and the exhaust gas temperature profiles are shown in Figs. 19, 20, and 21 for the
idle, cruise, and maxzimum continuous simulated throttle positions.

2.4 TEST SECTION

A test section {or plenum chamber) was used with the IFRF and FT-12 combustors and is
shown schematically in Fig. 22. It consists of a water-cooled, double-walled chamber, 50 cm
in diameter (ID} and 150 ¢cm long. The optical access was an open port approximately 2.5 cm
in diameter located at Lhe center of the third window from the right as indicated in Fig. 22.
The optical axis coincided with the axis of both the sample probe and the thermocouple
probe for both the IFRF and FT-12 combustor operations.
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3.0 OPTICAL METHOD
3.1 UV RESONANCE ABSORPTION TECHNIQUE

The UV resonance spectral line absorption technique has been employed frequently to
make species number densily measurcments in an absorbing medium (e.g., Ref. 11). The
method is here applied in a manner developed at AEDC (e.g., Refs. | through 5) for the NO
molecule. The apparatus and data treatment are very similar to the previous UTRC
measurements reported in Ref. 7, although for each measurement configuration the data
treatment will vary 10 some extent.

The technique as employed here can be illustrated with the help of Fig. 23. The spectral
intensity of the (0,0) band of the y-system of NO emitted from an elcctrical discharge at low
pressure is first measured using a low rcsolution spectrometer with no absorbing gas in the
optical path. This spectrum provides a reference. Then the spectral transmission through the
absorbing gas is mcasured, and the ratio of the signals (transmilttance) ai the same
wavelength is obtained. The spectral features of the (0,0) NO y-band (see Fig.23) make it
convenient to measure Lthe Lransmiltance at the maximum intensity point, the second
bandhead, although any other wavelength (e.g., the first bandhead) could have been chosen.
A line-by-line radiative transfer mode is then used 1o calculate the transmittance along the
path for a known temperature, pressure, and NQ concentration profile.

At this point some additional explanation is in order. If the absorbing path is
homogeneous in temperature, pressure, and NQ concentration, then it is only necessary to
repeat the calculation using different values of the NO concentration until the calculaied
transmittance matches the measured value. This procedure may produce a calibration curve
of NO concentration {or number density), or the numerical iteration may be done
automatically by the computer.

However, if the optical path is not homogeneous, the temperature and pressure profiles
are required and the technique can only produce some weighted average NO number
density. If additional knowledge of the shape of the NO distribution along the path is
available (e.g., from probe sampling), then the radiative transfer caiculation can proceed
with a normalized NO concentration and the normalization factor can be iterated upon until
agreement between measured and calculated second bandhead transmittance is obtained. A
third and more desirable scenario is encountered when several measurements can be made at
one axial plane and the cross section of the plume is circular, or at least symmetric. Then a
spatial inversion can be employed to determine radial variations of the NQ concentration
(e.g., Refs. 2, 3, 4 and 5).
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In the case of the UTRC measurements, a nonhomogencous path was always
encountered, as shown by the temperature and NO concentration profile data of the
previous section. The static pressure was assumed constant at atmospheric pressure for the
UTRC combustors. The NO concentration profiles determined by the sampling method
were normalized to the centerline value, and the centerline value was varied to obtain
calibration curves. The necessity for making the assumption that the probe-determined NO
concentration profile is correct is the weakest link in this procedure,

The physics employed in the current model has been adequately described in Ref. 7. The
voight line profile-broadening coefficients for Nz and CO; foreign gas broadeners as given in
Ref. 7 were used and the relation given in Eq. (14) of Ref. 7 was used to determine the
coefficients Tor the other major species, Oz and H;O. The radiative transfer calculations
were made by the ‘‘marching procedure’’ outlined in Section 3.3.1 of Ref. 7, rather than by
assuming Beer’s Law as is done in the UTRC procedure (Refs. 6 and 9).

