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SECTION I 

INTRODUCTION AND SUMMARY 

Probe geometry effects on pollutant concentration measurements in 

a simplified gas turbine combustor are explored in tlus study. The 

combustor operating conditions are the same as those used by Tuttle 

et al. (1975) in a program which did not include probe geometry varia¬ 

tions. Tuttle et al. (1975) selected their operating conditions as 

being representative of a gas turbine running at a cruise condition. 

The reason for repeating Tuttle's flame in the present study is to 

determine the accuracy of reproducing Tuttle's results using Tuttle's 

probe. 

Four stainless steel water cooled probes, none employing aero¬ 

dynamic quench, have been constructed for this experiment. Three of 

the probes have blunt tips while a fourth has a more aerodynamic, 

tapered tip. Also, three probes (not the same three) have bodies 

well removed from their tips, while a fourth has a body and tip in 

close proximity. Finally, three probes are inserted through the win¬ 

dow holes along the side of the combustor, but a fourth probe is in¬ 

serted axially from a point farther downstream. These geometry varia¬ 

tions should be suitable for measuring the effect of tip shape, tip to 

body proximity and probe entry point on gas turbine pollutant concen¬ 

trations. More detailed descriptions and drawings of the probes are 

provided in the section entitled Experimental Apparatus. 
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llie results of this study basically show that the pollutant con¬ 

centrations reported by Tuttle et al. (1975) can be reproduced in 

varying degrees, depending on the pollutant. Carbon monoxide (CO) 

concentrations along with unbumed hydrocarbons (HC) show the most 

reproducible profiles, while nitric oxide (NO) and N0x (NO + N02) are 

less reproducible species. Examination of the pollutant profiles reveals 

that the minimum error in the reproduction of pollutant concentrations 

in a gas turbine combustor is 10¾. Though such an error would not be 

acceptable for turbulence measurements, it is suitable for a combustor 

liner design engineer. 

As for probe geometry variation, there is no detectable effect on 

pollutant concentrations of tip to body proximity or probe insertion 

point, within the scatter. This lack of effect can be explained in 

two ways. First, the constantly changing flame shape and flow pattern 

in a high intensity turbulent diffusion flame are accompanied by 

fluctuations in species concentration. These fluctuations show up as 

data scatter which erases these two probe geometry effects. Second, 

since the thin shear layer of the flowfield is typically characterized 

by large species concentration gradients, a minor uncertainity in probe 

tip position can again result in data scatter which wipes out any 

changes in pollutant concentration due to either tip-body proximity or 

probe insertion point. 

In contrast, probe tip geometry seems to have a measurable effect 

on pollutant concentrations. In particular, the tapered tip probe 

results in HC and CO concentrations which are consistently lower than 

those obtained using the other three probes. Also, the NO concentrations 



obtained from the tapered tip probe located 2.54 cm downstream of the 

flameholder are much higher than the NO concentrations from any other 

probe. Hiere seem to be two possible explanations for these differences. 

First, it is possible that the flowfield near the tapered tip is 

significantly different than the flowfield near the blunt tip, thus 

altering measured pollutant concentrations. Another possibility is that 

the uncooled probe tip prevents immediate quenching of reactions within 

the probe. This lack of quenching would explain the depressed levels 

of CO and HC and increased NO. 

It should be noted that the pollutant concentrations measured using 

the tapered tip probe cannot be judged as -right” or -wrong” merely 

because those concentrations differ from those obtained with other 

probes. One method of determining the accuracy of the results from all 

the probes involves in situ optical measurements. Laser methods such 

as coherent anti-Stokes Raman scattering could be used not only to 

verify the pollutant concentrations measured by the probes, but also to 

measure the change in pollutant concentration due to the presence 

(or absence) of a probe. 

The remainder o£ this report contains a literature review, a descrip¬ 

tion of the experimental apparatus, the results of this study and its 

conclusions. The Appendix contains the experimental results in tabular 

form. 
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SECTION II 

LITERATURI' REVIEW 

Many of the numerous studies pertaining to the quantitative meas¬ 

urement of pollutants in hydrocarbon-air flames have concei ted on 

the oxides of nitrogen. This attention to N0x (NO + î^) ^as been due 

in part to a desire to minimize engine exhaust concentrations of these 

oxides in order to control air pollution. Also, several early inves¬ 

tigators using sampling probes obtained conflicting experimental re 

suits, and these contradictions promoted further research. Finally, 

it has been assumed that the other two major pollutants (HC and CO) 

can be accurately sampled and measured, provided they are adequately 

quenched in the sampling probe. 

Previous to 1970, it was assumed that the NO2 contribution to N0X 

in flames was negligible due to consideration of the equilibrium con¬ 

stant for the reaction 2N0 + O2 ^ 21^2- LaPointe and Schultz (1971) 

sampled gases within a low pressure model gas turbine combustor using 

a water cooled probe with an orifice at the tip (for aerodynamic 

quenching) and found that in all but a few locations NO constituted at 

least 951 of the NO . A chemiluminescent analyzer was used in their 

work. 

Later, England et al. (1973) probed a methane fired furnace with 

both cooled and uncooled stainless steel probes. They found only small 

differences in measured NO between the two probes for equivalence 

ratios <J><.7. However, for <j.>.7 the water cooled probe yielded 
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substantially higher C>40%) amounts of NO than ad the uncooled probe. 

Their explanation was that the uncooled probe allowed the 2N5 ~ N2 - 0., 

reaction, while the cooled probe did not. That same year, Schefer et 

al. (1973) also examined the differences in measured NO and N02 in 

cooled and uncooled probes, all with aerodynamic quenching. TVio flames 

were studied: an opposed jet flame, and a turbulent diffusion flame. 

The oxides of nitrogen were detected using a chemiluminescent analyzer, 

whose catalyst for converting NO., to NO was molybdenum heated to 500°C. 

