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ABSTRACT

Volume II gives a complete discussion of the procedure used to select
the test burners. Included also are detailed flame characterizations of
base-line operations assembled from in-the-flame temperature, gas species,
and flow direction data analysis. Similar in-the-flame studies were made
for control conditions which minimized emissions for each burner type. All

raw data collected from the input-output trials are also included.

A companion publication, Volume I of this final report gives a detailed
presentation and analysis of trials conducted with natural gas to determine
the relationship between combustion aerodynamics and pollution emission
characteristics of industrial burners. Three types of burners were studied
(kiln, ported baffle, and movable-vane boiler) based on their relative gas
load and estimated total industrial emissions. Experimental measurements
carried out on a pilot-scale furnace included a baseline characterization of
each burner and variation of primary operating parameters (air preheat,
air/fuel ratio, firing rate, heat-release rate, position of gas nozzle in
burner block, and air swirl intensity). Additional emissions data were
gathered for suspected control conditions ( fuel injector design, flue gas
recirculation, fuel/air momentum ratio, and burner block angle). This
volume also contains a detailed description of the experimental facility and

sampling probes used to collect the data.
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BURNER SELECTION

METHODOLOGY OF ANALYSIS

In order to select three distinctly different type of burners to be investi-
gated, a classification system was developed which would categorize a
burner type by its combustion and heat-release characteristics. The
relative gas loads for each of these burner types were determined from
gas consumption statistics by industrial process and by an assessment of
the dominant burner type used for each process. The assessment of the
predominant burner type by industrial process came from industrial burner
manufacturers, The gas load statistics by industrial process were available
in American Gas Association publications and from nonproprietary gas

supply and utilization studies conducted by IGT.

Obtaining relative NOx emission rates by burner type was extremely
difficult because of the lack of published data over the broad range of indus-
tries covered, Therefore, each of the industrial processes was assigned
into one of three categories of NOx emission levels. It was assumed that the
high emission processes emitted 0. 5 1b/million Btu; intermediate emission
processes, 0. 251b/million Btu; and low erhission processes, only 0.05 1b
of NOx/million Btu of fuel consumed. Obviously, very few processes and
burner types produce exactly the quantity of NOx of the group into which
they were placed. However, for the purposes of this program evaluation,
this method provides a sufficiently good relative measure of the contribution

of each burner type to the national NOx emission problem.

Each industrial processes and burner type was placed in the appropriate
category based on available literature data or based on our expertise in the
area of NOx emissions developed by the field testing of burners and the
testing of scaled industrial burners in our laboratory. This latter method
was coupled with our knowledge of the firing rate, heat-release pattern,
percent excess air, and average temperature of the industrial process. We
therefore have data on the total gas load/yr and on the NO_ emission rate in

1b/million Btu for each type of burner.



DISCUSSION

Burner Classification

The first step in this program was to classify burners by combustion
characteristics. Product information from several of the manufacturers was
consulted for the combustion-heat release characteristics. We determined
that all burners could be grouped into one of seven classifications: 1) nozzle
mix, nozzle premix, premix; 2) register; 3) flat flame (high intensity);

4) delayed mixing; 5) non-premix gas momentum controlled; 6) non-premix
swirl; and 7) other, which includes burners of very specialized applications,

such as those used in blast stoves.

Premix Burners — In the premixing type of gas burner, the primary air and

gas are mixed at some point upstream from the burner ports. The mixing

can be accomplished by use of an inspirator mixer, an aspirator mixer, or
a fan mixer., When premixers are used, the burner serves only as a flame
holder, maintaining the flame in the desired location. The cool burner port

is used to stabilize the flame.

Nozzle-Mixing Burners — The nozzle-mixing gas burner keeps the gas and

combustion air separated within the burner itself. The nozzle orifices are
designed so as to provide rapid mixking of the fluids as they leave the burner.
This burner type can supply gas through the center nozzle and air through

an annular orifice around it, or supply air through the center.

Delayed-Mixing Burners — The delayed-mixing burner, usually used for

radiant tube firing, injects low-velocity, nonturbulent parallel and adjacent
air and gas streams into the combustion chamber. This provides a low
mixing rate, which results in a long flame, because mixing occurs only
along the interface between the parallel gas and air streams. If the burner
is arranged so as to inject a central core of gas completely surrounded by
an annular air stream, the combustion which occurs at the air-gas interface
will radiate heat to the gas stream, causing it to crack (gaseous hydro-
carbons being reduced to free carbon and hydrogen) and produce luminous

carbon particles.



Radiant tubes are made of expensive alloys or ceramic materials, so it
is important that no part of the tube is damaged by overheating; however, it
is also important that every inch of their length be utilized to fullest advan-
tage. This requires that the flame within the tube must release its heat at a
uniformly high rate throughout the tube length. A delayed mixing flame
accomplishes most of this requirement, except that it is rather slow in getting
started. To avoid a wasteful cool section at the burner end of the tube, a
partial premix is incorporated into the burner. This produces a flue flame

for about the first foot of the tube length, until the luminous flame develops.

Flat- Flame Burners — When penetration of the flame and hot combustion

gases is not desired, a flat-flame may be used. The radial-flame burner

is a nozzle mixing type which injects the gas at a very small axial velocity,
and the combustion air has a maximum tangential velocity component. The
air flow thus adheres stably to the divergent burner block. A radial flame
is produced which heats its own refractory tile and the refractory surface of
the surrounding furnace wall or roof by convection. These hot refractory

surfaces then radiate heat to the furnace load,

Swirl Burners — The non-premix swirl burner combustion characteristics

can be varied from that of a nozzle-mixing to a delayed-mixing type of
burner by varying the velocity components of the combustion air. The gas
is injected along the axis of the burner, with the combustion air introduced
through an annular orifice around it. The velocity of the air is composed of

an axial and a tangential component.

Register Burners — The register burner is typically used in boilers, with

the air entering through a register of guide vanes, which allows a variation
in the magnitude of the axial and tangential velocity components. The gas is
introduced either through a gun or ring nozzle. In the gun nozzle, there is
a pipe which is concentric with the axis of the burner. The end of the pipe
is plugged, and radial holes are drilled near the end to allow the gas to have
a diverging velocity component. The ring nozzle is shaped like a donut with
holes drilled on the inside edge of the ring. Therefore, the gas will have a

converging radial velocity component.



The relative gas loads of each burner type are determined from gas
consumption statistics ( Table 1) by industrial process and by an assess-
ment of the predominant burner type used for each industrial process. In
some processes, more than one burner type may be used; in these cases,
an additional breakdown of burner types used in any one industrial process
was determined by rationing the number of each burner type sold for that
process. The number of burners, by type, for a particular application
was made available by the manufacturers. The gas load statistics by indus-
trial process, as presented in Table 1, were gathered from publications of
the American Gas Association and partly from non-proprietary gas supply

and utilization studies conducted by IGT.

NOX Emissions Classification

The data relating NO_ emission rates to burner types or industrial
processes are relatively sparse. Therefore, to evaluate NO_ emissions by
burner type, a relative NO_ emission rate had to be developed. From
literature and the experimental work completed under EPA Contract No.
68-02-0216, we are able to make accurate estimates of the emissions from
flat-flame, utility boilers and non-premix swirl burners, This, coupled
with our experience in field testing gas-momentum-controlled non-premix
burners, helped in making estimates for pollution emissions from industrial
processes for which no data had been published. Because of the difficulty in
obtaining absolute numbers, the NOX emissions in lb/million Btu have been
ranked into three relative categories: low, = 0. 05 lb/million Btu; inter -
mediate, = 0. 25 lb/million Btu; and high, = 0. 5 1b/million Btu.

Industrial Processes and Relative NOX Emissions

The list of industrial processes included in Table 1 represents over 65%
of the total industrial gas consumption in 1971. The remaining 35% was
almost all used as feedstock. This listing also represents industries which
consumed over 63% of the total U. S. energy for the same year. Each of
the remaining industries consumed less than 1. 3% of the total U.S. energy,
with the exception of motor vehicles, which used 1. 96%; however, this latter

category is not applicable to our program.



Table 1. NATIONAL NATURAL GAS CONSUMPTION AND NOx DATA BY PROCESS AND BURNER TYPE

Burner Type

Nozzle Mix : Non-premix
Nozzle Premix Flat Flame Burner Type, Gas Momentum
Premix Register (High Intensity) Delayed Mix Controlled Swirl Other. NOx, Total Nox,
Industrial Process 10'? Btu/yr— 1b/10% Btut _10% 1b/yr

Ironmaking

Pelletizing -- - - -- -- 20.3 - 0.25 5.1

Coke Oven Not natural gas

Blast Furnace (injection) Not applicable 37.4 High# -

Blast Air Stoves -- - -- -- - -- 18.0 0.25 4.5

Direct Reduction Not applicable 19,2 0. 05 1.0

Sintering -- -- -- -- - - 3.1 0. 05 0.2
Steelmaking

Basic Oxygen Furnace Not applicable 15.8 0.50 7.9

Open Hearth -- -- -- -- 47. 6 -- - 0.50 23.8

Electric Arc Not applicable e — - -

Scrap Preheat Not available -

Ladle Heating . 3.6 - . -- -- - - -- 0. 05 0.2

Soaking Pits -- -- -- ~- -- 49,2 -- 0.25 12.3

Slab, Bloom, and Billet Heaters -- -- == ~- -- 150.0 -- 0.50 75.0

Annealing -- -- i7.0 17. 0 -- -- -- 0. 05 1.7

Hardening 2.5 .- -- 2.5 -- -- -- 0.25 1.3

Carbon Control -- -- -- 2.0 -- -- -- 0. 05 0.1

Boilers -- 260. -- ~- -- -- -- 0.50 130.0
Foundriea

Cupolas -- - - -- - - 47,0 0.25 il.8

Electric Melting Not applicable

Ladle Heating Nil

Mold Heating Nil

Heat Treating 8.1 -- - 2.7 - L - 0.20 2.2

Space Heating Not applicable
Forging

Forging and Annealing 121.5 -- 40.5 - -- -~ -- 0.20 32.4

Boilers Not applicable +

Space Heating Not applicable
Finishing

Plating Nil

Galvanizing 5.9 -- 4.0 -- -- -- -- 0. 05 0.4
Glassmaking ;

Melting -- -- - - 225.0 -- -- 0.5 112.5

Annealing Lehrs 21.0 -- -- -- -- -- -- 0. 05 1.1
Cement

Drying and Calcination -- == -- -- 480, 0 -- - 0.5 240.0
Lime

Calcination -- - -~ -- 33.3 -- - 0.5 16.7



Table 1, Cont. NATIONAL NATURAL GAS CONSUMPTION AND Nox DATA BY PROCESS AND BURNER TYPE

Burner Type

Non-premix

Nozzle Mix

Nozzle Premix Flat Flame Burner Type, Gas Momentum
Premix Register (High Intensity) Delayed Mix Controlled Swirl Other NOx. Total NOx,
Industrial Process 10'* Btu/yr 1b/10% Btu® 10° Ib/yr
Ceramics
Bricks 63.9 -- -- -- -- -- -- 0.25 16.0
Paper
Pulping and Papermaking -- 349, 8 -~ -- -- ~- -- 0.5 174.9
Aluminum
Drying -- -~ -- .- 81.9 -- -- 0.50 41,0
Reduction —~ Not applicable
Primary and Secondary Melting 16, 8 -- -~ - -- -~ -- 0.50 8.4
Reheat 12.0 -- - -- - -- -- 0.25 3.0
Copper and Brass
Roasting 1.5 -- .- -- -- -- .- 0.25 0.4
Smelting -- -- -- -- 27.9* -- -- 0.25 7.0
Refining -- -- - -- 0.6 -- -- 0.25 0.2
Melting Cathodes 6.1 -- -- - -- -~ -- 0. 25 1.5
Secondary Melting 2.0 -- - - -- -- - 0.25 0.5
Reheating 1.5 -- - -- -- -- - 0.25 0.4
Lead
Sintering 1.1 -- - - .- - -- 0.05 0.1
Roasting 0.6 -- -- -- -- -- -- 0.25 0.2
Blast Furnace Not applicable
Refining 3.7 -- -- -- -- -~ - 0.25 0.9
Zinc
Roasting 0.7 - -- “- -- -- -- 0. 05 --
Sintering 0.3 -- - - .- _— .- 0. 05 -
Blast Furnace Not applicable
Smelting 14. 4 -- -- -- -- -- -- 0.25 3.6
Refining 2.4 -- -- .- -- -- - 0.25 0.6
Food -- 34. 6 - -- -- -- -~ 0.5 17.3
Chemical
Boilers -- 487.0 - -- -- -- -- 0.5 243.5
Feedstock Not applicable
Electrolysis Not applicable
Process Heat 49, 6 - 16.4 -- -- -- - 0. 05 3.3
Petroleum
Process Heat 225.0 -- 75.0 -- - -- -- 0. 05 15.0
Boilers -- 439.0 -- - -- -~ -- 0.50 219.5
Textiles -~ 60. 0 -- -- -- -- -- 0.5 30.0
Rubber - 23.1 -- -—- -- -- -~ 0.5 11.6
Plastic -- 8.9 -- -- -- -- -- 0.5 4.5
Total Gas Consumption 564.2 1662.4 152. 9 24.2 896. 3 219.5 139,9 -- --
Total NO,, 10® 1b/yr 84,3 831.2 7.6 1.4 441, 0 92.4 11.9 -- --
* . 7 T . e
Older installations use an inspirated burner which is gas momentum controlled; however, newer facilities have
been installing large nozzle-mixing burners similar to those used in aluminum melters.
t . ~ ~
NO, Categories: Low, =0.05 1b/10° Btu; Intermediate, ~0,25 1b/10% Btu; High, =0.5 1b/10° Btu.
+

Total process emissions are high,
air.

However,

T emissions are primarily caused by the injection of hot blast
The contribution from hydrocarbon injection is very small,



CONCLUSIONS

The results of this evaluation are the identification of the predominate
burner type associated with each of the many fuel-consuming industrial
processes, a relative measure of the total national NOX emissions by
burner type, and the selection of three burners for study in this program

based on the highest national NOx emission levels.

There are eight burner types identified by combustion characteristics.
These are shown in Table 2, along with the total national ( estimated) NOx
emission levels established by this study, The three burners selected for
further experimental study are the 1) register burner, 2) the non-premix
gas-momentum-controlled burner, and 3) the non-premix swirl burner.
These burners contribute significantly more NO_ to the national environ-
ment than any of the others shown. The nozzle mix, nozzle premix, and
fuel premix burners were grouped together because they are very often
used interchangeably by industry and therefore are difficult to evaluate

separately in terms of their NO_ emissions.

The last category in Table 2, shown as other, " is made up of many
burner types, usually of a very specialized design or application. Any one

of these burners contributes very little NO_.

The three burners selected for further study may be more easily
recognized by their trade descriptions and applications. The register
burner is the typical design used on utility power boilers and large indus-
trial boilers. The non-premix gas-momentum-controlled burner is more
commonly called a kiln burner and is used in open hearth steel furnaces,
glass melting, cement kilns, lime kilns, aluminum ore drying, and non-
ferrous smelting furnaces. The non-premix swirl burner is sometimes
called a ''"baffle' burner or 'large capacity' burner. It is the typical design
used in steel soaking pits, steel reheat furnaces, and other material heating

processes requiring temperatures up to about 2500°F.



Table 2. BASIC BURNER TYPES AND
NATIONAL NOK EMISSION LEVELS

NO, Emissions,

Burner Type 106 1b/yr
Nozzle Mix 84.3
Nozzle Premix
Full Premix
Register Burner 831. 2%
Flat Flame ' 7.6
Delayed Mixing 1.4
Non-Premix Gas Momentum 441, 0*
Controlled
Non-Prefnix Swirl 92, 4%
Other 11.9

Burners selected for further study in this research
program.



IN-THE-FLAME ANALYSIS

Detailed in-the-flame data were collected for baseline and NO control
operating conditions. These data are to aid in quantitative modeling of
large-~-scale turbulent diffusion flames and provide a qualitative guide in
understanding how control techniques reduce NO levels. The measurements

included gas species concentrations, temperature and flow direction.

Each data set is presented in a format similar to the baseline operating
conditions of the kiln burner. Table 3 lists the furnace conditions at which
in-the-flame probing data were collected. This table contains a data iden-
tification header, the gas input (SCFH), the furnace wall temperature
(Deg. C), the secondary combustion air preheat temperature (Deg. C),
the percentage of flue gas recirculation, and a gas sample analysis taken
in the flue for the listed furnace conditions. Listed next are concentration
limits to be used for the ordinates of each gas species to be mapped. Iso-
concentration plots of NO and NO, and an isothermal plot are standard
printout items. The concentrations and temperatures for which these

profiles will be drawn are listed next.

The raw data collected as a function of axial sampling position are listed
in Tables 4 through 8. The radial position (cm) where the data were
collected is listed first, followed by the gas species for which the sample
~was analyzed. Because of the time invclved in using the chromatograph to
analyze gas samples ( approximately 45 minutes), only selected samples are
analyzed for all the chemical components listed in the tables. Samples which
have not been analyzed for a certain component have a question mark ( ?)
listed for the concentration of that component. The criterion for a chromato-
graphic analysis of a gas sample is based on the carbon monoxide concentration.
If the concentration measured by a nondispersive infrared analyzed is greater
than 0. 5%, then a chromatographic analysis is made. If the concentration
is less than 0. 5%, the gas sample is only analyzed for oxygen, carbon

monoxide, carbon dioxide, methane, nitric oxide, and nitrogen dioxide.
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Table 3. KILN BURNER IN-THE-FLAME SAMPLING CONDITIONS

WITHOUT FLUE GAS RECIRCULATION

KILN BURNER ~ COMBINATION NOZZLE

NUMBER OF SETS OF DATA = S.
MINIMUM GRID VALUE OF AVERAGE TEMPERATURE
MAXIMUM GRID VALUE OF AVERAGE TEMPERATURE

500, DEG.C
1700. DEG.C

POSITION OF OUTSIDE EDGES OF BURNER BLOCK

MINIMUM POSITION = =18, CM

MAXIMUM POSITION = 18. CMm
GAS INPUT» AXIAL 876, CF/HR RADIAL 1830, CF/HR
WALL TEMPERATURE 1362. DEG.C
PREHEAT TEMPERATURE 460. DEG.C

FLUE GAS RECIRCULATION 0,0 %

GAS SAMPLE ANALYSIS IN THE FLUE

NITROGEN OXIOE 265.0 PPM
NITROGEN DIOXIDE 36,0 PPM
OXYGEN 31 »
CARBON DIOXIDE 10,0 %

CARBON MONOKX]IDE «0365 %

LIMITS FOR CONCENTRATION PLOTS

LOWER LIMIT OF NO = 0. PPM UPPER LIMIT = 300, PPM
LOWER LIMIT OF NO2 = 0. PPM UPPER LIMIT = 50. PPM
LOWER LIMIT OF 02 = 0o % UPPER LIMIT = 21le %
LOWER LIMIT OF CH4 = O % UPPER LIMIT = 29. %
LOWER LIMIT OF CO2 = 0e % UPPER LIMIT = 11« &

ISOCONCENTRATION VALUES
OBTAIN VALUE OF RADTIAL POSITION AT NO PPM CONCENTRATION 100.
OBTAIN VALUE OF RADIAL POSITION AT NO2 PPM CONCENTRATION 10,

JULY 3141974

150,
20,

200,
30.

250,
“0.

275,
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RADIAL

POSITION ®

CM

=60,
-48.
~36,
-30.
-27.
26,
~18.
-1S.
-12.
=9,
L.
=3
0.
3.
6
12.
18,
20.
24,
36,

S5
Se7
6ot
6.8
8.2

1.Q

LIRS A

19,9
19.7
20.2
19,2
12.2
1l.1
12.8
11,9
10.8
18,9
19,5
20,4
19,9

4.1

b 20 B I B JES RER RN IS IR |

784+6
6042
553
S6e7
60+%

w0

Table 4. KILN BURNER IN-THE-FLAME SAMPLING DATA AT

NO2
PPM

coz
®

85
8.6
8.‘.
8.1
7.8

10.2

co
®

«0064]
« 0040
«0040
«0038
«00346
-0028
<0021
«0021
«0019
20200
15000
243000
¢5000
«9000
47000
« 0056
0020
«0016
«0010
« 0040

AN AXIAL POSITION OF 5.1 cm

H2
%

[N g
LI )

U e
W) WW NS E U R )l ) ) W

CH&
%

) A =
—OomoEN

WAV AW WDR SO W WUV} NN

C2H2 C2H6 (C3H6 C3HB

C2H4
%

Lo RGOV ICO I B IES BES B I B ]

KILN RURNER = COMBINATION NOZZLF

%

—

NNV AV UNOWB = QN VDAY DN

JULY 3141974

%

DO
e e

N O
e o
WNNV VO L OO WA R RN ) ) ) =)

%

W)= OND NN DN D

AXTAL POSITION =

TFMPERATURE DEG.C

AVG.

1328,
1325,
1321,
1270.
1256,
1072,
60S,
581.
276,
646,
1216.
1072,
82s5.
1084,
1437,
721,
664,
656,
778,
1364,

MAX,

1332.
1334,
1328,
1311.
1291,
1109,
609.
59?.
600,
721,
1357,
1127.
834,
1166,
1484,
791,
709,
768,
936,

1374,

TMAX=TAVG

112,
158,
10,

S.1 CM
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Table 5, KILN BURNER IN-THE-FLAME SAMPLING DATA AT
AN AXIAL POSITION OF 26.0 cm

KILN BURNER - COMBINATION NOZZLE JULY 3141974

AXJAL POSITION = 76,0 CM

RADIAL 02 N2 NO NO2 CO2 co H2 CH4 C2HZ2 C2H&6 <C3H6 C3HB TEMPERATURE DEG+C

POSITION % % PPM PPM % % % % C2H4 % % % eeesssrssscesccerscescoe-

CM . % AVG. MAX , TMAX=TAVG
«60, Be4 ? 250, 22 Te2 40024 -2 ? ? ? ? ? 1291, 1339, 48,
«50, 9.1 ? 225+ 1lR.e 6.9 +0023 ? ? ? ? ? ? 1273. 1336, 63,
=45, 9.3 ? 230, 16s 6.8 40021 ? ? ? ? ? ? 1221. 1302. 8l.
40, 107 ? 190, 13+ Se.8 40015 ? 7 ? ? ? ? 1183, 1291. 108.
=30, 1443 ? 140 B8e 36 40011 ? 7 ? ? ? ? 994, 1144, 150.
'20. lgol ? 35. ?o 08 -0008 ? ? ? ? ? ? 728. 933. 205.
-10, 15.5 79.9 48, 16, 2e6 «+6000 5 2 ol 6 000 0,0 1306. 1“05' 99,
=S. 6t 64,0 1le 3S. 3.5 5.0000 6.4 11,2 1.2 S 1.2 6 1232, 1295, 63,
0, 13.7 563 6. 13. 1e2 204000 3.1 21.3 7 9 0,0 b 945, 1022, 17,
Se 6ol 6346 10, 30. 3.2 5.,2000 Te7 12.3 1.3 5 0,0 el 1441, 1463, 22,
10. 116 7849 85, SNe &e9 147000 1.5 9 5 0.0 0.0 0.0 1300, 1429. 129,
20, 15.9 ? 75. 13« 440 40015 ? ? ? ? ? ? 1008, 1191, 183,
25, 1649 7?7 112¢ 1Se¢ 4o4 40021 ? ? ? ? ? ? 1102, 1284, 182.
30, 13.5 7?7 150. 21¢ Se3 L0025 ? ? ? ? ? ? 1188, 1292. 104,
40, 10.1 ? 200, 23¢ 649 ,0025 ? ? ? ? ? ? 1331. 135S. 244
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Table 6. KILN BURNER IN-THE-FLAME SAMPLING DATA AT
AN AXIAL POSITION OF 57. 2 cm

KILN BURNER = COMBINATION NOZZLE JULY 3141974
AXIAL POSITION = S7.2 CM

RADIAL 02 N2 NO NO2 CO02 co He CH4 C2HZ2 C2H6 C3He C3HA JEMPFRATURE DEGWC
POSITION % % PPM PPM % % % % C2H& % % % crcetcentercscesscresee
(o] . . % AVG. MAX e TMAX=TAVG
«60, 9.5 ? 235, 24+ Te0 0022 ? ? ? ? ? ? 1325. 1383, 58,
=56, 9.1 ? 215, 23« T2 0027 ? ? ? ? ? ? 13185, 1382. 67.
4B, 9.6 B84.1 195, 20 643 +0043 0.0 0.0 0,0 0,0 0,0 0.0 12170, 1373, 103,
*36. 11.2 ? 155. 1Se Se7 «0051) ? ? ? ? ? ? 1213, 1301, 8n,
=244 13.4 ? 160, 12¢ 4¢3 0098 ? ? ? ? ? ? 1253, 1377. 124,
18 ii.8 Blebd 170, iBe Sed 5300 3 3 0e0 ol 0.0 .0 1383, 1S17. 128,
=12, 447 B8le6 180, 33s 5.7 2.6000 3.2 3 el 1.8 0.0 0,0 1520, 1586, 66,
'llo 36 - 7801 168, 31. 6¢6 64,2000 5.1 1.2 3 lel 0.0 G.G 1563, 1544, 4‘-
=10, 37 79¢5 157 29« 644 4.,1000 Se0 1.0 3 0.0 0,0 0.0 1473, 1526, 53,
9, 2.2 75¢7 130. 27+ 640 $5.9000 Te6 2.0 6 0,0 0.0 0,0 1414, 1465, St.
*8a 2.0 685 60. r-& &S T.6000 10.2 Se2 1.3 0.0 o7 0,0 1294, 1329, 3S.
-3, k PY 63,7 30e 246 36 T41000 10.5 9,0 1.7 2 o6 2 1223, 1282. 59,
[+ IS 4.0 62.9 20, 244 341 6.6000 10,0 10,4 7107 «3 o7 3 1282, 1312, 30.
3. 3.1 6445 25. 25¢ 348 7.2000 10,3 8.1 1.6 2 .9 3 1429, 1488, 59,
6o 1.9 69,1 70. 22¢ Sel 7.0000 11.6 4,1 lel .l 0,0 0.0 1507, 15813, 16,
9e 244 778 138, 22¢ 645 4¢9000 6.3 1.6 S 0,0 0.0 0,0 1539, 1593, S4,
12. S.9 8le8 155, 22. 7.0 2.1000 2.5 . o1 0,0 0,0 0,0 1457, 1516, 59,
15, 8.8 83.2 175. 18¢ 648 7000 ol o 0.0 0,0 0,0 0,0 1344, 1433, 89,
20, 9.8 83s9 160. 19¢ 663 0444 0.0 0.0 0.0 0.0 0.0 0,0 1288, 1386, 98,
26. 10.4 ? 150. 18. 662 2004) ? ? ? ? ? ? 1273, 1370, 97.
28, 10.0 7 143, 18. 64 4001} ? ? ? ? ? ? 1331, 1397. 66,
1. 9.5 ? 144, 200 6.7 .0024 ? ? ? ? ? 7 1328, 1382, S4,
3S. 8.3 ? 160. 20¢ T¢3 ,0025 ? ? ? ? ? ?  13e2s. 1391. 66,
38. Teb ? 158, 19¢ 7.8 ,0031 ? ? ? ? ? ? 1361, 1393, 32.
40. 7.1 ? 153, 23, 7.9 0028 ? ? ? ? ? ? 1331. 1372, 46,
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Table 7. KILN BURNER IN-THE-FLAME SAMPLING DATA AT
AN AXIAL POSITION OF 146.1 cm

KILN BURNER = COMBINATION NO2ZLF JULY 3141974
AXTAL POSITION = l46,1 Cm

RADIAL 02 N2 NO NO2 CO02 co H2 CH4 C2H2 C2H€ C3H6 C3HB TIEMPERATURE_ DEG.C.
POSITION % % PPM PPM % % % % C2H4 % % * cecsecscercrrrescercccans
CM % AVG. MAX . TMAX=-TAVG
«60. 4.8 ?° 220, 49, 9.1 L0191 ? ? ? ? ? ? 1481, 1506, 25,
‘550 5.1 ? 215- 48, 8.8 00311 ? ? ? ? ? ? l“.’?. 1508. 31.
=50, 445 ? 233, 47. 9¢3 0488 ? ? ? ? ? ? 1477, 1514, 37.
=4S, 49 ? 228, 44e. 9.1 41000 ? ? ? ? ? ? 1498, 1531. 33.
=35, 46 ? 240, 44e 9.0 43000 ? ? ? ? ? ? 1539, 1578, 39.
=25 2e2 84.7 230, 4le 9¢3 2.,3000 1.5 0.0 0.0 0.0 0,0 0.0 1577. 1641, 64,
=208, 1.6 ?7 255+ 34. 8.7 3.3000 ? 3 ? ? ? ? 15%2. 1635, 43,
15, 6 8063 230, 2Rs Teb6 55,6000 S.l 7 el 0,0 0.0 0,0 1572. 1629, 57.
=10, S 75.5 180. 24 Te0 6.6000 9.7 1.} ol 0.0 0.0 0.0 1553, 1636, B3,
0. 6 757 180, 20. 649 7.0000 8,7 1.0 el 0.0 0.0 0,0 1s72. 1625, S3.
Se. 1.3 78.5 210, 26s T8 5,4000 6.2 7 ol 0.0 0.0 0.0 1597, 1641}, 44,
10. 206 B0s6 240. 31le 8.4 3.6000 4,0 o8 0.0 0.0 0,0 0.0 1591. 1649, 58,
1s. 4,0 8443 200, 29. 845 1.6000 1.6 0.0 0,0 0.0 0.0 0.0 1562. 1633, T1.
20. 6.2 8447 205, 33. 79 ,6000 6 0.0 0.0 0.0 0.0 0,0 1520, 1602, 82.
23, 6e7 7 202. 34¢ Te8 L4000 ? ? ? ? ? ? - l448, 1509. 6l.
26, 7.5 ? 188. 37. 7.8 ,2000 ? ? ? ? ? ? 1429, 1500. 71,
30. Tel ? 180s 39. 748 L0576 ? ? ? ? ? ? 1399, 1456, S7.
36. Te6 ? 173, 34. Te4 L0280 ? ? ? ? ? ? 1389, 1433, 44,
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RADIAL
POSITION
c™

=60,
=50,
~40.
«30,
=20,
«10.
0.
i0.
20.
2S5
30.
35,
40.

K Py
3.0
249
2.7
2.7
2.7
3.1
3.2
.2
k Py
3.3

3.6

3.6

(RPN FEPE PR P PR PR RE SRR RN

Table 8.

NO
PPM

285,
267.
27S.
276,
28l.
283,
288,
276.

294,

276,
281.
253,
258,

NO2
PPM

47.
Lébe
L8
48,
40,
40,
40,
33.
38.
36.
33.
37.
17

coz2
%

9.8
10.0
9.9
10.1
10.0

9.9

9.8
S8
9.6
9.9
9.8
9.7
9.7

KILN BURNER IN-THE-FLAME SAMPLING DATA AT

AN AXIAL POSITION OF 385.4 cm

KILN BURNER - COMBINATION NOZZLE

co
%

«1000
+2000

04000
2000
+4000
«3000
«3000
010060
14000
« 0585
20540
00649
«067S

H2
%

NN A ) )W) )N W) W)

CH
%

&

W) W) W) W) ) W)W NN

JULY 3191974

AXIAL POSITION =

C2Mz C2HE C3H6 CJIHB TEMPERATURF DEG.C
C2Ha % % % erescecccesrecesccacncccee
% ' AVG, MAX . TMAX=-TAVG
? ? ? ? 1567, 1592, 25,
? ? ? ? 1572. 1608, 36,
? 2 2 ? 1602, 1602, 0.
? ? ? ? 1587. 1604, 17,
? ? ? ? 1597, 1612, 15.
? ? ? ? 1587, 1602. 15.
? ? ? ? 1577, 1608, 3l.
? ? ? ? 1557, 1601. 44,
? 2 ? ? 1568, 1580. 2.
? ? ? ? 1534, 1548. 14,
? ? ? ? 1534, 1558. 24,
? ? ? ? 1516, 1544, 28,
? ? ? ? 1516. 154S5. 29,

385,4 CMm



Listed next in the tables are the measured temperature. We wanted to
use a fast-response thermocouple for temperature measurements, because
we believe that the key to determining the location of pollutant formation in
the flame may be directly related, not to the highest time-averaged tempera-
ture, but to the highest instantaneous temperature, which may have a
duration of only a few milliseconds. In order to decrease the response time
of our temperature probe to 1 millisecond, we must electronically compensate
our thermocouple. Although we have been experimenting with electronic
compensators, we have only been able to increase the response time by a
factor of 10. Further improvements have been difficult because of the
interference caused by stray high-frequency signals. This problem can be
overcome, but not without additional design work., We used subminiature
thermocouples during data collection on the kiln burner. The lifetime of
the couple was less than 3 minutes, making continuous data collection
impossible., Thus, we returned to using a shielded suction pyrometer
identical to the one used in EPA Contract No. 650/2-73-033a and described

in Volume I of this report.

Figures 1 through 34 present plots of nitric oxide, nitrogen dioxide,
oxygen, methane, carbon dioxide, composite gases, temperature, and flow
direction versus radial position. In these figures, the two dotted parailel
lines perpendicular to the abscissa represent space projections of the

burner-block edges into the furnace chamber.

Figures 35, 36, and 37 are isothermal and isoconcentration plots of the
data presented in the preceding tables. These figures were prepared as a
useful tool in visualizing flame development patterns and to permit a com-

parison of flame and emission profiles for different burner and flame types.
KILN BURNER

In-the-flame probings for the kiln burner were conducted with two
different operating conditions. The baseline flame data were collected with
a fuel/air momentum ratio similar to that found in industry. Control-case
data were gathered from a flame whose NO flue emission level had been re-
duced by 61% with a 12% by total volume addition of flue products to the
secondary combustion air. Both of these flames displayed a Type I directional

flow profile.

16
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KILN BURNER « COMBINATION NOZZLE JULY 3141974

RADIAL POSITION=-CM VS, PPM NO IN GAS SAMPLE AXIAL POSITION = S.1 CM

300,00
294,423
288,46
282,69
276.92
271.15
265,238
259,62

253.85 —»
248,08
262,31
236,54
230.77
225,00
219.23
213,646
207.69
201.92
196415
190.38
184.62
178.85
173.08
167.31
161,54
155.77
150,00
144,23
138446
132,69
126492
121.15
115.38
109.62
103.85
98.08
92.31
86,54
80,77
75.00
69.23
63,46
57.69
51.92
46.15
40,38
34062
28.85
23.08
17.31
11,54
Se77
«00

IR EEEEEENFEEEEEE e E e R R N I R R SRR S IR N T R R

Y I W B A B SR N N IR A IR N R SR AR N I N A )

.
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] L] 1] [ L] L] . * . L]

~60,000 «50.000 =60,000 =30.000 «20,000 10,000 0,000 10,000 20,000 30.000 40.000

Figure 1.

Combination kiln burner nozzle — radial profile of NO at an axial position of 5.1 cm
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50,00
49,04
48,08
«7.12
46,15
45.19
44,23
“3.27
42.31
“1.35
40038
39,42
38,46
37,50
36,54
35,58
34.62
33,65
32.69
31.73
30,77
29.81
28,85
27.88
26.92
25,96
25,00
24,06
23.08
22,12
21415
20.19
19.23
18.27
17431
16,35
15.38
16,62
13,46
12,50
11,54
10.58
9.62
8465
7469
6,73
5.77
4.8‘
3,85
2.88
l'92
«96
«00

KILN BURNFR =~ COMBINATION NOZZLE JULY 3101974

RADJAL POSITION=CM VS, PPM NO2 IN GAS SAMPLE AXIAL POSITION = 5.1 C™m
0 0 .
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Figure 2.

Combination kiln burner nozzle — radial profile of NO, at an axial position of 5.1 cm
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KILN BURNER =« COMBINATION NOZZLE JULY 31,1974
RADIAL POSITION~CM VS, % 02 IN GAS SAMPLE AXTAL POSITION = S.1 C™m

21.00 .
N

20.60
-

-

20,19
19.79
19.38
18.98
18-58
18.17
17.77
17.37
16.96
16.56
16,15
15.75
15.35
16,96
164,54
14413
13.73
13.33
12.92
12.52
12412

1.7

11431
10.90
10,50
10.10
9.69
9.29
8458
8.48 /
s.oa

.
7.67
7.27
6.87 4

6.46 LS
6.06 /
1Y -1 Tk S
5.25
4,85
G406
4,06
3.63°
3,23
2.83
2.42
2.02
1.62
1.21
«81
40
00

N

- ®
*

\.J \.

O T E I B AR B SR IR AR 2 IR B B A IR I B B R I R

+ . ] . * [) ’ . ) ] [}
-60.000 -50.000 «40.000 ~30.000 «20,000 «10,000 0,000 10,000 20,000 0,000 40,000

Figure 3. Combination kiln burner nozzle — radial profile of O, at an axial position of 5.1 cm
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KILN RURNER =~ COMBINATION NOZZLE JULY 31,1974

RADIAL POSITION=CM VS, %  CH4 IN GAS SAMPLE AXIAL POSITION = 5.1 CM
29.00
28444
ET788
27.33
26077
26421
25465
25.10
24.54
23.98
23,42
22.87
22.31
2179
21419
20463
20.08
19.52
18.96
18.40
17.85
17.29
1673
16.17
15.62
15.06
1450
13.96
13.38
12.83
12.27
11.71
11,15
10.60
10,04
9.48
e.92
8,37
7.81
7.25
6469
6.13
5,58
S.02
446
3.90
3,35
279
223
1467
iel2
56
«00

EIR RN I T I RN B B R I I I IR IR T T T N T R I S T T S
P I T T I R e I TR I T T T T T T I I P S e

(] ' ] ] ' [ ¢ [] ] ' *
~60.000 -504000 =40,000 ~30,.,000 «20,000 =10.,000, 0.000 10,000 20,000 30,000 40,000

Figure 4. Combination kiln burner nozzle — radial profile of CH, at an axial position of 5. 1 ecm
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KILN BURNER = COMBINATION NOZZLE JULY 3141974

RADIAL POSITION-CM VS, % C02 IN GAS SAMPLE AXIAL POSITION = S.1 CH

11.00
10.79
10.58
10,37
10.15
9.94
9,73
9.52
9431
9,10
8488

Be67 ‘—_____——-o-——-———__‘
8446 % -

8,25
8,04
T.83
Te62
Te40
T.19
6.98
6.77
6.56
6435
6.13
5.92
S.71
5.50
5.29
S.08
b.87
4465
Sedde
4.23
4e02
3.81
3,60
3.38
317
2.96
2e75
2454
2433
2412
1.90°
1.69
1.48
1.27
1.06
«85
«63
b2
.zl
«00

[
=60.000

Figure 5.
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Combination kiln burner nozzle — radial profile of CO, at an axial position of 5.1 cm
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RADIAL POSITION=CM
1700,
1677.
1654,
1631,
1608,
1585,
1562,
1538,
151S.
1492,
1469,
1446,
1423,
1400.
1377,
1354,

KILN BURNER =~ COMBINATION NOZZLE
VSe AVERAGE TEMPERATURE DEG.C

1331,
1308,
1285,
1262,
1238,
1215,
1192.
1169.
1146,
1123.
1100,
1077,
1054.
1031,
1008,
98s,
962,
938.
91S.
892,
869,
846,
823,
800.
777.
754,
731,
708,
685,
662.
638.
615,
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S69,
546,
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=60.000

=50.000

-
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Figure 6.