The method employed in previous work to correct the reference intensity in case of
instrument drift or response, window fogging, and other factors is also employed here. The
(2,2) band of the NQ +y-system, which is evident in the spectral trace shown in Fig. 23, should
not absorb at the temperatures encountered in this study. In fact, at 2,000°K less than |
percent of the ground state NO molecules will be in the v =2 vibrational state. Thus, any
apparent reduced signal at the peak of the (2,2) band can be interpreted as an experimental
effect not attributable 1o NO absorption. The ratio of this signal to that of the reference
signal then serves as a correction factor to the measured transmittance at the second
bandhead of the (0,() transition.

3.2 APPARATUS AND DATA ACQUISITION

The AEDC UV Resonance Absorption System used for the UTRC combustor
measurements consisied of a capillary discharge lamp UV source, a 1/2-m Jarrell-Ash
grating (2,380 grooves/mm) spectrometer employing a Hamamatsu R166UH
photomultiplier detector, associated signal-conditioning electronics, a Hewlett-Packard
5480B signal averager, and a Honeywell 5600C fm tape recorder. The system is shown
schematically in Fig. 24.

Data were obtained at UTRC by scanning the spectrum 32 times and by averaging the
spectrum using the Hewlett-Packard 5480B signal averager. The averaged spectrum was then
recorded on fm tape and on an X-Y plotter. A reference spectrum was obtained before and
after each test condition on the UTRC combustor systems, and several data points at the
different operating conditions given in Section 4.0 were obtained. Typical spectral data for
FFB, IFRF, and FT-12 combustors are given in Figs. 25, 26, and 27 respectively.

13
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3.3 DATA TREATMENT

The calibration curves for the three combustors ar the various conditions of operation
determined by the calculational procedure described in Section 3.1 are given in Fips. 28a, b,
and ¢. The abscissa is the transmittance, and the ordinate is the predicted centerline
concentration in parts per million (ppm). The data reduction is then used to determine
the measured transmittance and to determine the centerline conceniration from the
calibration curves.

Reduction of the experimental daia to iransmittance was complicated by a continuum
absorption over all [(3,4) (0,0), (1.1}, (2,2)] the NO y-bands scanned when the FFB, FT-12,
or [FRF combustors were operated as shown in Figs. 25, 26, and 27. The correction for the
continvum absorption was made to the data by use of the (2,2) band apparent signal
reduction, as described in Section 3.1. This correction factor was determined from the
spectral scan taken after the combustors were started but before the seed flow was sraried.
Thus, a reference (hot) trace was established which should be identical to the original {cold)
reference.

Only a small correction was required for the FFB data because of continuum absorption,
and the hot reference could be made to reproduce the cold reference.

A continuum absorprion {20 percent) was abserved in the IFRF combustor exhaust at
onset of combustion. The (2,2) band of the NO +-system was used to determine the
correction factor and was applied 1o the second bandhead of the (0,0) transition. The
correction factor did not re-establish the hot reference over the entire (0,0) band as in the
case of the FFB. The (0,0) y-band, after correction, resulted in approximately 95 percent
transmittance at the combustor condition. This 95-percent transmittance relates to 50 ppm
of NO at centerline because of the combustor production and compares (o 45 ppm of NO
measured by the probe at the same condition. The correction factor was thus carried
through on all data points by accounting for the combustor production in determining the
hot reference. The final transmittance from which the NO concentration values are reported
thus includes the seed plus the combustor producticn.

The FT-12 combustor exhibited a very strong continuum -absorption (approximately 90
percent) when operating at the idle equivalence ratio. The cruise and maximum continuous
operating conditions did not show as much extraneous absorption; however, 20 to 25
percent was the rule. The same procedure was used to correct these data that was used for
the IFRF combustor data; i.e., the (2,2) band was used to determine the correction factor to
re-establish a hot reference trace with account taken of the combustor produn::tinn of NO.
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However, when nitric oxide was seeded into the combustor, the absorption at the (0,0)
transition increased in a normal fashion but the absorption at the (1,1) and (2,2) transitions
decreased relative to the hot reference (see Fig. 26). Again the (2,2) transition was used to re-
adjust the reference to establish the final transmittance at the (0,0) second bandhead to be
used in determining the NO concentration level. This procedure should be satisfactory if the
extraneous absorption remains constant over the entire (0,0} and (2,2) bands.