For the opposed jet flame, the NO readings for gases from the cooled 

probes were much lower than the readings of NO for gases from the un¬ 

cooled probes, even though the N0X readings from the two probes were 

the same. Their explanation was that the cooled probes prevented the 

catalyzed reaction N02 * NO * 0 in the probe. For the turbulent dif¬ 

fusion flame, differences in NO and N0X in the gases from the cooled 

and uncooled probes were insignificant. They reasoned that the un¬ 

cooled probes had not been heated sufficiently to allow the catalyzed 

reaction N32 -> NO + 0. They concluded that the N02 constituted as much 

as 801 of the N0X in the opposed jet flame. Even though Schefer et al. 

(1973) did examine the rich regions of the turbulent diffusion flame, 

they found no dependence of NO and N0X readings on whether or not the 

probes were cooled. Thus, their findings did not sristantiate those 

of England et al. (1973). Schefer et al. (1973) explained this incon¬ 

sistency by pointing out the fact that the probes of England et al. 

(1973) did not use aerodynamic quenching. 
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Tuttle, Shisler, and Mellor (1974) reviewed the N0/N02 contro¬ 

versy, and included detailed descriptions and comparisons of the 

chemiluminescent and non-dispersive ultraviolet analyzer (NDUV) tech¬ 

niques for detecting N07. They discussed chemiluminescent converter 

catalyst problems and made several recommendations concerning the 

conditions and check-out of the converter. Their conclusion, which 

was based in part on their own experimental work with cooled stainless 

steel probes and chemiluminescent and NDUV analyzers, was that the 

question as to whether NO^ is being formed or destroyed in the sampling 

lines could not be easily resolved. They allowed that the observation 

of NO., by some investigators and not by others could well be attri¬ 

buted to differing experimental techniques. 

Laurendeau (1975) showed that .1 msec were required to oxidize 

23¾ of the NO to N02 for a reacting mixture of oxygen and nitrogen at 

700°K and 5 atm. He observed that this time was short enough to allow 

formation of N02, particularly if an N0/0 mixture were rapidly quenched. 

He pointed out that this rapid quenching is the probable situation in 

a gas turbine combustor, where turbulence, bulk convection and recir¬ 

culation promote movement of radical species to cooler regions. Fur¬ 

thermore, Laurendeau opined that the interaction of cool primary air 

jets with hot recirculation zone gases offered the best conditions for 

NO- formation. Another reaction which would promote N0? formation is 
2 c 

NO + ID2 + N02 + OH. This reaction was ignored in previous kinetic 

models, and was not considered by Laurendeau (1975). 
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That same year, Allen (1975) studied NO and N0x above a premixed 

methane-air flame on a Botha-Spalding burner. Gases were withdrawn 

through an uncooled fine orifice silica probe and the products were 

analyzed using a chemiluminescence analyzer, a galvanic cell detector, 

and a Griess-Saltzman reagent. Allen (1975) found that the N0X in the 

visible flame zone appeared to be predominately N02, but he believed 

the N02 was generated in the probe rather than being present in the 

combustion zone. He explained that the contact of the sample gases 

with the probe wall caused the rapid quenching of NO and 0 m the sam¬ 

ple, promoting the reaction NO + 0 -► N02. Allen (1975) referred to 

the paper by Schefer et al. (1973) in which the NO from cooled probes 

in an opposed jet flame was much lower than the NO from uncooled probes. 

Allen disagreed with the authors, who concluded that the N02 was pres¬ 

ent in the flame and that the cooled probes were more accurate because 

they quenched the N02 NO + 0 reaction. Allen argued that the rapid 

quenching of the cooled probes caused N02 formation and that the re¬ 

sults from uncooled probes were probably more accurate. Allen did re¬ 

port that total N0x was unaffected by sampling method and was therefore 

probably conserved. 

Hilliard and Wheeler (1977) dealt with the catalyzed oxidation of 

ic oxide to nitrogen dioxide, especially concerning themselves with * nitric 

the catalytic effect of stainless steel, since it is commonly used in 

sampling probes. TTiey found that type 316 stainless steel strongly 

_—j 4-u„4. /-ViwMjiium in the stainless 



) 

' I 

steel «as the catalyst. Furthermore, they stated that the most rapid 

catalysis of M3 oxidation takes place near 600°C and noted that this 

temperature wa; quite close to the temperature of a chemiluminescent 

analyzer converter, whose purpose is to promote the opposite reaction. 

Hilliard and Wheeler (1977) suggested that chemiluminescent analyzer 

converters should use a molybdenum catalyst, which has been used by 

commercial instrumentation manufacturers to catalyze the t»2 » NO re 

action at 400°C. 

Benson and Samuelson (1977) found that N02 was reduced to 1« in 

316 stainless steel at temperatures exceeding 100°C in the presence of 

propylene, 200°C in the presence of ethylene, and 300 C in the presence 

of methane. Furthermore, they concluded that N0X is removed in 316 

stainless steel at temperatures exceeding 200°C in the presence of 

propylene and 300°C in the presence of ethylene. 

Attempting to summarize several previous studies, Kramlich and 

Malte (1978) asserted that the best current estimate is that N02 is 

capable of forming both within the conhustor and within the sample 

probe. They used both cooled and uncooled fine tipped quartz probes 

in a jet-stirred Longwell type reactor burning methane-air. They con¬ 

cluded, like Allen (1975), that the temperature quench of the cooled 

probes caused oxidation of NO to N02, when sampling from fuel-lean 

flames. 

It appears that the measurement of NO and N02 in flames is strong¬ 

ly dependent on flame type, local equivalence ratio, probe material. 

..... ■ ‘ 
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probe cooling, and analysis method. As Laurendeau (1975) points out, 

when relatively cold air impinges on a flame front, N02 will likely be 

formed. Kramlich and Malte (1978) assert that a flame without strong 

recirculation, large scale turbulence, and cold air jets is unlikely 

to form appreciable NC>2. Several investigators (for example, Tuttle 

et al., 1974) indicated the special problems of chemiluminescent ana¬ 

lyzer converters when the sampling zone is fuel rich. Stainless steel 

and quartz probes have been both lauded and criticized for their pos 

sible distortion of NO and/or N02, and there is an equal amount of 

disagreement as to whether cooling the probe is beneficial or detri 

mental to accuracy. However, several authors agreed (among them 

Allen (1975)) that total N0v is conserved in the probe provided the 
■A. 

sample is kept below 200°C. Finally, though chemiluminescence is the 

most widely used detection method because of its sensitivity to low 

levels of NO, other detectors, such as the NDUV, are not subject to 

uncertainties concerning catalytic effects as is the chemiluminescent 

analyzer converter. One problem in using the NDUV is calibration. 