JULY 3141974
AXIAL POSITION =

0

*

*

. '
10.000 20.000

'
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Combination kiln burner nozzle — radial profile

of temperature at an axial position of 5.1 cm

S.1 CM
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COMPOSITE L0G PLOT
0=02y N=NQ»
100,0000
76.6682
%8,7802
“45,0657
34,5511
26,4897
20,3092
15,5707
11.9378
9.152% O 0
7.0170
5.3798 0 0
4012646
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Figure 7.
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. KILN BURNER = COMBINATION NOZZLE . JULY 3141974
RAUIAL POSITIONeCM VS, PPM NO IN GAS SAMPLE AXIAL POSITION = 26,0 CM
_300.00
294.23
288,46
282,69
276.92
271.15
265238
259.62
253.85
248,08
242.31
236,54
230,17 . -
225.00 *
219.23
213.46
207.69
201.92
196,15
190,38 »
184.62
178,85
173.08
167.31
161.54
155.77
150,00
144,23
138.46 L
132.69
126.92
121.15
115.38
109,82
103.85
98,08
92,31
86,54
80,77
7500
69.23
63.46
97.69
51,92
46415
“0.38
34462
28.85
23,08
17.31
11.56
577
.oo

»

0-""

(

-.-...-.---..i({'.....b-...-h....._.----p-.....-.4.-m
.

! ,
‘/

L] + * v, A L]

. ' ' ’ '
«60,000 «50,000 =40,000 =~30,000 -20,000 «10,000 0,000 10,000 20,000 30,000 40,000

Figure 8. Combination kiln burner nozzle — radial profile of NO at an axial position of 26.0 cm
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RADJAL POSITION-CM VS, PPM NOZ2 TN GAS SAMPLE

50.00
49.04
48,08
47412
4615
©5,.19
44423
43.27
“2.31
41435
40.38
39,42
38466
37.50
36,54
35.58
4. 62
33.65
32,69
31,73
30,77
29,81
28.85
27.88
26492
25,96
25.00
24,04
23,08
22,12
21.18
20,19
19.23
18,27
17.31
16,235
15,38
14,42
13446
12,50
11.54
10.58
9.62
8465
7.69
6473
S.77
4.81
3.85
2.88
1.92
«96
.oo

'
=60.000

Figure 9.

KILN RURNER = COMBINATION NOZZLF JULY 3141974

AXIAL POSITIOM = Ph,0 CM
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Combination kiln burner nozzle — radial profile of NO, at an axial position of 26.0 cm
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RADIAL POSITION=CM VS, % 02 IN GAS SAMPLE

21.00
20.60
20.19
19.79
19.38
18.98
18.58
18.17
17.77
17.37
16.96
16.56
16.15
15.75
15.35
14.94
14.54
14013
13.73
13.33
12.92
12,52
12.12
11.71
11.31
10.90
10.50
10.10
9.69
9.29
8488
8.48
8,08
Te67
T.27
6.87
6046
6.06
S.65
5425
485
PPN
4406
3463
3.23
2.83
2442
2.02
le62
1.21
81
040
«00

~60.000

Figure 10.

KILN BURNFR = COMBINATION NOZZLE JULY 31¢19746

AXIAL POSITION = 26.0 C™
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Combination kiln burner nozzle — radial profile of O, at an axial position of 26.0 cm
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KILN RURNER ~ COMBINATION NOZZLF JULY 3141974
RADIAL POSITION=CM VS, % CH6 IN GAS SAMPLE AXIAL POSITION = 26.0 Cm
29,00
2B G0
27.88
27433
26.77
26421
25.65
25.10
24454
23.98
23.42
22.87
22431
21.75
21.19
20463
20,08
19.52
18,96
18,40
17.85
17.29
16,73
16.17
15.62
15.06
14,50
13,96
13.38
12.83
12.27
1.7}
1le15
10.60
10.06
9.48
8.92
-8437
7.81
7.25
669
6.13
5.58
S.02
L0606
3.90
3.35
2.79
2.23
;.67
1.12
»56
«00

. ® @ o 0 ° 0w o e ae
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-60,000 -504000 =40.000 =30.000 -20,000 ~ ~-10,000 0,000 10,000 20,000 30,000 404,000
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Figure 11, Combination kiln burner nozzle — radial profile of CH, at an axial position of 26.0 cm
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KILN RURNER =« COMBINATION NOZZLE JULY 3141974
RADIAL POSITION®CM VS, % C02 IN GAS SAMPLE ©OSITION = 26,0 CM
11.00
10,79
10.58
10.37
10.15
9.94
9.73
9.52
9.31
9,10
8.88
8.67
8446
8.25
8406
7.83
T.62
7.“0
TelF e
e\,
6.77 -
6,56
6.35
6.13
S5.92
S.71 *
5.50
5.29
S.08
4.87
4065
bolsls
4,23
4,02
3.81
3.60 »
3.38
3.17
2496
2.75
2'5‘
2433
2412
1.90
1.69
l.48
1.27
1.06
»85
«63
Y4
.2‘
«00
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Figure 12. Combination kiln burner nozzle — radial profile of CO, at an axial position of 26.0 cm
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KILN BURNER =~ COMBINATION NOZZLE JULY 31¢1974

RADIAL POSITION=-CM VSe AVERAGE TEMPERATURE DEG.C AXIAl PASITION = 26,0 Cm

1700,
1677,
1654,
1631.
1608,
1585,
1562.
1538,
1s81s,
1492,
1469,
1466,
1423,
1400,
1377.
1354,
1331,
1308.

‘285._.-—\

1262, .
1238,
1215. .
1192, *
1169,
1166,
1123.
1100,
1077,
1054,
1031,
1008.
98S.
962.
938,
915,
892,
869,
846,
823,
800,
777
754,
731
708,
68S.
6624
638,
615,
S92,
569.
S46.
523,
S00.

=60,000 =50,000 ~40,000

PP I R I B R B R R B R A IR

“ ® b e BB e DB e G e e e e e e e e e e S Y e e s e asdaseea

L)
A}
3
L]
r
L)
*
\
L]
]
L]
L]
L]
,
L]
L
t
'
A
L]
'
1,
+

. o ew e e

L] * * L] * L] , L]
~30.000 =20.000 ~10.000 0,000 10.000 20,000 30,000 40.000

Figure 13. Combination kiln burner nozzle — radial profile of -

temperature at an axial position of 26.0 cm



0¢

KILN RURNFR = COMRINATION NOZZLF JULY 311974
COMPOSITE LOG PLOTY RADTAL POSITION=CM VS, ALOGLO (CONCENTRATION %) AXIAL POSITION = 26,0 CM
0=02+ N=NO+» B=NO2» D=Cue, C=CO» H=H2 M=CH& -
100,0000 ¢
16,6682
58,7802
45,0657
34,5511
26,4897
20,3092 0
15,5707 0
11,9378 0
Yel525 0 0 0
7.0170 D 0 D
5,3798 3]
@,1246
J.1623 0
2o4245
1.8588
1.4251
1.,0926
«8377 14
«6422
«4924
«3775
«2894
2219
1701
«1304
«1000
20767
0588
«0451
« 0346
«0265 N
«0203 N N N
«0156 N
«0119
«0092
<0070
«0054
«0041
«0032 N
+0024 8 C
«0019 B o
«001a [} B
0011 C
«0008 8 [od
+0006
<0005
+ 00064
«0003
<0002 B
0002
«0001
0001

I o

o

i S T T I T O I I I I I N S SRR S N I T B B R Y
N I T T T T T e T I I R R R I

, L] * L} L] L] L] ] * L] 1

=60.000 =50,000 =40,000 =30.000 =20,000 «10,000 0,000 10,000 20,000 30.000 40,000

Figure 14. Combination kiln burner nozzle — radial profile of
all the gases at an axial position of 26.0 cm
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KILN BURNER « COMBINATION NO2ZLE JULY 3141974 .

RADIAL POSITION=CM VS, PPM NO IN GAS SAMPLE AX1aL POSITION = 57,2 CM
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Figure 15. Combination kiln burner nozzle — radial profile of NO at an axial position of 57. 2 cm
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KILN RURNER = COMBINATION NOZZLF JULY 311976
RADIAL POSITION=-CM VS, % CH& IN GAS SAMPLE AX1AL POSITION = G7.2 CM
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Figure 18. Combination kiln burner nozzle — radial profile of CH, at an axial position of 57.2 cm



S¢

11.00

KILN RURNER - COMBINATION NOZZLE JULY I1e1974

RADIAL POSITION=CM VS, % €02 IN GAS SAMPLE AXTAL POSITION = 57.2 CM
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KILN BURNER = COMBINATION NOZZLE JULY 3101976
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KILN RURNER - COMBINATION NOZZLE
COMPOSITE LOG PLOT RADTAL POSITION=CM VS, ALOGL1O(CONCENTRATION %)
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Figure 21. Combination kiln burner nozzle — radial profile of
all the gases at an axial position of 57.2 cm
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KILN BURNER - COMBINATION NOZZLE JULY 3191974

RADIAL POSITION=CM VS, PPM NO IN GAS SAMPLE AXIAL POSITION = 146,1 CM
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KILN RBURNER = COMBINATION NOZZLE JULY Jis+1976
RADIAL POSITION=CM VS, PPM NOZ2 IN GAS SAMPLE . AXIAL POSITION = 146,11 CM
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Figure 23. Combination kiln burner nozzle — radial profile of NO, at an axial position of 146.1 cm
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Figure 24. Combination kiln burner nozzle — radial profile of O, at an axial position of 146.1 cm
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K{LN RURNER - COMBINATION NOZZLE JULY 3141974 : . ’

RADJAL POSITION=CM VS, % CHae IN -GAS SAMPLE AXTAL POSITION = 146,1 CMm
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Figure 25, Combination kiln burner nozzle — radial profile of CH, at an axial position of 146.1 cm
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KILN BURNER - COMBINATION NOZZLE JULY 3191974
RADIAL SOSITION-CM VS, % €02 IN GAS SAMPLE AXIAL POSITION = 146,]1 CM
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Figure 26. Combination kiln burner nozzle — radial profile of CO, at an axial position of 146. 1 em
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KILN BURNER = COMBINATION NOZZLE JULY 3121974
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temperature at an axial position of 146.1 cm
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KILN RURNFR = COMBINATION NOZZLE
COMPOSITE LOG PLUT KADIAL POSITION=CM VSe ALOG1O(CONCENTRATION %)
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. KILN BURNER = COMBINATION NOZZLE JULY 3141974 . .

RADIAL POSITION-CM VS, PPM NO IN GAS SAMPLE AXIAL POSITION = 385,64 CM
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Figure 29. Combination kiln burner nozzle — radial profile of NO at an axial position of 385.4 cm
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KILN RURNER ~ COMBINATION NOZZLF JULY 3141974
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KILN BURNER = COMBINATION NOZZLE JULY 3141974
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KILN RURNER - COMBINATION NOZZLE JULY 3141974
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KILN RURNER = COMBINATION NOZZLE JULY 3141976
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Kiln Burner-Baseline Conditions

Table 3 lists the operating conditions at which baseline in-the-flame
runs were made with the kiln burner (described in Volume I). The data
obtained are shown in Table 4 and Figures 1 through 7 for an axial sampling
position of 5.1 cm. Table 5 shows the results of radial sampling at an
axial position of 26.0 cm. TFigures 8 through 14 show plots of these data.
The radial profile data at axial positions of 57. 2 cm, 146.1 cm, and

385.4 cm are presented in Tables 6 to 8 and Figures 15 through 34,

The nitric oxide versus radial position plots show that the nitric oxide
concentrations in the secondary recirculation zone (—60 cm tc —24 cm)
average about 250 ppm, as compared with a flue concentration of 265 ppm.
Comparing this with the average NO concentration of 7 ppm in the burner-
block region would indicate that 20. 1 cm downstream of the gas injection,

only a trace amount of the nitric oxide appears to be created through combustion.

The plots of nitrogen dioxide versus radial position show a pattern similar
to that of nitric oxide in the secondary recirculation zone. However, in the
burner-block area, there are two distinct peaks occurring at ~bcm and +6 cm.
The nitrogen dioxide concentrations measured in these peaks are 26 ppm and
29 ppm, respectively, as compared with a flue value of 36 ppm. The

significance of these peaks will be discussed later.

The oxygen profile at the 5. 1-cm axial position shows peaks at —~12 ecm
and +20 cm, with concentrations of 20. 2% and 20. 4%, respectively, which
represent the secondary combustion air input. A third peak occurs on the
centerline of the burner with a 12, 8% concentration. This peak would mainly

represent the primary combustion air input.

The methane profile shows a 28. 4% maximum concentration on the
centerline of the burner and falls to zero at —9 ¢cm and +6 cm in an

asymmetrical pattern.

The carbon dioxide versus radial position curve shows that, in the

secondary combustion air entrance zones (+12 cm to +24 cm and —9 cm to
—18 cm as determined from the oxygen profile), the carbon dioxide concen-
trations vary from zero to 0. 5%, as compared with secondary recirculation

zone values of 8.0-10%. The carbon dioxide curve exhibits two peaks
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within the burner block (—6 c¢cm and +6 cm). These peaks enclose a
minimum which lies inside the methane core, along the centerline of the
burner. This profile shows that there is a minimal amount of entrainment
of secondary recirculation products into the burner-block region at the

5. 1-cm axial position.

Figures 7, 14, 21, 28, and 34 show composite log plots of concentration
versus radial position within the composition range of 0.0001% (1 ppm) -

100%. In these plots the interrelationships between concentration variations
of oxygen, nitric oxide, nitrogen dioxide, carbon monoxide, carbon dioxide,

hydrogen, and methane can easily be visualized.

Figures 6, 13, 20, 27, and 33 are plots of the average temperatures
measured versus radial positions. In these profiles, the secondary recir-
culation zone shows a temperature in approximate equilibrium with the
furnace walls. There is a sharp decrease in temperature in the secondary
combustion air zones. Two peaks in temperature occur within the burner
block at 6cm and +6 cm, with temperatures of 1216°C and 1437°C,

respectively.

A correlation of the carbon dioxide, nitric oxide, temperature, and
nitrogen dioxide profiles indicate that nitrogen dioxide is formed before nitric
oxide in the flame ( so-called "instantaneous NO,'"). The positions of the peaks
(—6cm and +6 cm) inside the burner block coincide for temperature, carbon
dioxide, and nitrogen dioxide. This agreement in the peak values for carbon
dioxide and the temperature would indicate where the combustion is occurring.
At these positions, the nitric oxide concentration is only 5% of its flue value,

while nitrogen dioxide has 77% of its final concentration.

Kiln Burner-NO Control Conditions

The furnace conditions at which the control case in-the-flame probing
was conducted are listed in Table 9. These conditions are identical to
baseline operation except for 12% flue gas recirculation. This percentage

of flue gas recirculation (% FGR) is determined using the relationship —

FGR( SCFH)

Fuel( SCFH) + Primary Air(SCFH) + Secondary Air(SCFH) X 100

7% FGR =
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Table 9. COMBINATION KILN BURNER NOZZIL.E — POLLUTION CONTROL
CONDITIONS—FURNACE CONDITIONS FOR IN-THE-FLAME SAMPLING
WITH FLUE-GAS RECIRCULATION

KILN BURNER=-COMBINATION NOZZLF=-FOLLUTION CONTROL CONDTTIOUNS

NUMBER OF SETS OF DATA = 6.
MINIMUM GRID VALUE OF AVERAGE TEMPERATURE
MAXIMUM GRID VALUE OF AVERAGE TEMPERATURF

550. DEG.C
1550, DEG.C

POSITION OF OUTSIDE BUGES OF RHURNER bLOUCK
MINIMUM POSITION = =23, CM

MAX IMUM POSLITION 23, CM
GAS INPUT, AXTAL 876. CF/HR RADIAL 1830, CF/HR
waLl. TEMPERATURE 1330. DEG.C
PREHEAT TEMPERATURE 460+ DEGSC

FLUE GAS RECIKCULATIUN 12.0 *

GAS SAMPLE ANALYSIS IN THE FLUE

NITKROGEN OXIDE 120.0 PPM
NITROGEN DIlUGXIDE 22.0 PPM
OXYOGEN 3.1 *
CARBON DIOXIDE 101 %
CARBON MONUX]DE .0281 =

LIMITS FOR CONCENTRATION PLOTS

LOWER LIMIT OF NO = 0. PPM UPPFR LIMIT = 130, PPM
LUWER LIMIT OF NOU? = Ne PHM UPPER LIMIT = 35. PPM
LOWER LIMIT OF 02 = O % UPPER LIMIT = 2ls %
LOWER LIMIT OF CH4 = O % UPPFR LIMIT = 204
LOWER LIMIT OF CO2 = Oe % UPPER LIMIT = lJle %

ISOCONCENTRATIUN VALUES
OBTAIN VALUE OF RADIAL POSITION AT NO PPM CUNCENTRATION 18, 43,
OBTAIN VALUE OF RADIAL PUSITIOUN AT NOP?2 PPM CUNCENTRATION 4, 8,

75.
la.

S0,
20,

108,



The data obtained for an axial sampling position of 5.1 cm are listed
in Table 10 and plotted in Figures 38 through 45. Table 11 lists the results
of radial sampling at an axial position of 26.0 cm. Figures 46 through 53
show plots of these data. The radial profile data at axial positions of
57.2 c¢cm, 146.1 cm, 290.2 cm, and 385.4 cm are presented in Tables 12
to 15 and Figures 54 through 83.

Flow direction analysis at the 5. 1-cm axial position shows secondary
recirculation zones exist in the regions —60 cm to —30 c¢cm and +30 cm to
the furnace wall. Inside the edges of the burner block, +23 cm to —-23 cm,
there are three resolved peaks. The high-velocity central peak represents
the axially injected gas and primary air, while the two lower velocity
ﬂanking peaks represent the secondary combustion air. These ﬂov& peaks

occur at radial positions of —3 cm, —18 ¢cm, and +20 cm, respectively.

Correlating the 5. 1-cm axial position temperature profile to the above
flow analysis, a constant temperature of 1281 °C exists in the regions of
recirculation ( compared with a wall temperature of 1330°C). At the peak
secondary combustion air inlets, the temperature drops to 556°C and 637°C.
In the central forward flow region, the temperature is 1211°C. Inside the
burner block area two peaks occur in the témpera’cure at —6 cm and +3 cm,

with values of 1331°C and 1318°C, respectively.

Figure 38, the nitric oxide versus radial position plot, shows that the
nitric oxide concentrations in the secondary recirculation zone (—60 cm to
—30 cm) average about 111 ppm, as compared with a flue concentration of
120 ppmm. Comparing this with the average NO concentration of 15 ppm in
the burner-block region would indicaté that at 20. 1 -cm downstream of the
gas injection, only trace amounts of nitric oxide appéar to be created through

combustion.

The plots of nitrogen dioxide versus radial position show a pattern similar
to that of nitric oxide in the secondary recirculation zone. However, in the
burner-block area, there are two distinct peaks occurring at —6 cm and
+3 cm. The nitrogen dioxide concentrations measured in these peaks are

24 ppm and 26 ppm, respectively, as compared with a flue value of 22 ppm.
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Table 10. COMBINATION KILN BURNER NOZZLE —~ POLLUTION CONTROL
CONDITIONS — IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 5.1 cm

KILN BURNER=-COMBINATION NOZZLF-POLLUTIUN CONTROL CONDITIONS

AXTAL POSITION = S,1 CM

KADIAL 02 N2 NO NO2 CO02 co He CH4 C2H2 C2H6 C3H6 C3HRA TEMPFRATURE DEG.C

POSITION % % PPM PPM % % % % C2H4 % % ¥  eecmcccce- L L

CM , % AVG, MAX o TMAX=TAVGR
-60. Yobs ? 105, 20. 92 L0020 ? 0.0 ? ? ? ? 1287, 1293. Ao
=48, S.0 ? 110, 18. 8.9 ,uv018 ? 0.0 ? ? ? ? 1291. 1292. 1.
-39, 4e7 ? 115 19+ 9.1 .0016 7 0.0 ? ? ? ? 1286,  12RA, 0.

" =36 5.0 ? 114, 22+ B.9 U015 ? 0.0 ? ? ? ? 1277. 1281, G,
=33, 4.7 ? 115, 18. 9.0 0016 ? 0,0 ? ? ? ? 1277. 1279, ?.
=30, 49 ? 110, 20e 9Yel 0015 ? 0.0 ? ? ? ? 1258, 1271. 13,
=27 Sel ? 97. 16. Bs9 0012 ? 0.0 ? ? ? ? 1191, 12272, 31.
=25, 6ets ? RS, 13. Ba«3 L0014 ? 0.0 ? ? ? ? 1090, 1138, an,
"'2‘0. 709 ? 76. 12. Tel 00016 ? »0.0 __?_ ? ? ? 959. 998, 3‘0

=22, 12.6 ? 24, Se Go7 40011 ? 0.0 ? 7 ? ? 679. 737, YA,
-18. 17.2 ? 15. 2« 1e3 L0010 ? 0.0 ? ? ? ? 553. 556. 3.
=15, 17.1 ? 14, le 1le3 L0011 ? 0.0 ? ? ? ? 604, 652, 4R,
=12 16,2 ? 14. 2¢ le& L0176 ? 0.0 ? ? ? ? 643, 728, HS,

-6. 1502 78.3 XO. 2‘)- 207 05900 05 lcﬁ ul .1 0.0 ,0 133]. ]404- 71.

-3 11.2 6443 6 10e 2e¢2 146900 2.0 16.3 oS o7 0.0 A 1166, 1284, 118,

0. 11.2 63.5 Te 17¢ 260 145200 1.8 17.6 S .8 0.0 A 1126, 1211, 8%,
3. 10,7 71.5 10, 26¢ 32 2.0300 2.2 8.6 b ol 0.0 ? 1318, 1384, 6R,
6. 1444 80.0 22. 6 33 L4500 3 S «0 .0 0.0 0,0 12?7, 770, “R,

12. 18.9 ? 19, 4e le4 L0019 ? 0.0 ? ? ? ? 614, 670, 56,

18. 18,4 ? 18, Q. 1.7 0026 ? 0.0 ? ? ? ? 6l1. 6«90, 79.

20, 17.8 ? 19, 6o le7 0027 ? 0,0 ? ? ? ? 611, 637, 26,

24, 15.8 ? 43, HBe 3e4 0028 ? 0.0 ? ? ? ? 984, 1039, SS.

30. 6.2 ? 100, 25 Be.4 ,0038 ? 0,0 ? ? ? ? 1259. 1277, 14,

36. 6.7 ? 98, 22. B.0 0035 ? 0,0 ? ? ? ? 1275, 1287, 7.
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KILN BURNER=COMBINATIUON NOZ/ZLF=PULLUTION CONTWOL CONMDTTIUNS
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KILN BURNER=COMBINATIUN NOZZLF-PULLUTION CONTROL CONDITIUMS
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radial profile of O, at an axial position of 5.1 cm
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KILN BURNER=COMBINATIUN NOZZLF-POLLUTION CONTROL CONDYTIONS -

RADIAL PUSITION~CM VS, % CH4 IN GAS SAMPLE AXJAL POSITION = Sel CM
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Figure 41. Combination kiln burner nozzle — pollution control conditions —
radial profile of CH, at an axial position of 5.1 cm
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KILN BURNER=COMSINATION NOZZLF=FULLUTION CONTROL COMDITTONS ’
RADIAL PUSITION=CM VS, % €02 IN GAS SAMPLE AXTAL PUSITIONM =
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Figure 42. Combination kiln burner nozzle — pollution control conditions —
radial profile of CO, at an axial position of 5.1 cm
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KILN QURNER=COMBINATION NOZZLF=-POLLUTION CONTROL CONDITTONS

COMPOSTITE LOG PLOT
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KILN BURNER=COMBINATION NOZZLF-POLLUTIUN CONTROL CONDITTONS
RADIAL POSITION-CM VS, AVFRAGE TEMPERATUKRE DEG.C
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Figure 44. Combination kiln burner nozzle — pollution control conditions —
radial profile of temperature at an axial position of 5.1 cm
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Table 11. COMBINATION KILN BURNER NOZZLE — POLLUTION CONTROL CONDITIONS —
IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 26.0 cm

KILN BURNER=COMBINATION NOZZLE=POLLUTION CONTROL CONDITIUNS

AXIAL POSITION = Ph.0 Cn

RADIAL 02 N2 NO NO2  CU2 co He ChHo C2rH2 C2H6 CIH6 C3HR TEMPFKATUKE DEG.C

POSITION & % PPM PPM % %* % ) (o4, 113 * % ¥  ececcea-o rceescca== cem——-

CM % AVG. MAYX o TMAX=TAVG
=60, “e9 ? 107, 19. Beb L0027 ? 0.0 ? ? ? ? 1294, 1299, Se
-S4, Sel ? 102, 23. B.5 L0025 ? 0.0 ? ? 7 ? 12R8, 1299, 11.
=48, 5.0 ? 103, 2. B.5 ,u026 ? 0,0 ? ? ? ? 12RR. 129n. 2,
=42, 5.4 ? 101. 22. B.0 40025 ? 0.0 ? ? ? ? 1237. 12AR, 3.
=36, 7.2 ? 95, 20. 7.8 L0024 ? 0,0 ? ? 7 K 1191, 1287, Ye,
-30. 10.0 ? 80. 13. 6.4 40020 ? 0.0 ? ? ? ? 1032, 1160, 12R.
=24, 15.2 ? 45, 10+ 3.2 40018 ? 0,0 ? ? ? ? 807. 86A, 61,
=18, 16.8 ?. 28, Re Z2e4 400137 ? 0.0 ? ? ? ? 864, Y54, 90,
-12. 1442 80.1 26, 16¢ 346 L4700 o ol o} .0 0.0 0.0 117S. 1317, 142,
=-9. 843 83.5 24, 35. 343 1.4500 l.0 8 ol .0 0.0 0.0 1364, lals, 50,
-6 5.3 68.7 16, 2Be 4¢3 443300 T8 7.6 1.0 3 o0 .1 1211. 17254, 43,
-3. 6.9 62.9 15 18¢ 340 3.6300 7.1 13.8 1.1 «5 «0 2 1163, 1190, “7.
0. 7.0 62.7 14, 16« 30 3.5100 7.6 13.5 l.1 5 0.0 o4 " 12RR, 1357, 69,
3. S8 69.1 18, 3le %0 4.0400 4o7 9.8 1.1 oo 0.0 o} 133x. 1378, an,
6. Bed 794 28s 17« 5e¢3 241600 240 1.5 2 «0 0,0 0.0 1057. 1229, 172,
9. 143 80.7 37. 9« 3.8 L2200 0.v ol 0.0 0,0 0.0 0,0 AK9, 990, 121.
12, 15.3 ? 35, Se 3¢2 0265 ? 0.0 ? ? ? ? 787. HA0, 93.
15. 1640 ? 41, 4e 3.0 L0010 ? 0.0 ? ? ? ? 82s. 900, 5.
18. l4.2 ? 45, Te 4el L0012 ? 0.0 ? ? ? ? A91. 1107, 216,
24, 12.2 ? T4, 12+ 55 40013 v 0.0 v ? ? ? 1096. 1211. 115,
30. 8.5 ? 87, 18s 742 L0017 ? 0,0 7 ? ? ? 1242, 1274 37,
36. S.2 o ? 93, 2le¢ 9.2 ,0023 ? 0.0 ? ? ? ? 1264, 12RR, 24,
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KILN BURNER-COMBINATION NOZZLF=PULLUTION CONTROL CONPITIONS

RADIAL POSITION=CM VS. PPM NO IN GAS SAMPLE AXIAL POSITION = 26,0 CM
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Figure 46, Combination kiln burner nozzle — pollution control conditions —
radial profile of NO at an axial position of 26.0 cm



KILN BURNER=COMBINATION NOZZLF=PULLUTION CONTROL COMDITIONS
RADIAL POSITION=-CM VS, PPM NO2 IN GAS SAMPLE AXIAL POSITION = 26,0 Cm
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Figure 47. Combination kiln burner nozzle — pollution control conditions —
radial profile of NO, at an axial position of 26.0 cm



oL

KILN BURNER=-COMBINATION NOZZLE-~PULLUTION CONTRUL CONDITIONS

RADJAL POSITION-CM VS,
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Combination kiln burner nozzle — pollution control conditions —
radial profile of O, at an axial position of 26.0 cm
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RADIAL POSITION=CM VS, % CH4 IN GAS SAMPLE

KILN BURNER=COMBINATION NOZZLE=-PULLUTION CONTRUL CONDITIONS
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Figure 49. Combination kiln burner nozzle — pollution control conditions — -

radial profile of CH, at an axial position of 26.0 cm
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KILN BURNER=COMBINATION NOZZLF=PULLUTION CONIROL CONDTTTONMS
RADIAL POSITION=CM VS, % CO2 IN GAS SAMPLE AXIAL POSITION =
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Figure 50. Combination kiln burner nozzle — pollution control conditions —
radial profile of CO, at an axial position of 26.0 cm
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51. Combination kiln burner nozzle — pollution control conditions —
radial profile of all the gases at an axial position of 26.0 cm
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KILN BURNER=-COMUINATIUN NOZZLF=-POLLUTION CONTROL CONDITIONS
RADIAL POSITION=CM VS, AVFRAGE TEMPEKRATURE DEG.C
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Figure 52. Combination kiln burner nozzle — pollution control conditions —
radial profile of temperature at an axial position of 26.0 cm
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Figure 53. Combination kiln burner nozzle — pollution control conditions ~
radial profile of flow direction at an axial position of 26.0 cm

75



9L

Table 12. COMBINATION KILN BURNER NOZZLE — POLLUTION CONTROL CONDITIONS —
IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 57.2 cm

KILN BURNER-~COMBINATION NOZZLF=-POLLUTION CONTROL CONDTTIONS

AXTAL POSTTION = 7.2 C™

RADIAL 02 N2 NO NO2 Cu2 . €O H¢ CH4 C2H2 C2H& C3He C3HR TEMPFRATURE DFG.C

POSITION & % PPM  PPM % % % % C2Hs % % % eeemcm-a A

M b AVG. MAX, TMAX=TAVG
“60. 5.8 ? 93, 19. 8.5 0012 ? 0.0 ? ? ? ? 1254, 1298, 44,
=56, S.4 ? 99, 17« He7 0015 ? 0.0 ? ? ? ? 1259, 1796, 37.
-48, 6.5 ? 94, 15« *8e.1 0011 ? 0.0 ? ? 7 ? 1231. 1279 4R,
«36. 8.3 ? 69, 13 7.0 40013 ? 0.0 ? ? ? ? 1092, 1253. 161,
=24 11.2 ? 59, 10e S¢S 0G4S ? 0.0 ? ? ? ? 1096, 125A. 160,
-18. 8.6 8048 4B, 22+ 5Se7 2.4100 1.3 2 ol 0.0 0.0 0.0 1392, la485, 53,
12 4¢3 783 33, 17, 6l 4.U600 Gl l.4 S T el 0.0 0,0 1372. 1u0hk,. 34,
~11. 3.7 71S5.8 30, 1He Se9 4.7400 6.2 2.1 o6 o0 0.0 0.0 1351, 1377, ’l.
=10 3.6 762 27 17¢ 5e¢9 44,8900 Se5 23 6 U 0,0 NN 1344, 138}, 37.
-9, 266 739 23. 16+ St 5.6900 645 3.9 1.0 ol 0.0 0,0 1325, 136F, “1,
-6 2e7 69,1 20, 18 4e7 Se7800 9.6 S.8 1.2 ol i) ol 1318, 1330, 12,
~3. 3.1 6849 22. 19¢ %e6 544900 9.3 6.3 1.2 .2 o0 .0 1331, 1364, 3a,
0. 249 70.1 24s 25« 5.0 5.3800 9.0 5.6 lel ol o0 0 13444 13R3, 39.
3. 4.1 74.9 26s 24+ Se7 4.1000 Te1 2.5 o6 ol 0.0 0.0 1300. 1334, B4,
6. 6e2 7743 35, 19« 5.8 2.7800 S.0 1.2 3 o0 N.0 0,0 1143, 12040, 10897,
9. 10.4 79.2 53e 15 542 <7500 3.3 o2 «3 0.0 0.0 0.0 1010, 1100, 90,
12. 11.8 79.3 55. Te Gl #3700 3.0 0,0 o U 0.0 n.ou 0,0 971, 10560, 79,
18. 11.9 ? 64, e 5Ses U065 ? 0.0 ? ? ? ? 1024, 115%,. 131,
24, 10.4 ? 73, 1le 641 L0035 7 0.0 ? ? ? ? 1134, 1225, B7.
30. 92 ? 82, 16 6.6 L0027 ? 0.0 ? ? ? ? 1157, 1253, 96,
40, S.1 ? B4, 20e 9¢6 L0035 ? 0.0 ? ? ? ? 1200, 124R, 4R,
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Table 13. COMBINATION KILN BURNER NOZZLE — POLLUTION CONTROL CONDITIONS —
IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 146.1 cm

KILN BURNER~COMBINATION NOZZLE=-PULLUTION CONTROL CONDITIONS
AXIAL POSITIOM = j46,]1 CM

RADIAL 02 N2  NO NO2 C02 co He CH4  CZ2H2 C2H6 C(3Hh C3HR TEMPFRATURE DEG.C
POSITION % % PPM  PPM % % % % c2Ha % % ® e D —remc== h
(ol ] - % AVG. MAX . TMAX=TAVG
"600 6.8 8‘0.2 85. 21. 800 .0180 0.0 0.0 0.0 0.0 0.0 0.0 1341‘. ]Qo-‘. 59.
~S4, 7.0 8440 86, 25. 8.0 ,1200 0.0 0,0 0.0 0.0 0.0 0.0 1364, 1451, 87.
-G48, S:.6 84,5 93, 23, 8,5 .,3500 VY 0.0 8.0 0.u 0.U 0.0 1378, 1431, 53,
62 Sel 84,3 92, 20. 8.5 L5800 ol o0 0.0 0.0 0.0 0.0 1413, 1461, a8, T
~36. 4.2 HBa.0 . AT, 17. B.7 1.0900 ™) .0 0.0 0,0 n.0 0,0 14137, 1512, 75,
«30. 3.2 82.7 8B, 16, 8.2 2.4700 2.3 ol .l 0.0 0,0 0.0 l1e85, 153R, 581,
-24, 1¢9 8049 A2, 13. 7Te9.3,9300 4,2 o2 o1 0,0 0.0 0,0 1512, 1535, 2a,
-18. 1.5 795 76. 10. 7.3 5,0000 S.3 .3 ol 0.0 0.0 0,0 1512, 1547, 30,
-i2. 2.0 8049 70, 7. T8 3.9600 441 o2 el 0.0 N.0 0,0 1540, 1560, 20,
=6, 3.0  8l.1 760. 9 Bel 248500 2.2 1.7 N 0.0 n.0 0,0 1477, 1508, 3).
0. G4  H2.6 Tle 10. Be3 1.5800 le4 B N0 0.0 0.0 0,0 1407, 1492, ak,
6. Tel 8440 80, 12 leb6 03400 OeU 0,0 N.0 0.0 D0 ND,0 1352. 1440, 97.
12. 8.1 82.9 75. Te TeB 41900 0.0 0,0 0,0 0.0 0,0 0,0 1282, 1371, H9,
18. 8,4 ? Téh . 6e 1¢2 « 0075 ? 0.0 ? ? ? ? 1248, 1309, 61.
24, 8.4 ? T4, Be Te2 004U ? 0.0 ? ? ? ? 1251. 1296, 45,
30. 8.7 ?  70. 1lle 743 L0030 ? 0.0 ? ? ? ? 1227, Y2RA, 64,
40, 8.6 ?  66. 15. Tel L0020 ? 0.0 ? ? ? ? 1242. 12R8, w6,
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Table 14. COMBINATION KILN BURNER NOZZLE — POLLUTION CONTROL CONDITIONS —
IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 290. 2 cm

KILN BURNER=COMBINATIUN NOZZLF=-PULLUTION CONTRUL CONUITIONS
AXTAL POSITION = 290,2 CM

RADIAL Qe Ne NO NO2 CuZ2 co He CH&4 CeHe C2Hé C3H6 C3HR TEMPFRATURE DEG.C
POSITION % % PPM PP % % % % C2res ) % ¥ e e et cmemcecca=

CM % AVGa MAX o TMAX=TAVG

=60, 2.5 86.1 118, 20. 10,0 L3500 Osvu 0.0 0.0 0.0 n,0 0,0 1494, 1530, 3F,.

-S4, 2.5 85.7 124, 2]le 102 +4000 0.0 0.0 0.0 V.0 N.0 0.0 1502. 1561, 61,

-480 305 85.2 1210 22. 1002 06700 o4 Oou 0.0 0.0 0‘.0 0.0 ]512. 15‘000 37. e
~42. 2.3 ? 12hs 21e 1063 L7400 ? 0.0 ? ? ? ? 1512, 154A, 34,

=36, 2.2 85.5 130, 22. 10.2 8200 5 0.0 Ne.0 U0 0.0 Oeth 1520, 154%-, 5.

=30. 2.8 8S5.4 126, 22« 95 7700 ol 0.0 0.0 0.0 0.0 0,0 1803, 164G, 141,
24 243 85.2 121, 20« LlU.2 8200 .5 0,0 040 u.0 0.U 0.0 1494, 1527, 31.