4.0 RESULTS

The values of NO concentration at the stream centerline obtained from the measured NO
v-band transmittances, and the NO and NO, concentrations obtained from probe sampling
measurements are presented in Tables 1, 2, and 3 for the FFB, IFRF, and FT-12 combustors,
respectively. The input seed values of NO concentration, and the values of NO and NOy
concentration produced by the combustion process as measured by the probe method are
also given in Tables 1, 2, and 3 for the three combustors. The seed plus flame production
values will hereafter be referred to as the input values and will be used as a reference value
for comparison purposes. The procedure described in Section 3.0 was used to obtain the
optically measured NO concentration values. The optically determined centerline NO
concentration, and the probe-determined centerline NO and NO, concentrations raised to
the input values are plotted versus equivalence ratios for the FFB, 1IFRF, and FT-12
combustors, respectively, in Figs. 29, 30, and 31. These results are discussed for each
combustor in the following sections.

4.1 FLAT-FLAME BURNER

Table | shows that optically and probe-measured centerline NO concentrations on the
FFB differ by no more than 26 percent for all the data obtained. However, additional
information that may be pertinent to this study is available when the results are examined in
detail. The more significant observations are:

1. Ninety-five percent or greater of the total oxides of nitrogen (NO,) were
measured as NO in the probe extraction method. This indicates that little, if any,
oxidation of NO to NO; occurred either in the flame, probe, and/or sample line
for this combustor source.

2. At the higher equivalence ratios, both the optical and probe measurements show

an apparent destruction of NO, in the flame when compared to the input values
of NO concentration. Approximately 60 percent of the NO is destroyed in the
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flame at the equivalence ratio of 1.2, whereas the optical and probe
measurements agree within 1 percent at this burner condition.

3. Figure 29 shows the ratio of optically measured centerline NO concentration to
the input NO concentration and the probe-measured centerline NO
concentration to the input as a function of equivalence ratio. The plot shows a
difference between the probe-measured NO concentration and the input of
approximately 20 percent at an equivalence ratio of 0.8, whereas the optically
measured NO concentration agrees within 6 percent with the input at this burner
condition. Furthermore, no flame destruction of NO, is indicated by the optical
method at the 0.8 equivalence ratio. As the equivalence ratio increases, the
measured values of NO concentration by both the optical and probe techniques
decrease. The magnitude of the difference in the probe and optical
measurements is much smaller at the larger equivalence ratios, and good
agreement is evident even though an apparent destruction or loss of NO, is
accurring.

4.2 IFRF SWIRL COMBUSTOR

Examination of Table 2 will reveal that the optically and probe-measured centerline NO
concentrations taken in the plenum section on the 1IFRF combustor facility differ by no
more than 20 percent. Again there is more information pertinent to this study available when
the data are examined in detail.

L. The probe-measured NO concentration for the IFRF combustor shows that
98 percent of the NOy is measured as NO over the range of equivalence ratios
from 0.8 to 1.2, As in the FFB, very little NO, is measured in the probe sample,
thus indicating little or no oxidation of NO to NO; in the flame, probe, or
sample line.

2, The optically and probe-measured NO concentrations agree at the equivalence
ratio of 0.8, and both measurements agree with the input seed plus flame
production. This differs from the probe measurement on the FFB at the 0.8
equivalence ratio where there was an apparent loss of NO, compared to the
input NO., It may be important to note that a small, water-cooled, stainless-steel
miniprobe was used for the FFB whereas a larger water-cooled orifice-type
probe was used for the IFRF combustor. Evidently the chemical reaction
occurring at the entrance to these two probes is different.
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3. At the higher equivalence ratios (Table 2 and Fig. 30) there appears to be flamc
destruction of NO, when compared to the input NO concentrations. Here again,
probe-and optically measured NO concentrations agree within a few percent.

4.3 FT-12 COMBUSTOR

From Table 3 and Fig. 31, it is observed that the total spread between probe-mcasured
NO, concentration and optically measured NO concentration is no more than 30 percent
over the combustor operating range equivalent 1o engine idle 10 maximum continuous
operations. Some detailed observations from the data are as follows:

1. The difference in the optically measured NO concentration and the input secd
plus flame production value ranges from -9 percent to 5 percent at the maximum
continuous equivalence ratio (or, an average of +5.5 percent). This indicates
very little loss in NO or oxidation to NOy in the combustion and flow process.

