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1.0 INTRODUCTION 

The differences between measured, values of nitric oxide (NO) concentration 
obtained by gas sampling and in situ optical techniques in combustor gas flows have been 
established (Ref. 1). Previous investigations have indicated the possibility that the 
differences in the measurement results obtained by the two techniques may be dependent 

upon the exhaust gas temperature (Ref. 2). The research reported here was conducted to 
investigate further this possible temperature dependence of the two types of 
measurements in a combustor facility. 

Emissions measurements in the exhaust of an AVCO-Lycoming combustor located in 
Research Cell R-2C-1 in the AEDC Engine Test Facility (ETF) are presented at three 

axial locations corresponding to 6.5, 12, and 25 nozzle diameters downstream of the 
combustor nozzle exit plane using both gas-sampling probes and an optical absorption 

technique. Optical in situ data were obtained for NO only, whereas sample probe data 
were obtained for NO, NOx, CO, CO2, and C×Hy (total hydrocarbons). Gas dynamic 
data were obtained at each of  the stations to define static temperature and pressure, 
which are required for the determination of the NO concentration from the optical 
absorption measurements. 

Measured values of NO concentration using the probe technique are compared to the 
NO concentration values obtained using the optical technique on a point by point basis 
along the radius at each measurement station. These comparisons show that the optical 
technique consistently gives higher values for NO concentration in the exhaust than does 
the probe-sampling technique. It was found that the centerline ratio of optical to probe 
measured NO concentration varied from approximately four at the 6.5 nozzle diameter 
station to about two at the 25 nozzle diameter station. The centerline static temperature 
at these same two stations decreased from 970 to 470°K. 

Work done in measuring NO concentrations in laboratory experiments (Ref. 3) led 

to the possibility that the accuracy of NO concentration measurements made by a 
chemiluminescence-type gas analyzer in a combustor exhaust could be improved by 
lowering the pressure in the gas sample at the entrance to the sample probe to a level 
below about 1.33 kPa. This pressure level must also be maintained in the gas sample until 
it has been through the analysis instrument. A quartz gas sample probe and 

chemiluminescence NO analyzer system designed to operate under these low-pressure 
conditions was used to make NO concentration measurements at one axial location in the 
combustor exhaust. NO concentrations determined ~ t h  this system were compared to 
those obtained at the same location with a conventional, orifice-type probe and analyzer 
system and were found to be equal. 

5 
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The possibility that the differences that exist between NO concentration 
measurements made by probe sampling and by an in situ technique may be temperature 

dependent prompted a study in which the entrance region of  a sampling probe was 

heated to determine the effects of  temperature on calibration gases introduced into the 

probe. It was found that the NO concentration level in some gas samples could be 

reduced at elevated temperatures (above about 617°K) in the presence of  H2 gas. At the 

same time that the NO level was reduced, it was found that the CO level increased if 

CO2 was present along with the H 2. The results show the same trends as results obtained 

by Benson and Samuelson (Ref. 4) in a similar study. The present results yield the 
additional information that both the above reactions are inhibited by the addition of  O 2 
to the gas sample. 

2.0 DESCRIPTION OF APPARATUS 

The experimental apparatus described in this report was installed in AEDC/ETF test 

cell R-2C-1. The apparatus was designed to facilitate the measurement of  turbine 

combustor exhaust species concentrations by two independent measurement techniques. 

The test installation included a turbine engine combustor and associated operational 

equipment, the test section, a resonance spectral absorption system, and a conventional 

gas analysis system. A multiprobe rake, which consisted of  a stainless steel, orifice-type 
gas sample probe, a radiation-shielded, self-aspirated thermocouple probe, and a cone 
probe for measuring static and total p~ssure, was installed in the test section. 

2.1 COMBUSTOR SYSTEM AND TEST SECTION 

The plenum, which encloses the combustor (Fig. 1), was connected to a 

high-pressure air supply by a 7.62-cm-diam insulated pipe which contains a control valve 

upstream of a calibrated critical venturi (2.41-cm diameter), enabling the desired mass 

flow to be controlled and measured. Downstream of  the calibrated venturi a 

propane-fired heat exchanger heated the inlet air to the desired temperature. The heater 

is capable of  heating 2.27 kg/sec of  nonvitiated air up to 81 l°K at a pressure up to 827 

kPa. The insulated air supply line was connected to a 40.6-cm-diam plenum section in 
which an AVCO-Lycoming cylindrical (14-cm diameter) combustor was housed (Fig. 1). 
The combustor exhausted into the test section through a standard ASME long radius 

convergent nozzle having an exit diameter of  5.5 cm. A pressure-controlled tank supplied 

JP-4 fuel to the combustor as shown in Fig. 2, and the flow was measured by two 
turbine flowmeters. 

6 
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INLET DUCT 

MONORAIL 

PROBE ASSEMBLY 

PROBE 

W I N DOW 

O 0  

j . . . . . .  

• TEST SECTION 
INSTRUMENT STAND 

(SPECTROMETER) 
,- MOTOR 

Figure 1. Diagram of R-2C-1 Research Cell. 