Mixtures of N02 in N2 have a shelf life of less than six months because 

the N0? dissociates easily to form NO and 02. Chemiluminescent ana- 

lyzers do not have a calibration problem because the NO/N2 mixture 

with which they are calibrated is relatively stable. 

In closing, it should be mentioned that the accurate detection of 

HC and CO in flames almost certainly requires quenching and therefore 

a water-cooled probe. Though aerodynamic quenching has been used with 
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some success, it is not practical in a gas turbine combustor probe be¬ 

cause soot constantly clogs the orifice or nozzle. Furthermore, at 

least one investigator, Seery et al. (1977), has found that the fine 

orifice-sudden expansion method of quenching can lead to a standing 

shock wave at the orifice, meaning that instead of being cooled, the 

sample gases are actually being heated for a short time as they pass 

through the orifice. Use of stainless steel as the probe material is 

almost mandatory if the probe is to survive in the severe combustion 

environment for any length of time. The next section describes the 

gas turbine combustor and the four probes used in this study. 
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SECTION III 

EXPERIMENTAL APPARATUS 

A. Facility Description 

The experimental combustor for this study uses compressed air from 

a blowdown storage system. Maximum system pressure of 150 atm permits 

a maximum air flow rate of 4.5 kg/sec. Hie tunnel itself is actually 

composed of four sections, eich with a separate function. Section one 

is an inlet flow control valve, which is used in conjunction with an 

orifice type flowmeter. Downstream of this valve is the preheating 

combustor in which liquid propane is burned to preheat the inlet air 

from room temperature up to a maximum of 950°K. This slave burner con¬ 

tains a standard Allison T-56 combustor with a duplex pressure atomizer, 

and supplies heated, vitiated air to the test section. Between the 

preheating and test sections, air temperature is monitored with a 

thermocouple rake mounted across the duct. This rake is actually a 

stainless steel bar, in which eight chromel-alumel thermocouples are 

positioned to yield an area averaged estimate of the air temperature. 

Also between the preheating and test sections, a gas sampling rake is 

used to extract test section inlet air samples for gas analysis (see 

Figure 1). This figure also shows that the gas flow leaving the test 

section is turned 45°. The resulting elbow provides a convenient open¬ 

ing through which a gas sampling probe may be inserted. For this study, 

gas sampling probes have also been inserted through the window holes of 

the test section. Finally, the gas flow passes through a movable, 

11 
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conically shaped back pressure valve which maintains test section pres¬ 

sure as desired between one and ten atmospheres. These four sections 

allow any one of the basic combustor operating parameters (inlet temp¬ 

erature, pressure, air flow rate, overall equivalence ratio) to be 

varied independently of the others. Since these operating conditions 

are hand-controlled, their day to day variations are probably greater 

than they would be if they were automatically controlled. 

B. Test Section 

The test section housing is stainless steel pipe of inner diameter 

14.63 cm and wall thickness of 1.1 cm. Depicted in figure 2, five 

quartz windows are mounted 6.35 cm apart along the wall of the test 

section, allowing visual and physical access to the test section in¬ 

terior. Downstream of the windows, a reducing section is cooled by 

water in a cooling jacket, and near the end of the test section, water 

is injected into the gas flow to thermally protect the back pressure 

valve and muffler. 

The flameholder is a circular disc (11.43 cm diameter) mounted 

flush with the edge of the first window, and a fuel pressure atomizer 

is located in the center of the disc. The atomizer is a Delavan #35-90 

nozzle, meaning it is rated at 35 gal/hr (water) for an injection pres¬ 

sure of 125 psid and had a nominal spray angle of 90°. The diameter of 

the flameholder and the nozzle size and angle have been selected to 

duplicate the flame studied by Tuttle et al. (1975). A cross section 

of the test section showing the disc, nozzle and access windows is 

shown in figure 3. 
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Figure 3. Cross Section of Combustor Showing Sampling 
Locations and Shear Layer 



C. Gas Analysis System 

Gas samples extracted from either the test section or the inlet 

gas rake are channeled to the gas analysis system (see Figure 1). 

The stainless steel sample lines use thermostatically controlled re¬ 

sistive heat tapes to prevent water condensation, and a heated glass 

fiber filter removes carbon particulates. The sample stream is ana¬ 

lyzed on a continuous basis for concentrations of carbon monoxide, un¬ 

burned hydrocarbons, nitric oxide and nitrogen dioxide using a nondis- 

persive infrared analyzer (Beckman model 315A), a flame ionization de¬ 

tector (Beckman model 402) and a laboratory built chemiluminescent 

analyzer, respectively. Actually, the chemiluminescent analyzer 

equipped with a stainless steel N02 -*• NO converter allows monitoring 

of either NO or total N0x(N0 + N02). 

D. Probe Descriptions 

Four geometrically distinct probes were used in this study to 

measure the effects of probe tip and probe body variations on measured 

pollutant concentrations. All four probes consist of three concentric 

stainless steel tubes, 9.5 mm, 6.4 im, and 3.2 mm in diameter» respec¬ 

tively. The outer two tubes carry water to and from the probe tip, 

while the smallest tube carries sample gases. Probe outlet water tem¬ 

perature is monitored to insure rapid quenching. The hole in the probe 

tip is approximately the same diameter as the sampling tii>e. Though 

other investigators such as Sdiefer et al. (1973) have used aerodynamic 
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quenching, a fine orifice sampling hole is not used here to avoid the 

soot clogging problem as well as the possible complications due to a 

standing shock wave at the orifice. Thus, only the cool flowing water 

surrounding the sampling tube quenches reactions within the probe. 

Stainless steel probes are preferable to probes of other materials for 

durability reasons. 