2. The probe-measured NO concentration is significantly less than the probe-
measured NO, concentration al all operating equivalence ratios; the difference
(36 percent) is most pronounced at the idle (¢ = 0.14) condition and becomes
less as the equivalence ratio increases. This result is contrary to that for the FFB
and the IFRF where little difference between NO, and NO concentration was
observed.

3. The difference in the probe-measured NO, concentration and the input seed plus
flame production value ranges between -37 percent at the idle equivalence ratio
(0.14) 10 -8 percent for one of the maximum continuous equivalence ratio settings
(see Fig. 31). This result is in disagreement with the observation based on the
optical measurement and indicates some loss of NO, within the probe sampling
system. This result, coupled with the conversion of NO to NO, within the probe,
is an indication that chemical activity is greater with the liquid-fueled
combustor.

5.0 DISCUSSION
5.1 MEANING OF INTERAGENCY STUDY
The interpretation of the results of this study may be cast in two ways. First, the meaning

of the specific measurements made during the study as they pertain to the technology of the
measurement techniques can be assessed. Second comes consideration of the degree to which

17



AEDC-TR-80-22

the question regarding disagreement between optical and probe mcasurements in jet engine
exhausts has been answered.

[n brief, the accomplishments of the Interagency MO Investigalion Program can be
summarized as follows:

Task 1. The line-by-line radiative transfer model for the (0,0) band of the NO
y-system was thoroughly investigated, errors found werc corrected, the model was
put on an accurate foundation, and the technique was calibrated within the
uncerlainties of the probe-measured temperature and NO concentration profiles
along the optical path, for temperatures up to about [,800°K at atmospheric
pressure.

Task 2. Perturbations on the NO concentration in hydrocarbon flames and
combustors result when sampling probe tips are not properly designed for the
environment in which they are placed; for example, uncooled stainless-steel probes
immersed in low velocity hydrocarbon combustion gases show large errors in NO
concentration, whereas several designs of adequately cooled probes give the same
concentrations, and the measurement agrees well with input values of NO.

Task 3. Optically measured NO concentrations in the low-velocity hydrocarbon
combustion exhausts used in the UTRC program agree with the ‘‘properly
designed’’ probe-measured values, on the whole, within 30 percent. Upon closer
investigation, this 30-percent band reveals that some unexplained chemical activity
is taking place, particularly in the case of the liquid-jet-fueled combustor.

Weaknesses of the interagency program also should be pointed oul. These include:

Source Inhomogeneities. In all four combustion gas sources used — flat-flame
burner, flowing gas hcater, gaseous-fueled swirl combustor, and liquid-fueled jet
engine combustor — the température and NO concentration profiles along the
optical transmission path were inhomogeneous. This necessitated a zonal approach
to the single line of sight measurements in which the absolute temperature profile
and the NO concentration profile had to be used in order to calculate the
transmittance. In the calibration phase (Task 1) the probe-measured temperature
and NO concentration profiles were used to calculate the transmittance by dividing
the path into a series of homogeneous zones which approximaled the
inhomogeneous path. The calculated transmittances were then compared to the
measured transmittance. In the combustor measurements (Task 3) the probe-
measured NO concentration profile shape was assumed to be correct and was
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normalized. The centerline absolute concentration was then varied in the
calcularion to provide a calibration curve, It is significant to note that in both cases
the decision on agreement or disagreement is based in part on the probe
measurement of the NO concentration. In other words, the two measurements are
not independent. In a more satisfactory experiment the source would have been
homogeneous or the profiles would have been axisymmetric and the lateral profile
of transmittance could have been inverted to obtain a radial profile of the NO
concentration (e.g., Refs. 3, 4, and 5). Then, the independence of the twe
techniques would have been assured.