Test cell and combustor monitoring and operating instrumentation consisted of  
conventional pressure transducers, gages, and thermocouples. The operation was 
performed in a control room located adjacent to the test area. The critical operating 

variables (plenum pressure, air supply temperature, etc.) and monitoring parameters (wall 

temperatures, etc.) were recorded by an online digital data acquisition system and were 
displayed in the control room on a cathode ray tube (CRT). Airflow rate, fuel-to-air 

weight-flow ratio, and combustor temperature were computed on .line from measured 
variables and were displayed on the CRT. Estimates of the uncertainty in measured and 

calculated eombustor operating parameters are given in Table 1. These uncertainties were 
determined using the method of Ref. 5. 

The test section included a controlled secondary airflow system, consisting of  an 

open area of 1,400 cm 2 in the upstream flange portion of the test cell (Fig. 1). The test 
section was operated at pressures slightly less than atmospheric by means of the ETF 
exhausters. The exhausters maintain a cell pressure of  92.36 kPa, which results in a 

secondary airflow of 66 kg/sec. This was sufficient to prevent recirculation of  the exhaust 

gases into the region of the test section where optical measurements were made. The test 

section contained optical viewing ports (30 x 182 era) on'ei ther side of  the test section, 
as shown in Fig. 1. 

7 
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Pressure 
Controller /~150-9al 

_ ~ F u e l T a n k  

w~Fue l  

_ ~ ~ . _ . .  Heater 
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LControl 
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~com 
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/ ~--Cooli n 9 Water 

bust= I I 
~ ~--" ~//To Atmosphere -I 
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Notes: 
1. Weight Flow Measurement 

Calibrated Venturi - 5 Iblsec (max) 
2. Propane Heater 

Pressure Limit - 120 psia 
Temperature - 1, O00°F (ma~} 

3. [ ]  Pressure Transducer 
Thermocoupie 

Figure 2. Diagram of the R-2C-1 air and fuel supply system. 

Table 1. Estimates of Uncertainty for Combustor Operating Parameters 

P a r a m e t e r s  

A i r  Mass Flow 
Rate  (me) 

Fuel  Mass Flow 
Rate  ( i f )  

Fue l  to  A i r  
R a t i o  ( f / a )  

Combustor  P r e s s u r e  
(Po) 

T e s t  S e c t i o n  
P r e s s u r e  (Pc)  

I n l e t  A i r  
T e m p e r a t u r e  

U n i t s  

k g / s e c  

kg/sec 

kPa 

kPa 

e K- 

Nominal 

0 . 9 1  

O. 018 

0 . 0 2  

345 

92 .00  

588 

P r e c i s i o n  
p e r c e n t  

±0 .14  

±0 .75  

± 0 . 8 0  

±0.10 

±0 .10  

±0 .10  

Btas~ 
p e r c e n t  

± 0 . 4 6  

±2 .00  

±2.10 

±0.30 

±0.30  

±0 .40  

U n c e r t a i n t y ,  
p e r c e n t  

±0 .75  

,13.50 

±3.70 

±0.50 

±0 .50  

+0 .40 ,  +0.6°K 
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Mounted below the test section, as shown in Fig. l, was a movable yoke with 

mounting plates approximately 150 cm apart, which could be positioned at any height, 
or traversed continuously in the vertical direction across the test section. The yoke could 

also be positioned at any axial point of  the exhaust plume from the combustor nozzle 
exit to 30 nozzle diameters downstream. The in situ optical measurement devices 

(consisting of  a source and receiver) were mounted on the yoke and were aligned to view 
a small path (1-cm diameter) through the exhaust plume (Fig. 1). The spectral 

measurement could be made on plume centerline (any desired axial position), or a 

horizontal traverse could be made of  the plume at fixed wavelength. The multiprobe 

rake, Fig. 3, was located in the test section so that the probe entrance plane coincided 

with that of the optical path. The probe could be positioned to coincide with that of  the 

optical measurement at any one of the predetermined instrument locations (Fig. 4) 

axially across the exhaust plume radius or located at any desired radial position in the 
exhaust stream. 

5.715-cm OO --,, 

7.62 cm 

1' 3. 81 cm [ 

-- 13.1 cm 
(19. 05-mm 0D 

T ' 3. 81 cm 
i 3. 175-mm OD 

19.05-mm OD 

- -Tota l  
Temperature 

Static Pressure 

Total Pressure 
and Emissions 

Figure 3. Diagram of the multiprobe rake. 

2.2 R E S O N A N C E  ABSORPTION SYSTEM 

The in situ resonance absorption system, located as shown in Fig. 1, consisted of  a 
resonance lamp source, with transmitting optics located on one side of the test cell and 
receiving optics and a 0.5-m spectrometer receiver located on the other. The source was a 

high voltage (3,000-v DC) capillary discharge tube through which a 12:3:1 mixture (by 

volume) of  A:N2:O2 flowed at a pressure of 0.8 kPa. The discharge tube was water 

cooled to provide a low-temperature gas mixture, thus ensuring a narrow line source. The 
spectrometer (receiver) used in this experiment was a 0.5-m Czerny-Turner type mount ,  
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grating instrument with a 2,360 groove/mm grating blazed for maximum reflection at 300 
nm. The spectrometer was equipped with curved slits which were opened to 20 nm. The 
20-nm slit width resulted in a 0.16-nm bandpass for the instrument. An RCA IP28 
photomultiplier tube was used as a detector. 