=18, 2l 8BS .6 1170 20e 1041 «5500 3 0.0 0,0 0.0 N, 0 n,o 1494, 1637, a3,
-12. 2.9 HS.R 113, 20e 99 <3700 0.v 0.0 040 0.0 N0 0,N 1477, 1540, 63, . o
| =6 3.0 85.5 106, 21. 102 ,2900 0.0 0.0 0.0 0.0 0.0 0.0 1461, 1538, 77. ‘

O 3.7 85.5 104, 27« 9Q¢b L2000 0.0 0.0 0.0 0.0 (LR 0,0 14722, 1517. 95,

6. 3e6 ? 99, 30 9.7 LU3R0 ? 0.0 ? ? ? ? 1414, 15185, 101,

12. 4.0 ? 97, 2ae 9.5 L0845 ? U.0 ? ? ? ? 1385, 1452, 67,

18, 3.9 ? 97, 23 9.9 L0620 ? 0.0 ? ? ? ? 1370. 1437, 6B,

24, 4q0 7 95, Z21. 9.8 L0092 ? Va0 ? ? ? ? 1351. 1420, 6S, -

30. “4al ? 88. 23+ Y6 U080 ? 0,0 ? ? ? ? 1344, 1367, 23,

36. 3.6 ? 94, 20s 10s0 <0050 ? 0.0 ? ? ? ? 1331, 1341, 10,

40, 3.7 ? 97, 19¢ Y9 L0040 ? 0,0 ? ? ? ? 1318. 1324, [
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Table 15, COMBINATION KILN BURNER NOZZLE — POLLUTION CONTROL CONDITIONS —
IN-THE-FLAME SAMPLING DATA AT AN AXIAIL POSITION OF 385.4 cm

KILN BURNER=COMBINATION NOZZLF=-PULLUTIUN CONTRUL COMDITIONS

AXTAL POSITIOM = 3RG,4 CM

RADIAL 02 N2 NO NO2 Co2 co HZ2  CH4 C2heg C2H6 (C3He (C3HAR TEMPFRATURE DRG.C

POSITIUON % % PPM PPM % * % % C2H4 % % ¥  ecccrccccccccecccecces -

(o} % AVG. MAX, TMAX=TAaVG
-60. 2e4 ?7 122, 20. 10.5 <0230 ? 0.0 ? ? ? ? 154K, 157S. 27,
"5‘00 2.2 ? l??c 20, lO-b « 3000 7 0.0 ? ? ? ? 15330 1‘56“. 2“.
~48. 2.3 ? 121. 25. 106 2700 ? 0,0 ? ? 7 ? 1548, 1573. 25.
=45, 244 ? 122, 22. 10.5 3100 ¢ 0,0 ? ? ? ? 1534. 1567, 24,
-39. 2ol ? 120, 22. U4 42200 ? 0.0 7 ? ? ? 1546, 1591. 45,
=-33. 2.5 ? 124. 20. 10e4 L1800 ? 0.0 ? ? ? ? 1538. LT Lo o,
-27. 2.8 ? 118. 26s 1043 L1500 ? 0.0 ? ? ? ? 1530. 15966, 26,
«21. 2.9 ? 114, 28e. 103  ,1200 ? 0.0 ? ? ? ? 1503. 1526, 23.
-15, 2.9 ? 121. 26e 103 <1100 ? 0.0 ? ? ? ? 1503, 1520, 26,
) 360 T 110. 29. 10e2 +USAD ? 0,0 ? ? ? ? 1494, 150K, 14,
-3, 3.1 ? 113, 30. 10e! 40055 ? 0.0 ? ? ? ? 1494, 151%, 21.
0. 3.2 ? 110. 23. lUs1 0030 ? 0.0 ? ? ? ? 1486, 1509, 23,
3. 3.6 ? 110, 23. 100 L0026 ? 0.0 ? ? ? ? 1469, 14949, 30,
9. 3.6 ? 123. 26e¢ 10,0 L0015 ? 0,0 ? ? ? ? . 1469, 1489, 0.
15. 3.6 ? 117. 27« Y9 L0017 ? 0,0 ? ? ? ? 1465, 1495, 30,
2], 3.5 ? 113. 2%. 10.1 L0022 ? 0.0 ? ? ? ? 1461, 14917, 3?2,
27, 3.4 ? 115. 23. 10.1 0020 ? 0.0 ? ? ? ? l448, 1477, 29,
33. 3.3 ? 116, 22. 10s2 0031 ? 0.0 ? ? ? ? laas, 1470, ’s,
40 3.2 ? 114. 22. 10,2 L0034 ? 0.0 ? ? ? ? 1440, 1470, 30,
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KILN BURNER=COMBINATION NOZZLF=-PULLUTION CONTROL CONDTTIONS

RADIAL POSITIUN=-CM VS, PPM NO IN GAS SAMPLE AXIAL POSITION =
130.00
1¢7.50
125.00
122.50
120400
117.50
115.00
112.50
110.00
107.50
105,00
lu2.50
100.00
97.50
95.00
¥2.50
90.00
87.50
85%.00
82.50
8000
17.50
15,00
72.50
7U.0U
67.50
€5.0¢
62.50
60400
57.50
55,00
52450
50.00
47.50
454,00
“2.50
40.00
37.50
35.00
32.50
30.00
27.50
25.00
22.50
20.00
17.50
15.00
12.50
10.00
7.50
$5.00
2450
0.00

T T T T R )

)
'
v
.
*
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)
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v
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+
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- % @ % ® e w e e e e ee .. as e e e e .

D . T T I s

1 L] 9 L 1] 1] 1] 1] 1 L] L]
60,000 ~50,000 =40.000 =~30.000 =20,000 =10.000 0.000 10.000 20.000 20,000 40,000

Figure 54. Combination kiln burner nozzle — pollution control conditions —
radial profile of NO at an axial position of 57.2 cm

R7.72 Cm
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KILN BUNNER=-COMBINATIUN NOZZ{F=POLLUT[ON CONTROL CONDTTIUNS
RADIAL PUSITION=CM VS, PPM NOZ2 IN GAS SAMPLE AXTAL POSITIOM =
35.00
34.33
33.865
32.98
32.31
31.63
30.96
30.29
€9.62
28494
28,27
27.60
26,92
26425
25,54
24,90
24.23
23.56
22.88
22.21
2l.54
20..87
20.19
19.52
18.85
18.17
17.50
16.83
16.15
15.48
1¢.8]
1413
13.46
12.79
12.12
11.46
10.77
10.10
Yokl
8475
8408
T.40
673
5.06
5.38
471
4.00
3.37
2469
2402
1.35
67
«00

°

T I I I IR R B B A A I

R

® % @ ® 4 e @ ue e e

L] 1 ’ ¥ Ll L * L] , * *

~60.000 -SU.u00 =40,000 "=30.000 =20,000 ~1v.000 0.000 10,000 20,000 W0.000 40,700

Figure 55. Combination kiln burner nozzle — pollution control conditions —
radial profile of NO, at an axial position of 57. 2 cm

S7.2 ¥
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KILN BURNER-COMBINATION NOZZLF~PULLUTION CONTROL CONDITIONS

RADIAL POSITION=CM VS, % 02 IN GAS SAMPLE AXIAL POSITION = 87,2 CM

21,00
20.60
20419
19.79
19.38
18.98
18.58
18.17
17.77
17.37
16.96
16,56
16.15
15.75
15.35
l4.94
14.54
14413
13.73
13.33
12.92
12.52
12.12
11.71
11.31
10.90
10.50
10.10
9.69
9.29
8.88
8.48
4,08
T.67
T.27
6.87
6446
6.06
5465
5.25
4485
G4
4e04
3,63
3.23
2483
2442
2.02
1.62
1.21
«81
40
«00

P I I T I I T N I

]
*
Ll
L
1,
L]
Ll
.
.
L]
L
L}
’
.
A
L]
L]
’
)
L}
A
.
L
’
L
L]
L
L]

1 ] L] L) L] L] * 1] L
60,000 ~50.000° ~40,000 =30.000 =20,000 =10.000 0.000  10.000 20.000 20,000 40,000

Figure 56. Combination kiln burner nozzle — pollution control conditions —
radial profile of O, at an axial position of 57.2 cm
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KILN BURNER=COMBINATIUN NOZZLF=POLLUTION CONTROL CONOITIONS
RADIAL POSITION-CM VS, % CH4 IN GAS SAMPLE AXJAL POSITION =
20400
1962
19.23
18.85
18.46
18.08
17.69

S7.2 CM

T17.31
16.92 .
1654
16.15
15,77

__15.38
15200
16,62
14,23
13.85

13446
13.08
12.69
12.31
11.92
11.5%
11.15
10.77
10.38
10.00
9.62
9:23
8.85
8,46
d8.08

1.+69
7,31
6.92
6.54
6,15
$.77
5,38
S.00
“.62
4,23
3,85
3.46
3.08
2,69
2,431
1.92
1.54
1.15
77
.38
0 00 o v ®, -, *,

T o I R R E R I I NI IR I A A R I I I R A A B I
T I T R L R B B A IR SRR N I A A L B A B

o
p

L3 N . 3 * W o L .

] ] ] ] ] ] ' ’ J . .
-60.000 =-54.000 =-40,000 ~30.000 =20,000 ~10.000 0,000 10,000 20,000 30,000 Gu.N00

Figure 57. Combination kiln burner nozzle - pollution control conditions —
radial profile of CH, at an axial position of 57.2 cm
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KILM BURNER=COMBINATION NOZZLF=-PULLUTIUN CONTROL CONDTTTIOUNS
rRADIaL POSITION-LM VS, «% COZ IN LAS SAMPLE aX1AL POSITION =
1l1.00
10.79
1u.58
10,37
1vel5
9.94
9.73
Y.52
9431
9.10
He8Bb.

8.67 »

Hetb #

B.25

Helu

7.83

7.62

Te4

1.19

6498 -,

677

6.56

6.35

6e13

5.92

5.71

$.50

5429

S.08

4.87

b4.65

LYY

4.23

4.02

3.81

3.60

3.38

3.17

2.96

275

2454

2033

2e12

1.90

1.69

leaH

1.27

1.06
.85
.63
Y :
.21 '
«00 4

] v * * . ’ v . * . '
=60,000 -50.000 -40.,00V =30.000 =20.,000 -10.000 o.000 10.000 20,000 AL 000 “40H.0N0

Figure 58. Combination kiln burner nozzle — pollution control conditions —
radial profile of CO, at an axial position of 57. 2 cm

67,2 Cv
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COMPOSITE LOG PLOT
V=02

100,0000
76,6682
54,7802
45,0657
34,5511
26,4897
20,3092
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941525
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Figure 59. Combination kiln burner nozzle — pollution control conditions —

radial profile of all the gases at an axial position of 57.2 cm
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KILN BURNER=COMBINATIUN NOZZLF-PULLUTION CONTROL CONDITIONS
RADIAL POSITION=CM VS, AVERAGE TEMPERAIUKE NEG.C

1550,
1531,
1512,
1492,
1673,
1454.
1635.
1415,
1396,
1377,
1358,
1338,
1319,
1300,
1281,
1262 78 ——s
1242, .5“~\\‘
1223.
1204,
1185,
1165,
1166,
1127,
1108,
1088, —
1069.
1050.
1031,
1012.

992,

973,

954,

935,

3915,

896.

877.

858.

838,

819.

800.

781.

762.

762,

723.

104,

685,

665,

646.

627,

608,

588,

569.

550.

-60.000 -50.000 ~40,000 =30.000 =20,000

]
'
.
)
]
L]
.
.
]
L
+
[}
)
I
!
]
)
]
.
]
’
)
D

e % % % ® e e s s e s e e e e e e e e e s

0 .
-10.000 0,000

P . R R I R N N

® e w e e e s e e e -
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Figure 60. Combination kiln burner nozzle — pollution control conditions —
radial profile of temperature at an axial position of 57. 2 cm
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> ) Flow Direction Analysis
Combination N033le Kiln Burner
1% Hue Gas Recireu lation
57.2cm Axial Position
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Figure 61. Combination kiln burner nozzle — pollution control conditions —
radial profile of flow direction at an axial position of 57.2 cm
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KILN BURNER-COMBINATION NOZZLF=FULLUTIUN CONTROL COMDITIONS

RADIAL POSITION=-CM VS, PPM KO IN GAS SamPLE AXTAL POSTITIOM =

130.00 *
127.50 '
125.00 '
122.50 '
120,00 v
117,50 4
115.00 '
112.50 v
i10.00 .
107.50 ’
105.00 '
102450 .
1V0.00 ’
97.50 ’
9%.00 ’
92.50 - * *
90.00 3
B7.50 o~ '
85,00 # * ’
B2.50 +
80,00
17.50
75400
72450
70400
67.50
65,00
62.50
60.00
57.50
5%.00
525U
SU.00
41450
45,00
42.50
“40.00
37.50
35.00
32.50
30.00
27.50
25.00
22,50
V.00
1750
15.00
12.50
10.00
750
5400
2450
0.00

I T R TR O P

L] . * L] 1] 1 L] + L] . +
~-60.000 =50.000 -a0,000 ~30.000 =-20.000 =10.000 0.000 1G.,000 20,000 L0000 40,000

Figure 62. Combination kiln burner nozzle — pollution control conditions —
radial profile of NO at an axial position of 146.1 cm

1646,1 C™



68

KILN BURNER=COMBINATION NOZZLF-POLLUTIC " CONTHOL CONDTTTONS

RADIAL POSITION=CM VS, PPM NO2 IN GAS SAMPLE AXTAL POSITION = 14A,} (m

35.00
34433
33.65
KY-2%- 1.3
32.31
3l.63
30.96
30.29
29462
2He94
2827
27.60
¢b+92
26.25
25.58
24490
2423
23.56
22.88
22.21
21454
20.87
20.19
19.52
18.85
18.17
1750
16.83
16415
15448
14,81}
ideid
13.46
12.79
12.12
11.46
10.77
10.10
942
Be75
Be0b
7.40
6.73
6.06
S.38
“.71
“s00
3.37
269
2.02
1.35
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«00
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Figure 63. Combination kiln burner nozzle — pollution control conditions —
radial profile of NO, at an axial position of 146.1 cm
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KILN BURNER=COMBINATION NOZZLF=FuLLUTTON CONTROL COMDTTIONS
RADIAL PUSITION-CM VS, » 02 IN GAS SamMPLE AXiAL POSTTION =
21.00
¢0.60
20.19
19.79
19.38
18.95
1B.58
18.17
17.77
17.37
l6.96
16.56
16415
15.75
15.35
l4.946
l4.54
14.13
13.73
13.33
12.92
1¢¢52
12.1¢
11.71
11.31
1090
10.50
10.10
P.69
9.29
8.84
Beub
4.08
71.67
T.27
6.87
6446
6.06
S.65 -
5425
4485
444
4404 -,
3.63
3e23 »
2083
2ol
2002
l.62
1.21
+81
40
«00
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' * * v * . [ ' . .
~A0.,000 =50.000 =40,000 =30.000 =20,000 ~10.000 V.000 10000 20,000 30,000 40,000

Figure 64. Combination kiln burner nozzle — pollution control conditions —
radial profile of O, at an axial position of 146.1 cm
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RADIAL POSITION=CM
2000
19.62
19.23
18.8B5
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1B.08
17.69
17.31
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16.54
16415
1577
15.38
15.00
14.62
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10.00

962
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Bebb
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T.31
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6e54
belbh
5.77
5.38
$.00
462
4023
3.85
3.4
3,08
2+69
2031
1092
1.54
1.15
77
« 38

KILN GBURNER~COMBINATION NOZZLF-POLLUTION CONTROL CONDITIONS

VS,

%

CH4 IN LAS SAMPLE AXTAL POSITION = 1l6A,) (M

. T T T T T S I I I IR A A S R B S IC R R BRI R
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\

R I A I T e A

«00 .
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'
000

-40,000

® » -

L] 1 1 . L] L] L] 1) 1]
“30.U00 =20,000 «10.000 0V.000 10,000 20,000 W, 000 46,000

Figure 65. Combination kiln burner nozzle — pollution control conditions —

radial profile of CH, at an axial position of 146.1 cm



26

KILN BURNER=COMBINATIUN NOZZLE=-PULLUTIUN CONTROL COMDTTTONS

RADIAL POSITION-CM VS, » C02 IN GAS SAMPLE AXxIAL POSITIOM =  14K,1 CM

11.00
l0.79
10.54
1037
10.15%
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T.40
7.19
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6.56
6435
6.13
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$.29
S.08
4.87
4465
Gl
“.23
4,02
3.81
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J.38
3.17
2.96
2e75
2.54
2033
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1.90
1.69
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1.06
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The oxygen profile at the 5. 1-cm axial position shows peaks at —18 cm
and +12 cm, with concentrations of 17. 2% and 18. 9%, respectively, which

respresent the primary combustion air input.

The methane profile shows a 17. 6% maximum concentration on the
centerline of the burner and falls to zero at =12 cm and +12 cm, in an.

asymmetrical pattern.

The carbon dioxide versus radial position curve shows a variation in
the level of concentration from 1.3% to 1. 7% in the central region of the
secondary combustion air entrance zones ( +20 cm to +12 cm and =12 cm to
—18 cm, as determined from the oxygen profile). Although these concen-
trations are considerably lower than the secondary recirculation zone values
of approximately 9%, they are higher than the measured concentration of
carbon dioxide in the secondary combustion air entrance zones, for the kiln
burner operating without flue-gas recirculation. This occurs because of
the difference in composition of the secondary combustion air with and
without flue-gas products. Without flue-gas recirculation, the air .contains
no detectable levels of carbon dioxide, while for 12% reciréulation, it
contains approximately 1. 2% carbon dioxide. Other concentrations in the
combustion air plus flue gas included 18. 9% 0,, 10 ppm NO, aad 1 ppm NO,.
Comparing these concentrations for the fluid entering through the secéndary
combustion air zones with the analyzed component concentrations shows that
there is a minimal amount of entrainment of secondary recirculation products

into the burner-block region at the 5. 1-cm axial position.

A correlation of the carbon dioxide, nitric dioxide, temperature, and
nitrogen dioxide profiles indicates that nitrogen dioxide is formed before
nitric oxide in the flame ( so-called ''instantaneous NO,'). This same con-
clusion was reached for similar operating conditions of the kiln burner
without flue-gas recirculation. The positions of the peaks (—6 c¢m and +3 cm)
inside the burner block coincide for temperature, carbon dioxide, and nitrogen
dioxide. This agreement in the peak values for carbon dioxide and the tem-
perature would indicate where the combustion is occurring. At these positions,
the nitric oxide concentration is only 8% of its flue value, while nitrogen

dioxide has 113% of its final concentration.
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Figures 43, 51, 59, 67, 74, aad 81 show composite log plots of concen-
tration versus radial position within the composition range of 0. 0001%
(1 ppm) -100%. In these plots the interrelationships between concentration
variations of oxygen, nitric oxide, nitrogen dioxide, carbon mono:dde,

carbon dioxide, hydrogen, and methane can easily be visualized,

Figures 45, 53, 61, 69, 76, and 83 show flow direction versus radial
position. These profiles show the positions of primary and secondary
forward flow, of recirculation zones ( reverse flow), and of shear and

boundary layers.

Figures 44, 52, 60, 68, 75, and 82 are plots of the average temperatures

measured versus radial positions.

Data Cor;'elation of Isoplots for the Kiln Burner

Figures 35, 36, and 37 are iscthermal and isoconcentration plots of the
data presented for the kiln burner operating under standard industrial con-
ditions. Similar profiles are presented in Figures 84, 85, and 86 under

pollution-control operating conditions.

A comparison of the isothermal plots ( Figures 35 and 84) reveals the
baseline flame has a higher initial combustion intensity than the control
conditions. At the 57. 2-cm axial position, baseline operation produces a
1500°C temperature at the burner block projections compared with a 1300°C

temperature for pollution-control operation.

The isoconcentration NO plots reveal that the secondary recirculation
zones at the burner wall contain concentration levels similar to those found
in the flue. Comparing Figures 36 and 85 substantiates the slower rate of
NO formation for the pollution-control operating conditions than for standard
operating conditions. The NO, concentration has a larger value relative to
the flue concentration for the lower temperature fuel rich region of the
pollution control case than that for standard operating conditions. This may

‘aid in determining the kinetic formation scheme of NO and NO,.
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KILN BURNER=COMBINATION NOZZLE-PULLUTION CONTROL CONDITIONS

ISOCONCFNTRATION PLOT OF NO RAUDIAL PUSITION=CM VS. AXIAL PUSITION-CM
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KILN BURNER=COMBINATIUN NOZZLE~PULLUTIUN CONTROL CONDITIONS . -
ISOCONCENTRATION PLOT UF NO2 RADJAL POSITION=CM VS. AXTAL POSITION=CM
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BAFFLE BURNER

All in-the-flame experimental work conducted on the intermediate flame
length baffle burner was done with a 4-degree quarl angle burner block. In-
the-flame probings of two flames were made; base-line data were collected
with the operating conditions of the burner identical to those used in industry,
Control-case data were gathered from a flame in which the NO emission
level had been reduced by a factor of two as a result of increasing the gas
velocity by a factor of 16. For the base-line operating conditions, the gas
velocity was 38 ft/s, compared with a control case gas velocity of 611 ft/s.
The secondary combustion air velocity at the baffle in both cases was
251 ft/s. The difference in flame length was 165 cm, with the base-line

flame being 146 cm long and the control-case flame having a length of 311 cm.

Both flames displayed a directional flow profile typical of Type I flames.
Considering that the air ports in the baffles were rotated 15 degrees relative
to the centerline of the burner, resulting inh a combustion-air velocity
component in the tangential direction, coupled with the fuel-to-air velocity
ratio, a Type II flow profile was expected. Flow profiles were examined
for the control-case operating conditions using 8- and 15-degree. quarl
angle burner blocks. A type II flow profile was measured only for the
15-degree quarl angle burner block, which is the same éngle as the baffle

ports.

Table 16 lists the furnace conditions at which the base-line, in-the-
flame probing data were collected. The data obtained for an axial sampling
position of 5.1 cm are listed in Table 17 and plotted in Figures 87 through
94, Table 18 lists the results of radial sampling at an axial position of
26 cm. Figures 95 through 102 show plots of the data. The radial-profile
data at axial positions of 57. 2 cm, 146.1 cm, and 385.4 cm are presented

in Tables 19 through 21 and Figures 103 through 123.

Intermediate Flame Length Baffle Burner - Standard Gas Nozzle

The first group of in-the-flame profiles, presented in Figures 87 through
123 were collected under burner operating conditions recommended by the

manufacturer. The visual flame length was 146 cm with a 38 ft/s gas velocity.
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Table 16, FURNACE CONDITIONS FOR IN-THE-FLAME SAMPLING
(Intermediate Flame Length Baffle Burner — Standard Gas Nozzle)

INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE

NUMBER OF SETS OF DATA = S. ;
MINIMUM GRID VALUE OF AVERAGE TEMPERATURE = 1300, DEG.C
MAXIMUM GRID VALUE OF AVERAGE TEMPERATURE = 1800, DEG.C

POSITION OF OUTSIDE EDGES OF BURNER BLOCK
MINIMUM POSITION = ~14, CM
MAXIMUM POSITION = 14, CM

GAS INPUT» AXIAL 3012. CF/HR RADIAL 0s CF/HR
WALL TEMPERATURE 1430. DEG.C
PREHEAT TEMPERATURE 460, DEG.C

FLUE GAS RECIRCULATION G40 %

GAS SAMPLE ANALYSIS IN THE FLUE

NITROGEN OXIDE 493.,0 PPM
NITROGEN DIUX]IDE 53.0 PPM
OXYGEN 3.9 %
CARBON DJOXIDE 9.4 %
CARBON MONOXIDE | ,0093 %

LIMITS FOR CONCENTRATION PLOTS

LOWER LIMIT OF NO = O PPM UPPER LIMIT = 650, PPM
LOWER LIMIT OF NO2 = 0. PPM UPPER LIMIT = 70. PPM
LOWER LIMIT OF 02 = O % UPPER LIMIY = 2le %
LOWER LIMIT OF CH4 = 0O % UPPER LIMIT = 20 %
LOWER LIMIT OF CO2 = 0. % UPPER LIMIT = 10 %

ISOCONCENTRATIUN VALUES
OBTAIN VALUE OF RADIAL POSITION AT NO PPM CONCENTRATION 600, 5S0, 500,
OBTAIN VALUE OF RADIAL POSITION AT NO2 PPM CONCENTRATION S0. 40, 30.

450,
20,

350,
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Table 17. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 5.1 cm
(Intermediate Flame Length Baffle Burner — Standard Gas Nozzle)

INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE

AXTAL POSITION = S.1 Cm

RADJIAL ve N2 NO NO2 CU2 co He CH4 C2H2 C2H6 C3H6 C3HA TEMPFRATURE DEG.C

POSITION % % PPM PPM % % % % C2H4 % % % Ldadel Dl Ll d e b bt edd

(ol ] % AVG. MAX , TMAX=TAVG
=60, 4els ? S560. 44e¢ 9.3 L0083 ? 0.0 ? ? ? ? 1476, 1476, 0,
-5‘0. ’003 ? 570. bS. 903 .0085 ? 0.0 ? ? ? ? 1682. 1“82. 0.
-48, 4¢3 ? 600, S3. 9.4 ,u082 ? 0.0 ? ? ? ? 1484, 1484, [ 1S
~36. 4¢3 . ? 595, S5S. Yels V077 ? 0,0 ? ? ? ? 1470, 1470, 0.
=24 “e3 T 600. 55 9e4 L0075 ? 0,0 ? 7 K4 ‘t 1458, 1458, 0.
=21 Gels ? 590, SSe¢ 9.3 L0073 ? 0.0 ? ? ? ? 1380, 1380. 0.
-18. 369 7?7 610, 45, 9.6 40078 ? 0,0 ? ? ? ? 1370, 1370, 0.
-15,. 440 ? 630, 49, 9.5 00452 G 0.0 ? ? ? ? 1351, 1351. 0.
=12, 7.9 804 70 Sle 59 143000 3.1 2 ol 0.0 0.0 0,0 1688, 1688, 0,
-9 1.6 75¢5 105 18¢ 644 54,3000 9.2 9 3 0.0 0.0 0.0 1712 1712, 0.
-6 - 12.2 118, le 5H5e¢3 7.6000 12.3 lel ol 0.0 0.0 0,0 1656, 165¢6. 0,
-3 5 715 125, O “e7 9.0000 12.2 1.2 5 0.0 0.0 0.0 1636, 1636, 0.
0. 5 702 118, O 4ol 9.3000 1304 1.3 5 0,0 0.0 0.0 1613, 1613, 0,
3. 5 7122 130, O 5S¢0 Bo7000 11.9 9 «3 0.0 0.0 0,0 1649, 1649, [
6. le2 75,5 153, Oe 6¢]) 643000 9.7 5 1 ~ 0,0 0.0 0.0 1669, 1669, 0,
9. 6.1 825 105 12« 647 148000 1.6 ol 0.0 0.0 0.0 0,0 1652. 1652, 0.
12, 1le0 82.3 80, 9¢ 5S¢0 44000 0.0 0.0 0.0 0.0 0.0 0,0 155S. 15585, 0.
15. l4.2 ? 43, 2e 3Je8 L0478 ? 0.0 ? ? ? ? 1459, 1459, 0.
18, 13.1 ? 180, Be 4¢3 L0146 ? 0.0 ? ? ? ? 1470, 1470, 0,
21, 4.1 ? 485, 2S. 944 ,0088 ? 0,0 ? ? ? ? 1489, 1489, O
24 3.3 ? SS50. 28s 9e8 L0093 ? 0,0 ? ? ? ? 1489, 1489, (V1S
36 3.3 ? 530, 29¢ 9.8 40089 ? 0,0 ? ? ? ? 1475, 1475, 0.
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RADIAL POSITION=CM VS, PPM NO
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INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE

RADIAL POUSITION=CM VS, PPM NOZ2 IN GAS SAMPLE
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INTFRMEDIATE BAFFLE BURNFR = STANDARD NOZZLF

RADIAL PUSITION=CM VS, % 02 IN GAS SAMPLE AXTAL POSITIUM
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INTERMEDIATE BAFFLE HUKRNFR = STANDARD NU/ZZLE

RADIAL POSITION=CM VS, @ CH4 IN GAS SAMPLE AXTAL POSITIUN
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INTFRMEDIATE BaFtLE BURNFR - STANDARD NOZ7LF¥
RADIAL POSITION=LM VS, % €02 IN GAS SAMPLE AXlAaL POSITION
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INTERMEDIATE BAFFLE BURNER « STANDARD NOZZLE
COMPOSITE LOG PLOT RADIAL POSITION=CM VS. ALOG10(CONCENTRATION %) AXIAL POSITION =
0502+ NaNO+» BsNO2y 0=C02y C=CO»y HxH2» MaCHa,
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INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE
RADIAL PUSITION-CM VS, AVERAGE TEMPERATURE NEG.C AXTAL POSITION = 5.1 Cw
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Figure 93. Radial profile of average temperature at an axial position of 5.1 cm
' (intermediate flame length baffle burner — standard gas nozzle)
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Table 18. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 26.0 cm
(Intermediate Flame Length Baffle Burner — Standard Gas Nozzle)

INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE

AXTAL POSITION = 26.0 CM

RADIAL ve N2 NO NO2 Cu2 co H2 CHé C2H2 C2H6 C3H6 C3HB TEMPERATURE DEG.C

POSITIUN % - % PPM PPM % - % % % C2H4 % % % ceescstecacesrsssecaccany

CM % AVGe MAX ., TMAX=TAVG
=60. Gets ? 542, S4. 92 L0070 ? 0.0 ? ? ? ? 1455, 1455, 0o
=48 45 ? 565. S7. 9el 00075 ? 0.0 ? ? ? ? 1“600 1‘060. 00
- =36 G ? 565, 55« Y9¢3 L0074 ? 0,0 ? ? ? ? 1440, 1440, 0.
=240 4t ?7 530, 50 9.3 L0086 ? 0,0 ? ? ? ? 1393, 1393, 0,
=21 Lol ? 525, 48. 9¢3 L0478 ? 0.0 ? ? ? ? 1500, 1500, 0,
=18, bel ? 420, Sue Je3 US40 T 0.0 ? ? ? ? 1605. 108, 0.
-16, 43 85.4 395, 51 9.2 43300 0.0 0.0 0.0 0,0 0,0 0,0 1632, 1632, . 0,
~12. 460 8443 340, 2. B9 1.0000 o7 0.0 0.0 0.0 0,0 0,0 1703, 1703, 0.
-9, 2.9 834 330, 31e 8BeB 2.4000 3.1 0.0 0.0 0.0 0.0 0,0 1753, 1753. 0.
=6 leb 8le4 312, 13 8.2 401000 4e0 0.0 0.0 0.0 0.0 0.0 1740, 1740, 0.
-3, '8 8.7 295, Os 70 640000 645 o1 00 0.0 0,0 0.0 1710, 1710 0o
0. 8 769 245, Oe 6ol 741000 8.0 ol 0.0 04,0 0.0 0,0 1679, 1679, O
3. 9 77+3 225, 0s 62 6.8000 8.0 ol 0.0 0.0 0.0 0.0 1701, 1701, 0.
. 6o 240 79.3 198, O0¢ 67 543000 6.0 ol 0.0 0.0 0.0 0,0 1688, 1688. 0.
9. 55 8241 150, 28Be¢ 67 25000 2.3 0,0 0,0 0.0 0.0 0.0 1640, 1640, 0.
12. 9.6 H20S 125. 20¢ D5Se7 #7000 s 0.0 0.0 0.0 0.0 0.0 1538, 1538, 0.
1S. 11.8 82s1 145, Te 4e9 41000 0.0 0.0 0.0 0.0 0.0 0,0 1481. 1481, 0.
18. 115 8243 195 12¢ 53 (0000 0.0 0.0 0.0 0,0 0.0 0,0 1461, 1461}, 0.
21 B8e7 ? 270, 33+ 6.8 ,0078 ? 0.0 ? ? ? ? 1430, 1430, 0,
24, 6.1 ? 397. '30s 8e2 L0067 ? 0.0 ? ? ? ? 1434, 1434, 0.
36. 3.8 ?7 468. 32. 9.5 .0076 ? 0.0 ? ? ? ? 1444, 1444, 0.
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INTERMEDIATE BAFFLE BURNER = STANOARD NOZZLE
RADIAL PUSITION=LM VS, PPM NO IN GAS SAMPLE AXTAL POSTITIOM
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Figure 95. Radial profile of NO at an axial position of 26.0 cm
(intermediate flame length baffle burner — standard gas nozzle)
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INTFRMEDIATE HAFFLE HURNER, = STANDARD NUZZLE . - .

RAULAL POUSITION=CLM VS, PPM NOZ IN GAS SAMPLE AXTAL POSTTFION
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Figure 96. Radial profile of NO, at an axial position of 26.0 cm
(intermediate flame length baffle burner — standard gas nozzle)
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INTERMEDIATE SAFFLE BURNFR - STANDARD NUZZUF

RADIAL PUSTITION=CM VS, % 02 IN GAS SAMPLE AxTAL PUSITIOM = Ph,0 L
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Figure 97. Radial profile of O, at an axial position of 26.0 cm
(intermediate flame length baffle burner — standard gas nozzle)
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INTERMEDIATE HAFFLE BURNFR = STANDARD NUZZLE .

RAULAL POSITION-CM VS, % CH4 IN GAS SAMPLE AXIAL PNSTITION = 2.0 C™
1.5000
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Figure 98. Radial profile of CH, at an axial position of 26.0 cm
(intermediate flame length baffle burner — standard gas nozzle)
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INTFRMED{ATE BAFFLE BURNMFR = STANDARD NOZZLF

RADIAL POUSITION=-(M VS, » C02 IN LAS SAMPLE AXIAL POSTITION =
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Figure 99. Radial profile of CO, at an axial position of 26.0 cm
(intermediate flame length baffle burner — standard gas nozzle)

PhaD Cm



2¢l

INTERMEDIATE BAFFLE BURNER - STANDARD NOZZLE
COMPOSITE LOG PLOT RADIAL POSITION=CM VS. ALOG)O(CONCENTRATION %)

0=02,  N=NO» B8aN02,y D=C02,y C=CO0» H=H2 o
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Figure 100. Radial profile of all the gases at an axial position of 26.0 cm
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INTERMEDIATE BAFFLE BURNER =~ STANDARD NOZZLE

RABIAL POSITION-CM vS. AVERAGE TEMPERATUREL DEG.C AXIAL POSITION = 26,0 ™
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Figure 101. Radial profile of average temperature at an axial position of 26.0 cm

(intermediate flame length baffle burner — standard gas nozzle)
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Figure 102. Radial profile of flow direction at an axial position of 26.0 cm
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Table 19, IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 57.2 cm
(Intermediate Flame Length Baffle Burner — Standard Gas Nozzle)

INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE

' AXIAL POSITION = S57.2 C™»

RADIAL ve N2 NO NO2 .CO02 co H2 CH4 C2H2 C2H6 C3H6 C3H8 TEMPERATURE DEG.C

POSITION % ] PPM PPM % % % % C2H4 % % % LS L LI L it et At DD L

CM % AVG. MAX, TMAX=-TAVG
=60, 47 ? 500, 60s 9.0 40066 ? 0.0 ? ? ? ? 1494, 1494, 0,
48 4ol ? 512. 58. 9.2 .0080 ? 0.0 ? ? ? ? 1471, 1671, 0.
'360 ‘0.5 ? 510. bio 9'1 00079 7 0.0 ? ? ? ? 1451. 1451. 0.
«240 443 ? 475, S7. 92 e 0445 ? 0,0 ? ? ? ? 1552. 1552, 0.
-18, 40 85+6 430, 564 942 42000 0.0 0,0 0.0 Gel Je0 C.C 16C7, 1607, 0.
=12 34 8446 405, S5le 946 5000 o7 0.0 0,0 0.0 0,0 0.0 1667, 1667, 0.
=6 3.2 82.7 415, 52+ 8.8 143000 3.3 0.0 0.0 0.0 0.0 0.0 1724, 1724, 0.
0. 2oty 825 375, 3S. 8.1 3.4000 J.2 0,0 0.0 0.0 0,0 0.0 1745, 1765, 0.
6 1.8 7964 315, 24e T2 406000 6.6 0.0 0.0 0.0 0.0 0,0 1728, 1728, Ge
12, 45 83+6  280. 43+ 7.9 1.8000 1.5 0,0 0.0 0.0 0.0 0.0 1629, 1629, 0.
18. 7.“ 83'8 289. 47. 702 02000 O.U O.’O 0-0 0.0 0.0 0.0 1605. l6°';o '0.
240 Tel ? 340, 50 8e3 40351 ? 0,0 ? ? ? ? 1558, 155R. 0.
36, 44 ? 458, S57. 9.2 40080 ? 0,0 ? ? ? ? 1470, 1470, 0,
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Table 20. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 146.1 cm
(Intermediate Flame Length Baffle Burner — Standard Gas Nozzle)

INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE
AXIAL POSITION = 146,1 CM

RADIAL ve N2 NO NO2 CO02 Cco He CHa C2HZ2 C2H6 (C3He C3H8 TEMPERATURE DEG.C
POSITION % % PPM PPM % % ® % C2H4 % % % meecssccerrcnrccacecccnew"
CM % AVG, MAX, TMAX=TAVG
«60. “e3 ? 467, 65+ 9.3 +0084 ? 0.0 ? ? ? ? 1487, 1487, 0.
=54, Gols ? 475, 66« 942 40087 ? 0,0 ? ? 7 ? 1480, 1480, 0.
48, G4eS ? 470, 65, 9.l +008S ? 0,0 ? ? ? ? 1485, 14RS, 0.
=36, “e7 ? 475, 60. 9,0 L0089 ? 0.0 ? ? ? ? 1508, 1508, 0.
=30, 4.8 ? 470. 61- 9.0 « 0095 ? 0.0 ? ? ? ? 15130 1513- 0.
-2bo 449 ? 450, 60, 8.9 +0138 ? 0.0 ? ? ? ? 1559. 1559. 0.
=18, 4.8 ? 430, 56+ 9.0 0213 ? 0.0 ? ? ? ? 1621. 1621. 0.
=12, “e9 ? 430, 5S¢ Be9 0417 ? 0.0 ? ? ? ? 1645, 1645, 0.
-6 4ol ? 438, 53¢ 92 JUT46 ? 0.0 ? ? ? ? 1673, 1673, 0.
0. 4. 85.5 448, S4. 941 3000 0,0 0,0 0.0 0.0 0.0 0.0 1679, 1679, 0.
6. 3.9 8640 4S5, 44. 9.2 .3000 0,0 0.0 0.0 0.0 0.0 0.0 1663, 1663, 0.
12. 3.1 863 459, 48¢. 9.7 42000 0.0 0,0 0.0 0.0 0.0 0.0 1603, 1603, 0.
18, 3.0 B6e& 463, 52. 9.8 42000 0.0 0,0 0.0 0,0 0.0 0,0 1570, 1570, 0,
24, 3.2 B6e2 455, 564 946 42000 0.0 0.0 0.0 0.0 0.0 0.0 1542, 1542. 0,
30. Jet ? 448, 54. 9.8 40813 ? 0,0 ? ? ? ? 1496, 1496, 0,
36, 3.7 ? 046, S52¢ 946 JUS12 . ? 0.0 2 ? ? ? 148S, 1485, 0.
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Table 21. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 385.4 cm
(Intermediate Flame Length Baffle Burner — Standard Gas Nozzle)

INTERMEDIATE BAFHLE BURNER -~ STANDARD NOZZLE
AXTAL POSITION = 3JBS.4 CM

KADTAL 02 N2 NO NO2 Cu2 co He CH4 C2HZ2 C2H6 C3He C3HAR TEMPERATURE DEG.C
POSITIUN % % PPM PPM » % % % C2H4 % % * cecesscacesssresacccacaen

CM * AVG, MAX o TMAX=-TAVG
=60, 3,7 ? 485, 53, Y6 : 0092 ? 0.0 ? ? ? ? 1443, 1463, 0,
-48. 3.8 ?7 490, 56 9.5 .0096 ? 0.0 ? ? ? ? 1463, 1463, 0.
-6, 3.7 ? 500: 52- Yeb U004 ? 0.0 ? ? ? ? 1“82. 1482, 0.
~24. 3.8 ? S512. 5le 9.5 .0103 ? 0,0 ? ? ? ? 1483, 1483, 0,
=12 3.8 ? 504, S53. 95 L0088 ? 0,0 ? ? ? ? 1496, 1496. 0.

0. 4e2 ? 496, S3. 9.3 L0105 ? 0.0 ? ? ? ? 1501, 1501. 0.

12. 4.1 ? 492, 52« Y4 L0100 ? 0.0 ? ? ? ? 1484, 1484, 0.