Probe if 1 is the only one of the four which is inserted through 

the elbow downstream of the test section. By sliding this probe into 

or out of the elbow, the probe tip can be located at any axial position 

between the flameholder and the exhaust plane 29.2 cm downstream. The 

probe tip can also be located at any radial distance from the combustor 

centerline by rotating the probe body. Figure 4 shows how the probe 

tip and stem are parallel to but offset from the probe body to allow 

changes in the tip radial position through rotation of the probe body. 

The tip of this probe is blunt insuring adequate cooling (and therefore 

durability) of the tip material. 

Probes #2, #3, #4 all have 90° bends no more than 17.8 cm from 

their tips and are inserted through the window holes along the side of 

the test section. Probe If2 has a 17.8 cm stem length and, like probe 

111, a blunt tip. Because of the stem length, this probe can only be 

mounted in the 4th or 5th window holes, meaning that the tip may only 

be located at two axial positions: 2.54 cm and 8.89 cm downstream of 

the flameholder. Radial position of probes #2, #3, If4 may be varied 

by moving the probe body into or out of the window hole. Thus, the 
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probe tips may be located at any radial distance from the centerline. 

Figure 5 compares the possible tip radial positions for probe #1 and 

probes #2, #3, #4. To reiterate, all four probe tips may be located 

at any radial distance from the center line, but the tip of probe #1 

does not trace out the same path as the tips of probes #2, #3, #4. The 

stem length of probe #2 has been chosen to allow the probe tip to be 

located more than fifteen diameters upstream of the probe body. Thus, 

it is likely that this side entry probe body has a negligible effect 

on pollutant concentrations measured with probe #2. 

Probe #3 is like probe #2 except that its stem length is only 5.08 

cm. Because of the short stem, probe #3 can be inserted into windows 

#2, #3, #4, or #5, meaning that the probe tip can be located at four 

different axial positions: 2.54 cm, 8.89 cm, 15.24 cm, and 24.13 cm 

downstream of the flameholder. To duplicate the probe #2 tip positions, 

probe #3 is only inserted into windows #2 or #3. The short stem length 

of probe #3 means that the probe tip is less than six diameters up¬ 

stream of the side entry probe body, and thus, probe #3 has been de¬ 

signed to measure the effect of tip to body proximity on pollutant con¬ 

centrations . 

Probe #4 is like probe #2 except that is has a tapered tip. Again, 

since its stem length is 17.8 cm, it can only be inserted through win¬ 

dows #4 or #5. The tapered tip is difficult to cool, but it may dis¬ 

turb the surrounding flowfield less than the blunt tip used on the 

other three probes. This assumption of decreased flow disturbance 
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SUPPORT STRUT 

Figure 5. View inside combustor looking upstream and showing 
sampling points for side mounted and elbow mounted probes 
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dépends on the assumption that the flow direction is parallel to the 

probe stem. The flow direction assumption is probably true at the 8.89 

cm axial sampling location, but may not be true at the 2.54 cm sampling 

location because of the flow recirculation near the flameholder. Thus, 

probe #4 has been designed to measure the effect of tip geometry on 

pollutant concentrations. Figures 6 and 7 show the differences in 

stem length and tip design for probes #2, #3, #4. 

As for uncertainties regarding tip location, probes #2, #3, #4 are 

much less subject to these inaccuracies than is probe #1. Because the 

side entry probes are always mounted in the center of a fixed window 

hole, the uncertainty in the axial position of their tips is negligible. 

Radially, these side entry probes can be positioned to an accuracy of 

±.3 cm. Unlike the side entry probes, probe #1 can be located at any 

axial distance from the flameholder, but its radial position is more 

subject to error than the side entry probes. This positioning error 

is due to the fact that the support point of the probe is located far 

from the tip, causing considerable flexing of the probe and constant 

fluctuations of the probe tip during combustor operation. In fact, 

fluctuations as large as ±1 cm have occasionally been observed when the 

tip is close to the flameholder. These fluctuations are not seen with 

the side entry probes because the probe tips are fairly close to the 

probe support points. 
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E. Run Conditions 

As mentioned earlier, the present work is concerned with the same 

flame examined by Tuttle et al. (1975). Tuttle selected his operating 

conditions as being representative of a combustor operating at a cruise 

condition. Thus, the operating conditions for this study (and for the 

study by Tuttle et al. (1975)) are: pressure = 5 atmospheres, inlet 

temperature = 500°K, air flow rate = 1.5 kg/sec, overall equivalence 

ratio = 0.2, and the fuel is liquid propane. The two axial sampling 

locations have been selected as being representative of conditions 

within the recirculation zone (2.54 cm downstream) and outside of this 

zone (8.89 cm downstream). The section which follows includes graphs 

and discussions of the radial pollutant profiles for both axial sampling 

locations. 



SECTION IV 

RESULTS 

Results of this study are displayed in figures 8 through 15. These 

graphs show the variation of pollutant concentration with radial distance 

from the centerline of the combustor. Figures 8 through 11 pertain to 

sampling locations 2.54 cm downstream of the disc and figures 12 through 

15 apply to tip positions 8.89 cm downstream. The data from each probe 

are graphed using a distinct symbol and the data fro1” Tuttle et al. (1975) 

using probe #1 are included for comparison purposes. Superimposed on each 

of the pollutant profiles is a probe tip drawing which is in scale with 

the distances on the horizontal axis. This drawing is a reminder that 

spatial resolution is limited by probe diameter. There is little point in 

measuring pollutant concentrations at sampling points less than 0.5 cm apart 

when the probe diameter is nearly 1.0 cm. 

Figures 8 and 12 show the variation of CO concentration with radial 

distance. Except near the outer edge of the CO profile at 2.54 cm, scatter 

is minimal. Especially noticeable is the agreement among the blunt tipped 

probes and the depressed CO concentrations obtained with the tapered tip 

probe. As expected, the scatter in the shear layer (r = 5.7 cm) is more 

pronounced due to the already mentioned uncertainity in probe tip position. 