High Pressure Inlet Air f 

Plenum 

Station 2 
Station 3 
Station 5 

~ Probe 

Nozzle 

Test Section 

- 0  m 35.6 cm Downstream from Nozzle Exit 
--0 - -  66 0 cm Downstream from Nozzle Exit 
- 0  - -  127 'cm Downstream from Nozzle Exit 

t 

\ 

Exhaust ---,,. 

Figure 4. Diagram of R-2C-1 instrumentation stations (probe and spectrometer). 

2.3 GAS ANALYSIS SYSTEM 

The Society of Automotive Engineers E-31 committee has established guidelines for 
the design of sample systems and testing approaches to be used in the acquisition of 
emissions data on turbine engines. These guidelines are contained in Aerospace 
Recommended Practice (ARP) Number 1256 (Ref. 6) and were adhered to in the design 
of the AEDC emissions measurement system (Ref. 7). A flow diagram of the analysis 
system is shown in Fig. 5. The gas sample passes through the heated transfer line, which 
is maintained at 422 ,± 10°K, and into the five analysis instruments. The flow rate 
through each instrument and the flow rate through the excess line were measured using 
volume flow, ball-type flowmeters. The analysis panel used in this study contained five 
types of instruments. The types and models of these instruments were as follows: 

1. NO chemiluminescence type, TECO (Model 10A, quoted accuracy ±1 
percent) 

2. NOx chemiluminescence type, TECO (Model 10A with converter, quoted 
accuracy ± 1 percent) 

. CO nondispersive infrared type, Beckman (Model 846, quoted accuracy ± 1 
percent) 

10 
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. CO2 nondispersive infrared type, Beckman (Model 315A, quoted accuracy 
+- 1 percent) 

. CxHy flame ionization detector type, Beckman (Model 402, quoted 
accuracy +1 percent) 

The analyzer instruments were calibrated in-place using certified calibration gases 
(supplied by the Scott Research Corpration). A gas to establish an instrument zero and a 
minimum of two different calibration gases were used in the calibrations. The accuracy of 
the concentration of the calibration gas was estimated to be +2 percent (Ref. 8). 
Temperature conditioning was provided within the analyzer by steam-jacketed lines 
designed according to the ARP-1256 standards (Ref. 6). Standard pressure and 
temperature instrumentation were used to inbure operation of both the analyzer and the 
entire emission measurement system in accordance with manufacturer's instructions. The 
overall estimated uncertainty of the emission data presente.d is + l 0 percent of the values 
shown. 

/ -  Sampli ng P robe 

C°mbust°r~"~l-lf-~ATM ~ ~ -  //-C°ntr°l Valve / 

. ~ c a l  Gas 
k? Purge 

0 

El: c -  
F - 

p - 

Figure 5. Diagram of ~ s  analysis system. 

. . . .  Transfer Line 

I / -  Pump 

hffg. -Supplied 0 
NO 2 to NO Conve 
F Iowmeter 
Pressure Transd 

2.4 MULTIPROBE RAKE 

The determination of the exhaust stream gas properties, static pressure (p) and 
temperature (Ta), is required in the reduction of the optical measurements. The 
multiprobe rake was designed to provide the data for the calculation of these properties 
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as well as the emissions data. The rake consists of  three different probes mounted on a 
traversing mechanism which was described in Section 2.0. 

The emissions probe used in these studies was an "orifice type of  0.95-cm-ID stainless 
steel tubing enclosed within a liquid-cooled housing (Fig. 6a). A metal bellows pump was 

located in the sample gas transfer line and maintained a low pressure in the emission 

probe of  approximately 41.4 kPa for all measurement stations. The coolant was supplied 

by a high-pressure pump (1,240 kPa) from a reservoir containing a mixture of water and 

ethylene glycol. The temperature of  the niixture was controlled by a series of electrical 
heaters located within the reservoir. 

13.1 cm "i: 5.715---- 
. I ~- 19. 05-mm OD I cm 
:>ample Orifice, I ~I I ~  
1.27-ram Diam --'!~-------- . . . . . . .  ~ ~ - -  

7.75-mm OD ~ " ]  I ' ~  
~-60deg H20 I n - ~  ~ ~-H2OOut 

z_ Sample Out 

a. Emissions probe and total pressure probe 

4 Static Taps Equally Spaced 
O. 3683-mm Diam 

~ _  1 3 . 1 c m  : - ~  

~-ZOdeg 3.1,5-mmODJ " ~ ~  

b, Static Wassure probe. 

~- 19. 05-ram OD 
12.7 mm-,.f ~-- I / . . . . . . . . .  

t - \ t \  • - . . . . . . . . . . . . . . . . .  