24, 4.2 ? 490, S4e 9¢3 0098 ? 0.0 ? ? ? ? 1465, 1465, O

36. 42 ? 4B7. S2¢ 93 40090 ? 0.0 ? ? ? ? 1447, 1447. 0.
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INTERMEDIATE BAFFLE BURNER = STANDAKRD NUZZLE
RADIAL POSITION=CM VS, PPM NO [N GAS SAMPLE AXTAL POSITION = S7.72 (v
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Figure 103, Radial profile of NO at an axial position of 57.2 cm
(intermediate flame length baffle burner — standard gas nozzle)
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INTFRMEDIATE BAFFUE BURNER = STANDARD NOZZLE

RADIAL POSITION=CM VS, PPM NO2 IN LAS SAMPLE AXIAL POSTITIOM
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Figure 104. Radial profile of NO, at an axial position of 57.2 cm
(intermediate flame length baffle burner — standard gas nozzle)
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INTERMEDIATE BAFFILE HBURNFR = STANDARD NOZZLF

RADIAL POSITION-CM VS, =% 02 1IN GAS SAMPLE Ax[aL POSTTIOM
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Figure 105. Radial profile of O, at an axial position of 57.2 cm
(intermediate flame length baffle burner — standard gas nozzle)
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RADIAL #
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INTFRMEDIATE BAFFLE BURNER « STANDARD NOZZLF
USTTION=CM VS, % COZ IN GAS SAMPLE AXTAL POSTTIOM =
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Figure 106. Radial profile of CO, at an axial position of 57.2 cm
(intermediate flame length baffle burner — standard gas nozzle)
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. INTERMEDIATE BAFFLE BURNER =~ STANDARD NOZZLE
COMPOSITE LOG PLOT RADIAL POSITION=CM VS, ALOGL0(CONCENTRATION %) ) AXIAL POSITION =
0=02, NENQ» B=N0O2, D=C02, C=CO» HeH2, MxaCHG
100,0000
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Figure 107. Radial profile of all the gases at an axial position of 57.2 cm
(intermediate flame length baffle burner — standard gas nozzle)
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INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE

RADIAL POSITION~CM VS. AVERAGE TEMPERATURE DEG.C AXTAL POSITION = 57,2 €™
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Figure 108. Radial profile of average temperature at an axial position of 57. 2 cm

(intermediate flame length baffle burner — standard gas nozzle)
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Figure 109. Radial profile of flow direction at an axial position of 57.2 cm
(intermediate flame length baffle burner — standard gas nozzle)
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INTERMEDIATE BAFFLE HURNER = STANDARD NUZZLE

RADIAL PUOSITION=CM VS, PPM NO IN GAS SAMPLE AXTAL POSITINN = Jak,] (wm
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Figure 110. Radial profile of NO at an axial position of 146.1 cm
{intermediate flame length baffle burner — standard gas nozzle)



9%1

INTERMEDIATE GAFFLE BURNFR -~ STANDARD NOZZLE
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INTERMEDIATE BAFFLE BURNER ~ STANDARD NOZZLE
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INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE

RADJAL POSITION-CM VS, AVERAGE TEMPERATURE DEG.C AXJAL POSITION = 146,1 CM
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INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE

RADIAL PUSITION=CM VS, PPM NO IN GAS SAMPLE AXTAL POSTTIOM
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INTFRMEDIATE BAFFLE BURNER = STANDARD NOZZLE
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Figure 119. Radial profile of O, at an axial position of 385.4 cm
(intermediate flame length baffle burner — standard gas nozzle)
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INTFRMEDIATE HBAFFLE RURNFR = STANDARD NOZZLE
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INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE
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Figure 123, Radial profile of flow direction at an axial position of 385.4 cm
(intermediate flame length baffle burner — standard gas nozzle)
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Flow direction analysis at the 5. 1-cm axial position depicts a Type I
flame. Secondary recirculation zones exist in the regions —60 cm to —18 cm
and t21 cm to +60 cm. Inside the edges of the burner block, —14 cm to
+14 cm, there are only two resolve peaks, compared with three peaks which
are normally observed in a Type I flame. Because the gas velocity is lower
than that of the secondary air, the central methane core appears as a
depression between the two air peaks. These flow peaks occur at —9 cm and

+12 cm.

Correlating the 5. 1-cm axial position temperature profile with the above
flow analysis, a constant temperature of 1480°C exists in the recirculation
regions ( compared with a wall temperature of 1430°C). Miniraum tempera-
tures of 1351°C and 1459°C occur at —-15 cm and +15 cm, respectively. Peak
temperatures of 1712°C and 1669°(C occur inside the burner-blaock area at

—9 cm and +6 cm, respectively.

Figure 87, the plot of nitric oxide versus radial position, shows that the
nitric oxide concentration in the secondary recirculation zone (—60 cm to
—18 cm) averaged about 589 ppm, as compared with a flue concentration of
493 ppm. Comparing this with the average NO concentration of 112 ppm in
the burner-block region indicates that at 20. 1-cm downstream of the gas
injectibn, only 25% of the flue concentration nitric oxide appears within the

combustion zone.

The plot of nitrogen dioxide versus radial position ( Figure 88) shows a
strong asymmetry about the center line of the burner. Peaks occur within
the burner-block region at —12 cm and +9 cm, with concentrations of 51 ppm
and 12 ppm, respectively. The nitrogen dioxide concentration measured

in the flue was 53 ppm.

The oxygen profile at the 5. 1-cm axial position ( Figure 89) shows peaks
at —12 cm and +15 cm, with concentrations of 7. 9% and 14. 2%, respectively,
which represent the secondary combustion air input. The large difference
in oxygen concentration arises because of the discrete orifices in the baffle
for the combustion air. Thus, the air enters the combustion chamber as
six independent jets. Because each of the air ports is rotated relative to
the centerline of the burner, each of these jets will rotate in a clockwise

direction from the front to the rear of the furnace. It is possible to
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investigate along a plan at a fixed axial position and measure a large air
concentration on one side of the burner centerline, while detecting almost a
void of oxygen on the other side. This asymmetry will gradually disappear
as the air moves down the furnace, expanding and losing velocity until, at
approximately ten equi&alent nozzle diameters, the flow profile becomes

symmetrical.

The methane profile ( Figure 90) shows a 1. 3% maximum concentration
on the burner centerline and falls to zero at —15 cm and +12 cm with a
larger volume of methane on the left side of the burner centerline. The
major combustibles present are hydrogen and carbon monoxide ( Figure 92),
both having their maximum concentrations on the centerline of the burner

with hydrogen at a peak concentration of 13. 4% and carbon monoxide at 9.3%.

The curve of carbon dioxide versus radial position ( Figure 91) shows a
variation in the level of concentration from 5, 9% to 3. 8% in the region of the
secondary combustion air entrance zones (—12 ¢cm and +12 cm to +18 cm, as
determined from the oxygen profile). The average carbon dioxide concen-
tration in the secondary recirculation zone is 9. 5%. The asymmetry
illustrated by this profile indicates that at the 5. 1-cm axial position, a
larger mass exchange has occurred between the secondary jet and secondary
recirculation zone to the left of the burner centerline than to the right. Peak
concentrations within the burner-block area of 6. 4% and 6. 7% appear at
radial positions of =9 cm and +9 cm, respectively. This should give an
indication as to where combustion is occurring, The maximum temperatures
were measured at —9cm and +6 cm ( Figure 93). However, there was only
a 17°C temperature difference between the +6 cm and +9 cm radial positions.
The stoichiometric ratios of fuel and air are estimated to occur at —10.4 cm

and 7.5 cm.

The in-the-flame data collected at the 26-cm axial position are listed in
Table 18 and illustrated in Figures 95 through 102.

Figure 95 shows the NO radial profile. The high degree of asymmetry
due to the baffle still persists. Within the area of the burner block, the
nitric oxide concentration averages 242 ppm, compared with 112 ppm at a

5. 1-cm axial position.
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The difficulty involved with trying to determine whether the NO has been
formed within the burner-block area or appears there through entrainment
from the secondary recirculation zone, becomes more difficult when viewing

the oxygen radial profile ( Figure 97) and the carbon dioxide profile ( Figure 99).

The oxygen profile shows a smooth transition from the secondary recir-
culation zone to the fuel jet region, with no inflections due to a secondary
air jet on the left side of the burner centerline. An oxygen peak of 11. 8%
does appear at the 15-cm radial position. At the 26-cm axial position, a
4. 4% oxygen concentration in the secondary recirculation zone is typical.

A minimum oxygen concentration of 0. 8% is measured on the centerline of
the burner. This is a slight increase over the 0. 5% concentration measured

at the 5. 1-cm axial position.

The plot of carbon dioxide versus radial position also shows a smooth
transition from the average 9. 3% concentration of the secondary recircula-
tion zone to 6. 2% at 3 cm. The minimum CO, concentration, 4. 9%, occurred
at 15 cm — the position corresponding to the maximum oxygen reading. These
minimums are split by a peak with a 6. 7% concentration occurring between

6 cm and 9 cm.

The temperature profile ( Figure 101) shows peaks of 1753° and 1701°C
at =9 cm and +3 c¢m, respectively, with stoichiometric ratios of fuel and air

occurring at —8. 6 c¢cm and +7.3 cm.

There is only a trace of methane detected, with hydrogen and carbon
monoxide occurring in approximately equal concentrations at a measured
maximum of 8% ( Figure 100). Both concentrations are grouped about the

centerline of the burner.

In-the-flame data for a 57. 2-cm axial position are listed in Table 19 and
presented in Figures 103 through 109. The average NO concerntration within
the burner-block area is 354 ppm, compared with 485 ppm outside this area.
This resolves into a concentration gradient of 4. 6 ppm/cm within the burner-
block area from the 5. 1-cm axial position to the 57. 2-cm position. Conversely,

the concentration gradient outside the burner-block area is —2. 0 ppm/cm.
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There is no longer a measurable concentration of methane. The locations of

stoichiometric fuel-to-air ratios are at — 28 ¢cm and +8. 9 cm.

The in-the-flame data collected for the 146. 1-cm axial position shows a
general smoothing of the concentration. This data is listed in Table 20
with graphical representations in Figures 10 through 116. Cornbustion has
been completed, with hydrogen decreasing from its maximum value of 6. 6%
at the 57. 2-cm axial position to zero, and the carbon monoxide has decreased
from 4. 6% to 0.3%. The maximuin measured temperature is 1679°C, with
the temperature distribution being uniform about the burner centerline. The
NO concentration in the burner-block area has increased to 446 ppm — only
47 ppm less than the concentration measured in the flue. The NO concen-
tration outside the burner-block area is 467 ppm, or 26 ppm less than the

flue concentration.

Figures 92, 100, 107, 114, ard 121 show composite log plots of concen-
tration versus radial position within the composition range of 0.0001% (1 ppm)
to 100%. In these plots the interrelationships between concentration variations
of oxygen, nitric oxide, nitrogen dioxide, carbon monoxide, carbon ‘dioxide,

‘hydrogen, and methane can easily be visualized.

Figures 94, 102, 109, 116, and 123 show flow direction versus radial
position. These profiles show the positions of primary and secondary forward

flow, of recirculation zones (reverse flow), and of shear and boundary layers.

Figures 93, 101, 108, 115, and 122 are plots of the average temperatures

measured versus radial positions.

Intermediate Flame Length Baffle Burner - High-Momentum Gas Nozzle

From data collected during the input/output tests, we discovered that an
effective and economic way to reduce NO_ emissions from the baffle burner
was to increase the gas (primary jet) velocity. For these tests, the gas
nozzle was changed from a 2-inch-diameter stainless steel tube to a 1/2-inch-
diameter tube. The visual flame length was 311 c¢cm, or an increase of 146 cm
over the flame length observed with the standard nozzle. The furnace operating

conditions for which these in-the-flame data were collected are listed in
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Table 22. A complete listing of the pollution control test data is given in
Tables 23 through 27 with full graphkic illustrations of these data presented
in Figures 124 through 161.

The profile data collected at the 5. 1-cm axial position are graphically
presented in Figures 124 through 131 with a detailed data listing in Table 23.
The flow profile shows that the flow regions are similar to those observed
for normal operating conditions. The only difference is due to the greater
gas velocity. The primary jet now peaks above the maximum forward
momentum air peaks. Thus, the ges jet will now be a momentum source,

instead of being the momentum sink it was using the standard nozzle.

The average NO concentration in the secondary recirculation zone is
237 ppm, compared with the 254 ppin detected in the flue. The average
concentration within the burner-block area is 13 ppm, with two small

inflections occurring at —6 cm and+3 cm.

The profile of NO, versus radial position presented in Figure 125 shows
two very small well resolved peaks within the burner-block area. These
peaks occur at radial positions of —9 cm and +6 cm, with respective con-
centrations of 28 ppm and 34 ppm. At both positions, the NO, has a greater

concentration than the NO.

The oxygen profile at the 5. 1-cm axial position ( Figure 126) displays
peaks at —12 cm and +15 cm, with concentrations of 18.0% and 17. 5%,

respectively, which represent the secondary jet ( combustion air) input.

The methane profile has a maximum concentration of 15% on the burner
centerline and falls to zero at —12 ¢cm and +9 cm in an asymmetrical pattern.
Other combustibles present include carbon monoxide, with a maximum con-
centration of 5. 8% at —3 c¢m; hydrogen, with a maximum concentration of
9. 4% at —3 cm; acetylene and ethylene, with a combined maximum of 2. 1%
at —3 cm; and ethane at 0. 3% on the centerline of the burner. The
stoichiometric fuel/air ratio occurs at radial positions of —5. 1 cm and

+6. 2 cm.
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE

RADIAL POSITION-CM VS, PPM NO 1IN GAS SAMPLE AXTAL POSITION =
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2640.00
235,00
230,00
225.00
220,00
215.00
210,00
205.00
200.00
195,00
190,00
185,00
180.00
175.00
170.00
165.00
160,00
155,00
150,00
145,00
140.00
135,00
130.00
125.00
120.00
115.00
110.00
105.00
100,00
95.00
90.00
85.00
80.00
75.00
70.00
65,00
60.00
55.00
50.00
45,00
40.00
35,00
30.00
25,00
20.00
15.00
10.00
5.00
0.00

»60.

e g
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Figure 124. Radial profile of NO at an axial position of 5.1 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)

S.1 CM
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Table 22. FURNACE CONDITIONS FOR IN-THE-FLAME SAMPLING
(Intermediate Flame Length Baffle Burner — High-Momentum Gas Nozzle)

INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE

NUMBER OF SETS OF DATA = Se
MINIMUM GRID VALUE OF AVERAGE TEMPERATURE = 750, DEG.C
MAXIMUM GRID VALUE OF AVERAGE TEMPERATURE = 1700, DEG.C

POSITION OF OUTSIDE EDGES OF BURNER BLOCK
MINIMUM POSITION = «l4, CM
MAXIMUM POSITION = 14, CM

GAS INPUT, AXIAL 3017. CF/HR RADIAL 0. CF/HR
WALL TEMPERATURE 1380. DEG.C
PREHEAT TEMPERATURE 450+ DEG.C

FLUE GAS RECIRCULATION 0.0 %

GAS SAMPLE ANALYSIS IN THE FLUE

NITROGEN OXIDE 254.,0 PPM
NITROGEN DIOXIDF 39,0 PPM
OXYGEN 4ol %
CARBON DIOXIDE Fes %

CARBON MONOXIDE 0101 %

LIMITS FOR CONCENTRATION PLOTS '
0. PPM UPPER LIMIT

LOWER LIMIT OF NO = = 260, PPM
LOWER LIMIT OF NO2 = 0. PPM UPPER LIMIT = 55, PPM
LOWER LIMIT OF 02 = 0. % UPPER LIMIT = 2le %
LOWER LIMIT OF CH4 = O % UPPER LIMIT = 15 %
LOWER LIMIT OF CO2 = le % UPPER LIMIT = 10, %

ISOCONCENTRATIUN VALUES
OBTAIN VALUE OF RADIAL POSITION AT NO PPM CONCENTRATION 230, 210, 190,
OBTAIN VALUE OF RADIAL POSITION AT NO2 PPM CONCENTRATION 40, 30, 20,

140,
10,

70.
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Table 23. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 5.1 cm
(Intermediate Flame Length Baffle Burner — High-Momentum Gas Nozzle)

INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE

AXIAL POSITION = S.1 CM

RADJIAL 02 N2 NO NO2 CO02 co H2 CHé& C2H2 C2H6 CIH6 C3HB TEMPERATURE DEG.C

PUSITION % % PPM PPM % % % % C2Ha % % % LI e LD DL DL L Dt

(o} % AVG. MAX . TMAX~TAVG
=60. 4.7 ? 231, 48. 9.1 40049 ? 0.0 ? ? ? ? 1448, 1448, 0,
48 447 ? 238, 45« 9.1 ,0050 ? 0.0 ? ? ? ? 1340, 1340, 0.
*36. b4 ? 238, 47. 9.2 +005] ? 0.0 ? ? ? ? 1336, 1336, O.
244 4.2 ? 239, 46¢ 9¢3 40049 ? 0.0 ? ? ? ? 1313, 1313. 0.
-ZIO 4.2 ? 241, 46, 9.3 « 00646 ? 0.0 K4 T h T 1307, 1307 0.
=18 47 ?7 234, 45« 9.0 L0070 ? 0.0 ? ? ? ? 1269, 1269, 0.
-15. 9,0 ?7 156, 35. 6.6 L0226 ? 0.0 ? ? ? ? 1126, 1126, 0.
12« 180 794 6, Te 1e3 2000 0.0 0.0 0.0 0,0 0.0 0.0 780, 780, 0.
-9 10,7 779 10, 2B8¢ o4 2.2000 2.8 1.7 3 o0 0.0 0.0 1205, 12085, 0.
-6 245 66,1 2%¢ 1Te 349 5.8000 9.1 10,0 1.8 o2 0.0 0,0 1506, 1506, 0.
-3 2.4 611 22, Te 3¢5 5,8000 9.4 14,7 2.1 3 0.0 .0 1345, 134S. 0.
o. 209 61.2 22. 130 30“ 507000 8.9 15.0 2.0 .J 0.0 .o 12861 12860 n.
3. 3.1 68.1 24, 20+ 4e2 545000 7.9 9.1 1.3 o2 0.0 0.0 1482, 1482. 0.
6o 8.1 769 9. 34e¢ 349 3.1000 3.9 246 o7 0.0 0.0 0.0 1462, 1462, 0.
9. 13.1 ? 7e Ge 4¢5 43500 ? 0,0 ? ? ? ? 1108, 1108. 0.
12. 15.8 ? b, le 249 .0228 ? 0.0 ? ? ? ? 767, 767, (U
1S. 17.5 ? e ¢ lel 0121 ? 0.0 ? ? ? ? 820, 820. 0.
18. 12.9 7 146, 25. 6.6 40072 ? 0.0 ? ? ? ? 1143, 1143, 0.
2l 5.2 7 214, 39 848 40046 ? 0.0 ? ? ? ? 1253, 1253, 0.
24, S.2 ? 219, 37« B8e8 40045 ? 0.0 ? ? ? ? 1343, 1343, 0,
36. S.4 ? 227, 36. 8,6 .0038 ? 0.0 ? ? ? ? 135S. 13Ss. 0.
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Table 24. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 26 cm
(Intermediate Flame Length Baffle Burner — High-Momentum Gas Nozzle)

INTERMEDIATE BAFFLE BURNER -~ HIGH MOMENTUM NOZZLE
AXTAL POSITION = 26,0 Cm

RADTAL 02 Ne NO NQ2 CO0g co He CHé C2HZ2 C2HWH6 C3H6 CIHB TEMPERATURE DEG.C
POSITION % % PPM PPM % % % 0% C2H4 % % % Lt L L L e L L Ll L L el L
CM % AVG., MAX o TMAX=TAVG
=60, Sel ?7 230, 38, H.6 L0050 ? 0.0 ? ? ? ? 1368, 1368, [\ 2%
=48 Se6 7 229. 39. 8.5 ,0046 ? 0,0 ? ? ? ? 1351, 1351. 0.
-36¢ 5.7 ? 232. 4le 845 0040 7 0.0 ? ? K4 ? 1348, 1348, 0,
-2‘00 7.‘0 . ? 18“. 43, TS5 00395 ? 0.0 ? ? ? ? 13‘08. 13“8. 0.
=21 9e7 ? 156s 27. 6.1 L1300 7 0.0 ? ? ? ? 1349, 1349, 0,
*]8, 10.5 824 102. 28¢ 5S¢4 L4600 o2 ol 0.0 0,0 0.0 0,0 1278. 1278, 0.
*1Se 101 81.0 9. 47¢ 5Se0 1436400 1.6 «3 0,0 040 De0 Ue0 1333, 1333. Oe
“12¢ 6e6 T6¢6 30s Sle 4e8 33,7200 5.3 1.8 b 0.0 0.0 0.0 1595, 1595, Oe
~9e 2e] 68.2 26 19¢ 404 6.8600 10,8 5.6 1.5 o0 0.0 0,0 1606, 1606, De
“Bs l1e2 6be2 25¢ 10s 4ol 7.2200 13,4 7.3 1.9 0 0,0 0,0 1561, 1561. 1
*3e 13 6641 26s 106 4¢3 743400 1le4 7.0 2.0 o0 0.0 0,0 1606, 1606, 0.
0. 3.1 71.6 25. 28+ 4oB 6.1800 8.9 3,9 9 0 0,0 0,0 1643, 1643, 0.
3. 9.0 78.8 19 42+ 4¢3 245700 3.5 9 0.0 0,0 0.0 0,0 1569, 1569, O
6o 15.3 79.:4 24, 28+ 3ol 140100 %3 ol 0.0 0.0 0.0 0.0 1372. 1372, Oe
9. 1645 79.5 37. l4e 2046 43900 0.0 o0 0,0 0.0 0.0 0.0 1142, 1142, 0.
12. 1642 79.9 45. 1le 246 <0194 0.0 0,0 0.0 0,0 0.0 0.0 1086, 1086, [
15, 1409 80.7 68s 14 345 0085 0.0 0.0 0,0 0,0 0.0 0.0 1191, 1191, 0.
18. 1344 8leb 95, 16¢ 4e2 40073 0.0 0.0 0,0 0,0 0.0 0.0 1258, 1258, 418
21, 10.7 82¢6 132 19¢ Seb6 0048 0.0 0,0 0.0 0.0 0.0 0,0 1327. 1327, 0.
24. Teb6 ? 173« 24¢ T4 40045 ? 0.0 ? ? ? ? 1350, 1350, 0.
36. Sel ? 201, 28« 8.8 L0056 ? 0.0 ? ? ? ? 1352. 1352, 0.
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Table 25, IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 57.2 cm
(Intermediate Flame Length Baffle Burner — High-Momentum Gas Nozzle)

INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
AXIAL POSITION = 57.2 CM

RADIAL 02 N2 NO NO2 CO02 co H2 CH4 C2H2 C2H6 C3H6 C3H8 TEMPERATURE DEG.C
POSITION % % PPM PPM % % % % C2H& % % % cfesessccasesercenccsecaerase
CM % AVG, MAX o TMAX=TAVG
«60. 5.2 ? 248, S0. 8.8 .007S ? 0.0 ? ? ? ? 1381, 1381. 0.
~48, S¢6 7 241, 50. 8¢5 40070 ? 0.0 ? ? ? ? 1365, 1365. O
"420 509 ? 2‘61. 49, 8.4 00129 ? 0.0 ? ? ? ? 1382' 1382. Oa
=36 6ol 7 231, 47 B8e.2 L0486 ? 0.0 ? ? ? ? 1389, 1389, 0.
=30, 63 8444 199, 39s Te9 5000 2 0.0 0.0 0.0 0.0 0.0 1473, 1473, 0.
=24, 643 83,0 15]ls 4le 646 1.7100 1.5 ol 0.0 0.0 0.0 0.0 1546, 1546. Oe
~18. 3.5 798 102, 41¢ 645 4.0800 Sel -] 0.0 0.0 0.0 0,0 1692. 1692, 0.
12 260 1S4 66, 25 Sed 645000 8.7 1.2 2 Vel VeV 0,0 1614, 1614, 0.
6 Gob 762 64e 36¢ Sel 546200 Tel 9 0.0 0,0 0.0 0.0 1619, 1619. 0e
O 9,3 8045 83, 47+ 5e] 2.2300 1,9 ol 0.0 0,0 0.0 0,0 1542, 1542. 0.
6e 10.6 82¢4 118, 21¢ Se3 ,6200 0.0 0,0 0.0 0.0 0.0 0.0 1469, 1469, O
124 11.4 82.5 116, 15¢ 5.0 41300 0.0 0.0 0.0 0.0 0.0 0.0 1371. 1371, 0,
18, 11.3 7 113. 6e 5e2 #0234 ? 0.0 ? ? ? ? 1194, 1194, 0
21. 1047 7 128. 28, 5.6 40095 ? 0.0 ? ? ? ? 1249, 1249, 0,
24, 9.6 ? 145, 28. 6.2 +0080 ? 0,0 ? ? ? ? 1312, 1312. 0,
30. Te7 ? 156, 36 Te2 40076 ? 0.0 ? ? ? ? 1344, 1344, (28
36. 6.l ? ? 0,0 ? ? ? ? 1346. 1346, 0.

166, 47+ 8¢2 0071
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Table 26, IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 146.1 cm
(Intermediate Flame Length Baffle Burner — High-Momentum Gas Nozzle)

INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
AXIAL POSITION = 146,]1 CM

RADIAL 02 NE NO NO2 (¢02 co H2 CHé C2H2 C2H6 C3H6 C3H8 TEMPERATURE DEG.C
POSITION % % PPM PPM % % % % C2H4 L 3 % % ceccrcccocccarcseneresacee
CM % AVG. MAX o TMAX=TAVG
60, S.7 ? 229. 50¢ 8.5 40229 ? 0.0 ? ? ? ? 1481. 1481, . 0O
=48, Sel ? 222. 4G40 8.9 1000 ? 0.0 ? ? ? ? 1520. 1520, O
=36 Se0 85.0 212, 42+ 8.7 +3000 0.0 0,0 0.0 0.2 0.0 8.0 152¢, ises, C.
=30, 4,7 85:)1 2124 39 8e7 4400 0.0 0.0 0,0 0.0 0.0 0.0 1600, 1600, 0.
24, beb 85.2 204, 37: 8.8 .5800 0.0 0.0 0.0 0.0 0.0 0,0 1598, 1598, O
18 4.8 85¢2 194, 39 8.7 5600 0.0 0,0 0,0 0,0 0,0 0,0 1576, 1576, 0.
=12 Se5 8448 196, 4le Be3 43400 0.0 0.0 0.0 0.0 0s0 0,0 1526, 1526, O
L1 Se8 7 188, 42+ 8.5 1000 ? 0.0 ? ? ? ? 1522. 1522. 0.
0. 645 ? 179, 31. 8.1 41300 ? 0,0 ? ? ? ? 1S14. 1S14, 0.
[-YY 6.5 ? 175, 41 8.2 01300 ? 0.0 ? ? ? ? 16494, 1494, 0,
12. YL ?7 18l. 233. 8.1 40800 ? 0,0 ? ? ? ? - 1493, 1493, 0.
18, 6e7 ? 162, 33 8,0 40400 7 0,0 ? ? ? ? 1476, 1476, 0,
Che Tel ? 1584 30« 746 0427 ? 0.0 ? ? ? ? 1443, 1443, 0.
30, 6.9 ? 159, 29¢ 7+9 40140 ? 0.0 ? ? ? ? 1426, 1626, 0.
36. 6e6 ?7 1584 3le 7.9 40093 ? 0,0 ? ? ? ? 1410, 1410, 0,



0L1

Table 27. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 385.4 cm
(Intermediate Flame Length Baffle Burner — High-Momentum Gas Nozzle)

INTERMEDIATE BAFFLE BURNER « HIGH MOMENTUM NOZZLE
: AXIAL POSITION = 3R5.4 CM

RADIAL 02 N2 NO NO2 CO2 co H2 CH4 C2H2 C2H6 C3H6 C3H8 TEMPERATURE DEG.C
POSITION % % PPM PPM % - % % C2HG % % * T Ty
cM % AVG. MAX o TMAX=TAVG
~60. 444 ? 253, 42. 9.3 0101 0.0 0,0 ? ? ? ? 1480, 1480, 0.
.48, 4.3 ? 255. 39. 9.3 L0125 ? 0,0 ? ? ? ?  1460. 1460, 0.
=36+ 4.2 7 263. 4le 944 L0104 ? 0,0 ? ? ? ? 1440, 1440, 0.
24, 443 ? 258, 42¢ 943 .0105 ? 0,0 ? ? ? ?  1%2¢, 1420, O.
12, 4,3 ? 258. 464 942 +0094 ? 0,0 ? ? ? ? 1396, 1396, 0.
0. 4.4 ? 25l. 33¢ 942 <0091 ? 0,0 ? ? ? ? 1377, 1377. 0.
12. 442 ? 249. 30. 9¢4 +0093 ? 0,0 ? ? ? ?  1380. 1380, 0.
24, 4,1 ? 2608, 33¢ 9¢4 40095 ? 0,0 ? ? ? ?  1398. 1398, 0.
36. 4.0 ? 266, 37, 9.4 ,0088 ? 0,0 ? 7 ? ?7 1402, 16402, 0.
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INTERMEDIATE BAFFLE BURNER = MIGH MOMENTUM NOZZLE
RADIAL POSITION=CM VS, PPM NO2 IN GAS SAMPLE AXIAL POSITION =
55.00
53,94
52.88
S1.83
50477
49,71
“8,65
47,60~
46,54 """""-—————-______:__________.
45,48 . *—e—
44442
43,37
42431
41,25
40419
39,13
38,08
37,02
35.96
34,90
33,85
32,79
31,73
30,67
29.62
28.56
27.50
26,44
25,38
26,33
23,27
22,21
21.15
20,10
19,04
17.98
16,92
15,87
l4.81
13,75
12.69
11,63
10,58
9452
8.46
7.40
6435
5.29
4.23
3.7
2.12
1.06
00

T
S ]

)

\J * ] . ’
-60.000 =50.000 «40,000 =30.,000 «20.000 «10,000 0.000 10,000 20,000 30.000 40,000

Figure 125. Radial profile of NO, at an axial position of 5.1 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)

S.1 Cm
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
RADIAL POSITION-CM VS, % 02 1IN GAS SAMPLE . AXIAL POSITION =
21.00
20,60
20,19
19.79
19,38
18.98
18,58
18,17
17.77
17.37
16.96
16.56
16,15
15.75
15,35
14.94
14454
14,13
13.73
13.33
12,92 -
12.52
12.12
11.71
11,31
10,90
10.50
10.10
9.69
9.29
8.88 .
8,48
8,08
T7+67
T7.27
6.87
6,46
6406
S.65
S$.25

4085 4" 4
4,46 ’\ 4
4,04 L
3.63
3.23
2.83
2.42
2.02
le62
l1.21
81
040
«00

P )

PR IR I I I I T N
®

— e

4 s
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' [
=60.000 =50.000 40,000 =30.,000 =20,000 =10,000 0.000 10.000 20,000 30.000 40,000

Figure 126. Radial profile of O, at an axial position of 5.1 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)

5,1 CM



€Ll

INTERMEDIATE  BAFFLE BURNER = HIGH MOMENTUM NOZZLE
ﬁAD{AL POSITION=CM VS, % CH4 IN GAS SAMPLE AXTAL POSITION = Sel Cm
5.00
l4,71
l4.42
14,13
13,85
13.56
13,27
12,98
12.69
12.40
12.12
11.83
11.56
11.25
10,96
10.67
10,38
10,10
9.81
9,52
9,23
8,94
8,65
8,37
8,08
7.79
?.50
T.21
6.92
6.623
6435
6.06
5.77
S48
5' 19
4,90
“.62
©.33
4e06
3.75
3,46
3.17
2.88
2.60
2431
2,02
1.73
lets
1.15
«87
58
29 .

200 » . SENY Y'Y S (Y Y PR,

P T e I L A I I S S R S B B R RS AP R S IR IR A A IS B I
o T T T T I I I IR TR SRR P S Y

K] ’ ’ [] ' ' ' ' ’ [ '
=60.000 -50.,000 =40,000 =30.000 =-20,000 =10.,000 0.000 10.000 20,000 30,000 40,000

Figure 127, Radial profile of CH, at an axial position of 5.1 ecm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
RADIAL POSITION=CM VS. % C02 IN GAS SAMPLE AXIAL POSITION
9,50
9,34 e
9,17 ~* . — \
9,01 -
8,85
8,68
8,52
8.36
8.19
8,02
T7.87
T7.70
T+54
7,38
7.2}
705 .
6.88
6.72
6,56
6.39
6423
6,07
5.90
Se74
5458
Sesl

-1

Sel e

5.09
4,92
4e16
4460
4443
4,27 /
4011

3.94 »
3.78 /\ /
3.62

3.45 » ® e
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Figure 128, Radial profile of CO, at an axial position of 5.1 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)

S.1 CM



SL1

INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
COMPOSITE LOG PLOT RADIAL POSITION=CM VS, ALOG1IO(CONCENTRATION %) AXJAL POSITION =
0=02» NZNO+» BaNO2,y 0=C02+ C=COy H=H2 o M=CHa
100,0000
76,6682
58,7802
45,0657
34,5511
26,4897
20,3092
15.5707
11.9378
9.,1525 D 0 D 0O O D O
7.0170
5.3798 .
44,1266 0 0 [*] c 0 o
3.1623
204245
1.8588
1.4251
1.0926
«8377
«6422
04924
+ 3775
«2894
2219
«1701
«1304
«1000
<0767
+ 0588
« 0451
20346
« 0265 N N N N N
20203 N
#0156
«0119
0092
« 0070 c
«0054 B C c C
«0061 8 B 8 C 8
«0032 8
o020
0019
+ 0014
«0011
«0008
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+000S
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«0001
«0001
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Figure 129, Radial profile of all the gases at an axial position of 5.1 cm
(intermediate flame length baffle burner ~— high-momentum gas nozzle)



9L1

INTERMEDIATE BAFFLE BURNER = KHIGH MOMENTUM NOZZLE
RADIAL PUSITION=CM VS. AVERAGE TEMPERATURE DEG.C AXJAL POSITION = S.1 CM
1700,
l1682.
1663,
1645,
1627,
1609,
1590,
1572,
1554.
1536.
1517.
1499,
1481,
1463.
labs,
1426.
1408,
13R9.
1371,
1353.
1335, bl ’\
1316, ot
1298, -

1280, \\

1262, -

1243,
1225,
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1188,
1170.
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1134, »
1115,
1097,
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933,
914,
896,
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860,
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823,
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750.
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Figure 130. Radial profile of average temperature at an axial position of 5.1 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER - HIGH MOMENTUM NOZZLE
RADIAL POSITION=CM VS, PPM NO 1IN GAS SAMPLE AXIAL POSITION =
260,00
255.00
250,00
245.00
240,00
235,00
230,00 —* L T —
225.00
220,00
215.00
210.00
205.00
200.00
195.00
190,00
185,00 4
180.00
175.00
170,00
165.00
160.00
155,00 \d
150.00
145,00
140,00
135.00
130,00
125,00
120,00
115.00
110.00
105.00
100.00
95.00
920,00
85,00
80.00
75.00
70.00
65,00
604,00
55.00
50,00
45.00
40,00
35.00
30,00
25,00
20.00
15.00
10,00
5.00
0.00
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Figure 132. Radial profile of NO at an axial position of 26.0 cm
(intermeidate flame length baffle burner — high-momentum gas nozzle)

P6,0 CM



6L1

INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
RADIAL POSITION~CM VS, PPM NO2 IN GAS SAMPLE AXIAL POSITION =
55.00
83.94
52.88
51.83
S0.77
49,71
48,65
©7.60
4654
45.48
.42

©3.37

42,31 ,,a—”’—-.\
41,25 .