The plot for 8.89 cm also shows good agreement among the four probes, but 

the scatter is most pronounced at r = 3.2 cm indicating that the shear layer 

is located there. The cross section of the combustor in figure 3 shows 

the two axial probe positions as well as the approximate shape of the 
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Figure 13. HC Concentration Profile at 8.89 cm 
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shear layer enclosing the recirculation zone. As shown, the recircula¬ 

tion zone extends one disc diameter downstream of the flameholder. 

Figures 9 and 13 contain HC concentrations at the two axial 

sampling locations. IWo comments should be made concerning these graphs. 

First, the lack of scatter at the 2.54 cm axial sampling location is 

deceptive because the hydrocarbon analyzer used in this study has been 

calibrated such that it becomes saturated for HC readings above 42,200 

ppm. Thus, except for the data from Tuttle et al. (1975), all data 

above 40,000 ppm do not truly reflect the amount of HC present at that 

sampling location. Tuttle et al. (1975) calibrated their hydrocaAon 

analyzer to saturate at a level of 50,000 ppm, which indicates that 

Tuttle's data at 50,000 ppm are low. No similar analyzer saturation 

occurred with any of the other three pollutant species. 

Second, during the early stages of this study, probe #1 was used 

to analyze pollutant concentrations in the quadrant above the centerline 

of the combustor. However, the resultant pollutant concentration pro¬ 

files agreed poorly with those of Tuttle et al. (1975). It was later 

discovered that Tuttle had probed the quadrant below the centerline. 

Thus, probe #1 was reinserted to analyze the same lower quadrant, and 

it is that second probing with probe #1 which is shown in the pollutant 

profiles. Species concentrations measured by probe #1 in the upper 

quadrant are presented in Tables A-9 through A-12. Comparing the tabu¬ 

lated profiles for the upper and lower quadrants indicates that the 

shear layer is located approximately 3.8 cm from the centerline in the 

upper quadrant, and 5.7 cm from the centerline in the lower quadrant. 

Differing pollutant profiles from the two quadrants may reflect a 
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flowfield asymmetry which might be attributable to the temperature rake 

traversing the upper quadrant immediately upstream of the disc. The 

reason that no probe #1 data from the present study are presented in 

the HC plots is that the hydrocarbon analyzer was not functioning at 

the time of the second probing. Note in the HC and CO plots for 

X = 8.89 cm that the readings from the tapered tip probe are well below 

the readings from the other probes. These depressed readings are be¬ 

lieved to be a tip effect and two possible explanations are given in 

the Introduction and Summary section. 

Figures 10 and 14 present a change of NO concentration with 

radial distance. Again note that the radial location of the greatest 

scatter seems to correspond to the shear layer location. In the NO 

profile for x = 2.54 cm, the greatest scatter occurs for r = 5.7 cm 

and in the profile for x = 8.89 cm, the scatter seems most severe at 

r = 3.2 cm. Also note that near the center and outer edges of the up¬ 

stream profile (r = 0 and r = 6.35 cm) the NO concentrations are below 

10 ppm. Since the vitiated inlet air has NO concentrations of approxi¬ 

mately 8 ppm, the day to day variation of NO in the inlet air could be 

largely responsible for scatter at those radial positions. 

Though the probe #1 NO concentration profiles from che present study 

are at most radial positions below the NO levels measured using the 

other probes, this effect is attributed to soot. Because probe #1 is 

at least three years old while the other probes are new, probe #1 probably 

contains more soot than the new ones. Possibly, the excess soot in 

the older probe is responsible for converting NO to 1^. Another explana¬ 

tion is that the relatively clean stainless steel walls of the newer 

probes act as catalysts for the NO2 -*• NO reaction. In either case, total 

NO appears to be conserved because there is no disparity between the 
A. 
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new and old probe measurements of NO^. Both the NO and NO^ results arc 

to be expected in light of the N0-N02 discussion in the literature review 

section. 

The NO profiles are shown in figures 11 and 15. Recall that a 

stainless steel catalytic converter will not convert N02 to NO in the 

presence of large amounts of hydrocarbons. Thus, no N0x data are 

presented for most radial positions when the probe tips are located 2.54 cm 

downstream of the disc. The data which are available for that axial 

location again show that the most severe scatter is in the shear layer. 

The NO plot for x = 8.89 cm repeats the shear layer scatter of the 
X 

previous pollutant profiles. Nonetheless, the agreement of N0x concen¬ 

trations from the four probes is good, as is the agreement with the 

results of Tuttle et al. (1975). A comparison of the NO and N0x profiles 

reveals that the apparent percentage of N0x in the form of nitric 

oxide varies between 35¾ and 90¾. 

To put the radial profiles into perspective, the fact that they 

pertain to sampling locations in or near the recirculation zone should 

be emphasized. Sampling points near the regions of large concentration 

gradients were purposely selected to rigorously test the effect of tip 

j shape, probe entry point, and tip to body proximity. Tuttle et al. (1975) 

showed that pollutant measurement repeatability is much better at the 

exhaust plane than at sampling locations very close to the flameholder 

i (see figure 16). If the sampling points had been located near the 

combustor exhaust plane (where concentration gradients are small and 

temperature is relatively low) differences in the pollutant levels 

measured with these four probes would be greatly reduced. 
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A brief study of probe quench rate indicates that cooling water 

flowrate variation has a negligible effect on measured pollutant con¬ 

centrations. During most of this probe comparison study, probe water 

flowrate is unrestricted by the cooling water valve, meaning that the 

valve is fully open. Probe water outlet temperature is monitored, but 

not controlled. Normally the probe outlet water temperature for 

probe #1 is approximately 330°K with a nearly constant inlet temperature 

of 297°K. When studying the effect of probe water flowrate variation, 

the control valve is closed until the temperature of the outlet water is 

just below the boiling point (= 370°K). Further reduction in the cooling 

water flows results in pure steam exiting the probe and this situation 

is avoided because of possible probe damage. Changes in pollutant concen¬ 

trations due to probe water flowrate variation are either nonexistent 

or so small that they are lost in the data scatter. 