~ -  2. 083 Diam-3 Holes, Self-Aspirated, Equally Spaced 

Figure 6. 
c. Total temperature probe 

Diagram of static pressure, total temperature, 
and emissions probes. 
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The emissions probe (Fig. 6a) served as the total pressure probe by closing an 

isolation valve in the gas sample transfer fine. A pressure transducer was located upstream 
of this isolation valve, and total pressure was recorded by an online digital data 
acquisition system and displayed on a CRT in the control room. 

A cone probe (Fig. 6b) was designed and employed to measure static pressure, p, in 
the combustor exhaust stream. This pressure was also recorded on the online digital 
system and displayed on the CRT. 

The total temperature probe (Fig. 6c) was a self-aspirated, radiation-shielded, 
Chromel®-Alumel ® (C/A) thermocouple probe. A recovery factor of 0.81 was used in 
determining gas temperature from the measured thermocouple junction temperature. The 
signal was recorded as mentioned above and displayed on the CRT. 

The multiprobe rake containing the previously described probes (total pressure, 
static pressure, and total temperature) provided the measurements of the required 
parameters for the calculation of the static temperature profiles using the isentropic flow 
equation. The Mach number (M) used in this calculation was obtained from measured 
total and cone probe pressures by interpolation from the cone probe calibration curve 
(Fig. 7). 

2.5 LOW-PRESSURE PROBE SYSTEM FOR NO 

The operation of the chemiluminescence type of  NO concentration analyzer depends 
on monitoring the output of light from the chemiluminescent reaction in a low pressure 

( ' 1 . 3  kPa) chamber between the NO in a gas sample and 03 generated within the 
instrument. Ordinarily, the gas sample is not reduced in pressure until just before it 
enters the reaction chamber; however, the work of Stedman (Ref. 3) has indicated that 
the accuracy of the NO concentration measurements made with a probe in laboratory 
experiments could be improved by maintaining the gas sample at a low pressure ('--1.3 
Ida) from the time it enters the probe until it exits the reaction chamber. To see 
whether lowering the pressure of the gas sample at the probe entrance would furnish 
dfffer.ent results for the NO concentration measurements, a low-pressure gas-sampling 
probe system (Fig. 8) was fabricated using a Thermo Electron Corp. Model 10A 
chemiluminescent NO analyzer. In addition to the NO analyzer, this system is comprised 
of (1) an uncooled quartz sampling probe with a 0.033-cm-diam inlet orifice, (2) a 
stainless steel sample transfer fine, (3) a flowmeter for determining sample and calibration 
gas flows into the system, (4) a calibration gas system, (5) a vacuum pump for the 
reaction chamber, and (6) a vacuum pump to bypass part of the gas sample. 

13 



A EDC-TR-78-32 

o I ndivldual Probe Calibration Based on Measured Pr~e 
Dimensions and Mathematical Techniques 

Mean Variation Used to Reduce Plume Rake Data 
- - -  Maximum Deviation Between Individual Probe 

Calibration and Mean Variation 

1.0 ,.,.. 

0.9 

P 
0.8 

a, ,  
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~ 0.6 

~- 11.5 
.v 
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~i..-H- +0. 08 
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0.3 
I [ - -~ -  =..u~ 
I , ,~  (4.5 percent) 

0 0.5 1.0 1.5 2.0 
Mach Number (M) 

Figure 7. Exhaust  p lume rake cone probe cal ibrat ion curve. 

The operation of the low-pressure sampling system required that both vacuum 
pumps be running and that the valve to the bypass vacuum pump be adjusted until a 

reading of about 1.3 kPa was obtained on the sample line pressure gage. This action 
established a flow of sample through the system, and the vacuum pump connected to the 
reaction chamber of the analyzer pulled a portion of the sample into and through the 
reaction chamber. The sample regulator functioned to help hold a constant pressure in 
the reaction chamber so that fluctuations in the flow through the chamber were 
minimized. When a constant flow rate was established through the system, the amount of 

flow through the flowmeter was recorded. The sample line was then closed by the 
shutoff valve, and the calibration gas valve was opened. The calibration gas flow was set 

at the same value that was set to read the calibration gas value. A zero level for the 
analyzer was set by shutting off the calibration gas and introducing dry nitrogen gas into 
the analyzer. The calibration system was then shut off and the sample system reopened, 
and after it was determined that the same flow and pressure existed in the sampling 
system, the NO concentration level was recorded. 
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Diagram of low-pressure gas analysis probe. 

2.6 PROBE SIMULATOR EXPERIMENT 

Work done by Benson and Samuelsen (Ref. 4) indicates that the concentration levels 
of  NO and CO in a gas sample could be influenced by the temperature of  the surface in 

contact with the sample in the presence of H 2. The results of  this work indicate the 
existence of one possible mechanism by which NO could be destroyed in a gas sample 

and have prompted the fabrication of. an apparatus which simulates the entrance region of  

a probe immersed in a hot  gas stream with which an experiment similar to that of  Ref. 4 

was performed. This apparatus is shown in Fig. 9. It consisted of  (1) a stainless steel tube 

with lugs welded to the tip of  the tube which were connected to a welding machine to 
resistance heat the tube tip to different temperatures, (2) a C/A thermocouple attached 

to the outside surface of the stainless steel tube between the heating lugs which 
monitored the tube temperature, and (3) a stainless steel plenum around the tube 

entrance which was supplied with inlet fittings through which different calibration 

standard gases were introduced as the gas source. The stainless steel tube was connected 
to the gas analysis instrumentation described in Section 2.3. 