60,19 /

39,13 »

38,08 e
37.02
35,96
34.90
33.85
32.79
3l.73
30.67
29,62
28.56 L j
27.50
264406
25.38
26433
23.27
22.21
2l.15
20,10
19,04
17.98
16,92
15.87
14,81
13.75
12.69
11.83
10,58
9.52
8446
Te60
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Figure 133. Radial profile of NO, at an axial position of 26.0 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER «~ HIGH MOMENTUM NOZZLE

RADIAL POSITION=-CM VS, % 02 IN GAS. SAMPLE . AXIAL POSITION =

21,00 * '
20.60 \J .
20.19 ' U
19.79 ' ]
19,38 . L
18.98 . '
18.58 ' '
18.17 ' U
17.77 * .
17.37 v v
16.96 ' U
16.56 ’ . .
16415 * / \' '
15,75 [ o
15.35 ' . \
14,94 ’ e
14,54 . '
14413 ' [}
13.73 . [
13.33 . . -
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Figure 134, Radial profile of O, at an axial position of 26.0 cm
(intermeidate flame length baffle burner — high-momentum gas nozzle)
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INTERMEODIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
RADIAL POSITION=CM VS, % CH4 IN GAS SAMPLE AXIAL POSITION =
15.00
14,71
14,42
14,13
13.85
13.56
13,27
12.98
12.69
12.40
12.12
il.83
11,54
11.25
10.9%
10,67
10.38
10.10
9.81
9,52
9.23
B8.94
8,65
8,37
8.08
T.79
7.50
7.21
6,92
6.63
6.35
&:08
$.77
S48
S.19
4,90
4.62
4432
44064
3.75
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3,17
2.88
2.60
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Figure 135. Radial profile of CH4 at an axial position of 26.0 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
RADIAL POSITION=CM. VS, % C02 IN GAS SAMPLE . AXIAL POSITION =
9.50
9,34
9.17
9,01
8,85
8,68
Be52 ~—¢ . -
8.36
8.19
8,03
7.87
7.70
7.54 [4
7.38
7.21
7.05
6.88
6.72
©.56
6.39
6,23
6.07 *
5.90
S5.74
5,58
S.41 *
S.25
5.09
4,92 A4
4,76
4460
4443
4,27
4e11
3,94
3,78
3,62
3,45
3,29
3.13
2496
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Figure 136. Radial profile of CO, at an axial position of 26.0 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
COMPOSITE LOG PLOT RADIAL POSITION=~CM VS, ALOG10 (CONCENTRATION %) AXIAL POSITION = 26,0 Cm
0=02, N=NO» BxNO2s D=C02» C=CO H=H2y MxCHG o
100.0000
76.6682
58,7802
45,0657
34.5511
26,4897
2043092
1545707
11.9378 0
9.1525 0 ] ] 0
T.0170 0
543798 0 0 9 [F ]
4,12046
3.,1623
2446245
1.8588
1.6251 : [+
1,0926
«8377
6422
« 4924 C
«3775
« 2894 ]
«2219 H
«1701
«1304 C
+1000
«0767
+0588 M
+ 0451 [+
» 0346 ‘
« 0265 N
+0203 N N N
0156 N
«0119
+0092 N
0070
« 0056 C
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«001%
«0011
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Figure 137, Radial profile of all the gases at an axial position of 26. 0 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMENDTATE BAFFLE WURNER = HiGH MOMENTUM NOZZLE

RADIAL PUSITION=CM vS, AVERAGE TEMPERATURE DEG.C AXIAL POSITION = 26,0 CM
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Figure 138, Radial profile of average temperature at an axial position of 26. 0 cm

(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER « HIGH MOMENTUM NOZZLE

RADIAL POSITION=CM VS, PPM NO 1IN GAS SAMPLE AXIAL POSITION =

260,00
255,00
250,00
265,00
240,00
235,00
230,00
225.00
220.00
215,00
210.00
205.00
200.00
195.00
190.00
185.00
180,00
175.00
170,00
165,00
160,00
155.00
150,00
145,00
140,00
135.00
130,00
125.00
120.00
115.00
110.00
105,00
100,00
. 95.00
90,00
85,00
80,00
75.00
70.00
65,00
60,00
55.00
50,00
45,00
40.00
35.00
30,00
25.00
20,00
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Figure 140 Radial profile of NO at an axial position of 57. 2 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER ~ HIGH MOMENTUM NOZZLE
RADIAL POSITION-CM VS, PPM ND2 IN GAS SAMPLE AXIAL POSITION = $7.2 CM
55.00
$3.94
52.88
5l.83
50,77
49,7] —~t———————mua

48,65 ~~
47,60 \
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Lb 42
43,37
“2,31
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34,90
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Figure 141, Radial profile of NO, at an axial position of 57. 2 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMED]JATE BAFFLE BURNER =~ HIGH MOMENTUM NOZZLE
RADIAL POSITION=CM VS, % 02 1IN GAS SAMPLE AXIAL POSITION =
21,00
20,60
20.19
19.79
19,38
18,98
18,58
18,17
17.717
17.37
16.96
16.56
16.15
1S.75
15.35
l4.94
14.56
14.13
13.73
13.33
12,92
12.52
12.12
11.71
11.31
10.90
10.50
10,10
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Figure 142. Radial profile of O, at an axial position of 57.2 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE

RADIAL POSITION=CM VS, % CHG IN GAS SAMPLE AXIAL POSITION =
15.00
14.71
14.42
14,13
13.85
13.56
13.27
12,98
12,69
12460
12,12
11,83
11.54
11.25
10,96
10.67
10.38
10,10
9.81
9.52
9.23
8,94
8465
8.37
8.08
7,79
7.50
7.21
6,92
6.63
6,35
6,06
S.77
S.48
5.19
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“e62
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3.46
317
2.88
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Figure 143. Radial profile of CH, at an axial position of 57.2 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER ~ HIGH MOMENTUM NOZZLE
RADIAL POSITION=CM VS, % €02 IN GAS SAMPLE AXIAL POSITION =
9.50
9434
9.17
9.01

B.85 e

8.68 \
8.52 .
8.36 .
8,19 \'\
8.03

7.87 .
1070

7456
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6.56 - 3
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6.23

6.07
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4e11
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Figure 144, Radial profile of CO, at an axial position of 57.2 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER - HIGH MOMENTUM NOZZLE
COMPOSITE LOG PLOT RADIAL -POSITION=CM VS. ALOG10(CONCENTRATION %)
0202+ -N3NOs B=N02»y D=C02» C=CO0» H=H2» M2CHG y
100,0000
76,6682
58,7802
©5,0657
36,5511
26,4897
20,3092
15,5707
11,9378
9.1525 0 D 0 D
7,0170 0 0
5.,3798 0 0 0 0
“e1246
3.1623
2.,4L245
1.8588 c
144251 W
1.0926
«8377
6622
4924 (o} M
3775
« 2894
2219 H
«1701
+ 1304
«1000 L
«0767
. 0588
+0451 Cc
20300
+0265 N N N
+0203 N N
+0156 N
0119 4 :
«0092 N
0070 C C
+0054 8 B 8
o004l 8 8 B B
«0032
«0024
«0019
0014
«0011
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« 0004
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0002
«0001
+0001
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Figure 145. Radial profile of all the gases at an axial position of 57.2 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = MIGH MOMENTUM NOZZLE

RADIAI PUSITION=CM VS, AVERAGE TEMPERATURE DEG.C AXIAL POSITION = §7.2 CM
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Figure 146. Radial profile of average temperature at an axial position of 57. 2 cm

(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE

RADIAL POSITION=CM VS, PPM NO IN GAS SAMPLE AXIAL POSITION =

260,00
255,00
250.00
245,00
240,00
235.00

230,00™«

225,00
220,00
215,00
210,00
205,00
200,00
195,00
190.00
185,00
180,00
175,00
170.00
165,00
160,00
155,00
150400
145,00
140,00
135,00
130.00
125.00
120,00
115.00
110.00
105,00
100,00
95.00
90,00
85.00
80,00
75.00
70.00
65,00
60,00
55,00
50,00
45,00
«0,00
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Figure 148. Radial profile of NO at an axial position of 146.1 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER - HIGH MOMENTUM NOZZLE

RADIAL POSITION~CM VS, PPM NO2 IN GAS SAMPLE AXIAL POSITION =

55.00
53.94
52.88
51.83
50,77
~9.71\~
48,65
47.60
46.54
45.48
44042
3,37
42,43)
41,25
40,19
39.13
38.08
37.02
35,96
34.90
33.85
32.79
31.73
30.67
29.62
28,56
27.50
264,44
25,38
26,33
23,27
22,21
21,15
20,10
19.04
17.98
16.92
15,87
14.81
13.75
12,69
11.63
10,58
9.52
8,46
Te40
6,35
Se29
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Figure 149. Radial profile of NO, at an axial position of 146.1 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE

RADIAL POSITIUN-CM VS, % 02 IN GAS SAMPLE AXIAL POSITION =

21,00
20,60
20,19
19.79
19,38
18.98
16.38
18.17
17.77
17.37
16,96
16,56
16.15
1S.7S
15,235
14,94
14,54
14,13
13,73
13.33
12.92
12.52
12.12
11.71
11.31
10.90
10,50
10,10
9,69
9,29
8,88
8.48
8.08
7.67
7.27
6.87
6.46
6,06
5.65
5.25
4,85
4,44
.04
3.63
3,23
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2,42
2'02
1.62
1,21
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Figure 150. Radial profile of O, at an axial position of 146.1 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER - HIGH MOMENTUM NOZZLE

RADIAL POSITION-CM VS, % C02 IN GAS SAMPLE AXIAL POSITION =
9.50
934
9.17
9401
8.85 o
8,68
8,52 %
3036/
8.19
8.03
7.87
T7.70
7454
7.38
T.21
7.05
6.88
6.72
6,56
6039
6,23
6407
5.50
S.74
5.58
S.61
$.2%
S.09
“.92
.78
4,60
.43
427
41l
3.94
3,78
3.62
3445
3.29
3.13
2.96
2.80
2.63
2447
2.31
2.14
1.98
1.82
1.65
1.49
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1.16
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Figure 151. Radial profile of CO, at an axial position of 146.1 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
COMPOSITE LOG PLOT RADIAL POSITION=CM VS, ALOGL0(CONCENTRATION %) AXIAL POSITION =
0=02 N=NO B82N02» D=C02» C=CO» HaH2, MzCH&4 o
100.0000
76.6682
58,7802
45,0657
34,5511
26,4897
20.3092
15.5707
11.9378
9.1525 D [} 0 D D D
7.0170
95,3798 © 0 [*] 0
4.1266 (] 1]
3.1623
244245
1.8588
1.4251
1.0926
8377
«6422 C
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Figure 152. Radial profile of all the gases at an axial position of 146.1 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE

RADIAL POSITION=CM VS, AVERAGE TEMPERATURE DEG.C AXTAL POSITION = 146,1 CM
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Figure 153. Radial profile of average temperature at an axial position of 146.1 cm

(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE

RADIAL POSITION=-CM VS, PPM NO IN GAS SAMPLE AXIAL POSITION = 2385,4 CMm
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Figure 155, Radial profile of NO at an axial position of 385.4 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
RADIAL POSITION-CM VS, PPM NO2 IN GAS SAMPLE AXIAL POSITION =
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Figure 156. Radial profile of NO, at an axial position of 385. 4 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = MIGH MOMENTUM NOZZLE
RAOJAL POSITION-CM VS, % 02 IN GAS SAMPLE AXIAL POSITION =
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Figure 157. Radial profile of O, at an axial position of 385.4 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE
RADIAL POSITION=CM VS, %  CO2 IN GAS SAMPLE AXIAL POSITION =
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Figure 158. Radial profile of CO, at an axial position of 385.4 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)

3RS ,4 CM



902

: INTERMEDIATE BAFFLE BURNER - HIGH MOMENTUM NOZZLE
COMPOSITE LOG PLOT RADIAL POSITION=CM VS, ALOG10(CONCENTRATION %) AXIAL POSITION =
0=02, N=NQO» B8=N02y 0=CO02 C=CO0» H=H2, M2CH4,
100,0000
76,6682
58,7802
45,0657
34,5511
26,4897
20.3092
15.5707
11.9378
9.1525 0 0 0 D
T.0170
5.3798
4,1246 0 0 0 0
3.1623
24248
1.8588
1.,4251
1,0926
«8377
6422
4926
3775
<2894
«2219
«1701
+1304
«1000
0767
0588
» 0451
«0346
20265 N N N N
«0203
0156
«0119 C : Cc
«0092 C (4
«0070
«0054
«004]1 8 ] 8 8
«0032
« 0024
<0019
0014
0011
0008
«0006
«»0005
«0004
«0003
«0002
«0002 -
«0001
«0001

P R I IO S SR IR I B I I SRS R B N B R B IR R A B S I )
o L L I I SR A B B RE BN A B BN I I A

" . [} ' ] [} ' ' [ 'o ]
~604000 =50.000 =40,000 «30.000 «20,000 - ~10,000 0,000 10,000 20,000 30,000 40,000

Figure 159, Radial profile of all the gases at an axial position of 385. 4 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER - HIGH MOMENTUM NOZZLE
RAD{;B POSITION=-CM vS, AVERAGE TEMPERATURE DEG.C AXTAL POSITION = 3RS,4 (M
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Figure 160. Radial profile of average temperature at an axial position of 385.4 cm
(intermediate flame length baffle burner — high-momentum gas nozzle)
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Figure 161. Radial profile of flow direction at an axial position of 385.4 cm
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207



The curve of carbon dioxide versus radial position ( Figure 128) shows a
variation in the level of concentration from 1.3% to 1. 1% in the central
region of the secondary combustion air entrance zones (—12 cm and +15 cm,
which correspond to the positions of maximum oxygen concentrations). Two
peaks do occur within the burner-block area at —6 cm and +3 cmn. Correlating
the 5.1-cm axial position temperature profile ( Figure 130) with the above
chemical species and flow analysis reveals that a constant temperature of
1340°C exists in the region of recirculation ( compared with a wall tempera-
ture of 1380°C). Minimum temperatures of 780°C and 767°C occur at
—12 cm and 12 cm, respectively, which correspond to the regions of maxi-
mum oxygen concentration or the positions of peak secondary combustion
air input. Inside the burner-block area, two peaks occur, at —6 cm and
3 ¢m, with values of 1506°C and 1482°C, respectively. These maximum
temperatures correspond favorably with the positions of the stoichiometric
fuel/air ratios. The largest discrepancy is to the right of the burner
centerline, on the positive position side of the furnace. The temperature
peak to this side of the burner may not be a narrow width profile, owing to
a temperature difference of only 20°C between 3 cm and 6 cm. The reason
that the region of combustion could be larger to the right of the burner
centerline than to the left is that the combustion air on the right side is
spinning ( swirling) into the gas jet, while on the left side, it is spinning
away. Thus, the increased turbulence could result in a broader region of
combustion. These two temperature peaks enclosed a depression that
reaches 1286°C on the centerline of the burner and corresponds to the

position of maximum fuel concentration.

As was the case with the kiln burner at the burner-block exit, we
measured larger concentrations of NO, than NO within the burner-block area.
Although the peaks of temperature and CO, coincide (—6 cm and 3 cm) inside
the burner block (which are the sarne positions as for the kiln burner), un-
like the kiln burner, the NO, peaks do not coincide, but lie outside these
positions at =9 c¢m and +6 cm. Both of these peaks occur at approximately
full width half maximum of the oxygen peak. Thus, the conversion of NO to

NO, through a reaction with either atomic oxygen or an oxygen radical is
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highly probable. Whether this reaction occurs within the combustion chamber
or the probe is not clear. However, in all cases where we have observed
this phenomenon, the fuel velocity has been greater than the air velocity.

This may not be a necessary condition. When the fuel velocity is less than
the air velocity (for the case we investigated), a large portion of the com-
bustion occurred within the burner-block, and the conditions necessary for
the NO-NO, conversion may have occcurred within this region that we are not

able to probe.

The data collected for the high-momentum gas nozzle baffle burner at a
26-cm axial position are listed in Table 24 and illustrated in Figures 132
through 139. The NO profile averages 19 ppm within the burner-block region.
This is an average increase of only 6 ppm over the 5. 1-cm axial position.

The NO, profile still displays two maximums in the burner-block area at
—12 cm and +3 cm, with concentrations of 51 ppm and 42 ppm, respectively.

Three minimums occur at ~20 cm, —4. 5 cm, and +12 cm.

The curve for oxygen versus radial position shows maximums at 18 cm
and 10 cm with respective concentrations of 10, 5% and 16. 5%. A minimum

of 1. 2% occurs at —6 cm.

The methane concentration has a maximum of 7.3% at 6 cm, with hydrogen
having a 13, 4% maximum at —6 cm, carbon monoxide a maximum of 7.3% at
—3 c¢m, and acetylene-ethylene a 2% maximum at —3 cm. The stoichiometric

fuel/air ratios occur at radial positions of —12.4 cm and 1. 8 cm.

The temperature profile shows three minimums at —18 cm, —6 cm, and
12 ecm. This correlates very well with the maximum air and fuel poéitions.
The peak temperatures of 1606°C and 1643°C correspond to radial positions

of -9 ¢cm and 0 cm.

Data collected for the 57. 2-cm axial position is tabulated in Table 25 and
shown by Figures 140 through 147. The curves have become so asymmetrical
that a detailed analysis is next to impossible. The flame is moving to the left
side of the furnace. This is concluded from the flow-direction profile
( Figure 147), and the stoichiometric fuel/air ratios which are positioned at
—18.9 cm and —4. 7 cm.
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Figures 129, 137, 145, 152, and 159 show composite log plots of con-
centration versus radial position within the composition range of 0. 0001%
(1 ppm) to 100%. In these plots, the interrelationships between concentra-
tion variations of oxygen, nitric oxide, nitrogen dioxide, carbon monoxide,

carbon dioxide, hydrogen, and methane can easily be visualized.

Figures 131, 139, 147, 154, and 161 show flow direction versus radial
position. These profiles show the position of primary and secondary forward

flow, of recirculation zones (reverse flow), and of sheared boundary layers.

Figures 130, 138, 146, 153, and 160 are plots of the average temperature

measured versus radial position.

Data Correlation of Isoplots for Intermediate Flame Length
Baffle Burner

Figures 162, 163, and 164 are isothermal and isoconcentration plots of
the data presented earlier in this report for the intermediate flame length
baffle burner operating under standard ( recommended) conditions. Similar
profiles are presented in Figures 165, 166, and 167 under pollution-control

operating conditions.

A comparison of the isothermal plots ( Figures 162 and 165) reveals
that the standard nozzle produced a hotter flame than the high-momentum
gas nozzle. The highest temperature isothermal line plotted is 1600°C. For
the standard gas nozzle, this isotherm starts at the mouth of the burner
block and extends down the furnace. The gases at the flue exit still are at a

temperature above 1500°C.

For the high-momentum gas nozzle, the 1600°C isotherm does not begin
until a 26-cm axial position is reaches. At the flue exit, the gases have
cooled by 200°C, showing a final isotherm of 1400°C.

The graphs for NO isoconcentration versus radial position are presented
in Figures 163 and 166. For both cperating conditions the maximum isoconcen-

tration curve occurs in the secondary recirculation zone by the burner wall,

The central region of the burner-block area enclosed by the firstisoconcen-
tration plot (labeled E), for both operating conditions, discloses the slower

development of NO using a high-momentum gas nozzle. Under normal
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INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE

[SOTHFRMAL PLOT RADIAL PUSITION=CM VS, AXIAL POSITIONeCM
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Figure 162. Isothermal plot of furnace temperature
(intermediate flame length baffle burner — standard gas nozzle)
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INFERMEDIATE HAFFLE BURNER - STANDARD NOZ27\E

ISOCOMCENTRATION PLOT UF NO RADIAL PUSTITION=CM VS, AXIAL POSITTON=CM
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INTERMEDIATE BAFFLE BURNER = STANDARD NOZZLE
ISOCONCENTRATION PLOT OF NO2 RADIAL POSITION=CM VS. AXIAL POSITION=CM
A= 50 PPMs B= 40, PPMy C= 30. PPMy D= 20. PPM
400,00
392,3)
384,62
376.92
369,23
361,54
353.85
346,15
338,46
330,77
323.08
315,38
307,69
300.00
292,31
284,62
276,92
269,23
261,54
253,85
246415 -
238,46
230.77
223,08
215,38
207.69
200.00
192.31
184,62
176,92
169.23
161.54
153.85
146,15
138,46
130,77
123,08
115,38
107,69
100,00
92,31
84,62
76.92
69,23
61.54
$3.85
46,15

.

23,08 A D—“-—‘D C o———
15.38 //-— U L
T.69 Pl 8Co *

--o-o.o--—-.---—-.oo.---.-.-

-----¢-.--o.------nog-..-.--o-.o...o...-a--
o-.---u----

000 '
' ' ' [ [ ' [} ' [ ' ’
«60.000 =504000 ~40,000 -30,000 -20,000 =10,000 0,000 10,000 20,000 30.000 40,000
BAKGND:s ABT 02 ® 405372
w5, 750 1700, 14,3 14.3

Figure 164, Isoconcentration plot of NO, (intermediate flame
length baffle burner — standard gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZLE

ISOTHERMAL PLOT RADIAL POSITION=CM VS, AXIAL POSITION=CM
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INTERMEDIATE BAFFLE BURNER -~ HIGH MOMENTUM NOZZLE

ISOCONCENTRATION PLOT OF NO RADIAL POSITION=CM VS. AXIAL POSITION=CM
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Figure 166, Isoconcentration plot of NO (intermediate flame
length baffle burner — high-momentum gas nozzle)
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INTERMEDIATE BAFFLE BURNER = HIGH MOMENTUM NOZZILE

ISOCONCENTRATION PLOT OF NO2 RADIAL POSITION=CM VSe AXIAL POSITION=CM
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Figure 167. Isoconcentration plot of NO, (intermediate flame
length baffle burner — high-momentum gas nozzle)



operating conditions, this curve represents 71% of the flue concentration,

while under control conditions it represents only 28% of the flue NO.

Isoconcentrations profiles of NO, are plotted in Figures 164 and 167.
These NO, profiles tend to follow the flow direction profiles when comparing
the NO, isoconcentrations with pressure differentials. The flue value of NO
is prodiced in a shorter furnace length for the standard gas nozzle than for

the high-momentum nozzle.
MOVAELE VANE BOILER BURNEE

In-the-flame data for the utility boiler burner was collected with the
60-degree gun fuel injector and a 30-degree quarl angle burner block. In-
the-flarne probings of two flames ware made; base-line data were collected
with the operating conditions of the burner identical to those used in older
industrial boiler burners ( 60-degree fun nozzle, 30-degree burner-block
angle, and 30-degree vane angle). Control-case data were collected from a
flame in which the NO emission level had been reduced by a factor of one
and threé-quarters as a result of decreasing the movable-vane angle of the
burner by 15 degrees. For the base-line operating conditions, the secondary
air velocity was 41 ft/s ( with an axial component of 32 ft/s and a 26 ft/s
tangential component) compared with a control case secondary air velocity
of 36 ft/s (having a 34 ft/s axial component and a 12 ft/s tangential cbmpone‘nt) .
The gas velocity at the nozzle in both cases was sonic. Because of wall
radiation and flame transparency, it was not possible to determine flame

length.

Each operating condition exhibited a distinctive directional flow profile.
The base-line conditions gave rise o a Type III flow profile, while the

control conditions displayed a Type II profile.

Table 28 lists the furnace conditions at which the base-line, in-the-flame
data were collected. The data obtained for an axial sampling position of
5.1 cm are listed in Table 29 and are plotted in Figures 168 through 175.
Table 30 lists the results of radial sampling at an axial position of 26 cm.
Figures 176 through 182 show plots of the data. The radial profile data at
axial positions of 46.7 cm, 146.1 cm, and 385.4 cm are presented in Tables 31
through 33 and Figures 183 through 203.
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Table 28, . FURNACE CONDITIONS FOR IN-THE-FLAME SAMPLING
(Movable-Vane Boiler Burner; 30-Degree Vane Angle)

BOILER BURNER 60 DEGREE GUN NOZZLE 30 DEGREE VANE ANGLE

NUMBER OF SETS OF DATA = S.
MINIMUM GRID VALUE OF AVERAGE TEMPERATURE = 1200. DEG.C
MAXIMUM GRID VALUE OF AVERAGE TEMPERATURE = 180U. DEG.C

POSITION OF OUTSIDE EDGES OF BURNER BLOCK
MINIMUM POSITION = «25, CM
MAXIMUM POSITION = 25, CM

GAS INPUT» AXTAL 0o CF/HR RADIAL ¢2982. CF/HR
wWALL TEMPERATURE 1387+ DEG.C
PREHEAT TEMPERATURE 455, UVEG.C

FLUE GAS RECIRCULATION 0.0 %

GAS SAMPLE ANALYSIS IN THE FLUE

NITROGEN ORIDE 340.0 PPM
NITROGEN DIUX]IDE 57.0 PPM
OXYGEN 2e6 %
CARBON DIOXIDE 10.3 %
CARBON MONOAX]IDE 0054 %

LIMITS FOR COUNCENTRATION PLOTS

LOWER LIMIT OF NO = 70. PPM UPPER LIMIT = 400, PPM
LOWER LIMIT OF NO2 = S. PPM UPPER LIMIT = 60. PPM
LOWER LIMIT OF 02 = 0. % UPPER LIMIT = 2l. %
LOWER LIMIT OF CH4 = 0 % UPPER LIMIT = le %
LOWER LIMIT OF Co2 = = 12. %

0. % UPPER LIMIT

ISOCONCENTRATION VALUES
OBTAIN VALUE OF KADIAL POSITION AT NO PPM CONCENTRATION 300, 250. 200.
OBTAIN VALUE OF RADIAL POSITIUN AT NO2 PPM CUNCENTRATION S0, 40. 30.

150,
20,

100.
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Table 29, IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 5.1 cm
(Movable-Vane Boiler Burner; 30-Degree Vane Angle)

BOILER BURNER 60 DEGREE GUN NOZZLE 30 DEGREE VANF ANGLE |

AXIAL POSITION = 5,1 CM

RADIAL 02 N2 NO NO2 CU2 co He CH4 C2HZ2 C2H6 C3He6 C3HS8 TEMPERATURE DEG.C

PUSITIUN % % PPM PPM % % b J C2Ha % % % Tecesecrecesercccvrccnanas

CM % AVG., MAX . TMAX=TAVG
‘60. 2.1 ? 357. 60. 1007 .0097 ? 0.0 ? ? ? ? 1‘050. 1“500 O.
-48, 241 ? 355, 54. 10.7 L0089 v 0.0 ? ? ? ? 1458, 1458, 0.
=36, 2.1 ? 345, 49. 10.7 .0086 ? 0.0 ? ? ? ? 1453, 1453, 0.
~24, 1.9 8048 196, 25¢ 7.6 44,5000 1.3 2 ol 0.0 0.0 0.0 1709, 1709, 0,
=21, 3.4 813 207, 28+ 8B40 346000 2ot 0.0 0.0 0.0 0.0 0.0 1796. 1796, 0.
-18. 2.9 80.9 215, 35. 8.8 3.0000 3.7 0.0 0.0 Ue0 0.0 0.0 1700. 1700. 0,
=15, les 80e.1 217, 36. Hes 64,9000 be2 0.0 0.0 0.0 0.0 0.0 1678, 1678. 0.
~12. 1.0 79.1 225 37« 749 5.1000 6.2 0.0 0.0 0.0 040 0.0 1655, 1655, 0.
=6 6 772 192, 43+ 7e1 10000 4.6 ol 0.0 0.0 0.0 0.0 1642, 1642, Ne
0. 1.2 80,4 187, 47¢ 746 549000 4ol 0.0 0.0 0.0 0.0 0,0 1667. 1667. 0.
6o 6.3 82.5 144, 52¢ 741 2.3000 1e3 0.0 0.0 0,0 0.0 0.0 1645, 1645, 0,
12. 13.3 80.7 B0, 35. 4.7 ,4000 0.0 0.0 0.0 0.0 0.0 0.0 1533, 1533. 0.
15. 13.5 80.8 78 33¢ 47 62000 0.0 0,0 0.0 0.0 0.0 0.0 1456, 1456. 0.
18. 13.7 80.1 7S5« Jle “ob 0,0000 0.0 0,0 0.0 0.0 0.0 0.0 1378. 1378. 0.
2]. Be4 80.6 89, 34e¢ 6.8 2,1000 1.2 0.0 0.0 0.0 0,0 0.0 1350, 1350, 0,
24, 2.3 8le8 100s 37¢ Te6 64,4000 28 ol 0,0 0.0 0.0 0.0 1364, 1364, Oe
36, l.4 B6.4 250, 4S5. lle2 44000 0.0 0.0 0.0 0.0 0.0 0,0 1563, 1563, 0.
48, 1.9 ? 285, 52. lu.8 LulS? ? 0.0 ? ? ? ? 1520, 1520, 0.
60, 2.1 ? 324, 53. 10.7 L0140 ? 0.0 ? ? ? ? 1452, 1452, 0.
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BOILEKR RBURNER ol DELKEE GUN NOZZLt 30 UFOREE VANE ANGLF
RADIAL POSTTIUN=CLM VS. PPM NO IN UGAS SAMPLE AXTAL POSITION = S.1 C™
4U0.00 ’
3v3.65
3dd7.31
380496
d/a.62
368427
3olaye
355 4 S Y e emmm—— &
349,23 \
d42488 *
336,54
J3V.lYy
dc3.85
317,50
dii.15
3v6,.81
298,40
292412
289,17
219,42
273.u8
2ot 73
260,38
254,04
eulo 69
241,35
235,00
228,65
222,31
215,96
2U9,.6¢
203,27 /
196,92
19V.58
184,23
177,88
171,54
165,19
158,85
152,50
luab, 15
139,81
143,40
127.12
120,77
lia.42
lus,08
Wl,73
95,38
89,04
8e.69
16435
10,00

N

e @ ® ® ® T ee .. e wew®w . e ew e e .%o e e

NG e e e e cecscmnemesaaeacnocacanaceansaasennnassonsass

L/

"~

* ’ ] ' [ * [ ' ' ' [
~60.000 ~484000 =36,.,000 =244,000 ~12,000 -+000 12,000 24,000 36,000 48.000 60,000

I T R

Figure 168. Radial profile of NO at an axial position of 5.1 cm
(movable-vane boiler burner; 30-degree vane angle)
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BOILER BURNER 60 ULEOLREE GUN NOZZLE 30 DEGREE VANE ANGLE
RADIAL POSITION-CM VS, PPM NOZ IN GAS SAMPLE
o

00400
58,94
S7.88
56.83

55,77
54.71

53,65 -

52,60
S1.54
SU.4B
4G .42
“B.3/
“7.31
46.25
“5.19
“4,13
43.08
42402
40,96
39.90
38.85
37,79
36,73
35,67
34.62
33.56
32,5V
3lese
30.38
29433
28427
2te2l
26415
25.10
24004
2298
21492
20.87
19.81
18475
17.69
l6.63
15,58
14.52
l3abb
1¢.40
11.35
10.29
9.23
Bel/
7e12
0406
5.00

* [
=-60.000 -48.000

Figure 169,

ol
N
&
13
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A . . ) * . ]

-36.000 =24,U00 -12.000 ~.000 12,000 24.000 36,000 48,

(movable-vane boiler burner; 30-degree vane angle)

AXIAL POSITION =

. /_-0-

. [
noy 60,000

Radial profile of NO, at an axial position of 5.1 cm

5.1 CM
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BOILER BURNER

oV ULGREE GUN NOZZLE

RADIAL POSITION~CM VS, % 02 IN 0LAS SAMPLE

21,00
20.60
20419
19.79
19.38
18.98
18.58
186,17
17.77
1737
16.96
16.56
16,15
15.75
15435
144,94
l4.54
14,13
13.73
13,33
12.92
12.52
12.12
1l1e71
11.31
10.90
10.50
10.10
9.69
9.29
8.88
Bou8
8.08
T.67
T.27
6.87
6446
6406
5.65
9425
4.85
4obete
4,06
3.63
3,23
2.83
2e42

dell==1s . .
l1.62
1.21

‘al

b0

«00

' ' *
~60.000 ~48.,000 -36,.000

Figure 170.

o T T T T T T I I R R SRR NP R )

=-24.00U -12.000

30 DEGKEE VANE ANGLF

=J

* ’

~e000 12.000 24.000

e T T T I T e S I R I B

AXIAL POSITION

48,000 60,000

Radial profile of O, at an axial position of 5.1 cm
(movable-vane boiler burner; 30-degree vane angle)

S.1 CM



£2¢

BOILER HURNEK 6L DELREE GUN NOZZLE 30 DEGREE VANF ANGLF

RADTAL PUSITION=CM VS, 4 CH4 [N GAS SAMPLE AXJAL POSTITIOUM

«5000
4904
»480b
YAV
615
4519
a423
w327
o4231
«4135
«403k
« 3942
e3840
«3750
3654
«3558
3462
#3365
«3269
«3173
«3077
«2981
«2885
»2788
2692
+2596
2500
2406
02308
2212
2115
«2019
01923
1827
«1731
«1635
«1538
o1l
» 1346
1250
1154
«1058
U962
0865
« 0769
20673
«0577
«0481
«0385
.0288
«0192
« 0096
«0000

T L T T T T T . T T T . I
S T T e L B T S S R I

- - B o o \._—._—.—.-. — - o=

~604000 =484000 -36.000 =24.000 -1?2.000 =000 12.000 24.000 36,000 48,000 60,000

Figure 171, Radial profile of CH, at an axial position of 5.1 cm
(movable-vane boiler burner; 30-degree vane angle)
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RADIAL POSITION-CM VS, %

12400
11.77
11.54
1le3l
1l1.08
10.85
10.62
10,38
10,15
Y92
9.69
9e46
9.23
9.00
8.77
8454
Be31
8408
7.85
7.62
7.38
715
6.92
©.69
6.46
6.23
6.00
5.77
S.54
5.31
Se08
485
4.62
438
4,15
3.92
3.69
3.46
3.23
3.00
2.77
2454
2431
c.08
1.85
l.62
.38
le15
92
69
bt
'23
«00

-60.000

BOILER BURNER

~484000

' .
-316,000

Figure 172,

CO02 IN GLAS SAMPLE

oU DELREE GUN NOZZLE 30 DEGHREE VANE ANOGLE

AXIAL POSITION

-12.00v ~.000

Radial profile of CO, at an axial position of 5.1 cm

(movable -vane boiler burner; 30-degree vane angle)
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HOILEN $URNER bt pEUKEE GUN NOZ2ZLt 30 LEGREE VAME ANGL E
CuMrOSITe LOG PLUT KADIAL POSITIUN=(M VS. ALULLIO(CONCENTRATION ») Balal POSITION = Sel Ow
us02 NENUS B=NUZe v=lucy C=COy h=HZ M=ChHuy

100.0000
1o,668¢
Sd,780¢
45,0657
34,5511
26,4897
20.309¢
19.5707

11.9378 D D v
Y.1525
{.0170
943798
“e 1246
3.1623
2e4265

l.8588 0 0 v
let2bl
1.0920
«83717
e6422
924
«3775
«2894
«2219
«1701
w1304
el00n
«0767
0588
0451}

« 0346 N N N
« 0265
«0203
«0156
«0119

<0092 C [+ c
«0070

«005+ B B 2]
« 0061
«00232
«0024
«0019
«0014
«0011
«0008
«0006
«0005
«0004
«0003
«0002
«0002
«0001
0001}

N

M

e e ® 2 o e % o wesol ®eeee®oasenesee el ecaneel eoeeelesesseeesenoe-
e e o @ e o a2 e oe s el e et ees e ease e e eseeeeD] eaceeeeeaeeaa-s

[ ' [ . ' ’ ' [ ' ' ]
=60.000 ~48.,000 ~36,000 =24,000 ~12.000 -+ 000 12.000 24,000 36.000 “8.000 60.000

Figure 173. Radial profile of all the gases at an axial position of 5.1 cm
(movable -vane boiler burner; 30-degree vane angle)
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BOILER BURNER 6U GEOREE GUN NOZ/ZLE 30 ULGWREE VANF ANGLF
rapfay PUSITIUN=CLM VS, avERAGE TEMPERAIURE DEGeC AXaL POSTITION =
1800. LA
1788,
1777,
L16%.
1754,
1142,
1731.
1719,
1/08. N
1696, -
1685.
1673.
1662,
1650,
1638.
1627,
1615.
16064,
1592.
1581,
1569,
1558,
1b46.
1535,
1523.
i%12.
1500.
1488.
la77.
16465,
1654 o= hi “
laa2,
1431,
1419,
1408,
1396,
1385.
1373.
1362,
T 1350.
1338,
1327.
1315.
1304,
1292.
1281.
1269,
1258.
1246,
1235.
1223.
1el2.
1200.

[
]
'
]
[

—
///,o

T T R T T I I

'
~60.0006 ~48+000 -36.,000 ~cd4s000 -12.000 =000 12.000 24,000 36,000 48,000 60,000

Figure 174, Radial profile of average temperature at an axial position of 5.1 cm
(movable-vane boiler burner; 30-degree vane angle)
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Figure 175. Radial profile of flow direction at an axial position of 5.1 cm
(movable-vane boiler burner; 30-degree vane angle)
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RADIAL
POSITION
CM

=60
-48.
=36,
=24,
~18.
=12
-6
O
6
12.
18.
24
36.
48.
60.

ve

140

18

Table 30.

BOILER BURNER

N2
%

86.8
83.8
8l.2
79.2
7846
78.8
82e4
85.2
85.3
85.R
8446

NO
PPM

397,
38S.
370,
264,
252,
210,
255,
253,
245,
290,
240,
205,
228,
250.
284,

NO2
PPM

55.
“S.
47
“0.
38
39.
43,
38,
3Se.
20
10

Te
18
240
32

6V LEGREE GUN NOZZLE

cue
%

10.7
11.0
1067
9’5
Bes
Be6
6.2
Be3
9e7
9.8
9.“
Be8
L XY}
iv.8
10.8

co
%

«0223
«0371
«6300
3.5000
446000
545000
56000
540000
1.1000
11000
« 9000
« 1000
£¢4000
«4000
U311

CHé4
%

OO0 OoO0COOoOCOoCOoODOCOO
e 6 6 6 ¢ 06 8 0 o 0 0 0 " o @

CooCcCoOoCcCCoC COOoOoCC OO

30 DEGREE VANF ANGLEF

C2He
C2H4
*

DOO0ODVDOOO0OO0O0OOO
® 3 ® 5 ® 8 0 0 0 0

NWWTCOCOCOCTCTCOOO VU=

C2H6
%

cocoCcCcocCcoo
@ o s ¢ o 0 0 0 0 0 0

MW OOOOOCC OO0 NN

C3H6
®

QODODIDDDODOID2DO000Q
e o o 0 ¢ 0o o 2 s 0 o

WO OCOOCOCODC O e

C3H8
*

CODODOOODOD
e 5 6 ¢ 2 o 0 e 0 s

WO ODODDO0O0D2DO D AN

IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 26.0 cm
(Movable-Vane Boiler Burner; 30-Degree Vane Angle)

AXTAL POSITIOM

TEMPFRATUKE DEG.C

AVG -

1422,
1431,
1461,
1560,
1580,
1554,
1551,
1612.
1622,
1583,
1534,
1483,
1613,
1558,
1404,

MAY .

1a22.
1431,
1461,
1560,
1580.
1554.
1551,
ipl2.
162?'
1583,
1534,
14R3,
1613,
155R,
1604,

TMAY-TAVC

0.

P6.0 Cv
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RAVJAL PFUSI
U0 00"
393.65
387,31
380.96
36462
Joy,. 2!
3ol.92
355,54
Ju9.23
Juc.88
336,54
330,19
323485
317,50
3ll.15
304.81
298.46
2veell
285477
219.42
2713.08
266473
260,38
254,04
247.69
24]1,35.
235.00
228,65
222.31
215.96
209.62
203,27
196,92
190.58
164.23
177.88
171.54
165.19
158.85
152.50
146,15
139.81
133446
127.12
1¢0.77
114,42
108.08
lul.73

95.38
89.04
82.69
71635
71000

(]
«604000

BOILEN HURNER bl UbuLKEE GUN NOZZLE 30 UVEGHEE VANF ANGLF
TION=LM  VS. PPM NO  IN OGAS SAMPLE AxTAaL POSITION = Ph,0 CMm
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-48,000 -36,000 =24.,000 -12,000 -+000 12.000 24.000 36,000 48,000 60,000

Figure 176. Radial profile of NO at an axial position of 26.0 cm
(movable-vane boiler burner; 30-degree vane angle)
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HOLLER hURNER 60 ULGLRFL GUN wOZZLE 30 UFGREE VANE ANGLF
RADIAL PUSITIUN=CF VS, PPM NOC IN GAS SamPiLE axlag ROSITION = Ph.U CM

6V.00
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57.88
56,83
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952460
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4U.96
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7.12
6406
5400

. ¢
=60.000 ~484000

]

\

/

*

N

-36,000 =244000 12,000 =.000 12.000 24.000 36.000 48.000 60.000

*
'
*
.
'
*
v
.
L}
.
’
.
’
*
.
+
v
.
+
'
'
*
.
.
'
v “__‘__-.-.-.
’ -
*
'
'
*
.
'
'
.
.
.
*
*
*
[
'
[
v
'
*
*
v
*

o T I T T O B M L I B N I I I I

Figure 177. Radial profile of NO, at an axial position of 26.0 cm

(movable-vane boiler burner; 30-degree vane angle)
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BOILER HURNER 6V DEGREE GUN NOZZLE 30 DEGREE VANF ANGLE

RAUJAL POSITION=CM VS, % 02 IN GAS SAMPLE AXTAL POSITION = 26,0 CM
21,00 ’
20.60 '
20.19 '
19.79 *
19,38 '
18.98 '
18,58 '
18417 '
17.77 '
17,37 '
16.96 *
16,56 ¢
16.15 *
15,75 .
15.35 '
le.94 '
l4.54 '
14,13 '
13.73 *
13.33 4
12,92 '
12.52 '
12.12 '
11,71 '
11.31 +
10.90 4
10,50 '
10.10 *
9.69 .
9.29 [
8.88 [

Bebd
.
"
]
'
[

8408
7.67 '
1.27
6.87
646
6406
5465
S.25
4.85

’
L}
]
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?
*
)
.
L
'
’
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¥
'
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’
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“ bl '
4404 '
3,63 '
3.23 *
2.83
2e42 *
2,02 '
Lee . '
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«81 . A * «
40 \ °

«00 ' o-__,--———o”"

=60.000 ~48.000 ~36,000 =24,000 -12.000 ~+000 12.000 c4.000 36.000 48,000 40,000

Figure 178. Radial profile of O, at an axial position of 26.0 cm
( movable-vane boiler burner; 30-degree vane angle)
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BOILER HURNER 6V UEULREE GUN NOZZLE 30 DEGKREE VANF ANGLE
RADIAL PUSITION=CM VS, =% CO0Z IN GAS SAMPLE AXIAL POSITION = 26,0 C™m
12.00 ’
11.77
11,54
11,31
11.08 .
10.8%
10.62 =
10,38
10.1%5
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7.15
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2.77
2.54
2431
2.08
1.85
1.62
1,38
l‘ls
92
«69
46
.23
«00

.A.\

*

/'“'\.
o—‘/’.‘\\ho-._-n

L
Ll
(]
L
'
.
L}
L]
]
Ll
1]
L]
*
*
L]
]
(]
L
*
.
.
v
L]
]
L]
*
+
v
L]
L]
L}
Al
]
L]
[
.
L}
L
L]

) [ [ ] '
-60.000 ~48.000 -36.000 ~24,000 ~12.000 -.000 12,000 24,000 36,000 48,000 60,000

- n-'-...-..4-.-o-...---_o-----....-K-...-.-..