Source Parameter Uncertainties. The limiting uncertainty in the calibration
phase (Task 1) was in the probe measurements (Refs. 6 and 7) of temperature and
NO concentration. The temperature uncertainty resulted from the necessity to
correct the thermocouple data for radiation losses. The NO concentration
uncertainty (about + 10 percent) arose from the scatter in measurements. Thus, the
high temperature calibration data uncertainty was no better than about 20
percent (Ref. 7).

Probe Design. The probes used in the program were designed for low-subsonic
flow application at almospheric pressure. In most cases, the probes used in the
studies in which discrepancies between probe and optical measurements of NO
concentration were found {e.g., Refs. 1 and 5) were of the EPA recommended
orifice design, similar to the UTRC-designed EPA probe (Ref. 8), but the
measurements were taken in supersonic flow. Thus the interagency study has not
addressed the probe operation in the flow environment in which most of the
discrepancies were originally found. The UTRC emphasis on ““properly designed
probes’’ for the flow environment in which they are to be used is well founded, but
the program did not investigate what may be expected when a probe is operated
outside its design environment.

Combustion Gas Flow Properties. The interagency study adequately addressed
the case of the low velocity, equilibrium combustion gas. Transit times between the
flame front and the probes were estimated to be on the order of several milliseconds
on the FFB to near 100 msec for the IFRF and FT-12 combustor rigs. In jet engines
the transit time is more nearly about 1 msec. Also the velocity at jet engine nozzle
exits is usually near Mach 1 compared to a few feet per second for the UTRC
combustion sources. Thus, the chemistry, as well as the gas dynamics near the probe
inlet, may be more different for jet engine exhausts than for the combustor flows
used in this program. The presence of a few free radicals in a stagnation zone could
signficantly alter the chemical reaction taking place.
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From the above discussion it may be concluded that some questions are still left
unanswered regarding the behavior of probes in the supersonic exhaust of jet engines.

5.2 RE-EXAMINATION OF PREVIOUS DATA

The errors found in the theory (Refs. 6 and 7), coupled with the inability Lo subsiantiate
some of the data used for determination of the line-broadening parameter (Refs. 12 and 13),
throw doubt on the previous measurements of NO concentration in combusior and jet
engine exhausts. It is thus necessary to re-examine all the data obtained in the past and
determine the NO conceniration in each case using the revised model. AEDC is in the
process of making these determinations. One case will be given here as an example of what
changes might be expected.

The optical data obtained from the exhaust of the FI}I-GE-100 engine (Ref. 5) represent
probably the most accurate so far obtained from a jet engine. Complete lateral profile
absorption data were obiained by spatially scanning the exhaust plane abour 10 c¢m
downstream of the nozzle exit plane. The data were then inverted to obiain a radial
distribution of the NO concentration using the technique described in Refs. 3 and 4. In the
original work the optically determined centerline value was larger than the probe-determined
value by a factor of about 2.2. In the revised model both the theoretical corrections and the
improved radiative transfer procedure described in Ret. 7 were employed. The original and
revised results are shown in Fig. 32 for the one engine operating condition (intermediate
power) for which probe sampling data were available. It 15 noted that in this case the
cemterline concentration was reduced by the new calculation by about 20 percent but
disagreement between optical and probe measurements is still about a factor of 1.7. The
probe used for these siudies was an orifice probe having a 0.2-cm-diam inlet whose diameter
rapidly expanded to 0.51 in. The UTRC EPA probe was almost identical — a 0.2-cm-diam
inlet with diameter expansion lo 0.31 ¢cm, which UTRC believes would not be suited to
supersonic flow sampling (Ref. 8).

It is not possible to make blanket statements aboul other previously published data
owing to the uniqueness of each radiative transfer calculation situation.

5.3 STATUS OF THE NO MEASUREMENT PROBLEM

The current interagency investigation has done much to illuminate the optical versus
probe measurement problem. The model is now on sound foundation, and it has been
shown that results can differ significantly when different probe designs are employed. For
three different types of combustion processes, the optically and probe-measured NO
concentrations agreed reasonably. However, the gas streams were low-velocily, equilibrium
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cases and the probes were 'properly’’ designed for the specific environmenis. It still remains
to determine whether agreement will be the same for a real jet engine exhaust, where a
different probe geometry will be required for the near sonic flow situation.