The probe simulator experiments were initiated by introducing calibration gases with 

different constituents contained in N2 carrier gas, each of  which was known to exist in 

the exhaust stream, in known ratios to give gas samples of  known emissions 

concentrations at ambient temperatures. These ratios were set by monitoring the different 
constituents on the gas analysis instrumentation and adjusting calibration gas flows until 
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the desired proportions of the known concentrations were achieved. The flows also went 
through tapered tube and float-type flowmeters so that flows could be maintained 
constant. Once the proper gas flows were established, the temperature of the sampling 
tube inlet was varied by varying the current flow from the welding machine through the 
tube tip. A probe tip temperature versus gas sample emissions concentrations history was 
then obtained for several different gas mixes. 

Electrical Leads Clamped Here - ~ ~ , / ~  
Sch. 40 SS Pipe --~ 

Gas 
Inlet 

]52.4 rnm 

/-CIA Thermocouple 

To Gas 
Analyzer 

~-9. 525-mm OD 
SS Tubing 

Figure 9. Diagram of probe simulator. 

3.0 DESCRIPTION OF ULTRAVIOLET RESONANCE LINE ABSORPTION METHOD: 
THEORETICAL CONSI DERATIONS 

The resonance line absorption technique for the measurement of species 
concentrations has been treated elsewhere (Refs. 9, 10, and 11). It involves the 
relationship between the transmittance at some wavelength and the properties (species 
number density, temperature, and pressure) of the gas in the absorbing path. The 
transmissivity, t [in a given frequency interval (Av) of a gas of pathlength (£) containing 
a density (N) of NO molecules] of radiation from a source which emits only radiation 
from the ~ bands of NO is given by 

t ~ ,=  , -L ( a  j 
exp ~_ kvo 

17 a "2  + Co i - y )  2 

(1) 
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For the (0,0) 7 bands of NO, the Doppler absorption coefficient at line center is related 
to the number density of absorbers as follows: 

, T3/2 (2) 
I!  

The derivation of Eqs. (1) and (2) is given in detail in Ref. 12. 

In Eqs. ( l )  and (2) are one measurable quantity, t, and three unknown properties of 
the gas, N, Ta, and p. The remainder of the terms are physical constants or known 
molecular properties. The pressure enters the derivation only as i t  affects the 
line-broadening parameter a'. If the pressure and temperature are known, then N can be 
obtained from the measurement. Note that the equation holds only for a homogeneous 

gas; however, if the path length through the gas is nonhomogeneous but has known 
profiles of N, Ta, and p, then the transmissivity can be calculated by summing along the 
path, assuming increments, A£, of uniform properties. 

The inverse problem, determination of N along the optical path from measurements 
of t, "Ira, and p along a path having nonuniform properties, can be solved in some cases. 
One such case is that of  cylindrical symmetry in which concentric zones of constant 
properties can be assumed and a measurement of transmission is made through chords 
along the vertical directions, as illustrated in Fig. 10. For the case of  cylindrical 
symmetry, an inversion procedure can be applied when the transmissivity profile t(x) has 
been measured and T(r) and p(r) are known (Fig. 10). In the experiment reported here, 
cylindrical symmetry was maintained at all measurement stations. An iterative computer 
program was used (Ref. 11) which proceeded as follows: 

. The cylindrical gas stream was divided into m concentric zones, and a 
known temperature, Tin, and pressure, Pm, were consigned to each zone, 
m (see Fig. 10). 

. The average path length of each zone was calculated from geometrical 
considerations and knowledge of the optical beam size. - 

3. The number density of the outer zone was calculated from the measured 
transmissivity, t l ,  and known T1 and Pl,  using Eq. (1). 

4. Using the "known" outer zone NO number density, N1, and measured T2 
and P2, the second zone number density, N2, was determined by guessing 
a value of N2, computing t2, the second zone transmissivity, re-guessing 
N2, and proceeding until the computed and measured t2values converged 
t o  within 0.0001. 
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. The procedure in step 4 was repeated to obtain NJ, N3,...until the entire 

radial prof'de was obtained. The estimated uncertainty of the optical 
results presented is + 10 percent of the values shown. 

o Sou rce, I v 
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Figure 10. Illustration of radial inversion problem for determination 
of local concentration from transmissivity measurements. 

4.0 RESULTS AND DISCUSSION 

The multiprobe rake radial prof'fle measurements of emissions, total pressure, total 
temperature, and static pressure, and the NO optical measurements were made at test 
stations located 35.6, 66, and 127 cm downstream from the nozzle exit plane. 