Similarly, a variation of sample gas flowrate has no measurable 

effect on pollutant levels. Normally, the pollutant gas leaving the 

probe passes through a valve which is fully open and then enters a 

"Tee" ‘in the sample line. One outlet of this Tee is a bypass line 

which is used to dump excess sample gas. The other outlet leg is the 

sample line leading to the gas analysis instruments, and pressure in this 

second leg is usually maintained at 9 psig by opening or closing a valve 

in the bypass line. To vary the sample gas flowrate, the bypass valve is 

completely closed and the valve at the probe exit is closed until pressure 

in the sample line leading to the instruments is again 9 psig. This 

reduction in sample gas flowrate results in no detectable change in 

pollutant concentrations. 
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One final note concerning the use of the side mounted probes 

involves the rather small radius, 90° bend in each of these probes. 

Because of this bend, the three side entry probes are more susceptible 

to soot clogging than is the elbow mounted probe. Cleaning probe #1 is 

no problem using acetone and a 1/16 inch flexible brass rod. However, 

this rod will not negotiate the sharp bend of the side entry probes. 

Though cleaning probes #2, #3, H can still be accomplished by inserting 

the brass rod in both ends of the probe, the small radius bend makes 

the cleaning more difficult. Conclusions based on the results just 

discussed are the subject of the next section. 
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SECTION V 

CONCLUSIONS 

Four geometrically distinct, stainless steel probes, all water 

cooled, but not employing an aerodynamic quench, have been used to 

measure the pollutant levels within a simplified gas turbine combustor. 

Several radial positions at 2.54 cm and 8.89 cm downstream of the disc 

flameholder have been probed, and concentrations of CO, HC, NO, and N0X 

have been measured. 

Probe tip to body proximity and probe entry point have been found 

to have an imperceptible effect on these pollutant levels, within the 

data scatter. In contrast, probe tip geometry markedly affects the 

measurement of three of these pollutants. The tapered tip probe produces 

depressed HC and CO concentrations and elevated NO concentrations com¬ 

pared to the pollutant levels measured with the blunt tipped probes. 

Whether these altered pollutant concentrations are due to tip shape or 

tip temperature (the blunt tip is more effectively water-cooled than the 

tapered tip) has not been determined. 

Regarding reproducibility, the results of this study have been 

compared with those from a similar study of the same flame by Tuttle 

et al. (1975). CO and HC have the most reproducible radial profiles and 

NO and N0X are slightly less repeatable. The error involved with the 

reproduction of the pollutant concentrations in a high intensity, turbulent 

diffusion flame is not less than 10%. 
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APPENDIX 

POLLUTANT CONCENTRATION DATA 

The tables included in the Appendix contain the numerical values 

of the pollutant concentrations of CO, HC, NO and N0x versus radial 

distance from the combustor centerline. Tables A-l through A-8 con¬ 

tain the pollutant concentrations which are plotted in Figures 4-1 

through 4-8. Tables A-9 through A-12 are unplotted pollutant levels 

from probe #1 sampling in the upper quadrant of the combustor (see 

discussion in Experimental Apparatus section). These final four tables 

are included for future reference only. A blank space in any Appendix 

table indicates the lack of pollutant concentration availability owing 

to either instrument malfunction or the incapability of measuring a 

pollutant concentration at the radial position. Every HC reading of 

42,200 ppm indicates hydrocarbon analyzer saturation, meaning that the 

actual HC concentration at that radial position is greater than 42,200 ppm. 

The data from Tables A-l and A-5 were taken on 13, 18, 19, 21, 

September, 1978; Tables A-2 and A-6: 31, August and 1, 7, 25, 26, 28, 

September, 1978; Tables A-3 and A-7: 14, 15, 16, November, 1978; Tables 

A-4 and A-8: 21, 22, December, 1978; Tables A-9 and A-10: 24, 28, 29, 

August, 1978; and Tables A-ll and A-12: 20, 21, 22, November, 1978. 

Pollutant levels for the vitiated air entering the test combustor 

were checked several times and found to average to the following values: 

7.7 ppm NO; 11.4 ppm NOx; 100 ppm HC; and 51.5 ppm CO. 
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TABLE A-l 

AXIAL DISTANCE FROM FLAMEHOLDER = 2.54 cm, PROBE #3 

Radial Distance 
from Centerline (cm) 

6.03 

5.40 

CO (ppm) HC (ppm) NO (ppm) 

4.76 

4.13 

3.49 

2.86 

2.22 

1.59 

0.32 

3620 
3770 
3170 

33,100 
30.400 
33,100 

68,600 
70.400 
70,400 

72,300 
68,600 
68,600 

68,600 
70,400 
70.400 

63.400 
65,100 
65,100 

62,600 
62,600 
63,400 

60,000 
60,000 
60,000 

31.800 
18,000 
22.800 

10,100 
9720 
8880 

39,300 
38,900 
39,300 

>42,200 
>42,200 
>42,200 

>42,200 
>42,200 
>42,200 

>42,200 
>42,200 
>42,200 

> 42,200 
> 42,200 
> 42,200 

> 42,200 
> 42,200 
> 42,200 

> 42,200 
> 42,200 
> 42,200 

> 42,200 
> 42,200 
> 42,200 

2.5 
4.3 
8.1 

17.3 
10.7 
9.8 

23.4 
25.1 
26.8 

38.0 
38.0 
38.0 

30.3 
32.9 
32.0 

38.0 
36.9 
39.1 

25.1 
25.1 
25.1 

25.7 
25.7 
26.8 

4.4 
2.1 
4.4 

NOx (ppm) 

8.1 
11.6 
19.9 

49.3 
40.7 
44.1 
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TABLE A-2 

AXIAL DISTANCE FROM FLAMEHDLDER =2.54 cm, PROBE #2 

Probe Radial 
Position (cm) CO (ppm) HC (ppm) NO (ppm) N0x (ppm) 