6.0 CONCLUSIONS

The major conclusions to be reached from the AEDC portion of the Task 3 phase of the
Interagency NO Investigation are as follows:

1. For three low-velocity hydrocarbon combustors the overall difference between
optically measured NO and probe-measured NOy concentrations was never more
than 30 percent, and the optical measurement was always greater than the probe
measurement.

2. Trends in the probe-measured NO and NO, concentrations lead to the
conclusion that chemical effects are taking place within the probe and sample
transfer line.

The main conclusions drawn from the entire program are as follows:

1. The original AEDC theoretical model was in error and a successful revision was
made.

2. The model was successfully calibrated using lean, clean flat-flame burner and
flowing gas heater sources, but the calibrations were not completely satisfactory
because of temperature and NO concentration gradients along the optical path.

3, Different probe designs give different NO concentrations, and probes must be
specially designed for each application.

4. For low-velocity hydrocarbon combustion gas streams, optically measured NO
concentration and probe-measured NO, concentration may be expected to agree
within about 30 percent, with the probe results biased 1o lower values than for
the optical method.

5. The final answer 10 the question of whether probe and optical measurements can
be expected to agree in jet engine exhausts, where flow conditions are
considerably different than for the UTRC studies, has yet to be found. A final
experiment seems warranted in which either a jet engine exhaust, or a goed
simulation of a jet engine exhaust, is used for the measurements.
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across optical axis for FT-12 combustor — idle.
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Figure 17. Normalized probe-measured NO and NO, concentration profiles
across optical axis for FT-12 combustor — cruise.

.0 r / - -
.8 | r o
o —0
-~ o o ~L
,' “ o O \
o \
6 | " \\
J’ No N \
,,’ o] ® \
4} ’“ o .
Iy
i1
,I
2| y/
= 44 \\
\
N
0 I_c;g . ! | ! T S, S
-40 -30 =20 -10 0 10 20 30 40

ZZ-08-d1-0Q3v



r

KO/NO Seed

1.2
Py o 9 .
1.0 e o
O
o) o
Ea Il() v O~
,/0 00
0.8 ;
/
{
,’ \
0.6 F
i ‘1
,' |
|
0.4 F | O KO \
| ® no \
/ X \
/ \
0.2 L / \
\
/ \
/ \
/ N\
olfm | o | | ] l L a\
—10 30 -20 -10 0 10 20 30 40

Position from Cenlerline, cm

Figure 18. Normalized probe-measured NO and NO,  concentration profiles

across optical axis for FT-12 combustor.
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Figure 19. Probe-measured temperature profile across optical axis
for ¥T-12 combustor — idle,

€Z-09-H1-0q3av



144

Temperature, (OK)

1,000 [

800

600

400

. ' \
A O Horizontal Profile \

O Vertical Profile \
(Top Quadrant)

QA Horizontal Profile
(Cr/Al Thermocouple) \

] | ] 2 ] r} }
-30 -20 -10 0 10 20 30 40

Position from Centerline, ocm

Figure 20. Probe-measured temperature profile across optical axis
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Figure 21. Probe-measured temperature profile across optical axis for
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Figure 25. Typical NO (0,0) y-band absorption spectra from
flat-flame burner.
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Figure 26. Typical NO (0,0} vy-band ahsorption spectra from
IFRF combustor.
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Figure 27. Typical NGO (0,0} v-band absarption spectra from
FT-12 combustor.
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a. Flat-flame burner

Figure 28. Calibration curves of NO using second bandhead of the

(0,0) y-band for the flat-flame burner,
IFRF comhustor and FT-12 combustor.
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Figure 29. Ratio of optically and probe-measured NO concentration to

seed + production versus equivalence ratio (¢)
for flat-flame burner.
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Figure 30. Ratio of optically and probe-measured NO concentration to
seed + production versus equivalence ratio {¢)
for IFRF combustor,
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Figure 31. Ratio of optically and probe-measured NO concentration to

sead + production versus equivalence ratio {¢) for
FT-12 combustor.