The combustor operating conditions'are presented in Table 2 as a function of 
measurement station. The inlet air temperature, which was 14 percent lower for the 
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Table 2. Emissions Concentrations Measured with Orifice Probe 
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station 2 measurements than for the stations 3 and 5 measurements, may influence the 

NO production in the combustion process and make comparisons as a function of station 
location difficult. However, the purpose of these tests was to compare the optical and 
probe results for a given set of combustor conditions. Although the inlet temperature at 

station 2 was lower than that at the other stations, the probe and optical measurements 
were made at the same combustor conditions at stations 3 and 5. 

4.1 PROBE MEASUREMENTS 

The gas sampling system contained standard instrumentation to measure 
concentrations of NO, NOx, CO, C02, and Cx Hy. The results of emissions concentrations 
measured with the orifice probe are presented in Table 2. For the purpose of  this study, 
only NO and CO2 data are of concern. 

The quality of the probe emissions measurements was placed in question when a 
leak was discovered in the sample gas transfer line pump after completion of  the test. A 
posttest correction was made by determining the amount of dilution experienced at 
different inlet pressures on the orifice probe. This was accomplished by simulation of  the 
inlet pressure to the probe with a known NO calibration gas. The correction was applied 
to the measured species concentrations obtained from the exhaust stream. The 
uncertainty of + l0 percent placed on the results reflects this consideration. 

The static pressure probe failed during the test, and the assumption of a constant 
static pressure measurement equal to the cell (ambient) pressure had to be rmde for all 
stations. The static pressure is used in the broadening parameter (~) and in the calculation 
of the local jet exhaust Mach number. 

The Mach number at each location was determined by using the assumed constant 
static pressure (equal to ambient test cell pressure) and calculating the Mach number as a 
function of  the assumed static-to-measured total pressure ratio with a variable value for Y. 
The static temperature was calculated using the measured total temperature and the Mach 
number previously calculated. 

Radial distributions of static temperature, static pressure, and percent transmission 
are shown plotted versus r/Rn (where Rn is the nozzle radius and r is the radial distance 
from exhaust stream centerline) in Figs. 11, 12, and 13 for various downstream stations. 
Radial distributions of NO concentrations obtained by the sample probe and optical 
technique are shown for comparison in Figs. 14, 15, and 16. 
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Figure 11. Static temperature, static 
pressure, and percent 
transmission plotted as a 
function of radius for an 
example combustor con- 
dition at station 2. 

Figure 12. Station. temperature, static 
pressure, and percent 
transmission plotted as a 
function of radius for an 
example combustor con- 
dition at station~ 3. 

A momentum balance was performed to evaluate the consistency of the pitot 
pressure measurements and the assumption of constant radial static pressure. The 
calculation was made for a cylindrical duct (test section) assuming no wall friction 
according to 

r w a l l  r w a l l  

/ Pc(U- Uo) rdr + f  
o 

(p'- Po ) rdr = [Pi oj (uj  - u o) + (pj  - Po )] Aj (3) 
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Figure 13. Static temperature, static pressure, and percent 
transmission plotted as a function of radius for 
an example combustor condition at station 5. 

The right-hand side of  this equation depends only on the jet properties and the 
external velociW and pressure and is a constant for a given set of  test conditions, and 
therefore the sum of the two integrals on the left-hand side is a conserved quantity with 
measuring station. With the additional assumption of constant static pressure, the pressure 
difference in the second integral goes to zero and fpu (u - uo) rdr becomes a constant 
independent of the axial distance. 

The results of this calculation are shown in Fig. 17. As can be seen, the integrated 

momentum does remain essentially constant for stations 2 and 5. However, there is a 
significant increase in momentum shown for station 3 that could be a result of a 

measuring error in total pressure, total temperature, determination of  the jet boundary, 
or the assumption of  constant static pressure. 
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The low-pressure probe was used to measure the NO concentration at the centerline 

of  the combustor exhaust at an axial position 66 cm downstream of  the nozzle exit plane 
(station 3). An NO concentration level of  36 ppmv was obtained at this position, and this 

value compares with a level of  34 ppmv obtained at the same position with the orifice 
probe. These results indicate that for these conditions, no differences in NO 

concentration measurements were observed between the low-pressure probe and the 

orifice probe. These results are within the measuring uncertainties even though two 
separate systems were employed. 
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Figure 14. Optical and probe NO concantratioif-~ plot~e¢l as a 
function of radius at station 2. 
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Figure 15. Optical and probe NO concentrations plotted as a 
function of radius at station 3. 

4.2 OPTICAL MEASUREMENTS OF NO CONCENTRATIONS 

The UV optical system was used to obtain optical transmissivity data from the 
measurement stations described previously. Spectral scans of the (2,2) bandhead of NO 
were also obtained in order to correct for extraneous absorption (including particulate 
scattering, source drift, etc.) in the combustor exhaust system. 