6.03 1300 37,200 4.3 
1000 32,100 6.2 
800 26,200 5.8 

10.6 

9.5 

5.40 15,700 26,200 5.4 
9400 16,100 6.0 

11,500 15,200 9.1 

19.0 
19.8 
19.4 

4.76 61,700 >42,200 22.3 
61,700 >42,200 22.3 
50,400 >42,200 22.3 

4.13 68,600 
70.400 

3.49 65,100 
63.400 
65,100 

2.86 63,400 
61,700 
62,600 

>42,200 31.0 
>42,200 29.9 

>42,200 30.9 
>42,200 29.8 
>42,200 29.8 

'>42,200 27.6 
>42,200 27.6 
>42,200 24.3 

2.22 60,000 
60,000 
60,000 

1.59 56,800 
56,800 
55,200 

0.95 50,400 
52,000 
52,000 

0.32 20,300 
24,000 
34,500 

>42,200 25.4 
>42,200 25.4 
>42,200 22.1 

>42,200 15.8 
>42,200 17.9 
>42,200 17.0 

>42,200 12.3 
>42,200 13.1 
>42,200 13.1 

>42,200 2.7 
>42,200 3.6 
>42,200 6.7 

-5.08 61,700 >42,200 17.9 
116,850 27,465 5.0 
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AXIAL DISTANCE FROM 

Probe Radial 
Position (cm) CO (ppm) 

5.40 35,900 
38,600 

33.100 

4.76 35,600 
40.100 

40,100 

4.13 44,400 
43,000 

43,000 

3.49 43,000 
45,900 

45,900 

2.86 47,400 
45,900 

47,400 

1.27 47,400 
47,400 

47,400 

TABLE A-3 

FLAMEHOLDER 

HC (ppm) 

35,900 

33,800 

33,800 

40,100 

41,400 

41,400 

>42,200 

>42,200 

>42,200 

>42,200 

>42,200 

>42,200 

>42,200 

>42,200 

>42,200 

>42,200 

>42,200 

>42,200 

2.54 cm, PROBE #4 

NO (ppm) 

48.4 

50.6 

51.7 

47.8 

47.8 

45.6 

41.7 

39.5 

37.3 

32.5 

32.5 

30.3 

26.2 

26.2 

24.0 

N0x (ppm) 

68.3 

79.4 

13.9 

11.7 

13.9 
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TABLE A-4 

AXIAL DISTANCE FRCM FLAT-IEHDLDER = 2.54 cm, PROBE #1 (LOWER QUADRANT) 

Probe Radial 
Position (cm) CO (ppm) HC (ppm) NO (ppm) N0x (ppm) 

5.71 1200 

1100 
2.3 10.3 

2.3 10.3 

4.83 23,000 

23,000 

1.3 24.0 

1.3 20.0 

4.75 51,000 1.8 

4.57 67,000 

66,000 

15.5 

15.5 

3.94 63,000 

63,000 

13.8 

14.0 

2.67 63,000 

63,000 

10.6 
10.5 

1.59 62,000 

60,500 

60,500 

6.3 

6.7 

6.7 
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TABLE A-5 

AXIAL DISTANCE FROM FLAMEHOLDER = 8.89 cm, PROBE #2 

Probe Radial 
Position (cm) 

6.67 

6.03 

5.40 

4.76 

4.13 

3.49 

2.86 

1.59 

.32 

CO (ppm) 

2500 
1600 
1900 
1600 

2400 
2000 
1400 

4400 
4400 
4300 

6300 
7500 
6800 
5200 

14,000 
14,000 
13.200 

19.200 
17.400 
19,200 

29,100 
29,100 
30.400 

40,000 
38,600 
40,000 

40,000 
40,000 
40,000 

HC (ppm) 

4000 
3200 
3500 
3400 

3600 
3400 
3200 

4100 
4000 
4000 

4900 
5100 
5000 
3700 

12,700 
10,600 
10,100 

35,900 
29,600 
33,400 

>42,200 
>42,200 
>42,200 

>42,200 
>42,200 
>42,200 

>42,200 
>42,200 
>42,200 

NO (ppm) 

2.5 
2.0 
1.7 
1.7 

2.1 
1.6 
1.1 

7.1 
5.5 
5.1 

21.0 
11.4 
12.7 
12.5 

26.8 
27.1 
29.6 

40.1 
34.2 
32.3 

36.3 
38.2 
38.2 

21.0 
21.0 
21.4 

9.6 
9.0 
8.8 

N0x(ppm) 

11.0 
13.9 
14.1 
14.1 

18.4 
18.4 
16.0 

30.3 
29.4 
29.4 

48.7 
41.6 
44.4 
42.5 

60.2 
62.1 
60.2 

64.0 
62.0 
62.0 
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TABLE A-6 

AXIAL 

Probe Radial 
Position (cm) 

6.03 

5.40 

4.75 

4.13 

3.49 

2.86 

2.22 

0.95 

0.32 

DISTANCE FROM FLAMEHOLDER = 8.89 cm, PROBE #3 

CO (ppm) HC (ppm) NO (ppm) NO (ppm) 

2000 
2000 
2100 

3800 
3500 
3000 

6500 
5600 
5600 

12,600 
11.300 

9500 

16,100 
15.600 
14,000 

27,200 
24.600 
21.600 

23,400 
25.300 
21,600 

31,800 
33,100 
33,100 

3000 
3400 
3300 

3600 
3500 
3200 

3400 
3500 
3400 

8500 
7600 
5600 

16,100 
15,200 
13,500 

>42,200 
>42,200 
>42,200 

>42,200 
>42,200 
>42,200 

>42,200 
>42,200 
>42,200 

3.1 
2.7 
4.7 

8.4 
10.3 
7.8 

17.6 
12.3 
13.1 

43.2 
40.1 
39.1 

43.9 
43.9 
41.9 

47.3 
48.3 
48.3 

41.9 
44.8 
47.8 

26.3 
29.3 
30.2 

14.8 
18.0 
17.8 

20.6 
29.8 
31.9 

44.8 
42.9 
41.9 

64.7 
64.7 
62.7 

75.0 
71.1 
73.1 

70.9 
72.9 
75.1 

73.1 
71.1 
77.0 

35,900 >42,200 22.4 
37,200 >42,200 21.5 
37,200 >42,200 24.4 

47 



TABLE A-7 

AXIAL DISTANCE FROM FLAMEHOLDER 

Probe Radial 
Position (cm) CO (ppm) HC (ppm) 