Figure 179. Radial profile of CO, at an axial position of 26.0 cm
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0=02 N=NQ s B2aNO2, L=CU2 C=CU» H=H2 MzCHG o
100,0000
76,6682
54,7802
45,0657
34,5511
26,4897
20,3092
15.5707
11.9378 D 0 ]
9.1528%
7.0170
$,3798
“,12646
3.1623
2.,42465
1.,8588 0
144251 0
140926
<8377 0
«6422 C
4924
«3775
«2894
«2219
01701
«1304
«1000
o 0767
«0588
«0451 N
«0346 9 N
« 0265
«0203 C
20156
«0119
+0092
«0070
«0054 B
<0041 B B
«0032
«0024
«0019
<0014
«0011
«0008
«00006
« 0005
«0004
+0003
#0002
0002
«0001
«00014

OoJIC
OI0
0OIo

e T T I T T T T R I I N SR S N R R
T I e I A LA IR B B A B SRR R I B

L} v’ * , * . * * * 1] Ll

~604000 =48.000 =36,000 =2440U00 =-12.000 =+000 12,000 24.000 36,000 48,000 60,000

Figure 180. Radial profile of all the gases at an axial position of 26. 0 cm
(movable-vane boiler burner; 30-degree vane angle)
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Table 31. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 46.7 cm
(Movable-Vane Boiler Burner; 30-Degree Vane Angle)

BOILER BURNER b VEOREE GUN NOZZLE 30 DEGKEE VANF ANGLF

AX[AL POSITION = 46,7 C™m

HADJAL ve N2 NO NO2 C02 co H2 CH4 CeHZz C2HE C3Hes  C3HA TEMPFRATURE DEG,C

PUSITIUN % % PPM PPM ¥% % » » C2H4 % % * mecrereccn——- LA ———

CM % AVGe MAX . TMAX=~TAVG
~60. 2ol ? 330, 38. U3 Lul72 ? 0.0 ? ? ? ? 1420, 1420, 0.
=48, 3.0 ? 324, 41s 10,1 L0221 ? 0,0 ? ? 7 ? 1431, 1431, 0,
~36. 28 ? 339, 36e lUe2 L0560 ? 0.0 ? ? ? ? 1442, | Y4 (%
=24 le7 B6e4 346, 344 10.8 L2100 0.0 0.0 0.0 0,0 0.0 0.0 1451, 1451, 0,
=18 1.5 858 320, 2He 10Ue9 1.0000 ol 0.0 0.0 0.0 0e0 0.0 1459, 1459, 0,
=12, 9 855 318, 24. 1048 146000 o7 0.0 0,0 0,0 0.0 0.0 1437. 1437, 0.
=6 le1 85,7 285, 21. 108 1,3000 D 0.0 0.0 0.0 0.0 0,0 1459, 1459, Oe
Qe 8 85,7 267, 18Bs 106 1.,8000 o8 0.0 0.0 0.0 0.0 0.0 1466, 1466, 0.
6 le2 H6e2 276, 20e 1UeB 1.,0000 3 0.0 0.0 0.0 0.0 0.0 1478, 1478, 0.
12. le7 6e2 285, 2B8Be U5 L6000 0.0 0.0 0,0 0.0 0.0 0.0 1500, 1560, 0,
18 2¢5 8641 248, 31. 10,3 ,.3000 0,0 0.0 0e0 0.0 0.0 0,0 1508, 1508, 0N,
24. 36 ? 213, 30s 9B LUS8S5 ? 0.0 ? ? ? ? 1505. 1505, 0,
36. 33 ? 218, 33. 9.9 L0861 ? 0.0 ? ? ? ? 1507, 1507. 0.
48, 2e2 ? 233, 36¢ lUs6 L0643 ? 0,0 ? ? ? ? 1556, 1556. 0.
60, 2el ? 2649, 40. U7 L0482 (4 0,0 ? ? ? ? 1501, 1501. De
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Table 32. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 146.1 cm
(Movable-Vane Boiler Burner; 30-Degree Vane Angle)

BOJLER BURNEN 60 DEULREE GUN NOZiLL 30 DEGKREE VANE ANGLE

AXTAL POSITION = 146,1 CM

KADIAL 0e Ne NO NOZ2  Cu2 co ne CH4 C2H2 C2Hé (C3He C3H8 TEMPERATURE DEG.C

POSITION % % PPM PPM % % % % C2H4 % % % bhded Al Ll il Ll d il DLl i

CM % AVG, MAX, TMAX-TAVG
=60. 4ol ? 270, 48¢ 95 L0100 K 0.0 ? ? ? ? 1414, 1414, 0.
=48, 246 ? 324. S7« 1043 L0190 ? 0.0 ? ? ? ? 1416, 1416, 0.
=36, 1.9 ? 353, Sa~. 1L.E Lu182 ? C.0 ? 7 ? ? 1420, 1420 0
24 1¢S5 ? 346, 42¢ 1l « 0350 ? 0,0 ? ? ? ? 1428, 1428, 0.
=18 let ? 350, 40¢ 116l « 0274 ? 0.0 ? ? ? ? 1431, 1431, 0.
=12 9 T 327 44e lled L0620 ? 0,9 ? ? ? ? 1432, 1432. 0.
=6 13 ? 324, 36 1llel U461 ? 0.0 ? ? ? ? 1437, 1437. 0.
Qe lel ? 305. 2Bs llel oH840 ? 0.0 ? ? ? ? l442, 1442, 0.
6o 1.3 ? 317. 35. llel 0710 ? 0.0 ? ? ? ? 1440, 1440, 0,
12. 13 ? 330. 426 1lel G784 ? 0.0 ? ? ? ? 1439, 1439, 0.
18, le1 ? 322. 39, lle2 s UBLE ? 0.0 ? ? ? ? 1442, 1442, 04
24 ) ? 287+ 34 lleb6 <0640 ? 0.0 ? ? ? ? 1444, 1444, 0,
36. le8 ? 305, 37. 10,8 L0730 ? 0.0 ? ? ? ? 1456, 1456, 0.
48 240 ?7 285, 35, 10.7 .0862 ? 0.0 ? ? ? ? 1467, 1467, O0a
60, Celt ? 294, 40e¢ 105 L0744 ? 0,0 ? ? ? ? 1472, 1472, 0.
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Table 33, IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 385.4 cm
(Movable-Vane Boiler Burner; 30-Degree Vane Angle)

BOILER BURNER 60 LEGREE GUN NOZZLE 30 DEGREE VANE ANGLE

AXIAL POSITION = 38%5.4 CM

RADIAL 02 N2 NO NUZ2  Cue co He CH4 CeHe C2H6 C3He C3H8 TEMPFRATURE DEG.C

POSITION % % PPM PPM % % % % C2Ha % % * crcerccenscemmacc==a" —————
=60, el ? 342, 4le lUH L0097 ? 0.0 ? ? ? ? 1386. 1386. 0.
-4846 2¢3 ? 347, 34¢ 1045 U104 7 Us0 ? ? 7 ? 1390, 1390. 0
~36. Lot ? 344, 37. 1045 «0111 ? 0,0 ? ? ? ? 1390 1390, N4
240 245 ? 356, 36. 104 L0117 7 0.0 ? ? ? ? 1391, 1391. 0.
-12. 246 ? 348, 34. 10,3 0128 7 0.0 ? ? ? ? 1394, 1394, 0.
' 2.8 ? 340, 31. l0e2 0120 ? 0.0 v ? ? ? 1396. 1396, 0.
12, 3.1 ? 337, 32. 10.1 ulls ? 0.0 ? ? ? ? 1395, 1395. 0.
244 3.3 ? 334, 34e 9.9 JUl22 ? 0.0 ? ? ? ? 1400. 1400. 0.
36. 3.0 ? 33l. 36. 10.2 o0118 ? 0.0 ? ? ? ? 1393, 1393, 0.
48, 2e8 ? 330, 38« 103 40113 ? 0.0 ? ? ? ? 1391, 1391. 0.
60, 2e6 ? 236, 39. 10e4¢ oU111 ? 0.0 ? ? ? ? 1387. 1387. 0.
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Table 34. FURNACE CONDITIONS FOR IN-THE-FLAME SAMPLING
(Movable-Vane Boiler Burner; 15-Degree Vane Angle)

BOILER BURNER 60 DEGREE GUN NOZZLEt 15 DEGREE VANE ANGLE

NUMBER OF SETS OF DAlA = S.
MINIMUM GRID VALUE OF AVERAGE TEMPERATURE
MAXIMUM GRID VALUE OF AVERAGE TEMPERATURE

1200, DEG.C
1800, DEG.C

"non

POSITION OF OUTSIDE tUGES OF BURNER ©BLUCK

MINIMUM POSITION = -25. CM

MAXIMUM POSITION = 25, CM
GAS INPUT) AXTAL 0. CF/HR RADIAL 2994+ CF/HR
wALL TEMPERATUKE 14264 LEG.C
PREHEAT TEMPERATURE 452. DELLC

FLUE GAS RECIRCULATION 0.0 %

GAS SAMPLE ANALYSIS IN THE FLUE

NITROGEN OX10DE 196,00 PPM

NITROGEN DIUXIDE 28,0 PPM

OXYGEN Cel %

CARBON DIOXI1DE 1063 %

CARBON MONGAIDE « 0094 %

LIMITS FOR CONCENTRATION PLOTS

LOWER LIMLIT OF NO = O PPM UPPER LIMIT = 200. PPM
LOWER LIMIT OF NO2 = 0. PPM UPPER LIMIT = 30. PPM
LOWER LIMIT OF 02 = 0, % UPPER LIMIT = 2le %
LOWER LIMIT OF CH4 = 0 % UPPER LIMIT = 4o %
LOWER LIMIT OF CO2 = Oe % UPPER LIMIT = 12 %

ISOCONCENTRATIUN VALUES
OBTAIN VALUE OF RADTAL POUSITION AT NO PPM CONCENTRATION 150, 125, 100, 75, 50,
OBTAIN VALUE OF KRADIAL POSITIUN AT NO2 PPM CUNCENTRATION 10. 15, 20. 25.
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HOILER HBURNER LU DEGREE GUN NOZZLE 30 DEGREE VANE ANGLE
RAUIAL PUSITION-LM VS, PPM NO  IN LaS Samrite AXTAL POSITIUN = 4b. 7 M
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Figure 183. Radial profile of NO at an axial position of 46. 7 cm
(movable-vane boiler burner; 30-degree vane angle)
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HOILER BURNEK 6y LEGREE GUN NOZZLE 30 ULGKREE VAME AW F
RADJAL PUSITION=LM VS, PPM NOZ IN LAS SAMPLLE axfaL POSETIONM
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Figure 184. Radial profile of NO, at an axial position of 46. 7 cm
(movable-vane boiler burner; 30-degree vane angle)
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BOILEK BURNER 60 UEGREE GUN NOZZLE 30 UEGWEE VANF ANGLEF
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Figure 185. Radial profile of O, at an axial position of 46. 7 cm
(movable-vane boiler burner; 30-degree vane angle)
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BOILER BURNER 60 DEGREE GUN NOZZLE 30 DEGREE VANE ANOGLE
RAUDIAL POSITION-CM VS, % C02 IN GAS SAMPLE
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Figure 186. Radial profile of CO, at an axial position of 46.7 cm
(movable -vane boiler burner; 30-degree vane angle)
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BOILER sUKNER by DEGREE GUN NOZZLE 30 UEGKEE VANE ANGLF
CUOMPOSIITE LOG PLUT KADTAL POSITIUN-CM VS, ALOGIQ(CONCENTRATIUN %) AXTAL POSITION = bh, 1 (M
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Figure 187. Radial profile of all the gases at an axial position of 46.7 cm
(movable-vane boiler burner; 30-degree vane angle)
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BOILER BURNER 60 VEOLREE GUN NOZZLE 30 DEGREE VANE ANGLE
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Figure 188. Radial profile of temperature at an axial position of 46. 7 cm
(movable-vane boiler burner; 30-degree vane angle)



0% ‘ ' .
Flow Dtrect ion Analysis

Boiler Burner- 60°GunNozzle
30° Vane Angle
46.7ecm Axial Position
o |
A
a.
; kS
— 6L ]
3 O’O\ /O
% VAR, 3
¥ O o
& \ (
B / O \
2 ! !
e
3
v
& 153
O
/ , ]
\ / Forward
j() O' Reverse
\ O
o\ /
O o)
53 \NO_-
1e) T — T T ¥ T — T T ; T
-60 -4o -20 [ 20 yo
Radid Posi.ti.on)cw\

Figure 189. Radial profile of flow direction at an axial position of 46. 7 cm
( movable-vane boiler burner; 30-degree vane angle)
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HOLLEN HURNER ol DEULKEE GIIN NOZZLE 30 UEGREE VAN ANGLE
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Figure 190. Radial profile of NO at an axial position of 146.1 cm
(movable-vane boiler burner; 30-degree vane angle)
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BOILER HURNEK 60 UEGREE GUN NOZZLE 30 UEGREE VANF ANGLE
RADIAL PUSITION=CM VS, PPM NO2 IN GAS SAMPLE AXJAL POSITION = 146,1 C™
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Figure 191. Radial profile of NO, at an axial position of 146.1 cm
(movable-vane boiler burner; 30-degree vane angle)
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RADIAL PUSITION=CM VS, % 02 IN GAS SAMPLE AXTAL POSITIUN =
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Figure 192. Radial profile of O, at an axial position of 146.1 cm
(movable-vane boiler burner; 30-degree vane angle)
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Figure 194. Radial profile of all the gases at an axial position of 146.1 cm
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Figure 196. Radial profile of flow direction at an axial position of 146.1 cm
(movable-vane boiler barner; 30-degree vane angle)
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Figure 197. Radial profile of NO at an axial position of 385.4 cm
(movable-vane boiler burner; 30-degree vane angle)
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Figure 199. Radial profile of O, at an axial position of 385.4 cm
(movable-vane boiler burner; 30-degree vane angle)
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Figure 201. Radial profile of all the gases at an axial position of 385.4 cm
(movable-vane boiler burner; 30-degree vane angle)
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Figure 203. Radial profile of flow direction at an axial position of 385.4 cm
(movable-vane boiler burner; 30-degree vane angle)
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Movable-Vane Boiler Burner With 30-Degree Vane Angle

The first group of in-the-flame profiles, presented in Figures 168
through 203 were collected under burner operating conditions recommended
by a utility boiler manufacturer. The gas input was 2982 SCFH with a sonic

velocity.

Flow direction analyses at the 5. 1-cm axial position depicts a Type III
flame. Secondary recirculation zones exist in the regions —60 c¢m to —32 cm
and 34 cm to 60 cm. Inside the edge of the burner block, two peaks occur

at —24 cm and +24 cm. The primary recirculation zone occurs between

—12 cm and 4 cm with its minimum at -6 cm.

Correlating the 5. 1-cm axial position temperature profile with the above
flow analysis, a constant temperature of 1454°C exists in the secondary re-
circulation zone between —60 cm and —32 cm ( compared with a wall tempera-
ture of 1387°C). A peak temperature of 1796°C was measured at the —21 cm
radial position, just inside the edge of the burner block (—25 c¢m). This
position contains a gas composition whose time-averaged value is only 1%
above the fuel/air stoichiometric ratio. The stoiéhiometric ratios of fuel

and air are estimated to occur at =21 cm and 3.7 cm.

Figure 168, the plot of nitric oxide versus radial position, shows that
the nitric oxide concentration in the secondary recirculation zone (—60 cm to
—-32 cm) averaged about 352 ppm, as compared with the flue concentration of
340 ppm. Comparing this with the average NO concentration of 140 ppm in
the forward flow regions within the burner block indicates that, at 20.1 cm
downstream of the gas injector, 41% of the flue concentration of nitric oxide
appears within the combustion zone. The minimum concentrations of NO
measured between 12 cm and 24 cm occur within the region where a large

jet of seconddry combustion air was detected.

The plot of nitrogen dioxide ve rsus radial position ( Figure 169) shows
symmetry about the centerline of the burner. The secondary recirculation
zones have concentrations on the order of 52 ppm, as compared with the
flue value of 57 ppm. Minimum concentrations of nitrogen dioxide were
measured at —24 cm and +18 cm, with respective levels of 25 ppm and 31 ppm.
A peak occurs within the burner-block region at 6 cm, with a concentration

of 52 ppm.
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The oxygen profile at the 5. 1-cm axial position ( Figure 170) shows
peaks at —21 cm and +18 cm, with concentrations of 3. 4% and 13, 7%, respec-
tively, which represent the secondary combustion air input. This large
difference in oxygen concentration raay arise from 1) packing of the secondary
combustion air to the right side of tne burner; and/or 2) since the fuel is
injected through small discrete orifices, the probing plane may have inter-
sected a fuel jet to the left of the burner's centerline. Comparing the
average concentrations of unburned fuels within the burner block with the
left and right of the burner centerline shows 4. 7% versus 1. 6% CO,
respectively, and 4. 2% versus 0. 9% hydrogen, respectively. Thus, there
is experimental proof that we did intersect a fuel jet to the left of the
centerline of the burner; however, this does not exclude the possibility of

combustion air packing within the burner plenum.

The methane profile ( Figure 171) shows peaks at —24 cm and +24 cm, with
concentrations of 0. 2% and 0.1%, respectively. These positions correspond
with the outside edge of the burner block. The major combustibles present are
hydrogen and carbon monoxide ( Fignre 173), both having their maximum
concentrations at —6 c¢m, with hydrogen at a peak concentration of 7. 6% and

carbon monoxide at 7. 0%.

The curve of carbon dioxide versus radial position ( Figure 172) shows
an average concentration of 10. 6% in the secondary recirculation zones
compared with a flue value of 10. 3% . Within the burner block region, a
maximum concentration of 8. 8% is measured at a —18 cm radial position.
The temperature measured at —18 cm was 1700°C, 96°C below the maximum
temperature level at —21 cm. The minimum carbon dioxide concentration of
4, 6% was detected at the 18 cm radial position. The measured temperature
at this position was 1378°C, or 28°C above the minimum temperature that

was detected at the 21 cm radial position.

The in-the-flame data collected at the 26-cm axial position are listed

in Tables 30 and illustrated in Figures 176 through 182.

Flow direction analyses at the 26-cm axial position ( Figure 182) indicates
that the primary recirculation pattern still exists. The zone boundaries are

- .5 c¢cm and 20 cm. The secondary recirculation zone occurs between —60 cm
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and —55 cm. Since we are probing : rotating flame, while our sampling plane
is fixed, we are not analyzing the same volume of gas that was investigated

at the other axial positions.

Figure 175 presents the NO concentrations versus radial position at the
26-cm axial position. The average concentration in the reverse flow region
~is 249 ppm, which is 73% of the lev:l measured in the flue. The average

concentcation in the forward flow regions is 298 ppm.

The radial profile of NO, at the 26-cm axial position is shown in Figure 177.
There is a distinctive minimum at the 24-cm radial position. This corresponds
to the position where the peak oxygen concentration was measured. The

minimum occurs just inside the forward flow zone.

Figure 178 illustrates the oxygen versus radial position for the 26-cm
axial position. A slight minimum occurs at —12 cm, with a maximum at
+24 cm., The minimum occurs within the primary recirculation zone and
is compared with large concentrations of carbon monoxide ( 5. 5%) and
hydrogen (6.6%). The maximum appears at 24 cm, which is just inside the
forward flow region. Again, the asymmetry of the fuel-air distributions,
similar to the observations made from Table 29 and Figure 170 suggests a

packing of the combustion air.

The carbon dioxide-versus-radial position profile is given in Figure 179.
In the forward flow regions, a rather constant concentration of 10.3% has
been reached. The primary recirculation zone shows a much lower average

concentration of 8. 9%.

The temperature profile ( Figure 181) shows maximums of 1613°C and
1622°C at 36 cm and 6 cm, respectively. These locations correlate rather
well with positions where the fuel/air ratio is stoichiometric. A minimum

of 1483°C occurs at 24 cm, the point where the maximum air was measured.

In-the-flame data for the 46. 7-cm axial position are listed in Table 31
and presented in Figures 183 through 189. The primary recirculation zone

extends from —18 cm to +18 cm.

The concentrations of carbon monoxide and hydrogen have been reduced
from their respective maximum of 5. 6% and 6.8% at the 26-cm axial

position to 1. 8% and 0. 8% at the 46, 7-cm axial position. The maximum
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concentration of oxygen still occurs at the 24-cm radial position, with a
percentiage of 3. 6. The NO concentration has an average concentration of
285 ppm: in the primary recirculation zone and 281 ppm in the forward flow

region.

The in-the-flame data collected for the 146. 1-cm axial position show a
general smoothing of the oxygen, carbon dioxide, and temperature profiles.
This data is listed in Table 32 with graphic representations in Figures 190
through 196. The flow profile no loager displays a primary recirculation
zone., All measured flow is in the forward direction. Combustion is com-
pleted, with only trace amounts of carbon monoxide being detected. The
average concentration of NO is 316 ppm, or 24 ppm less than the flue

concentration.

Figures 173, 180, 187, 194, and 201 show composite log plots of con-
centration versus radial position within the composition range of 0. 0001%
(1 ppm) to 100%. In these plots, the interrelationships between concentration
variations of oxygen, nitric oxide, nitrogen dioxide, carbon monoxide, carbon

dioxide, hydrogen, and methane can easily be visualized.

Figures 175, 182, 189, 196, and 203 show flow direction versus radial
position. These profiles show the positions of the primary and secondary
forward flow zones, recirculation zones (reverse flow), and of the shear

and boundary layers.

Figures 174, 181, 188, 195, and 202 are plots of the average temperatures

measured versus radial positions.

Movable-Vane Boiler Burner With 15-Degree Vane Angle

From data collected during the input/output tests, we discovered that an
effective and economic way to reduce NOx emissions from the boiler burner
was to decrease the tangential velocity component ( swirl) of the combustion
air. For this trial series, the vane angle was changed from 30 degrees to
15 degrees. Because of the absence of flame luminosity, it was impossible
to determine visual flame length. The furnace operating conditions for which
these in-the-flame data were collected are listed in Table 34. A complete
listing of the pollution-control test data is given in Tables 35 through 39, and
full graphic illustrations of these data are presented in Figures 204 through
240.
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Table 35. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 5.1 cm
(Movable-Vane Boiler Burner; 15-Degree Vane Angle)

BOILER BURNER by DEGKREE GUN NOZZLE 1S UEGKEE VANFE ANGLE

AXTAL POSITION = Sel CM

KADJIAL ve NE NO NQ2 Ccue Cco H2 CH4 CcHe C2H6é C3He C3HR TEMPFRATUKE DEG.C

POSITIUN % 3 PPM PFM % % * % cena % % % ~esscerscecerccase= m—mme-

(o} % AVG. MAX, TMAX-TAVG
~60. 3.4 ? la44, 15 e «006] ? 0.0 7 ? ? ? 1537, 1537, 0,
~54. 2¢3 ? 147, 19« 106 «0120 s ‘0.0 ? ? ? ? 1543, 1543, O,
~48e 2ol ?7 156, 23+ 105 40132 ? 0.0 ? ? ? ? 1539, 1539, 0.
-2 1.8 ? 163, 2]1. lUe8 0233 ? 0.0 ? 1 ? ? 1537, 1537, 0.
~36. le? ? ise6, 17¢ 1069 VG776 ? 0.0 ? ? ? ? 1530. 1530, 0,
~30. o4 7941 82 11ls 740 501000 Sev 1.8 ol 040 0.0 0,0 1522. 1527, 0.
24, Z2e3 19.6 T4, Se 6.8 S5,0000 L4 8 ol 0,0 0.0 0.0 1673, 1673, 0,
=21, 3.8 81.9 66. 4o Tel 3.7000 2ol 0,0 0.0 0,0 0.0 0.0 1703, 1703, 0.
~18. 5.2 8240 61, Te 69 249000 2.1 0.0 0.0 0,0 0.0 0,0 1582. 1582, 0.
~-1S. Bel 82.0 S57. 10e 6el 17000 4 0,0 0.0 Vel 0.0 0,0 1487, 1487, 0.
=G 146 807 25. 5¢ J3de¢7 42000 0.0 0.0 0.0 0,0 0e0 0,0 1335, 1335, 0,
-6 15.4 ? 20. Te 3¢S 0547 ? 0.0 ? ? ? ? 1328, 1324, 0,
=3 13.9 ? 14, be l1e2 205SB9 ? 0.0 ? ? ? ? 1287. 1287, 0.
0o 163 B80.1 i8. 13, ce3 « 4000 [VIgH ol D0 0.0 00 0.0 1364, 1364, e
3. 14.8 80.4 23s 17¢ 3.0 45000 I 2 0.0 0.0 0.0 0,0 1457, 1457, 0.
6o 15.0 79.) 27, 15 3e8 e 7000 P 2 0.0 0.0 0.0 0,0 1499, 1499, 0.
9. 12.4 8l.2 30, 16be 4o 9000 > ol 0. Va0 0,0 0,0 1513, 1513, Do
15. 3.9 83.4 47, 15 606 442000 Y] «3 040 0,0 (1Y) 0.0 1540, 1540, (LI
18. 9 718.R S0. 15¢ 665 55,2000 Tel 5 .l 0.0 0.0 0,0 1565, 1565, (428
2le o7 7807 52. 13e¢ 645 644000 6,0 6 «3 0,0 0.0 0.0 1561, 1561, 0.
24 ol 71.2 36, Se Sel Be7000 JeV 3.8 1.5 0.0 0.0 0.0 1593, 15913, 0.
30. 8 8448 88, Fe 1UeY 146000 9 040 0.0 0.0 0.0 0,0 1550, 1550. (U
36. 2.l ? 157. 13. 106 +u620 ? 0.0 7 ? ? ? 1505, 1508, 0.
42 2ol ? 142, 19, lU.B L0172 4 0,0 ? ? 7 ? 1505, 150%, N,
48, 2e1 ? 140, 15 107 <0099 ? 0.0 ? ? ? ? 1497, 1497, 0,
60, 2.l ? l4le lae 107 0107 ? 0.0 ? ? 2 ? 1485, 1488, (11
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Table 36. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 26.0 cm
(Movable-Vane Boiler Burner; 15-Degree Vane Angle)

BOILER BURNER 60 DEGREE GUN NOZZLE 15 DEGREE VANE ANGLE

AXIAL POSITION = 26.0 CMm
RADIAL 02 N2 NO NO2 Cou2 co He - CH4 C2HZ C2H6é C3He C3H8 TEMPERATURE DEG.C
POSITION % % PPM PPM % % % % C2H4 % % % E e P LY T P T T
CM % AVG. MAX.  TMAX-TAVG
“60. lel 8649 140, 19+ 1l0e4 L5000 0.0 0.0 0,0 0,0 0.0 0.0 1527, 1527, [V
=54, le2 86¢3 143, 17. 10.5 47000 o2 0.0 0.0 V.0 0.0 0,0 1542, 1562, 0,
48 «8 85,1 131, 10e 948 2.2000 l.3 0.0 0,0 0.0 0.0 0,0 1567, 1567. 0,
=42, 3 843 1264 12¢ 9e3 3.¢000 2eY 0.0 0.0 0.0 0,0 0.0 1609. 1609, 0.
*36. o2 81+5 106, Te a6 546000 4.0 ol 0.0 00 0.0 0,0 1678, 1678, 0.
=30, Y4 HUe5S T8, 3e Tel 6+4000 4.8 ol 0.0 0,0 060 0.0 1655, 1655, e
24, el 825 110, 2e 8B40 445000 3.5 5 040 0.0 0,0 0.0 1626, 1626. 0
~21. le0 827 119, le Be0 44,2000 2.8 ol 0.0 0.0 0,0 0.0 1598. 1598, 0.
~18. 1.7 82+.6 106, 2e Te8B 3,7000 2¢6 6 0.0 0,0 0,0 0.0 1564, 1564, 0.
~1S. 1.9 82.8 102, FGe TeB 3.6000 2o 5 0.0 0.0 0.0 0.0 1553. 1553. 0.
=12. Se2 82.1 69, Se 7e¢3 1.6000 2.9 0,0 0.0 Ve0 0.0 0.0 1548. 1548, 0.
-9 Se9 82.6 T4, 3¢ 8Be2 1.5000 8 0.0 0.0 0.0 0.0 0.0 1558. 155S. (IS
=6 7.0 82.0 70, 2e 8Be¢0 143000 o7 0.0 0.0 0,0 0.0 0.0 1565, 1568, 0,
=3 5.8 8le.l 72. Se 6e7 148000 3.7 0.0 0.0 040 0,0 0.0 1573, 1573. 0.
O 49 826 76 106 6e9 246000 2sl 0.0 0.0 0,0 0.0 0.0 1568, 1568, 0.
3. 6.1 H2.S 6l Ge 6e3 2e5000 le7 0.0 0.0 0.0 0.0 0.0 1564, 1564, Na
6 S5 8l.6 64, 10e 644 22,8000 2.8 0.0 0.0 0.0 0.0 0,0 1562, 1562. N.
e 4.1 79.3 68, 1lle 644 549000 443 ol 0.0 0.0 0.0 0.0 1554, 1554, 0,
12. 3.3 80.7 72¢ 12¢ 740 3.8000 3.2 lel 0.0 0.0 0.0 0.0 1550, 1550, 0.
15. l.8 Bleb 58, 13e Hel 41000 3.0 b 0e0 0.0 0lV 0,0 1540, 1540, 0,
18. le2 80.1 70 15« 8e3 3.9000 Se0 5 0.0 0,0 0.0 0.0 1543, 1543, 04
24. «3 82.3 76, 17« 9.1 3.8000 3.1 s 0.0 0,0 0.0 0,0 1558, 155A, 0.
30. ol 82.3 84, 10e Yo7 3.3000 261 ol 0.0 0,0 0.0 0.0 1577 1577. LS
36. «3 85.2 91, l4e 103 1.,6000 le7 ol 0.0 0.0 0.0 0,0 1562. 15627, 0,
42 o7 B4.0 Fiee 19e 1lel 4600 040 0.0 0.0 Ue0 0.0 0.0 1541, i541. 0.
48, lel ? 110. 2l 11e2 <0760 7 0.0 ? ? 7 ? 1528, 1528, 0.
S4. l.2 ? 125. 18e¢ 1lle2 s008) ? 0.0 ? ? ? ? 1520. 1520. 0,
60. 1.3 ? 134, 20. 1llel 40460 ? 0.0 ? ? ? ? 1513, 1513. 0.
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Table 37. IN-THE-FLAME SAMPLING DATA AT AN AXIAIL POSITION OF 46.7 cm
(Movable-Vane Boiler Burner; 15-Degree Vane Angle)

BOILER BURNER 60 DEGREE GUN NOZZLE 1S5 DEGREE VANE ANGLE

AXITAL POSITION = 46,7 CM

RADIAL ve N2 NO NO2 CO02 co He CH4 C2H2 C2H6 C3H6 C3HB8 TEMPERATURE DEG.C

POSITION % % PPM PPM % % % » C2H4 % ] % cecesorensracecsans recoeee

CM % AVGe MAX TMAX=TAVG
“600 .6 85,1 135S, 20e¢ JUel 200000 lel 0,0 0.0 0,0 N.0 0,0 1493, 1493. 0,
=Sb. 5 83.7 13le 19¢ 9Ye4 345000 1.8 0,0 0.0 0.0 0.0 0,0 1517. 1517. (U
=48 5 8le8 115 19¢ 865 5.1000 3.1 0.0 0.0 0.0 0.0 0.0 1538, 1538, 0,
42, o2 801 IV 14 Ted 642000 4.2 0,0 0.0 040 040 0.0 1564, 156a, 0.
=36 o2 719.9 94, ¢ 745 6.8000 4.6 0.0 0.0 0.0 0.0 0.0 1553, 1553, 0,
=30 o6 80.1 G6. 14, Tel 642000 bet 0.0 0.0 0,0 0.0 0.0 1535, 1535, 0.
-Z&4e 8 Bieb 98¢ 19 Be3 541000 3.2 0.0 040 0.0 0.0 0.0 iS517. 1517, 0.
=18, le2 82.1 101, 1S, BeS5 446000 2¢6 0.0 0.0 0.0 0.0 0.0 1503, 1503, N,
=12 l.8 B83¢5 1044 13 90l 29000 1.7 0.0 0.0 0.0 0.0 0,0 1484, 1484, 0.
=6 2.1 846 107, ¢ 93 19000 l.2 0.0 0.0 0.0 0.0 0.0 1477. 1477, N,
O 2.5 838 122. 1lle 9e4 242000 lel 0,0 0,0 0.0 0.0 0,0 1471, 147). 0.
6o 3.8 83.0 102, 12« 8.9 2.1000 lel 0.0 0.0 0.0 0.0 0,0 1472, 1472, 0,
12 43 8249 84, 13s BeY 240000 lel 0.0 0.0 0.0 0.0 0.0 1470, 1470, 0.
18. 42 82e7 106, l4e 9e2 149000 1.0 0.0 0.0 V.0 0.0 0.0 1465, 1465, Oe
2he 3.7 B4e2 115¢ 1S 9.8 147000 o6 0.0 0.0 0.0 0.0 0.0 1471, 1471, 1IN
30. 2e8 85¢4 119 14e Ye9 9000 0.0 0.0 0.0 0.0 0.0 0.0 1468, 1468, 0.
36 2e9 ?7 123. 15« 10,1 41000 7 0.0 ? ? ? ? 1459, 1459, 0.
42 2e8 ? 126. 16e lUe3 u584 ? 0.0 ? ? ? ? 1457, 1457. 0.
48, 3.1 ? 124, 176 lUs]l 0462 ? 0,0 ? ? ? ? 1452, 1452, 0,
Sée 3.7 ? 123. 21e YeB 40260 ? 0.0 ? ? ? ? 1449, 1449, n,
60 463 ? 119. 18 el 0207 7 0.0 ? ? 7 ? lass, 1444, 0o
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RADIAL
POSITION
CM

~60e
=54,
=48,
42,
=36
=30,
24,
~18.
=12
=6
0.
6o
12.
18,
24,
30.
36.
“2.
“8.
544
60,

Table 38,

02

le7

l.8
240
2.1
246
3.0
3.1
2.8
3.0
2.6
2e3
2.2
Cets
2ol
246
2¢5
2ol
2.8
3.0
3.0

IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 146.1 cm

(Movable-Vane Boiler Burner; 15-Degree Vane Angle)

BOILER BURNER

N2
%

W ) W) ) ) ) W) ) ) W) ) ) ) W) ) ) ) ) W)

NO
PPM

188,
184,
180,
156,
l64,
172,
156,
164,
156.
156,
i27.
138,
135.
142,
135,
133.
137,
135,
145,
139,
135,

NO2
PPM

20,
22
2.
18,
22
19.
17.
15.
18.
20
25.
24
20
23,
26.
30.
32.
31.
28,
24,
26

60 UEGREE GUN NOZZLE

cue
%

10.8
1V.8
108
1047
10.6
103
10.1
10.1
10.2
10.1
10.“
1045
10.6
1045
10,5
10.“
1004
10.4
10.2
10.1
10.1

LV L VIEAEE VIV IV D VI VI I R R R ML VAR VIR VIV IR VR VIV

CH4
%

COO0OOCOO0OO0OQ0O0ODOCODOO0OOOOODCO
¢ 8 0 ¢ 6 @ 0 6 8 0 P e e s B G s O e o "

CO0O0OO0OO0OO0COOODOCOCOOLODOCO

15 DEGREE VANF ANGLE

(o4 V4
C2H4
%

LVEVES IEVIES IEN IS VRS IEV IRV VI VR IR VU VI VDI

C2H6
%

LRSI REVES RS IEVE IEV IR RV VIRV RV S I K R VI

C3H6 C3HB

%

Waewal oW Weadal sl el VW)

%

LV ICVIEVIER BESIUVIES BEVIEA LV VIRV IES BV IR I B D IR I Y

AXIAL POSITION

TEMPERATURE DEG.C

146,1 CM
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Table 39. IN-THE-FLAME SAMPLING DATA AT AN AXIAL POSITION OF 385.4 cm
(Movable-Vane Boiler Burner; 15-Degree Vane Angle)

BOILER BURNER 60 DEGREE GUN NOZZLE 15 UEGREE VANE ANGLE

AXIAL POSITION = 38S,4 CM

RADIAL 02 N2 NO N2 CO2 co HZ2 CH4 C2H2 C2H6 C3H6 C3HB8 TEMPERATURE DEG.C

POSITIUN % % PPM PPM % % % % C2H4 % % % L e el bl D L Ll g et el

(o] ® . AVGe MANS THAX=TAVG
=60 2e7 7?7 188, ¢24. 103 L0103 ? 0,0 ? ? K ? 1438, 143R, 0.
4B 2.8 ? 1924 27e¢ iGeé 40092 7 G.0 ? ? ? ? 1443, 1443, N,
=36 2e6 ? 194, 25« 103 L0095 ? 0.0 ? ? ? ? 1444, 1444, 0,
=24 2+8 ? 201, 25. 102 L0122 ? 0.0 "? ? ? ? 1448, 1448, 0,
=12« 248 ? 196. 26¢ 102 40099 ? 0.0 7 ? ? ? 1446, 1446, 0,
O« 2.8 ? 192. 256 102 40084 ? 0.0 ? ? ? ? 1447, 1467, N,
124 2e7 ?7 194, 24, 10.2 ,0087 ? 0,0 ? ? ? ? 16448, 1448, 0.
24. 2e5 ? 196, 25¢ 104 L0094 ? 0.0 ? ? ? 4 1449, 1449, 0,
36, 245 ? 192+ 2Be¢ 1l0s4 ,0089 ? 0.0 ? ? ? ? 1447, 1447, 0.
48, 2.7 ? 198, 24¢ 1043 «0081 7 0,0 ? ? ? ? 1443, 1443, 0,
60. 2+9 7?7 195, 27 102 40076 7 0.0 ? ? ? ? 1438, 1438, 0.