The data reduction was accomplished as outlined in Section 3.0. The results of  the 
data reduction procedure yield the (corrected) transmissivity of  the (0,0) T-band for that 
line of sight. The measurements are repeated through several chords of  the exhaust 
stream, and the data are then inverted as discussed previously to obtain the radial prof'fle 
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of NO concentration. The percent transmission data for various measurement stations are 
shown in Figs. 11, 12, and 13. The results of inverting the transmission data at various 
stations to local values of NO concentration are given in Figs. 14, 15, and 16 for 
comparison with probe measurement values. It is shown in these figures that the 
ocnterline ratio of the optical- to probe-measured NO concentration varies as the 
measurements progress downstream. The ratios varied from approximately four at the 6.5 
nozzle diameter station (station 2) to about two at the 25 nozzle diameter station 
(station 5). The centerline static temperature at these stations was calculated and found 
to decrease from 950 to 470°K, respectively. 
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Figure 17. Integrated momentum versus axial distance downstream 
from nozzle exit. 

4.3 COMPARISON OF PROBE AND OPTICAL RESULTS 

The NO concentrations determined by the probe and optical techniques are plotted 
in Fig. 18. The optical data were selected for presentation at the location in the exhaust 
jet where the probe data were taken. Therefore, the data presented are at the same radial 

and axial location in the jet exhaust. For the data presented in Fig. 18, the optical results 
are from 2 to 4 times larger than the probe results, depending on the optical measuring 
station. 

A further analysis was performed to investigate the possibility of gas phase NO 
reactions occurring in the exhaust stream. The amount of any specie in the exhaust 
stream which passes through a cross-sectional area of the exhaust per unit time can be 
expressed from the continuity equation as 

N 

dl s = 2 ~ / C s ~ 8 ~  " pj M rdr (4) 

Equation (4) may be evaluated for the specie of interest, C, at each measurement station 
since calculated values of  p, Ta, and M are available. [Evaluation of Eq. (4) can be 

accomplished by plotting the function inside the integral sign and determining the area 
thus formed by using a planimeter~] 

The results obtained for the NO flux at each measurement station in the exhaust 
from the measured co_ncentrations furnished by the probe and by the in situ technique 

are shown iri Fig. 19. Also included in Fig. 19 is a calculation of the CO2 flux 
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Figure 18. Concentration of NO measured by probe versus 
concentration of NO measured optically. 
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determined from the probe-measured concentrations at each measurement station in the 

exhaust stream. The probe CO2 flux calculation is included to help check the validity of 
the probe-determined values of NO because the CO2 should be inactive in the exhaust 
stream. 

The NO flux values at stations 2 and 5 are about the same for each of the 
measuring techniques; however, the optical values are a factor of 3 to 5 times larger than 
the probe results. The significant increase in the NO flux shown at station 3 for both 
measuring techniques cannot be explained, but it is consistent with the observed increase 
in momentum flux shown in Fig. 17. The CO2 flux values show no significant anomalies 
with downstream measurement stations. 

4.4 PROBE SIMULATOR RESULTS 

The changes caused in the emissions concentration level of the input gas samples by 
the different sampling tube temperatures are shown in Table 3. The results shown in 

Table 3. Emissions Concentrations as Functions of Probe Simulator 
Sampling Tube Temperature and Input Gas Constituents 

Run Temp, NO, CO, CO2, CxHy, 
No. °K ppmv ppmv p e r c e n t  ppmc 

I I n p u t  518 6 0 95 3 . 2 7  
311 [ Not 

Measu red  422 
478 
533 
589 515 
644 449 
700 360 
828 308 
617 335 
533 428 
478 493 
422 510 
311 510 

I n p u t  402 10 

311 1 
422 
478 
533 401 
617 400 i 
700 400 ~I 
811 396 11 
867 385 22 
700 395 15 
589 401 10 
533 402 
478 
422 
367 
311 " 

2 . 5 1  

96 

95 
94 
95 
95 
96 
96 

98 

4 
99 

100 

99 
94 
97 
98 
99 

H2, 02 ,  
p e r c e n t  p e r c e n t  

2 . 9 6  
Not 

Measu red  

0 
Not  

Measu red  
i 

2 . 4  
Not 

Measu red  
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Table 3 indicate that NO is partially destroyed as sampling tube temperature increases 

above about 6 1 7 ~  when H 2 is present_and 02 is not present. The presence of 02 
inhibits the NO destruction mechanism for the tube temperature and gas mixes employed 

in this study. Measured CO concentrations are increased at sampling tube temperatures 
above about 617°K when H 2 and CO2are present; however, in the case of the highest 
concentration of 02 used (Run 5, 02 = 4.2 percent) the measured concentration level 
was decreased below the input level. While the concentration levels and the constituent 
gases used in this study may not be totally representative of all conditions to be found in 
different exhaust plumes, the results presented in Table 3 do indicate that emissions 
levels in gas samples can be altered by temperature changes of the probe wall. 