AEDC-TR-80-22

Altitude = 11 km
Mach Number = 0.95

400
Pcel] = 23 kPa
P, = 48.5 kPa
T, = 266°K

300 N\
Optical (NO)
Original Model

Optical (NO)
Corrected Model
200

Concentration, ppmv

Orifice
Probe (NOX)

100 |-

oL | | | —d

0 0.25 0.50 0.75 1.00
r/Ry (Ry = 36 cm)

Figure 32. Revised NO concentration profile for F101-GE-100 engine.
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6%

L2

14

Equivrlence Conterline
Ratio Tempurature
[ ] K
0.8 1,740
0.8 1,740
1.0 1,820
1.0 1,820
1.2 1,500
1.2 1,800

Table 1. Results of Optically and Probe-Measured NO Concentration
in Flat-Flame Burner.

Centerline Centarline Centerline

Coucentration Concentracion Concentration Percent Difference Cunterline Percent Difference

Flame Prod. Seeded Flame Prod. Heasured ROy vs. Concentration Optical vs. Percent Differvence
Hot Flow GCold Flow Plus Seed Flame Prod. Plus Seed Optlcal Flame Prod. Flus Optical vs.
Probe {ppm} Probe (ppm) Probe (ppm) Probe (ppm) Seed Probe
WD N0y No WO NO, % _ Ko % %

6.5 7.5 1,420 1,085 1,125 21 1,520 ] 26.0
5.0 - 2,595 1,965 2,075 29 2,580 1 19.6
3l 52 1,430 1,090 1,110 25 1,170 21 5.1
29 —_ 2,615 1,875 1,8%4 28 2.115 20 10.5
28 30 1,475 637 -— 58 703 53 9.3
33 —_ 2,690 1,105 1,105 5% 1,110 59 0.4
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11
15
18
21

23

Equivalence Centerline
Rario Tamperature
¢/ fwirl K
0.8/2 1,270
1.0/2 1,330
1.2/2 1,230
1.2/2 1,230
0.8/4 1,220
1.0/4 1,300
1.2/4 1,220
1.2/4 1,220

Table 2. Results of Optically and Praobe-Measured No Concentration
in IFRF Combustor Exhaust.

fenterline
Concentrat ion
Comb. Prod.

HooL Flow
Probe (ppm)

NO NU,

&4 46

37 38

L R—

23 —

46 49

40 41

15 ==

25 -=

Centerlline Centerline
Conecentration Concentration
Seeded Comb. Exhaust
Cold Flow Plus Seed
Probe (ppm) Probe (ppm)
NO WO KNGy
14l 183 182
139 138 140
131 B4 —
191 114 —
141 190 191
139 141 141
131 BO —~——
191 114 —

Parcent Difference Centerlinec Percent Difference
Measured N0, ve. Coneentration Optical va. Porcent Difference
Comb. Prod. Plus Opeical Comb. Prod. Plus optical va.
Sced Probe {ppm) Seed Probe
£ NO 2 X
3 195 L} 6.5
21 172 3 18.6
46 94 38 10,6
46 142 3 19.7
0 200 5 11.1
22 160 11 6.5
49 1] 44 4.5
47 125 A2 8.8

£Z-08-41-243v
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Table 3. Results of Optically and Probe-Measured NO Concentration
in FT-12 Combustor Exhaust.

14

17

Centerline Centerline Conterline

Concontration & tration O ration Percent Difference Conterline Percent Difference

Comb. Prod. Seeded Coch. Exhaust Meapured WO, vs. Concentration Optical va. Percent Difference

Equivalence Canterline Hot Flow Cold Flew Plus Combh, Prod. Comb. Prod. Flus Seed Optical Comb, Prod. Plus Optical vs.
Retio Temperatura Probhe (ppm) Frobe (ppm) Probe (ppm) Probe {ppm) Seed Probe
[ K NO Oy NG HO NOy % RO N X z

0.20 30 7 28 326 ZB7 325 8 346 7 6.1
0.20 an & 27 469 410 432 13 480 B 6.1
0.19 900 ) 25 326 260 300 15 352 1} 14.7
a,19 900 23 25 437 385 415 14 510 5 18.6
0.14 600 3 13 275 117 182 37 260 9 30.0
0.19 200 4 15 126 250 285 16 354 4 19.5
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