0L2

BOILER BURNER ou ULOGREE GUN NDOZZLE 15 DEGKEE VANE ANGLE
RADIAL POSITION=CM VS, PPM NO IN 0G4S SAMPLE AxIaL POSITION = S.1 Cm
200,00 '
196,15 J
192.31
L8846
ls4,.62
180,77
116,92
173,08
lov.23
165,38
161 .54 *
157.69 - @,
153.85
150,00
146,15 ©
le2e3l- »
138,46 /
134.62
130,77
126,92
123.08
119.23
115,38
111.54
LU7.69
1u3.85
1Uv.00
Y6.15
Y2431
1P Y]
da,62
8U77
16.92
(3.08
6Y.23
65,38
61,54
51.69
S3.85
50,00
4b.1>
“l.31
8.4
34.62
U077
26.9¢
¢3.08
1Y.23
15,38
lieda
1e69
3.85
«00

e ——
-

' . . + [l ] L3 L) * ’ '
~604000 ~48.,000 =A6.00v =24, u00 =172,00u - 00D 12.000 Pu0on 36,000 48,000 60,000

Figure 204. Radial profile of NO at an axial position of 5.1 cm
(movable-vane boiler burner; 15-degree vane angle)
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BOILER BURNEK oU DEULREE GUN NOZZLE 15 DEGREE VAMFE ANGLE

RADIAL PUSITIUN=CM  VS. PPM NOZ IN LAS SAMPLE AX1AL POSITION = S.l CM
30U.00 .
294l
¢8,.85 *
28.27 .
cle69 ¢
27.1¢2 .
26,54 ¢
5496 *
25.38 .
24481 '
24,23 [
23.65 *
23.08 ’
€250 '
21.92 .
¢le35 4
cUe?7 & '
20.19 J
19,62 '
19,04 & '
1B.406 U
17.88 '
17.31 '
16473 hd '
16.15 ‘
15.58 .
15.00 '
lu.42 '
13.85 ’
13.27 '
12469 '
12.12 '
11.54 '
1U.96 = [
10,38 '
9.81 '
9,23 '
Be65 v
B.08 '
71.50 '
6.92 '

6435

Se77 ~

5,19

4,62

4404

3,46

2.88

2,31

1.73

la15

+58

«00

-

@ ® @ ® ® ® ® S e e e ® e e aAm e ee ... s ...

L T T T T

e

* 1, * L} Al L ’ Ll L] L] L]

=60.000 ~484000 ~36.00vV =c4.000 =12.,009 -«000 12.000 24,000 36,000 48,000 60,000

Figure 205. Radial profile of NO, at an axial position of 5.1 cm
(movable-vane boiler burner; 15-degree vane angle)
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BOILER BUKRNER oU ULEGREE GUN NOZZLE 15 DEGREE VANE ANGLE

RADJAL PUSTITION-CM VS, % 02 IN GadS SamMPLE AX1AL POSITVION = S.1 (M

2l.00 J
2u.060
20619
19.179
19,38
18.98
18.58
1817
17.77
17.37
16.96
16.56
16,15
15,75
19435
la.94
14.54
l4.13
13,73
13.33
12.92
12,52
1c.12
11.71
11,31
1U.90
iy.50
10.10
9.69
9.29
4,88
8,48
4,08
7.67
7.27
6.87
64,46
6.006
5.69
5.25
%485
4ob4
4,06

3.63 \|

3.23 %
2.83 \
2442 “~—
2,02 .
1.62 T
1.21
.81
.40 °

«00

e T T I T T T T S I I A L

'
~60+000 =484000 =36,000 =24,000 -12.00v -.000 12.000 24+000 36,000 48.000 60,000

Figure 206. Radial profile of O, at an axial position of 5.1 cm
(movable-vane boiler burner; 15-degree vane angle)
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BOILER BURNER 60 utUGREE GUN NOZZLE 15 UEGKEE VANE ANGLE

RADIAL POSITION=(M VS, % CH4 IN GAS SAMPLE AXTAL POSITIOM = S.1 CM
440000 '
3.9231
J. 8462
3,7692
3.6923
3.6154
345385
3.4615
3.38486
33077
3.,2308
3.1538
3.0769
3.0000
209231
2.8462
2.7692
2+6923
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2.538%
244615
2o 3846
243077
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2.0000
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« 7169¢ #
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«0154
22385
4615
3846
« 3077
«2308

+1538
U769

e 0000 = cmmmnr ) et & it {7 St 4 7
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L
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L
]
v
L
(]
v
'
.
L]
.
t
L
L]
[}
(]
’
.
L]

/

#

/
NS

1 [ . ’ ' . . ’ . [ '
60000 48,000 =-16,00U ~z4a.000 =12.000 -.0N00 12.000 Pe.000 36,000 48,000 60,000

1 o 45 o i £ o 83

Figure 207. Radial profile of CH, at an axial position of 5.1 cm
(movable-vane boiler burner; 15-degree vane angle)
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HOILEK HURNER 64 UEGREE GUN NOZZLE 15 DEGKEE VANE ANGLF
RADIAL PUOSITIUN=CM VS, % COZ IN GAS SAMPLE AxTAL POSITIOM

le.00 *

11.77

11,54

lledl

1l.08

10.85 B

lu.62 #

10,38 °

10,15

Ye92 /%

9.6Y9

9446
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6469 ¢
6.40 .
6.23 '
heOD M
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550 '
5431 *
S.08 '
“.85 '
4462 M
4,38 '
4,15 .
3.92 ’
3.69 - » '
J.46 \o )
3.23 '
J.00 ¢
2.77 '
2456 M
2.31 *
2.08 '
1.85 .
1.62 ’
138 '
1e15 ¢
.92 '
69 *
b6 *
23 [
« 00 *
' [ ' ' * ' ' ’ ’ [ '
=60.000 -484000 -36.000 =24,000 =12.,00v ~.000 12.000 24.000 36.000 48,000 60,000

Figure 208. Radial profile of CO, at an axial position of 5.1 cm
(movable-vane boiler burner; 15-degree vane angle)

5.1 CM
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COMPOSITE LOG PLUT
0=02»

10V,0000
T6.6682
58.7802
49,0657
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26,4897
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Figure 209.
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Radial profile of all the gases at an axial position of 5.1 cm

(movable -vane boiler burner; 15-degree vane angle)
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BOILER BURNER 60 DEOLREE GUN NOZZLE 15 DEGREE VANF ANGLE
RADIAL POSITION~CM vS. AVERAGE TEMPERAIUKE DEG.C AXIAL POSITION
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Figure 210. Radial profile of temperature at an axial position of 5.1 cm

(movable-vane boiler burner; 15-degree vane angle)

S.1 CM
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Flow Direction F\MJ%.SCS
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Figure 211. Radial profile of flow direction at an axial position of 5.1 c¢m

(movable-vane boiler burner; 15-degree vane angle)
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BOILEK HURNER 60 ULULKREE GUN NOZZLt 15 DEGREE VANE ANGLE

RADIAL POSITION=-CM VS, PPM NO IN GAS SAMPLE AXIAL POSITION = 26,0 Cm

200.00
196.15
192,31
188,46
184,62
180.77
176.92
173,08
169.23
165,38
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126.92
123,08
119.23
115.38
111,54
1U7.69
1Vv3.85
100.00
96415
v2.31
88,46
B4.62
80.77
16.9¢
713.08
69,23
69.38
6l.54
57.69
53.8%
50,00
46.15
“cda31
38,4606
.60
0,77
26.92
¢3.08
19.23
15.38 °
11.54
T.6%
3.8
« 00

'
=60.000

R T T T T T O R S P S

N

\

g ’\./.,\. J,,/

T T TR T T R e e ™

/‘
.
. T T T T T T S I A A IR TR TR S

[ [ ' ' ' ' ] * ' '
~48.000 ~36.000 =24.000 =17.000 - 000 12.000 24,000 36.000 48,000 60,000

Figure 212. Radial profile of NO at an axial position of 26.0 cm
(movable-vane boiler burner; 15-degree vane angle)
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BOJLER HURNER by UEGREE GUN NOZZLE 15 UFGREE VANF ANGLE

RADJAL PUSITIUN=CM VS, PPM NOZ IN LAS SAMPLE
30.00 '
294l
28485
cd.27
27.69
élele
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25.96
25,38
cu Bl
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BOILER BURNER 60 UEGLREE GUN NOZZLE 15 DEGREE VANE ANGLE
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Figure 215, Radial profile of CH, at an axial position of 26.0 cm
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HBOILER BURNER 6U LEULREE GUN NOZZLE 15 DEGREE VANF ANGLF
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HOJLER BURNEK 60 ULLREE GUN NOZZLE 15 DEGREE VANE ANGLF
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Figure 221. Radial profile of NO, at an axial position of 46.7 cm
(movable-vane boiler burner; 15-degree vane angle)



887¢

HOILER HURNER 60 UEGREE GUN NOZZLE 1S UEGREE VANF ANGLE
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BOILER HURNER 6l DEUREE GUN NOZZLE 15 OFGREE VANF ANGLE
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BOILER HURNER 60 ULOGREE GUN NOZZLE 15 DEGWREE VANE ANGLE
RADIAL PUSITION=CM VS, PPM NO2 IN LAS SAMPLE AXIAL POSITION
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The profile data collected at the 5. 1-cm axial position are graphically
presented in Figures 204 through 211, with detailed data listings given in
Table 35. The flow profile data show a flame Type II. The primary jet,
however, is composed mainly of oxygen, indicating that the combustion does
not have a large enough tangential velocity component for adherance to the
burner block. The secondary jets, which appear to follow the contour of the

burner block, contain large quantities of fuel.

The average NO concentration in the secondary recirculation zone is
150 pprn, compared with the 196 ppm detected in the flue. The average
concentration within the burner-block area is 40 ppm with the minimum
conceniration of 14 ppm occurring at the same radial position (=3 cm) as

the maximum oxygen concentration (18.9%).

The profile of NO, versus radial position is presented in Figure 205,
Unlike profiles from slower mixing burners (kiln and intermediate flame

length baffle) the NO, concentration is never larger than the NO.

The oxygen profile at the 5. 1-cm position ( Figure 206) shows a peak
concentration of 18. 9% at a —3 cm radial position.. Minimum levels of
oxygen were measured at —30 cm and +24 cm with respective concentrations
of 0. 4% and 0.1%. These minimum concentrations correspond to the -
location of the fuel jets, while the maximum concentration indicates a
centrally located jet of combustion air, which has not attached to the burner
block. Other combustibles present include carbon monoxide, with maximum
concentrations of 5.1% and 8. 7% at—30 cm and 24 cm, respectively;
hydrogen, with maximum concentrations of 5. 0% and 9,0% at —30 cm and
—24 cm, respectively; and acetylene and ethylene with combined maximums
of 0. 4% and 1. 5% at—30 cm and —24 cm, respectively. Because of the
unusual arrangement of fuel and air jets, there are four radial positions at
which stoichiometric fuel/air ratios occur; these are —34.8 cm, —21.4 cm,

+15.4 ¢cm, and +31. 2 cm,

The curve of carbon dioxide versus radial position ( Figure 208) shows
the minimum concentration of 1. 2% at -3 cm. The CO, concentration in-
creases on both sides of this minimum until it reaches the primary
recirculation zone. The carbon dioxide concentration remains rather constant

at approximately 6. 7% on both sides of the burner, in the regions occupied
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by the primary recirculation zone and the fuel jets. The concentration
increases sharply to 10. 6% on the boundary between the fuel jet and the
secondary recirculation zone, This concentration is held rather constant
throughout the secondary recirculation zone. Correlating the 5. 1-cm axial
position temperature profile ( Figure 210) with the above chemical species
and flow analyses reveals that a constant temperature of 1520°C exists in
the secondary recirculation zone ( compared with a wall temperature of
1426°C). A minimum temperature of 1287°C was measured at —3 cm,
which corresponded to the location of the maximum oxygen concentration.
There is only one highly resolved temperature peak, which occurs at —21 cm
and has a magnitude of 1703°C, ThLis maximum temperature position agrees

with the location of a stoichiometric fuel/air ratio concentration.

The data collected for the movable-vane boiler burner with a 15-degree
vane angle at a 26-cm axial position are listed in Table 36 and illustrated in
Figures 212 through 219. The flow profile shows that the primary recircula-
tion zones have disappeared. The forward flow region extends from —46 cm
to +39 cm. This region is bounded on both sides by a secondary recirculation

zone.

The NO profile at the 26-cm position ( Figure 212) has an average con-
centration in the secondary recirculation zone of 125 ppm compared with
150 ppm in the secondary recirculation zone at the 5. 1-cm axial position
and 176 ppm detected in the flue. The average concentration within the

forward flow zone is 79 ppm compared with 40 ppm at the 5. 1-cm axial position.

The NO, profile ( Figure 213) shows two peaks in the burner block area

at —15 cm and +24 cm, with respective concentrations of 9 ppm and 17 ppm.

The curve for oxygen versus radial position ( Figure 214) shows two
peaks occurring at —6 cm and+3 cm, with concentrations of 7% and 6. 1%,
respectively. A minimum oxygen concentration of 0. 1% was detected at
—24 c¢cm and +30 cm, while the locations of the maximum unburned fuel are

at —30 cm and +18 cm.

The temperature profile ( Figure 218) shows only one highly resolved

peak, which occurs at —30 cm and corresponds to a temperature of 1695°C.
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Data collected for the 46. 7-cm axial position are tabulated in Table 37
and graphically presented in Figures 220 through 226, The number of
locations at which stoichiometric fuel/air ratios occur has decreased from
four to one. This ratio occurs at —9.1 cm for the 46. 7-cm axial position.
The large concentrations of the combustibles all occur to the left of the
burner. Thus, although the flow profile shows only a slight asymmetry to
the left side of the furnace, the gas analyses indicate that nearly all the

remaining combustion will occur on the left side of the furnace.

Figures 209, 217, 224, 231, and 238 show composite log plots of con-
centration versus radial position within the composition range of 0. 0001%
(1 ppm) to 100%. In these plots, the interrelationships between concentra-
tion variations of oxygen, nitric oxide, nitrogen dioxide, carbon monoxide,

carbon dioxide, hydrogen, and methane can easily be visualized.

Figures 210, 218, 225, 232, and 239 are plots of the average temperature
measured versus radial position.

Figures 211, 219, 220, 223, and 240 show flow direction versus radial
position. These profiles show the positions of the primary and secondary
forward flows, of the recirculation zones (reverse flow), and of the sheared

boundary layers.

Data Correlation of Isoplots for the Movable-Vane Boiler Burner

Figures 241, 242, and 243 are isothermal and isoconcentration plots of
the data presented earlier in this report for the movable-vane boiler burner
operating under standard ( recommended) conditions. Similar profiles are
presented in Figures 244, 245, and 246 under pollution-control operating
conditions.

A comparison of the isothermal plots ( Figures 241 and 244) reveals
that the 30-degree vane angle produces a hotter flame than the 15-degree

vane angle. These plots indicate that the 15-degree vane angle produces

a larger flame than the 30-degree vane angle.

The graphs for NO isoconcentration versus radial position are presented

in Figures 242 and 245. In both operating conditions, the maximum
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isoconcentration curve occurs in the secondary recirculation zone by the
burner wall and in the forward flow zone beyond 70 cm of the burner wall.
A comparison of the figures indicates that the NO developes slower when a

15-degree vane angle is used.

Isoconcentration profiles of NO, are plotted in Figures 243 and 246. The
NO, profile for the 15-degree vane angle setting shows an increase in the
concentration level from the burner wall to the furnace flue. In contrast,
for the 30-degree vane angle, the NO, concentration at the exit of the
burner block is equal to the level in the flue. Within the burner-block
region, NO, concentration decreases as a function of axial position, up to

40 cm, and then the NO, level increases until it reaches the flue value.
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APPENDIX. RAW INPUT/OUTPUT DATA

The following is a tabular listing of the raw input/output data collected
during this program. Graphs of normalized NO versus excess oxygen for
the test conditions listed in the taltile heading can be found in Volume I of

this report.
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Table 40.

DATA FOR COMBINATION KILN BURNER NOZZLE

(Gas Input, 2700 SCFH — 810 SCFH Axial and 1890 SCFH Radial;
3. 2% Primary Air; 1330°C Wall Temperature)

. Combustion Air Flue Analysis Normalized
Temperature, °C NO,ppm NO,,ppm O,,% CO,, % CO,ppm NO, ppm
22 66 11 1.4 11.0 425 70
22 73 13 2.4 10. 4 57 81
22 80 20 3.9 9.5 21 96
22 81 22 4.9 9.0 15 102
252 96 6 1.4 10.5 (0.9%) 102
252 112 9 2.2 10.3 (0.4%) 123
252 130 14 3.2 10.0 (0.2%) 150
252 145 19 4.4 9.4 500 178
460 250 25 3.3 9.9 314 289
460 235 23 2.6 10. 4 588 263
460 350 33 5.9 8.5 215 467
460 290 29 4.1 9.5 380 351
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Table 41. DATA FOR COMBINATION KILN BURNER NOZZLE
(Gas Input 2700 SCFH — 810 SCFH Axial and 1890 SCFH Radial;
3.5% Primary Air; 1150°C Wall Temperature; 12% Flue Gas Recirculation)

Combustion Air . Flue Analysis Normalized
Temperature, °C NO,ppm NO,,ppm  O,, % CO,, % CO, ppm NO, ppm
460 78 18 2.45 10. 4 36 87
460 72 10 1.31 11.1 183 76
460 68 7 0.9 11.4 222 71
460 80 15 2.76 10.2 13 90
242 39 7 (9) 2.7 10.1 11 44
242 41 8 (9) 4.0 9.4 10 49
242 38 9 (11) 1.4 10.9 76 40
22 16 4 1.8 10. 6 253 17
22 20 4 4.7 8.9 9 25
22 18 4 3.9 9.4 20 22
22 20 6 . 5.7 8.3 2 27
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Teble 42. COMBINATION NOZZLE KILN BURNER (Gas Input 2733 CFH — 879 CFH Axial
and 1854 CFH Radial; 3. 2% Primary Air, Wall Temperature 1257°C ( Air Cooling);
and 12% Flue Gas Recirculation)

Flue Analysis

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm 0,, % CO,, % CO, ppm NO, ppm
463 110 12 2.13 10. 4 516 120
463 90 7 0.9 10.9 (0.5%) 94
463 140 20 4.1 9.2 103 169
235 45 20 5.1 8.6 51 57
235 37 9 2.6 10.2 320 41
235 40 4 3.0 9.8 177 46
22k 40 10 4,2 9.2 8¢ 49
22 25 7 3.2 9.7 203 29
22 21 7 2.1 10. 5 453 23
22 25 8 4,7 8.9 78 31
22 30 7 5.1 8.7 69 38



Table 43. DATA FOR COMBINATION KILN BURNER NOZZLE
(Gas Input, 2700 SCFH — 810 SCFH Axial and 1890 SCTFH Radial;
3. 5% Primary Air; 1130°C Wall Temperature)

12¢

Combustion Air Flue Analysis Normalized
Temperature, °C NO,ppm NO,.ppm 0,, % CO,, % CO,ppm NO, ppm
465 156 28 1.63 10.9 64 168
465 168 11 2.76 10.2 45 190
465 197 23 4, 42 9.4 6 242
465 215 34 5.30 8.8 3 277
254 100 15 6.00 8.4 18 134
254 95 15 4.8 9.1 41 119
254 79 6 2.9 10.3 62 89
254 79 9 2.7 10.3 63 89
254 73 8 1.9 10.9 74 79
254 64 5 1.0 11. 4 go. 6%) 68
22 39 2 0.9 11. 4 0.62%) 42
22 41 5 3.0 10.2 74 47
22 | 39 3 1.8 10.9 565 43
22 41 7 4.0 9.6 29 49
22 41 8 5.3 8.9 15 53
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T..ble 44.

Combustion Air
Temperature, °C

22
22
22
22
22

220
220
220
220
220

438
438
438
438
438

COMBINATION NOZZLE KILN BURNER (Gas Input 2706 CFH — 876 CFH Axial
and 1830 CFH Radial; 6. 0% Primary Air and a 1310°C Wall Temperature [Air Cooling])

Flue Analysis

NO, ppm NO;, ppm
58 14
64 16
50 7
52 3
60 11

105 18
115 22
92 18
80 15
73 10
145 8
185 28
275 33
280 37
210 28

Oz, % COz, % CO, ppm
3.7 9.8 68
4.8 9.1 44
1.4 10. 4 (1.0%)
0. 45 10.3 (1.6%)
2.5 10.4 29
4,33 9.3 59
5.25 8.9 37
3.28 10.0 112
2.29 10.5 612
1. 42 10.9 (0.18%)
1,24 11.2 220
2. 57 10.4 291
4. 89 9.1 96
5. 64 8.7 86
3. 45 9.8 190

Normalized
NO, ppm

68
80
55
53
67

129
148
106
88
78

154
206
348
368
245



Table 45. COMBINATION NOZZLE KILN BURNER (Gas Input 2700 SCFH; 30% Axial
and 70% Radial; Water Cooling of Furnace Sidewalls; 1150°C Wall Temperature;
6. 2% Primary Air)

Flue Analysis

XA

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm O,, % CO,, % CO, ppm NO, ppm
466 190 24 3.2 10.0 17 219
466 220 25 4,7 9.1 10 275
466 130 10 0.5 11. 4 2000 133
466 170 18 2.0 10. 7 64 185
466 190 21 2.6 10.3 30 213
272 140 1a 5.2 g, 0 2 1ge
272 130 18 4.4 9.3 13 160
272 110 17 3.1 10.0 26 126
272 80 8 1.5 11.0 72 86
272 75 3 0.8 11. 4 (0.15%) 78
22 43 7 1.4 11..0 168 46
22 56 9 2.9 10.2 31 64
22 58 15 3.4 9.9 25 68
22 67 17 4.6 9.2 18 83
22 70 16 5.2 8.8 12 90



T ible 46. COMBINATION NOZZLE KILN BURNER (Gas Input 2773 CFH — 873 CFH Axial
and 1900 CFH Radial; 3. 5% Primary Air; 1330°C Wall Temperature ( Air Cooling);
and the Gas Nozzle in the Exit Position)

Flue Analysis

144

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm Oz % CO;z, % CO, ppm NO, ppm

22 60 14 4. 34 9.4 171 73

22 62 10 5.1 8.9 91 79

22 45 4 1.3 10. 6 (0.55%) 48

22 50 8 2.5 10. 2 (0.2%) 56

22 55 10 3.1 10.0 (0.17%) 63
220 100 15 2.1 10.6 489 110
220 90 11 1.3 11.¢ (C. 25%) 33
220 143 23 4.7 9.2 115 179
220 120 21 3.4 9.9 445 140
220 143 29 5.75 8.7 76 189
445 370 50 5.18 8.9 111 474
445 330 47 4.0 9.5 196 396
445 310 35 3. 26 10.0 331 358
445 290 31 2.62 10.1 (0.6%) 325
445 245 22 1. 86 10.1 (1.2%) 266
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Table 47.

Combustion Air
Temperature, °C

COMBINATION NOZZLE KILN BURNER (Gas Input 2691 CFH — 368 CFH Axial

and 2323 CFH Radial; 3. 5% Primary Air, and
1345°C Wall Temperature [Air Cooling])

Flue Analysis

457
457
457
457

247
247
247
247

22
22
22
22
22

NO’ ppm NOZ’ ppm OZ’ % COZ’ %
360 47. 5.8 8.6
250 27 2.6 10.3
330 36 4,6 9.2
170 11 1.3 10.9
165 30 5.6 8.7
128 21 2.1 10. 7
158 25 3.5 9.9
115 14 1.3 11.0

85 18 3.4 10.0
95 22 4.6 9.3
90 20 5.8 8.5
88 18 2.5 10.4
82 17 1.7 10.9

Normalized

CO, ppm NO, ppm
89 483
472 280
215 411
(0.35%) 181
94 259
212 140
118 188
(0.15%) 121
49 99
31 117
25 122
114 96
230 88



Table 48. COMBINATION NOZZLE KILN BURNER (Gas Input 2734 CFH — 411 CFH Axial
and 2323 CFH Radial; 6. 6% Primary Air, and
a 1345°C Wall Temperature [Air Cooling])

Flue Analysis

97¢

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm O,, % CO,, % CO, ppm NO, ppm

22 65 14 3.2 10.0 64 75

22 55 6 2.5 10. 4 179 63

22 70 15 4.4 9.3 40 85

22 49 4 0.7 11.3 (0.15%) 50

22 54 8 1.5 11.1 321 58
238 95 11 2.1 10.7 1¢7 165
238 107 16 3.2 9.9 112 123
238 127 21 4,2 9.4 73 154
238 132 20 5.8 8.5 46 178
238 75 2 0.7 11.1 (0.35%) 77
466 100 3 0.2 10.6 (1.4%) 103
466 250 32 3.0 10.1 285
466 320 38 5.1 3.0 408
466 270 31 3.4 9.9 315
466 190 23 1.9 10.8 206
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Table 49.

Combustion Air

COMBINATION NOZZLE KILN BURNER (Gas Input 2714 CFH — 411 CFH Axial
and 2303 Radial; 3. 5% Primary Air; 1320°C Wall Temperature,
and the Gas Nozzle in the Exit Position)

Flue Analysis

Temperature, °C NO, ppm
22 70
22 52
22 58
22 65
22 70

237 127
237 80
237 105
237 165
457 350
457 295
457 280
457 260

NOZ: ppm OZJ %
14 5.5
2 0.6
9 1. 85
11 2.7
16 4.7
v 3.9
10 1.5
18 2.32
30 5.18
45 5.26
41 3.85
37 .2.63
28 1.53

Normalized

COZ:% CO: ppm NO’ ppm
8.8 51 91
10.8 (0.8%) 53
10.9 365 63
10.3 190 71
9.1 98 88
Y. 0 65 151
10.7 (0.4%) 86
10.6 407 116
8.5 68 212
8.9 95 452
9.6 165 351
10.4 410 313
10.8 (0.5%) 278
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T 1ble 50.

Combustion Air

COMBINATION NOZZLE KILN BURNER (Gas Input 2687 CFH — 0 CFH Axial

and 2687 CFH Radial; 3. 2% Primary Air and a
1305°C Wall Temperature)

Flue Analysis

Temperature, °C NO, ppm
22 95
22 75
22 85
22 103
22 108

220 125
220 115
220 98
220 145
220 155
447 270
447 300
447 290
447 220
447 240
447 190

NOZ, Bem Oz, EO COz, 20

10.
11.
10.
9.
8.

13

6
12
15
17

19
20
17
23
26

33
37
36
18
26

8
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Normalized

CO, ppm NO, ppm
115
(0.25%) 80
94
125
138
58 149
153 117
(0.15%) 106
76 182
51 205
103 317
90 392
119 357
(0.26%) 239
(0.28%) 265
(0.82%) 195



Table 51. COMBINATION NOZZLE KILN BURNER (Gas Input 2659 CFH — 0 CEH Axial
and 2659 CFH Radial; 3. 5% Primary Air; 1340°C Wall Temperature ( Air Cooling);
and the Gas Nozzle is in the Exit Position)

Flue Analysis

52¢

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm Oz, % CO,, % CO, ppm NO, ppm

459 365 55 4.5 9.3 75 460
459 390 60 5.15 9.0 64 499
459 275 50 2.53 10.4 192 316
459 320 50 3.25 10.1 132 370
459 260 40 1.9 10. 8 281 282
459 165 -- 0.4 1i.n (0.75%) 168
249 125 26 3.71 9.8 145 148
249 98 20 1. 52 10.9 (0.12%) 104
249 115 22 . 2.28 10.6 311 127
249 80 11 0.9 11.0 (0.41%) 83
249 143 37 5.0 9.0 19 182

22 70 16 2.4 10.4 298 79

22 85 25 5.0 9.0 38 108

22 90 25 5.6 8.7 19 118

22 60 11 1.3 11.0 (0.12%) 64

22 50 -- 0.5 10. 8 (0.91%) 51
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Table 52. DATA FOR COMBINATION KILN BURNER NOZZLE
(Gas Input 1900 SCFH — 570 SCFH Axial and 1330 SCFH Radial;
6. 2% Primary Air; 1023°C Wall Temperature)

Combustion Air Flue Analysis Normalized
Temperature, °C NO, ppm NO,, ppm O,, % CO,, % CO, ppm NO, ppm

22 21 5 2.8 10.2 88 24

22 14 1 0.6 11.5 (1.2% ) 15

22 19 3 1.6 11.0 314 20

22 32 5 4.8 9.1 10 40

22 39 6 6.0 8.4 8 52

248 43 4 4.9 9.0 2 55

248 48 7 5.9 8.4 7 64

248 38 5 3.6 9.7 57 44

248 36 5 2.7 10.3 67 41

248 30 1 0.9 11.2 (0.61%) 31

456 62 8 2.0 10.8 80 68

456 50 11 0.53 11. 4 378 51

456 55 9 1.6 11.1 158 59

456 78 15 3.1 10.1 18 89

456 95 14 4,5 9.2 7 117



Table 53. COMBINATION NOZZLE KILN BURNER (Gas Input 1800 CFH — 0 CHF Axial
and 1800 CFH Radial; 4. 2% Primary Air and a
1250°C Wall Temperature [Air Cooling ])

Flue Analysis

1e¢

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm O,, % CO,, % CO, ppm NO, ppm
460 120 16 4,0 9.6 278 144
460 72 9 1.1 10. 9 (0.4%) 76
460 65 4 0.6 10.5 (1.0%) 67
460 105 15 2.9 10.2 497 119
242 80 10 4.5 9. ¢ 35 99
242 92 . 13 5.15 8.9 10 117
242 47 -- 0.2 11,2 (0.6%) 47
242 62 6 2. 96 10.2 48 85
242 58 6 2.1 10.7 . 52 64
22 52 11 3.0 10.1 241 59
22 45 7 1.9 10. 8 463 49
22 42 6 0.9 10.9 (0.62%) 44
22 48 12 2.5 10. 4 371 55
22 60 14 4.1 9.5 42 73
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Table 54. DIVERGENT NOZZLE KILN BURNER (Gas Input 2700 SCFH;
3.5% Primary Air; 1320°C Wall Temperature)

Flue Analysis

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm Oz, % CO,, % CO, ppm NO, ppm
22 T2 6 1.0 11.3 370 76
22 105 20 4.9 9.3 -- 133
22 95 20 4., 4 9.4 4 117
22 a5 10 3.1 10. 2 32 109
22 80 is 2.1 10.7 10 88
22 82 8 1.1 11. 4 215 87
243 205 45 3.0 10.1 75 234
243 190 25 1.4 11,2 240 202
243 190 40 2.0 10.6 50 207
243 210 40 4.0 10.2 15 252
243 210 35 5.1 8.9 11 268
477 370 30 4,8 9.3 -- 464
477 350 20 3.0 10.2 12 399
477 340 10 2.3 10.5 79 374
477 320 20 1.0 11.3 5500 334
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Table 55.
(Gas Input 2700 SCFH; 3. 5% Primary Air; 1145°C Wall Temperature)

DATA FOR DIVERGENT KILN BURNER NOZZLE

Combustion Air Flue Analysis Normalized
Temperature,°C NO,ppm NO,, ppm O,, P CO,,% CO,ppm NO, ppm
22 65 10 3.7 9.7 15 77
22 70 12 5.7 8.4 5 92
22 52 10 2.5 10. 4 10 58
22 63 15 4.8 8.9 7 79
22 45 7 0.8 11.2 105 47
250 98 10 2.9 10.2 14 111
250 115 20 4.4 9.2 2 141
250 125 20 5.2 .8 0 161
250 90 13 2.4 10.3 17 100
250 106 9 3.7 9.7 4 125
250 75 8 1.0 11.2 169 78
456 113 20 301 9.9 16 129
456 135 22 4.6 9.1 5 167
456 133 14 3.9 9.6 6 159
456 90 12 1.5 10. 8 53 96
456 144 21 5.1 8.9 2 184
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Table 56. DATA FOR DIVERGENT KILN BURNER NOZZLE
(Gas Input 2700 SCFH; 9. 5% Primary Air; 1150°C Wall Temperature)

Combustion Air Flue Analysis Normalized
Temperature,’C NO,ppm NO,, ppm O,, % CO,, % CO, ppm NO, ppm

452 78 12 1.6 10.9 60 83
452 73 7 0.8 11.3 103 76
452 98 13 3.6 9.8 13 115
452 85 13 2.2 10.3 23 94
452 105 15 4.4 9.4 10 129
452 120 22 5.4 8.¢ £ 15§
244 76 1 1.0 11.1 65 79
244 85 7 2.4 10.4 18 94
244 90 13 3.0 10.0 12 103
244 89 16 4.0 9.4 8 107
244 94 21 5.8 8.5 4 127
22 65 17 5.7 8.5 7 87
22 62 16 4.8 9.0 9 78
22 62 15 3.4 9.8 13 72
22 60 10 2.2 10.4 15 66
22 56 8 1.3 11.0 25 59
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Table 57. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A STANDARD
GAS NOZZLE (Gas Input 3070 SCFH; Baffle Gas Nozzle Position;
1435°C Wall Temperature; 4-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized
Temperature, °C NO, ppm "NOz, ppm Oz, 5 COz, 5 CO, ppm NO, ppm

22 ' 110 19 1.9 10. 8 114 120
22 108 - 15 3.7 9.8 54 127
22 103 10 0.5 11.3 2, 000 105
22 107 18 2.3 10.3 85 118
22 104 20 4.0 9.4 48 124

22 99 16 5.2 9.0 32 127
229 168 35 5.9 8.5 21 225
229 201 3¢ 4.7 c.1 32 25¢C
229 205 32 2.7 10.3 78 231
229 222 32 3.6 9.7 63 261
229 . 193 34 5.2 8.8 38 247
229 192 23 1.5 11.0 118 205
229 190 5 0.5 11.3 14, 000 194
462 450 61 4.4 9.4 92 549
462 398 41 1.3 10.9 265 422
462 335 23 0.6 11.4 1, 700 344
462 498 64 2.5 10.3 173 556
462 505 66 3.2 9.8 142 581
462 415 64 5.5 8.6 77 540
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Table 58. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A
STANDARD GAS NOZZLE (Gas Input 2005 SCFH; Baffle Gas Nozzle Position;
1420°C Wall Temperature; 4-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized
Temperature, °C NO, ppm "NOz, ppm Oz, % CTOz, % CO, ppm _NO, ppm_

22 78 22 3.7 9.8 20 92

22 71 18 5.7 8.6 9 94

22 68 11 2.0 10. 6 22 74

22 48 3 0.5 10. 6 16, 000 50

22 73 20 4.4 9.3 20 89

22 70 15 2.5 10.3 29 78

232 140 25 4.3 2.2 15 170

232 135 20 5.1 8.9 13 171

232 105 2 0.7 11.4 635 108

232 117 16 2.7 10.3 35 132

232 110 10 1.5 10.9 52 118

454 297 32 4.3 9.4 33 361

454 295 50 5.2 8.9 26 377

454 233 2 0.4 11.3 5, 000 238

454 255 25 2.0 10.7 51 278

454 290 37 3.8 9. 6 39 344
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Table 59. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A
STANDARD GAS NOZZLE (Gas Input 3070 SCFH; Baffle Gas Nozzle Position;
1290°C Wall Temperature:; 4-degree Burner-Bleck Angle; 15% and 30% Flue-Gas Recirculation)

Combustion Agr Flue Analysis Normalized
Temperature, C NO, ppm NO;, ppm Oz, % CO;, % CO, ppm NO, ppm

15% Flue-Gas Recirculation

457 143 25

3.7 9. 6 63 169
454 128 34 4.7 9.0 51 159
452 116 2 0.3 10.9 12, 000 118
452 132 28 1.4 10. 6 169 141
452 144 29 2.4 9.9 94 160
449 91 29 6.0 8.6 16 123

30% Flue-Gas Recirculation

460 48 12 3.4 10.2 42 55
460 39 12 4.8 9.4 25 49
460 33 2 0.5 10. 6 14, 000 34
463 40 10 1.6 10.8 108 43
463 40 10 1.6 10. 8 108 43
463 40 11 2.3 10.5 80 44
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Table 60. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A
STANDARD GAS NOZZLE (Gas Input 3070 SCFH; Baffle Gas Nozzle Position;
965°C Wall Temperature; 4-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized
Temperature, °c NO, ppm ' 'NO'z','EE' m Oz, % COz, % CoO, ppm NO, ppm

22 71 6 3.6 9.7 27 84

22 71 10 5.5 8.6 16 92

22 75 6 2.5 10.3 44 84

22 72 8 4.5 9.2 20 89

22 69 5 1.1 11,1 202 72

22 66 1 0.5 11.2 14, 000 67
232 107 10 1.4 11.0 173 114
232 84 5 0.7 11,1 20, 000 87
232 132 10 6.0 8.3 9 178
232 107 15 2.2 10.5 49 118
232 123 10 4.5 9.3 17 151
232 113 15 3.4 9.8 32 132
457 207 0 0.4 11.4 18, 000 211
457 210 5 2.5 10.3 41 244
457 232 15 3.1 10.0 33 265
457 240 12 4.5 9.2 14 295
457 240 8 5.0 8.8 10 304
457 220 6 1.6 10.8 146 237
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Table 61. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A

COMBINATION GAS NOZZLE (Gas Input 2970 SCFH Radial; Baffle and Throat
Gas Nozzle Positions; 1370°C Wall Temperature; 4-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized
Temperature, C NO, ppm NO2, ppm Oz, % COs, % CO, ppm NO, ppm
Baffle Position
454 383 60 5.7 8.6 35 506
457 465 70 4.9 9.0 45 585
457 554 68 3.1 10.0 72 634
:28 605 60 1.6 10.8 133 49
594 55 2.5 10.4 101 662
460 503 8 0.4 11,0 6, 000 512
Throat Position
460 211 20 1,4 10.9 74 225
460 233 40 5.6 8.6 21 306
463 229 22 3.3 9.8 28 265
463 216 28 2.9 10.0 34 245
463 162 0 0.4 11,1 16, 900 165
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Table 62. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A
COMBINATION GAS NOZZLE (Gas Input 3101 SCFH — 1511 SCFH Axial and 1590 SCFH Radial;
Baffle and Throat Gas Nozzle Positions: 1390°C Wall Temperature; 4-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized
Temperature, °C NO, ppm NO3z, ppm Oz, % COz2, % CO, ppm NO, ppm

Baffle Position

454 402 75 5.3 8.8 77 517
457 424 77 3.7 9.6 110 500
460 422 77 4,2 9.3 95 511
466 3632 24 1.1 11,2 348 381
463 427 35 2.2 10. 6 192 472
Throat Position
460 185 30 5.5 8.6 30 241
460 180 29 4.1 9.4 45 216
460 140 23 2.0 10.4 182 153
463 95 2 0.8 11,4 473 99
463 173 28 3.6 9.7 47 203
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Table 63. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A
STANDARD GAS NOZZLE (Gas Input 3070 SCFH; Throat Gas Nozzle Position;
1455°C Wall Temperature; 4-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized
Temperature, C NO, ppm "NO;, ppm 02, % 'COz, % CO, ppm NO, ppm

460 360 35 4.0 9.6 71 431

460 375 40 3.7 9.7 103 443

460 346 29 2.4 10. 6 145 384

405 303 35 1.8 10. 8 193 328

463 329 - 37 5.2 9.0 54 421

463 252 7 0.6 11.4 1000 259
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Table 64. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A
DIVERGENT GAS NOZZLE (Gas Input 3052 SCFH; Baffle and Throat Gas Nozzle Positions;
1415°C Wall Temperature; 4-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized
Temperature, °c NO, ppm NO;, ppm Oz, % COz, % CO, ppm NO, ppm
Baffle Position
471 278 29 3.9 9.6 71 331
471 283 39 4.9 9.0 60 356
4171 298 39 5.7 8.5 51 393
468 266 23 2.5 10.4 110 297
466 160 4 0.5 10. 6 16, 000 164
463 205 15 1.1 11.0 685 215

Throat Position
463 246 31 1.9 10.7 123 266
463 294 42 3.1 10.1 91 337
463 266 - 32 2.1 10. 6 127 292
466 347 45 5.9 8.6 44 465
466 201 6 0.4 10. 7 10, 000 205
466 328 43 5.1 10.1 52 417
463 323 46 4.5 9.3 55 397
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Table 65. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A
COMBINATION GAS NOZZLE (Gas Input 3006 SCFH Axial; Baffle Gas Nozzle Position;
1420°C Wali Temperature; 4-degree Burner-Block Angle)

Combustion Ajr Flue Analysis Normalized
Temperature, °C NO, ppm NOz, ppm Oz, & CO;z, % CO, ppm NO, ppm
454 243 37 4.3 9.3 65 295
454 235 43 5.7 3.6 45 315
460 238 . 39 2.8 10,2 104 269
460 250 40 3.6 9.7 84 294
460 215 : 21 1.1 11,2 480 226
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Table 66. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A
STANDARD GAS NOZZLE (Gas Input 3070 SCFH Axial; Baffle Gas Nozzle Position;
985°C Wall Temperature; 4-degree Burner-Block Angie)

Flue Analysis

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm Q,, % CO,, P CO, ppm NO, ppm

460 207 0 0.4 11.6 16,000 211
454 216 15 2.5 10.4 20 241
458 232 15 3.1 10.2 17 266
467 247 12 4.5 9.2 16 304
465 245 9 5.2 8.8 15 314
459 220 8 1.7 10.8 23 237
218 91 10 1.4 11.2 54 97
223 83 5 0.7 10.1 21,000 86
227 108 10 5.7 8.6 8 143
224 105 15 2.2 10.7 31 116
220 117 10 4.5 9.2 14 144
224 110 15 3.4 9.8 19 128

22 77 6 3.6 9.7 26 90

22 65 10 5.5 8.7 11 85

22 75 6 2.5 10.5 34 84

22 72 5 4.5 9.2 18 89

22 69 6 1.1 11.3 44 72

22 66 3 0.5 11.2 14,000 68
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Table 67.