Table 3. Continued 

Run Temp, NO, CO, CO2, CxHy; 
No. °K ppmv ppmv p e r c e n t  ppmc 

3 4 . 5 2  I n p u t  245 693 
311 245 693 
422 240 726 
533 240 730 
700 206 736 
756 180 810 
811 165 908 
839 160 971 
700 162 870 
644 172 7 9 9  
589 185 760 
533 211 742 
478 230 734 
422 242 726 
311 242 726 

4 I n p u t  208 624 3 . 8 7  
311 2O8 6 2 4  ! 
422  2 0 6  630 1 478 210 615 
5 3 3  602 3 . 8 8  
644 573: 3 . 9 3  
700 521 3 . 9 0  
756 499 1 

; 811 208 502 
700 207 516 3 . 9 1  
589 208 544 3 . 9 3  
478 210 597 3 . 9 0  
422 ~ 599 | 

,r 311 599 

44 

30 

31 
31 
30 

H2, H 2 , 
p e r c e n t  p e r c e n t  

1 . 5 2  
Not 

Measured  

1 . 0 3  
Not 

Measu red  

0 
Not 

Measu red  

4 . 2 0  
Not 

Measu red  
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Table 3. Concluded 

Run Temp, NO, CO, CO2, 
No. °K ppmv ppmv p e r c e n t  

5 I n p u t  
311 
422 
478 
533 
644 
700 
756 
783 
811 
644 
589 
533 
478 
422 
311 

2O6 

J 
208 
2O6 
195 
175 
150 
140 
132 
138 
153 
175 
195 
2O6 
2O6 

627 
627 
624 
625 
623 
633 
660 
772 
872 
943 
740 
641 
624 
618 

l 

3 . 8 0  

I 

6 3 . 9 0  I n p u t  406 11 

422 
478 
533 400 13 
644 373 23 
700 340 58 
756 301 138 
828 262 281 
756 265 185 
644 290 80 
589 325 42 
533 370 22 
478 400 14 
422 410 12 
311 410 12 

, 
3.81 

CxHy, 
ppmc 

67 

J, 

61 

88 

H2, 02 ,  
p e r c e n t  p e r c e n t  

2.31 
Not  

M e a s u r e d  
I ! 

2 . 1 0  
Not  

M e a s u r e d  

0 
Not  

M e a s u r e d  

0 
Not  

M e a s u r e d  

5.0 SUMMARY 

Measurements of NO concentration by an optical in situ technique and sample probe 
measurements of NO and CO2 concentration in the exhaust of a turbine engine 
combustor were made at various axial positions downstream of the combustor nozzle 
exit. Also, measurements of the NO concentration in the exhaust were made with a 
low-pressure probe system and compared to values obtained with the conventional probe 
system. The combustor was operated at a fuel-to-air ratio of 0.02, inlet air temperatures 
of 505 and 589"K, and a total pressure of 345 kPa. A study was conducted to determine 
the effect of sampling tube temperature on the NO and CO contents in a gas sample 

representative of  a combustor exhaust gas sample. The results of these measurements 
show the following: 

1. NO concentrations measured by probe and optical techniques continue to 
show a difference. The centerline ratio of optical- to probe-measured NO 
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concentration varied from approximately four at the 6.5 nozzle diameter 
station to about two at the 25 nozzle diameter station. The present results 
do not indicate any static temperature regions within the exhaust plume 
(from ~- 300 to 950"10 wherein the probe and optical techniques agree. 

Integrating the local NO concentration to obtain values of the flux at 
several downstream stations also shows the optical measurements to be 
three to five times larger than the probe results. 

Low-pressure probe measurements of NO concentration did not differ 
from values obtained with an orifice-type probe. 

Probe simulator experiments showed that in the presence of H2, measured 
concentrations of NO decreased and CO increased as the probe tip 
temperature was increased. 
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NOMENCLATURE 

Area of jet exhaust plume 

Speed of sound 

Line-broadening parameter, = 1,200 (+200) p/Ta 

Ratio of mass of specie of interest to total mass of stream 

Rotational energy of the ground state, cm -1 

Fuel-to-air ratio 

Source radiation 

Intensity of the jth source line at center frequency v~ 

Doppler absorption coefficient of the i th absorption line at line 
frequency v~' 

Path length 

Increment of path length 

Mach number 

Mass flux 

Mass flux (fuel) 

NO number density 

Pascal, unit of measurement for pressure; 101.325 kPa = 1 atm = 14.7 psia 

Test section pressure 

Static pressure of exhaust stream 

Static pressure of secondary stream 

Static pressure 

Gas constant 

center 
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R n Exhaust jet nozzle radius 

r Radial distance from jet axis in the exhaust plume 

Si Rotational line strength factor (Honl-London factor) 

Ta Static temperature of exhaust stream 

"IT Total temperature of exhaust stream 

t Transmissivity 

tAo Transmissivity in a given interval AV of gas of path length ~, containing a 
density N 

u Velocity 

y Dummy variable of integration 

(Aa~)D Doppler width at 1/2 I~  of the j th  source  line 

(Asc'j.)D Doppler width at 1/2 ko~ of the jth absorption line 

p Frequency variable 

~v Frequency interval 

p Mass density of gas 

c0i Doppler frequency function for the i th line 

SUBSCRIPTS 

j jth line, Eq. (1) 

m Reference to mth zone 
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