5.40 3300 3000 
3200 3000 

2700 3400 

4.76 4700 3000 

4700 2900 

3600 2700 

4.13 6600 3800 

6960 4000 

6300 3800 

3.49 7100 3400 

6500 3200 

6300 3400 

2.86 9900 6800 
10,600 5900 

8800 5900 

1.27 18,000 12,700 
15,700 12,700 

16,900 14,800 

8.89 cm, PROBE #4 

NO (ppm) 

10.7 

11.7 

9.7 

22.6 
24.7 

24.7 

32.7 

33.7 

32.7 

39.4 

39.4 

41.5 

45.7 

43.7 

45.7 

45.7 

46.6 

45.7 

N0x (ppm) 

33.7 

33.7 

34.7 

43.6 

47.8 

45.7 

56.7 

55.7 

54.7 

64.5 

60.3 

60.3 

65.8 

63.7 

63.8 

70.8 

68.7 

70.8 
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TABLE A-8 

AXIAL DISTANCE FROM FLAMEHOLDER = 8.89 en, PROBE #1 (LOWER QUADRANT) 

Probe Radial 
Position (cm) 

5.71 

4.83 

4.75 

4.57 

3.94 

CO (ppm) 

2?00 
2300 

4000 

4000 

5800 

5600 

5600 

21,900 

21,900 

HC (ppm) NO (ppm) 

2.2 
2.1 

5.8 

5.8 

8.5 

12.2 
12.3 

35.0 

27.0 

N0x (ppm) 

12.9 

16.0 

28.8 

28.8 

35.0 

35.0 

37.5 

68.0 
62.0 

2.67 46,100 - 27.0 

44,600   28.8 

1.59 50,800 - 14.6 

49,200   16.7 

49,200   16.1 



TABLE A-9 

AXIAL DISTANCE FROM FLAMEHOLDER = 2.54 cm, PROBE #1 (UPPER QUADRANT) 

Probe Radial 
Position (cm) CO (ppm) HC (ppm) NO (ppm) NO (ppm) 

A 

5.71 200 1300 7.7 
100 1200 7.5 

4.44 

3.17 

1.90 

1.27 

0.63 

500 1500 
400 1400 
500 1600 
500 1600 
500 1700 

6.8 
6.9 

60,000 >42,200 
56,000 >42,200 
55,200 >42,200 

40.9 
43.0 
38.8 

66,900 >42,200 38.8 
65,100 >42,200 38.8 

.66,900 >42,200 36.7 

62,000 >42,200 
62,000 >42,200 
62,000 >42,200 

28.3 
30.3 
31.2 

60,000 >42,200 
63,400 >42,200 

10.1 
10.6 
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AXIAL DISTANCE 

Probo Radial 
Position (cm) 

5.71 

4.44 

3.17 

1.90 

1.27 

0.63 

TABLE A-10 

FROM FLAMEHOLDER = 8.89 cm, PROBE #1 (UPPER 

CO (ppm) 

700 
700 

1100 
1100 
1000 

1600 
1700 
1600 
1300 
1300 

3400 
2500 
2400 

11,400 
12.500 
13.500 

17,800 
21,200 
19.500 

38,600 
41.500 

UC (ppm) 

1900 
1800 
2300 
2100 
2000 

1100 
1400 
1400 
1400 
1500 

1400 
1500 
1300 

27,000 
28,700 
31,300 

>42,200 
>42,200 
>42,200 

>42,200 
>42,200 

N0 (ppm) 

7.8 
6.8 

15.7 
13.8 

34.6 
53.4 
49.3 

61.9 
64.0 
61.9 

59.5 
51.7 
55.6 

30.3 
24.5 

QUADRANT) 

N0x (ppm) 

9.9 
11.3 

25.5 
22.5 

59.8 
64.0 
59.8 

80.8 
89.2 
95.5 

79.0 
67.3 

106.2 
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AXIAL DISTANCE 

Probe Radial 
Position (cm) 

5.71 

4.44 

3.17 

2.54 

1.90 

0.63 

TABLE A-11 

FROH FLAMEHOLDER = 2.54 cm, PROBE #1 (UPPER QUADRANT) 

CO (ppm) 

200 
100 
100 

600 
500 
600 

41,100 
41,100 
43.400 

45,900 
45.900 
48.900 

55,200 
56,800 
58.400 

53,600 
52,000 
52,000 

HC (ppm) 

1400 
1200 
1300 

1800 
1600 
1600 

41,800 
41,800 
41,800 

>42,200 
>42,200 
>42,200 

>42,200 
>42,200 
>42,200 

>42,200 
>42,200 
>42,200 

N0 (ppm) 

3.1 
3.3 
3.3 

1.9 
2.1 
1.9 

42.4 
44.5 
42.4 

41.2 
39.0 
34.7 

34.0 
35.9 
33.8 

23.7 
25.9 
21.5 

NO (ppm) 
A 

5.7 
8.4 
8.6 

9.3 
9.0 
9.5 

46.6 
53.1 
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AXIAL DISTANCE 

Probe Radial 
Position (cm) 

5.71 

4.44 

3.17 

2.54 

1.90 

0.63 

TABLE A-12 

FROM FLAMEHOLDER = 8.89 cm, PROBE #1 (UPPER QUADRANT) 

CO (ppm) 

900 

900 

900 

1300 

1300 

1200 

2300 

2900 

2900 

3000 

2200 
2500 

6000 

7000 

8300 

HC (ppm) 

1700 

1800 

1700 

1400 

1400 

1300 

900 

1200 
1100 

1100 
800 

900 

4600 

5100 

5500 

NO (ppm) 

1.6 
0.8 
0.8 

1.9 

2.5 

2.7 

25.2 

27.4 

31.6 

50.0 

54.4 

52.2 

50.9 

53.1 

53.1 

NOx (ppm) 

9.9 

9.3 

9.9 

17.5 

19.4 

19.0 

42.4 

46.6 

44.5 

63.1 

65.3 

61.0 

65.9 

65.9 

65.9 

25,300 22,800 

24,000 20,300 

24,000 16,900 

50.0 67.5 

50.0 67.5 

50.0 69.7 
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