STANDARD GAS NOZZLE (Gas Input 2998 SCFH Axial; Baffle and Throat
Gas Nozzle Positions; 1430°C Wall Temperature; 8-degree Burner-Biock Angle)

NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A

Flue Analysis

Combustion Air - Normalized
Temperature, °C NO, ppm NO,, ppm O,, % CO,, % CO, ppm NO, ppm
' Baffle
- 443 492 45 8.6 29 632
455 510 42 9.5 31 604
450 510 43 9.2 21 624
445 465 38 10.4 64 515
440 410 34 . 11.1 157 433
444 352 2 11.0 6000 361
Throat
449 510 57 4.3 9.2 7_5 620
458 408 33 1.5 10.9 136 439
450 460 48 2.9 10.2 97 522
443 497 44 3.6 9.7 82 584
448 505 56 5.2 8.8 58 646
450 305 3 0.4 11.0 312

8500



Table 68. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A
DIVERGENT GAS NOZZLE (Gas Input 2998 SCFH Axial; Baffle Gas Nozzle Position;
1340°C Wall Temperature; 8-degree Burner-Block Angle)

Flue Analysis

9% ¢

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm O,, T CO,, % CO, ppm NO, ppm
471 193 2 0.4 10.5 44 197
475 273 29 2.4 10.3 133 303
470 242 16 1.9 10.7 346 263
465 362 ‘ 39 4.5 9.2 56 462
469 377 41 5.1 8.8 44 480
474 305 34 3‘. 2 9.9 97 351



Table 69. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN
FOR THE INTERMEDIATE FLAME LENGTH PORTED BAFFLE BURNER WITH A
COMBINATION GAS NOZZLE (Gas Input 2998 SCFH Axial; Baffle Gas Nozzle Position;
1310°C Wall Temperature; 8-degree Burner-Block Angle)

Flue Analysis

A 43

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm 0,, % CO;, %o CO, ppm NO, ppm

460 166 17 1.3 11.0 152 176

454 193 . 28 2.4 10.3 89 215

463 212 : 32 3.1 i0.0 83 243

465 243 37 4.8 9.1 65 304

460 250 37 5.5 8.6 56 325

460 170 -- 0.5 11.1 4000 174



Tab e 70. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
HIC H-MOMENTUM SHORT FLAME LENGTH PORTED BAFFLE BURNER WITH A STANDARD
GAS NOZZLE (Gas Input 2049 SCFH Axial; Baffle Gas Nozzle Position; 1260°C Wall
Temperature; 8-degree Burner-Block Angle)

Flue Analysis

8¥¢

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm Q,, % COp, % CO, ppm NO, ppm

22 81 18 3.3 9.9 12 94

22 82 18 4.5 9.3 8 101

22 78 14 5.3 8.6 6 100

22 80 7 1.2 11.1 25 84

22 68 3 0.5 10.5 9,500 70

272 76 9 2.0 10.7 13 R3
225 113 -- 0.5 10.9 16,200 116
230 122 16 2.1 10.6 68 134
228 128 22 4.0 9.5 39 154
224 124 21 5.1 8.9 33 157
230 121 19 2.9 10.2 37 137
225 110 3 1.2 11.2 362 116
460 215 22 1.4 11.0 69 230
455 213 8 1.0 11.3 94 223
453 228 29 2.4 10.3 65 253
459 238 29 3.4 9.8 53 277
465 243 28 4.3 9.3 49 295
462 234 29 5.4 8.6 45 303
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Table 71. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
SHORT FLAME LENGTH PORTED BAFFLE BURNER WITH A STANDARD GAS NOZZLE
(Gas Input 1991 SCFH Axial; Baffle Gas Nozzle Position;
1330°C Wall Temperature; 8-degree Burner-Block Angle)

Combustion Air
Temperature, °C

22
22
22
22
22
22

224
224
224
224
224

454
454
454
454
454
454

Flue Analysis

NO, ppm

78
105

60
100
100

95

215
210
150
185
110

241
276
388
344
401
388

NOZ ’ ppm OZ 2 %
17 1.53
25 5.43

0 0.5
15 2.7
25 4.20
20 3.50
40 5.87
40 4.25
35 1.35
30 3.15

0 0.34
10 0.32
15 1.02
24 2.92
18 2.0
34 4.5
37 5.5

CO,,

p—

b
OO0 DO X =

P
O WO

—
QO Q O ©
N =N ! W;

11.6
11.4
10.2
10.7
9.2
8.7

(4

CO

E

115

25
130,000
65

30

30

30

40

75

100
150,000

35,000
155

55

84

28

27

Normalized
NO, ppm

85
137
63

110
PP e |

122
111

290
256
160
213
114

245
290
440
373
493

505
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Tabie 72. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
SHORT FLAME LENGTH PORTED BAFFLE BURNER WITH A STANDARD GAS NOZZLE
(Gas Input, 3093 SCFH Axial; Baffle Gas Nozzle Position; 1450°C Wall Temperature;

8-degree Burner-Block Angle)

Flue Analysis’

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm Oz, % CO;, % CO, ppm NO, ppm

452 550 18 2.305 10.5 145 608

452 610 48 3.33 10.0 115 705

452 580 56 5.73 8.7 65 757

452 610 50 4.11 9.6 100 738

452 520 10 1.59 11.1 240 559

455 435 0 0.7 ii.z 30, 000 453

210 240 40 2.90 10.3 90 272

210 255 45 3.70 9.8 60 304

210 240 40 4.90 9.1 20 305

210 225 45 5.26 8.8 40 294

210 185 30 1.95 10.7 100 202

210 155 0 0.46 11.5 40, 000 161

22 155 35 5.78 8.6 25 205

22 150 40 4.54 9.3 30 186

22 145 30 3.35 10.0 40 168

22 130 30 2.61 10.4 55 146

22 105 20 1.17 11.2 10, 000 111

22 85 0 0.48 11.1 78,000 89
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Table 73. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
SHORT FLAME LENGTH PORTED BAFFLE BURNER WITH A STANDARD GAS NOZZLE
(Gas Input 3064 SCFH Axial; Baffle Gas Nozzle Position; 1050°C Wall Temperature;
8-degree Burner-Block Angle)

Flue Analysis

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm 0,, P CO,, % CO, ppm NO, ppm

420 294 23 2.82 10.3 20 332

420 295 26 3.31 9.9 15 341

420 293 20 4,90 9.1 15 368

420 272 20 5.93 8.5 10 364

420 270 16 1.28 . 11.1 25 286

420 247 0 0. 64 ii.4 20,000 255

212 112 23 0.92 11.4 75 118

212 123 18 1.67 - 10.9 20 133

212 : 130 30 . 2.43 10.6 20 144

212 142 22 3.42 10.0 20 165

212 142 22 4,15 9.5 20 172

212 140 22 5.64 8.7 19 183

22 82 5 2.7 10.3 14 92

22 91. 5 3.9 9.6 12 108

22 : 92 7 5.2 8.8 9 118

22 78 5 1.8 10.9 19 . 84

22 59 0 0.4 10.8 11,000 60



Tab.e 74. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
SHORT FLAME LENGTH PORTED BAFFLE BURNER WITH A STANDARD GAS NOZZLE
(Gas Input 3070 SCFH Axial; Baffle Gas Nozzle Position; 1360°C Wall Temperature;

8-degree Burner-Block Angle; 15% and 25% Flue-Gas Recirculation)

Combustion Air Flue Analysis

Normalized

29¢

Temperature, °C NO, ppm NO,, ppm O,, % CO,, % CO, ppm NO, ppm
15% FGR
460 129 27 5.4 8.7 38 167
455 137 28 4.0 9.6 52 164
467 127 26 3.2 10.0 70 146
463 111 22 1.9 10.8 137 121
460 122 24 2.5 10.4 86 136
465 108 7 0.5 11.2 6000 110
25% FGR
454 66 24 2.3 10. 6 61 73
460 69 20 3.3 9.9 46 80
467 66 25 4,0 9.3 37 79
462 59 12 1.3 10.9 122 63
458 56 13 1.0 11.3 i34 59
465 59 31 6.0 8.5 11 80
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Table 75. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
SHORT FLAME LENGTH PORTED BAFFLE BURNER WITH A HIGH- VELOCITY RADIAL

GAS NOZZLE (Gas Input 2955 SCFH Radial; Baffle Gas Nozzle Position;
1408°C Wall Temperature; 8-degree Burner-Block Angle)

Combustion Air
Temperature, °C

Flue Analysis

475
471
468
465
465
465

NO, ppm

895
910

850

675
550
360

NOz, ppm Oz %
20 0.88
50 1.65
40 2.41
60 3.35
55 4,21
50 5.97

CO,, fo CO, ppm
11.4 250
11.0 170
10.6 120
10.0 105

9.5 80
8.5 60

Normalized
NO, ppm

940
978
944
789
668
482



Table 76. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
SIHORT FLAME LENGTH PORTED BAFFLE BURNER WITH A LOW-VELOCITY RADIAL
GAS NOZZLE (Gas Input 2982 SCFH Radial; Baffle Gas Nozzle Position;
1413°C Wall Temperature; 8-degree Burner-Block Angle)

Flue Analysis

14°22

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm O,, % CO,, % CO, ppm NO, ppm
443 595 205 4,39 9.4 50 732
443 725 185 Z2.58 i0.4 105 dic
443 700 175 3. 10.1 90 802
445 465 275 5.59 8.7 50 609
445 690 205 1.59 11.1 160 728
443 643 135 0.82 11.5 380 675



Table 77. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
SHORT FLAME LENGTH PORTED BAFFLE BURNER WITH A DIVERGENT GAS NOZZLE
(Gas Input 2992 SCFH; Baffle Gas Nozzle Position; 1420°C Wall Temperature;

"8-degree Burner-Block Angie)

Flue Analysis

g6¢

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm Q,, % CO,;, % CO, ppm NO, ppm
471 505 55 5.52 8.7 35 659
471 530 601 3.88 9.6 45 A22
471 520 70 4.87 9.1 40 643
471 520 50 2.86 10.2 60 589
471 500 40 1.92 10.8 85 544

471 390 25 0.33 11.7 280 406



Tablz 78. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
SHDORT FLAME LENGTH PORTED BAFFLE BURNER WITH A COMBINATION GAS NOZZLE
(Gas Input 3061 SCFH Axial; Baffle Gas Nozzle Position; 1425°C Wall Temperature;
8-degree Burner-Block Angle)

Flue Analysis

26¢

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm Q,, % CO,, % CO, ppm NO, ppm
465 171 0 0.4 11.2 600 175
465 243 24 1.1 11.3 96 255
465 300 32 2.2 10.6 83 330
465 358 39 3.1 10.0 56 410
465 420 44 4.4 9.2 37 515
465 410 46 5.5 8.6 28 532
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Table 79. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
SHORT FLAME LENGTH PORTED BAFFLE BURNER WITH A STANDARD GAS NOZZLE
(Gas Input 3008 SCFH Axial; Baffle Gas Nozzle Position; 1470°C Wall Temperature;
16-degree Burner-Block Angle)

Combustion Air Flue Analysis

Normalized

Temperature, °C NO, ppm NO,, ppm 0,, % CO,, % CO, ppm NO, ppm
450 395 105 4,49 9.3 85 488
450 355 110 3.23 10. 1 105 396
450 310 50 2.35 10. 5 150 343
450 270 60 1.37 11.1 305 287
450 195 15 0.49 11.2 35, 000 204
450 420 125 5.86 8.6 75 559
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Tabl: 80. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
SHORT FLAME LENGTH PORTED BAFFLE BURNER WITH A DIVERGENT GAS NOZZLE
(Gas Input 2863 SCFH; Baffle Gas Nozzle Position: 1440°C Wall Temperature;
16-degree Burner-Block Angle)

Flue Analysis

Combustion Air Normalized
Temperature, °C NO, ppm NO,, ppm Q,, % CO;, % CO, ppm NO, ppm
460 165 0 0.45 10.6 75,000 172
460 364 45 2,55 10.5 110 400
460 240 35 1.52 11,1 340 257
460 380 60 3.20 10.1 90 437
460 435 75 4,28 9.5 60 531
460 440 70 5. 64 8.7 50 579

460 395 70 6.88 7.9 35 555



66¢

Table 81. NORMALIZED NO CONCENTRATION AS A FUNCTION OF FLUE OXYGEN FOR THE
SHORT FLAME LENGTH PORTED BAFFLE BURNER WITH A COMBINATION GAS NOZZLE
(Gas Input 2953 SCFH Axial; Baffle Gas Nozzle Position; 1470°C Wall Temperature;
16-degree Burner-Block Angle)

Flue Analysis

Combustion Air Normalized

Temperature, °C NO, ppm NO,, ppm Q,, % CO,, % CO, ppm NO, ppm
450 395 70 5.47 8.8 80 515
450 360 105 3.05 10.1 135 410
450 370 110 4,27 9.5 100 451
450 345 40 2.52 10.5 170 385
450 310 60 1.20 11.2 10, 000 329
450 290 30 0.82 11.3 25,000 305
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Table 82. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
60-DEGREE GUN GAS NOZZLE (Gas Input 2969 SCFH; Exit Gas Nozzle Position;
30-degree Vane Rotation; 1340°C Wall Temperature; 30-degree Burner-Block Angle)

Flue Analysis

Combustion Air Normalized
Temperature, °C NO, ppm NO;, ppm Oz, % CO,, % CO, ppm NO, ppm
22 65 36 3.9 9.7 45 78
22 68 25 4.6 9.3 27 84
22 64 27 4.9 9.1 23 80
22 78 22 1.8 10.9 62 84
22 83 25 2.5 10.5 47 93
244 145 26 2.4 10. % J A5 162
244 140 37 3.2 10.1 83 161
244 130 42 5.1 9.0 45 166
244 125 36 4.2 9. 6 55 151
244 155 21 1.4 11.1 438 165
457 345 40 2.8 10.2 41 390
457 275 12 0.8 11.3 6000 289
457 370 44 ‘3.5 9.8 25 433
457 365 44 5.9 8.4 20 484
457 335 36 2.0 10, 7 57 365
457 395 42 4.8 9.0 26 496
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Table 83. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
60-DEGREE GUN GAS NOZZLE (Gas Input 2969 SCFH; Exit Gas Nozzle Position;
30-degree Vane Rotation: 1330°C Wall Temperature: 30-degree Burner-Block Angle;
15% and 25% Flue-Gas Recirculation)

Flue Analysis

Combustion Air — Normalized
Temperature, °C NO, ppm NO,, ppm O, % CO;, % CO, ppm NO, ppm
159% Flue-Gas Recirculation
465 118 22 3.3 10.0 40 137
465 121 21 2.6 10.6 47 135
465 105 16 1.5 11.1 83 112
465 7 1 0.3 12. ¢ Eo0n 98
465 89 20 5.2 9.0 21 114
25% Flue-Gas Recirculation
465 31 10 4.4 9.5 20 38
465 28 11 3.4 10.2 25 33
465 28 10 2.3 10. 8 34 31
465 26 8 1.4 11.2 39 28
465 24 7 0.7 11.8 364 25
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Table 84. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
60-DEGREE GUN GAS NOZZLE (Gas Input 3004 SCFH; Throat, Exit, and Deflector
Gas Nozzle Positions; 30-degree Vane Rotation; 1350°C Wall Temperature;
30-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized

Temperature, °C NO, ppm NO,, ppm ©O,, % CO,;, % CO, ppm NO, ppm

Deflector Position

458 280 44 4.8 9,1 45 354
458 260 41 3.5 9.8 72 306
458 225 33 2.5 10,4 115 252
458 200 32 2.0 10. 8 170 218
458 140 n n g 11,8 12,500 140
458 320 47 6.2 8.2 40 429
Throat Position
475 335 24 1.4 11.0 55 390
475 354 38 5.8 8.5 20 389
475 345 29 2.7 10.3 23 433
475 380 29 3.3 9.9 21 484
475 400 36 4,7 9.1 19 365
475 270 -- 0.8 11,3 7000 496
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Table 85. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
A COMPOSITE LIST OF GAS NOZZLES ( Gas Input 3000 SCFH; Throat Gas Nozzle Position;
30-degree Vane Rotation; 1360°C Wall Temperature; 30-degree Burner-Block Angle;
460°C Secondary Air Preheat Temperature)

Combustion Air Flue I_Xfxalysw Normalized

Temperature, °C NO, ppm NO,, ppm O, % CO;, % CO, ppm NO, ppm

f.ow-Momentum Axial Nozzle

457 470 39 4.2 9.3 26 569
457 455 42 5.6 8.5 23 569
457 415 28 2.2 10. 6 31 457
457 410 26 1.8 10. 8 36 444
457 335 4 0.8 11. 4 6100 347
Divergent Nozzle
465 370 34 2.2 10. 6 150 407
465 : 410 50 5.8 8.4 83 547
465 - 420 47 4.4 9.2 107 515
465 400 38 3.2 9.9 126 460
465 215 5 0.9 11.1 7400 224
High-Momentum Axial Nozzle
453 340 40 5.7 8.5 43 449
453 280 36 4.2 9.3 73 339
453 260 34 2.7 10.2 112 293
453 270 34 3.0 10.0 99 © 308
453 195 2 0.9 11.4 5800 203
453 215 28 1.4 11,0 326 229
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Table 86. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
60-DEGREE GUN GAS NOZZLE (Gas Input 2994 SCFH; Exit, Throat, and Deflector
Gas Nozzle Positions; 15-degree Vane Rotation; 1355°C Wall Temperature;
30-degree Burner-Block Angle; 457°C Secondary Air Preheat Temperature)

Combustion Air Flue Analysis Normalized

Temperature, °C NO, ppm NO;, ppm O;, % CO;, % CO, ppm NO, ppm

Exit Position

453 240 40 6.0 8.4 49 324
453 245 35 5.0 9.0 59 310
453 173 30 2.8 10,2 84 195
453 215 33 4.0 9.5 75 257
453 158 20 2.0 10.7 130 173
453 177 i3 1.5 ii. 0 310 165
‘Throat Position
462 . 250 30 4.9 9.0 50 314
462 155 35 2.5 10.4 77 173
462 170 30 3.1 10.1 70 195
462 180 25 1.6 10.9 145 194
462 285 45 5.7 8.6 43 376
Deflector Position
456 170 25 1.1 11.3 376 179
456 180 30 2.4 10.4 194 200
456 192 35 3.7 9. 8 105 227
456 187 40 5.8 8.5 62 250
456 184 30 3.0 10.1 155 210
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Table 87. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
60-DEGREE GUN GAS NOZZLE (Gas Input 2976 SCFH; Exit, Throat, and Deflector
Gas Nozzle Positions; 45-degree Vane Rotation; 1348°C Wall Temperature;
30-degree Burner-Block Angle; 463°C Secondary Air Preheat Temperature)

Combustion Air Flue Analysis Normalized

Temperature, °C NO, ppm NO,;, ppm O;, % COz;, % CO, ppm NO, ppm

Exit Position

469 335 34 1.5 10.9 257 358
469 395 46 2.6 10.3 189 442
469 435 51 3.7 9.7 95 515
469 450 50 4.3 9.3 74 549
469 400 55 5.7 8.4 60 526
Throat Position
456 320 50 6.0 8.3 4 427
456 350 51 3.8 9.7 233 415
456 350 46 4,1 9.4 195 424
456 320 42 2.5 10.3 325 355
456 275 10 1.4 11,1 3000 293
Deflector Position
463 205 30 1.8 10.8 217 222
463 235 35 2.4 10.3 126 260
463 275 40 3.6 9.8 98 323
463 290 36 4,3 9.3 78 354
463 295 44 5.2 8.8 64 379
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Table 88.

FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
A COMPOSITE LISTING OF GAS NOZZLES (Gas Input 3011 SCFH; Throat Gas Nozzle Position;

45-degree Vane Rotation; 1346°C Wall Temperature; 30-degree Burner-Block Angle;

456°C Secondary Air Preheat Temperature)

Flue Analysis

Combustion Air —re— —_— . Normalized
Temperature, °C NO, ppm NO;, ppm O, % COz, % CO, ppm NO, ppm
Low-Momentum Axial Nozzle
454 370 40 1.6 11.0 97 398
454 300 40 0.9 11.4 152 312
454 440 60 4.5 9.2 43 541
454 435 55 3.8 9.6 50 515
454 405 50 2.5 10.4 55 452
454 410 60 5.8 8.5 40 547
Divergent Nozzle
456 510 45 2.7 10.3 58 575
456 440 50 5.8 8.5 36 585
456 480 50 4,8 9.0 40 602
456 520 55 3.5 9.8 52 607
456 420 35 1.8 10. 8 63 454
456 360 30 0.9 11.4 195 375
High-Momentum Axial Nozzle
453 600 55 3.5 9.8 45 701
453 515 45 1.6 10.9 87 554
453 565 50 2.2 10, 6 66 624
453 525 60 5.9 8.4 29 704
453 445 0.9 11.3 368 463

40
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Table 89. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
60-DEGREE GUN GAS NOZZLE (Gas Input 2897 SCFH; Exit, Throat, and Deflector
Gas Nozzle Positions; 60-degree Vane Rotation; 1382°C Wall Temperature;
20-degree Burner-Block Angle; 461°C Secondary Air Preheat Temperature)

Flue Analysis

Combustion Air — Normalized
Temperature, °C NO, ppm NO;, ppm O;, % CO,, % CO, ppm NO, ppm
. xit Position
457 212 29 2.0 10.7 220 231
457 295 40 5.2 8.9 43 376
457 265 36 3.7 9.7 69 305
457 229 31 2.5 10.3 91 256
457 220 18 0.9 11. 4 2500 231
Throat Position
460 240 30 1.4 11,0 324 257
460 275 38 6.4 8.1 33 425
460 290 39 5.0 9.0 39 390
460 270 36 3.3 9.9 65 316
460 280 37 4,0 9.5 59 344
Deflector Position—
464 175 22 1.3 11,1 145 193
464 225 34 2.4 10.4 67 250
464 265 38 3.3 9.9 55 306
464 290 42 4.4 9,3 43 357
464 310 41 5.8 8.5 34 412
464 120 3 0.8 11.4 12,000 126
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Table 90. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
COMPOSITE LISTING OF GAS NOZZLES (Gas Input 2883 SCFH; Throat Gas Nozzle Position;
60-degree Vane Rotation; 1376°C Wall Temperature; 30-degree Burner-Block Angle;
456°C Secendary Air Preheat Temperature)

Combustion Air Flue Analysis Normalized

Temperature, °C NO, ppm NO;, ppm O, % COz, % CO, ppm NO, ppm

Low-Momentum Axial Nozzle

452 305 43 5.0 8.9 17 386
452 310 46 4.0 9.5 25 371
452 300 35 3.1 10.1 29 344
452 280 31 2.2 10.5 36 308
452 240 27 1.1 11.3 157 252
Divergent Nozzle
458 390 40 6.0 8.4 30 527
458 - 460 43 4.7 9.1 39 572
458 480 44 2.9 10.3 51 545
458 455 38 1.5 11.0 70 487
458 390 34 0.6 11. 6 445 401
High-Momentum Axial Nozzle
452 170 12 1.5 11.0 396 182
452 205 34 2.7 10.3 218 231
452 225 35 3.7 9.7 140 249
452 242 42 4.3 9.3 i1z 294
452 270 44 5.8 8.5 85 359
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Table 91. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
30-DEGREE RING GAS NOZZLE (Gas Input 2884 SCFH; Exit, Throat and Deflector
Nozzle Positions; 30-degree Vane Rotation; 1357°C Wall Temperature;
30-degrec Burner-Block Angle)

Combustion Air Flue Analysis Normalized

Temperature, °C NO, ppm NO;, ppm Oz, % CO;, % CO, ppm _NO, ppm
Exit Position

470 110 18 1.9 10.8 185 119
470 175 50 3.9 9.5 97 209
470 195 50 5.4 8.7 62 254
470 180 50 4.4 9.3 76 221
470 90 15 1.0 11.4 10, 000 95
Throat Position
454 175 70 1.8 10.9 135 189
454 197 63 2.4 10.4 89 219
454 212 85 3.5 9.9 76 247
454 233 67 4,6 9.2 54 289
454 240 65 5.1 8.9 46 306
Deflector Position
466 142 28 4.7 9.1 80 177
466 125 45 3.4 9.9 122 146
466 95 22 2.6 10.4 239 106
466 70 22 1.6 11.0 500 75
466 35 0 0.6 11.5 6500 37
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Table 92. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
30- DEGREE RING GAS NOZZLE (Gas Input 2938 SCFH; Exit and Deflector Nozzle Positions;
15-degree Vane Rotation; 1388°C Wall Temperature; 30-degree Burner-Block Angle)

Flue Analysis

Combustion Air Normalized
Temperature, °C NO, ppm NO,;, ppm O., % CO;, % CO, ppm NO, ppm
Deflector Position
466 110 35 1.9 10.9 254 119
466 72 10 0.8 11.5 1000 75
466 143 52 3.0 10.1 124 163
466 200 45 4.6 9.1 84 247
466 230 50 5.4 8.7 o1 9y
. Exit Position
460 130 30 2.7 10.3 87 145
460 155 30 3.9 9.6 70 181
460 175 35 4,6 9.2 58 214
460 185 30 5.8 8.5 45 244
460 120 20 1.7 10.9 138 130
460 110 20 0.8 11.4 279 115



1L¢

Table 93. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
30-DEGREE RING GAS NOZZLE (Gas Input 2909 SCFH: Exit and Deflector Nozzle Positions;
15-degree Vane Rotation; 1359°C Wall Temperature; 30-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized

Temperature, °C NO, ppm NO,, ppm ©O;, % CO;, % CO, ppm NO, ppm
Exit Position

446 70 10 1.1 11.3 1000 74
446 65 5 0.9 11.4 2500 68
446 95 30 3.3 10.0 63 109
446 90 20 2.6 10.4 91 100
446 125 25 4.7 9.1 46 154

Deflector Position

453 204 40 - 5.7 8.6 62 270
453 150 35 4.1 9.5 104 180
453 114 15 1.8 11.0 1000 123
453 90 0 0.7 11.6 19,000 92
453 132 25 3.0 10.1 215 150
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Table 94. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
30-DEGREE RING GAS NOZZLE (Gas Input 2894 SCFH; Exit and Deflector Nozzle Positions;
60-degree Vane Rotation; 1370°C Wall Temperature; 30-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized

Temperature, °C NO, ppm NO,;, ppm ©O;, % CO;, % CO, ppm NO, ppm

Exit Position

459 65 10 1.8 10.9 238 70
459 90 18 2.9 10.2 102 102
459 104 21 3.6 9.8 72 123
459 121 29 4.2 9.5 54 148
459 154 34 5.1 8.9 44 196
459 57 7 0.8 11.2 3000 60
Deflector Position
463 115 24 2.5 10.4 90 128
463 160 30 3.5 9.8 70 187
463 181 34 4.6 9.2 50 237
463 255 40 5.7 8.5 39 335
463 101 19 1.5 11.0 403 108
463 81 17 0.7 11.4 4000 84
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Table 95. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
30-DEGREE GUN GAS NOZZLE (Gas Input 3054 SCFH; Exit and Deflector Nozzle Positions;
30-degree Vane Rotation; 1390°C Wall Temperature; 30-degree Burner-Block Angle)

Flue Analysis

Combustion Air Normalized
Temperature, °C NO, ppm NO;, ppm O, % CO; % CO, ppm _NO, ppm

Exit Position

455 250 30 2.8 10.2 91 281
455 210 35 2.0 10.7 121 227
455 290 60 4.0 9.5 75 345
455 310 55 4,9 9.0 60 383
455 310 60 6.0 8.4 51 414
455 : 160 10 0.4 11.5 5600 166
Deflector Position

465 185 30 4.0 9.5 144 222
465 240 35 4.9 9.0 95 304
465 - 255 40 5.4 8.7 70 330
465 85 10 0.9 10.8 7100 91
465 135 20 2.7 10.3

406 152
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Table 96. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH 30-DEGREE RING
AND 60-DEGREE GUN GAS NOZZLES (Gas Input 3044 SCFH: Exit and Deflector Nozzle Positions;
30-degree Vane Rotation; 1347°C Wall Temperature; 15-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized
Temperature, °C NO, ppm NO,, ppm O, % CO;, % CO, ppm NO, ppm

Exit Position, 60‘—Degree Gun

462 180 5 1.0 11.4 27500 196
462 200 20 2.0 10.7 99 218
462 215 30 3.0 10.1 58 245
462 210 35 4.1 9.5 55 254
462 215 40 5.4 8.7 31 280
Deflector Position, 60-Degree Gun
456 350 40 5.2 8.9 51 443
456 355 20 4.6 9.2 70 440
456 345 20 3.5 9.8 144 404
456 330 15 2.0 10.7 7500 360
456 335 20 2.3 10.5 176 369
Exit Position, 30-Degree Ring
463 30 2 0.3 11.6 17000 32
463 85 7 3.2 10.0 86 98
463 95 17 4.2 9.5 57 115
463 90 19 5,2 8.9 70 115
463 60 5 2.0 10.7 274 65
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Table 97. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH 60-DEGREE GUN
AND 30-DEGREE RING GAS NOZZLES (Gas Input 3029 SCFH; Exit and Deflector Nozzle Positions;
15-degree Vane Rotation; 1390°C Wall Temperature:; 15-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized

Temperature, °C NO, ppm- NO;, ppm O % CO,, % CO, ppm _NO, ppm
Deflector Position, 60-Degree Gun

465 480 15 0.5 11.6 486 481
465 510 50 1.5 11.0 330 546
465 530 65 2.2 10.6 210 591
465 520 65 3.3 9.9 152 601
465 485 65 4.9 9.0 9A 611
Exit Position, 60-Degree Gun
459 395 35 0.9 11,4 20 389
459 395 50 2.5 10.4 152 439
459 385 55 3.7 9.8 112 454
459 375 50 4.5 9.3 92 463
459 350 45 5.8 8.5 68 468
Exit Position, 30-Degree Ring
470 85 8 0.8 11,5 384 90
470 139 22 1.9 10.8 241 151
470 185 36 3.0 10.1 143 211
470 200 35 3.4 9.9 126 232
470 225 45 4,5 9.2 81 277
470 235 50 5.2 8.8 75 301
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Table 98. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH 30-DEGREE RING
AND 60-DEGREE GUN GAS NOZZLES (Gas Input 2889 SCFH; Exit and Deflector Nozzle Positions;
45-degree Vane Rotation; 1395°C Wall Temperature; 15-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized

Temperature, °C NO, ppm NO,, ppm ©O;, %» CO,;, % CO, ppm NO, ppm

Exit Position, 30-Degree Ring

470 315 40 5.5 8.7 73 411
470 300 35 4.6 9.2 96 372
470 245 35 3.0 10.1 165 279
470 275 35 3.5 9.8 135 322
470 175 15 1.4 11.1 500 187

Exit Position, 60-Degree Gun

453 520 60 5.1 9.0 94 653
453 540 60 4.6 9.2 96 664
453 570 55 3.9 9.6 108 670
453 520 40 1.5 11,0 367 550
453 455 20 0.4 11.5 5000 472
Deflector Position, 60-Degree Gun
455 460 60 4.7 9.1 106 566
455 450 50 3.6 9.8 138 527
455 385 45 2.4 10.5 215 424
455 350 30 1.7 11.0 385 389
455 485 65 5.1 9.0 105 609
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Table 99. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH 30-DEGREE RING
AND 60-DEGREE GUN GAS NOZZLES (Gas Input 2896 SCFH; Exit and Deflector Nozzle Positions;
60-degree Vane Rotation; 1385°C Wall Temperature; 15-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized

Temperature, °C NO, ppm NO,, ppm O, % CO;, % CO, ppm NO, ppm
Exit Position, 60-Degree Gun

455 620 70 1.0 11.3 2500 654
455 695 40 2.4 10.5 352 771
455 630 70 4.0 9.5 243 756
455 660 65 3.4 9.9 389 766
455 57T 50 5.3 8.8 187 735

Deflector Position, 60-Degree Gun

461 560 90 4.8 9.0 82 703
461 610 90 1.7 10.9 161 659
461 640 90 3.2 10.0 116 736
461 620 90 2.1 10.6 151 679
461 595 60 1.0 11.4 12,000 628

Exit Position, 30-Degree Ring

450 495 35 4.0 9.5 192 576
450 465 45 2,17 10.3 205 523
450 355 25 1.3 11,1 301 367
450 450 50 4.9 9.0 135 567
450 450 30 5.6 8.6 108 592
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Table 100. FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
30-DEGREE RING GAS NOZZLE (Gas Input 2895 SCFH; Exit Nozzle Position;
15, 30, 45, and 60-degree Vane Rotation; 1361°C Wall Temperature;
45-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized

Temperature, °C NO, ppm NO;, ppm O % CO; % CO, ppm _NO, ppm
30-Degree Vane Angle

465 142 8 0.4 11.6 449 148
465 145 13 1.2 11.2 205 154
465 165 23 2.2 10.6 138 180
465 185 35 3.4 9.9 110 216
465 210 40 4.5 9.2 72 %22
8.5 5
465 200 40 15§D8egree Vane Angle
456 132 23 2.4, 10.5 77 147
456 iz4 21 1.4 11.0 136 132
456 114 1 0.9 11.3 151 120
456 165 25 3.0 10.1 69 172
456 175 25 4.3 9.4 53 214
45-Degree Vane Angle
463 255 25 0.5 11.6 372 270
463 305 45 1.1 11.3 195 323
463 : 380 40 2.4 10.5 112 420
463 400 55 3.2 10.0 84 460
463 365 50 4.3 9.4 64 445
463 275 40 6.0 8.4 43 370
60-Degree Vane Angle
452 185 25 1.4 11.1 46 224
452 220 30 2.4 10.5 43 278
452 280 40 3.4 9.9 40 326
452 265 45 4.1 9.5 36 338
452 240 50 5.3 8.8 34 323
452 165 15 0.3 11.7 415 186



Table 101, FLUE ANALYSIS FOR THE MOVABLE-VANE BOILER BURNER WITH A
COMPOSITE LIST OF GAS NOZZLES ( Gas Input 3041 SCFH; Exit Nozzle Position;
60-degree Vane Rotation: 1396°C Wall Temperature; 45-degree Burner-Block Angle)

Combustion Air Flue Analysis Normalized
Temperature, °C NO, ppm NO;, ppm O;, % CO;, % CO, ppm NO, ppm

30-Degree Gun Nozzle

462 280 15 0.7 11.4 408 293
462 340 30 1.3 11.1 267 359
462 395 50 2.1 10.6 183 432
462 465 50 3.2 10.0 120 535
462 465 50 4.5 9.2 106 574
462 445 55 5.0 9.0 81 565
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Low-Momentum Axial Nozzle

470 310 35 5.4 8.7 37 403
470 285 30 4.4 9.3 46 351
470 255 30 3.2 10.0 59 295
470 220 15 1.8 10.8 128 237
470 185 10 . 0.9 11.3 200 194



TECHNICAL REPORT DATA
(Plcase read Instruction ;i on the reverse before completing)

1. REPORT NO. 2. 3. RECIPIENT'S ACCESSIONNO,

EPA-600/2-76-098b

4. TiTLE anosusTiTLE Burner Design Criteria for Control of |5 REPORT DATE
NOx from Natural Gas Combustion; Volume II. Raw June 1976

. 6. PERFORMING ORGANIZATION CODE
Data and Experimental Results

7. AUTHORI(S) 8. PERFORMING ORGANIZATION REPORT NO.
D. R. Shoffstall

9. PERFORMING ORBANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT NO.

Institute of Gas Technology 1AB014; 21BCC-029

IIT Center, 3424 South State Street 11. CONTRACT/GRANT NO.

Chicago, Tllinois 60616 68-02-1360

12. SPONSORING AGENCY NAME AND ADDRESS 13. TYPE OF REPORT AND PERIOD COVERED

EPA, Office of Research and Development Final; 6/73-9/15

. . R 14. SPONSORING AGENCY CODE
Industrial Environmental Research Laboratory

Research Triangle Park, NC 27711 EPA-ORD

15 supPLEMENTARY NOoTES TERL-RTP project officer for this report is D. G. Lachapelle,
Mail Drop 65, Ext 2236,

16.ABSTRACTVolume I of the report gives details of, and analyzes, trials conducted with
natural gas to determine the relationship between combustion aerodynamics and pol-
lution emission characteristics of industrial burners. Three burner types were stu-
died (kiln, ported baffle, and movable vane boiler), based on relative gas load and
estimated total industrial emissions. Experimental measurements on a pilot-scale
furnace included baseline characterization of each burner and variation of primary
operating parameters (air preheat, air/fuel ratio, firing rate, heat release rate,
position of gas nozzle in burner block, and air swirl intensity). Additional emissions
data were gathered for suspected control conditions (fuel injector design, flue gas
recirculation, fuel/air momentum ratio, and burner block angle). It also describes
in detail the experimental facility and sampling probes used to collect the data.
Volume II discusses completely the procedure used to select the test burners. It
includes detailed flame characterizations of baseline operations assembled from in-
the-flame temperature, gas species, and flow direction data analysis. Similar in-the-
flame studies were made for control conditions which minimized emissions for each
burner type. It also includes all raw daga collected from the input/output trials.

17. KEY WORDS AND DOCUMENT ANALYSIS
a. DESCRIPTORS b.IDENTIFIERS/OPEN ENDED TERMS |c. COSATI Field/Group
Air Pollution Flames Air Pollution Control 13B
Nitrogen Oxides Swirling Stationary Sources 07B 13H,07A
Aerodynamics Axial Injection 20D
Nawural Gas Radial Injection 21D
Combustion Control Swirl 21B
. Buraers Industrial Burners 13A
18. DISTRIBUTION STATEMENT 15, SECURITY CLASS (This Report) 21. NO. OF PAGES
Unclassified 420
Ul.imited 20. SECURITY CLASS (This page) 22. PRICE
Unclassified

EPA Form 2220-1 (9-73) 380



