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FOREWORD

This report presents the findings of the Boiler Test Program por-
tion of a "Systems Study of Nitrogen Oxide Control Methods for Stationary
Sources - Phase II," performed in the Government Research Laboratqry of
Esso Research and Engineering Company under the sponsorship of the Office
of Air Programs of the Environmental Protection Agency (Contract No.

CPA 70-90). Dr. William Bartok was the contractor's Project Director,

and Mr. Allen R. Crawford acted as the senior member of the Boiler Test
Program study team. - The findings of other research conducted under this
contract, '"Laboratory Studies and Mathematical Modeling of NOx Formation

in Combustion Processes' are presented in a companion report (GRU.3GNOS.71).

To facilitate the presentation of this study the overall findings
of the Boiler Test Program and the recommendations based thereon have
been arranged to precede the detailed discussion of the results.

We wish to acknowledge the cooperation of electric utility con-
cerns, American Electric Power, Consolidated Edison Company, the Los Angeles
Department of Water and Power, Public Service Electric and Gas Company of
New Jersey, and the Tennessee Vally Authority, which made this study possi-
ble. The participation of boiler manufacturer subcontractors, Babcock' &
Wilcox, Combustion Engineering, Inc., and Foster Wheeler Corp. in some
of the boiler emission tests is also acknowledged. Finally, we wish to
express our appreclation to the Esso Research and Engineering Company
rescarch technicians, Meesrs, L. W. Blanken, T. C. Gavdos, and W, H. Reilly
for their skilled performance of the boiler emission tests.

Mr. Stanley J. Bunas was the EPA Technical Project Officer
_ during the initial part of this program and Mr. Robert E. Hall was
the Technical Project Officer during the latter part.
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SUMMARY

As a major part of Esso's "Systems Study of Nitrogen Oxide
Control Methods for Stationary Sources in Phase II," funded by the EPA
under Contract No. CPA 70-90, a utility boiler field test program was
conducted. The objectives of this study were to determine new or im-
proved NO, emission factors by fossil fuel type and boiler design, and
to assess the scope of applicability of combustion modification tech-
niques for controlling NO, emissions from such installations. In
addition, the concentrations of other combustion flue gas species were
also determined, to evaluate the effect of combustion modification
techniques on the emission of other potential pollutants, such as un-
burned combustibles.

A specially designed mobile sampling-analytical van was
assembled for the purpose of this boiler test program. This system was
equipped with continuous monitoring instrumentation for the measurement
of NO, NO,, C02, 0,, CO and hydrocarbons, with the later addition of
an S0y monitor. Probing of the flue gases from boiler duct-work was
accomplished by simultaneously withdrawing sample streams from 12
different lbcations, varied as dictated by the duct configuration.
Usually, four sample streams compositing the contents of three probes
each were monitored during test runs.

A statistically designed test program was conducted with the
cooperation of utiliity owner-operators. Boilers to be tested in the
" program were selected based on fuel type fired, boiler size and design,
and special features of interest to NO, emission control. The objective
was to make the boilers selected a reasonable "micro-sample" of the
U.S. boiler population. Wall-fired, tangentially-fired, cyclone-fired,
and vertically-fired boilers were tested in the program. Althogether,
17 boilers and 25 boiler-fuel combinations were tested.

The NO2 portion of the total NOy content in the flue gas was found
to average five per cent or less, whenever N0y could be measured. For test
data which did mot include NO; measurements, the NOy was calculated as 105%
of the NO measured. ‘

Major combustion operating parameters investigated included
the variation of boiler load, level of excess air, firing pattern (staged,
"off-stoichiometric", or "biased firing"), flue gas recirculation, burner
tilt, and air preheat temperature. It was found that while NO, emwission
levels reached very high levels (on the order of 1000 ppm) in large gas
fired boilers, combustion modifications, particularly low excess air
firing and staged air supply resulted in some cases in emission reductions
at full load on the order of 80%. However, even for gas fired boilers,
the degree of effectiveness of combustion modifications varied with
individual boiler characteristics, such as burner design and spacing.
Load reduétions resulted in large reductions in NO_ emissions for gas
fired boilers. ‘ x
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Similar trends on the effectiveness of combustion modifica-
tions were observed with fuel oil firing, albeit with a lesser degree
of effectiveness. NOy emission reduction from oil firing is less
responsive to load changes and the application of combustion modifica-
. tion techniques is somewhat more difficult tban in gas firing.

In coal firing, promising exploratory data were cbtained on
two of the seven coal fired boilers tested. For coal, the key to
NO,, reductions (apart from operating under reduced load) appears to be
the firing of burners with substoichiometric quantities of air, followed by
second stage air injection for the burn-out of combustibles. This was
accomplished in a 175 MW front wall fired boiler and in a 575 MW
tangentially fired boiler with better than 507% reductions in NO,
operating at 80-85% of full load. Boiler manufacturers participated
in testing three coal fired boilers manufactured by them to assess
the steam-side consequences (i.e., effects on thermal performance,
slagging characteristics, coal in the fly-ash, and other boiler
operability features) of applying combustion modifications. In the
short-term tests conducted in this program, the boiler manufacturers
(Babcock and Wilcox, Combustion Engineering and Foster-Wheeler) did
not find undue problems caused by combustion modifications.

Unburned combustible emissions, i.e., CO and hydrocarbons were
found to be very low under base-line boiler operating conditions for all
boilers tested. However, using low excess air firing, the CO levels can
increase sharply, and in fact, set the lower limit on excess air. 1In
tests where unburned. carbon in the fly ash was measured by boiler manu-
facturers,. combustion modifications (staging with low excess air firing)
did not result in increased carbon in the fly -ash. More detailed testing
will be needed under carefully controlled conditions.

: The emission factors established in this study in conjunction
with the overall correlations developed for NO_ emissions will allow
making better estimates for individual boilers, according to fuel type
fired, boiler size and design.

It is concluded that modification of combustion operating
"conditions offers good promise for the reduction of NO, emissions from
utility boilers. Further cooperative testing with boiler owner-
operators and manufacturers are required to optimize and demonstrate
the general applicability of these techniques to the control of NOy
emissions from gas and oil fired installations and to establish their
complete potential for coal fired boilers.



1, INTRODUCTION

In Phase I of a "Systems Study of Nitrogen Oxide Control Methods”(l)
sponsored by NAPCA (Contract No. PH 22-68-55), Esso Research and Engineering:
Company characterized the stationary NOy emission problem in the U.S.,
assessed existing and potential control technology on the basis of cost-
effectiveness, and developed a comprehensive set of 5-year R&D plans for
stationary NOy emission control. In addition, a first-generation mathe-
matical model of NOy formation in gas-fired combustion processes was formu-
lated, and knowledge gaps pertinent to the NOy control problem were defined.

The Phase I study established that stationary NOy emissions
predominantly result from fossil fuel combustion processes. Electric
utility boilers were found to represent the largest stationary NOy, emission
source category. Combustion modification techniques have been identified
as. potentially the most attractive for stationary NOy control because
of their relative simplicity and potentially low cost. However, the scope
of applicability and degree of effectiveness of combustion modification
techniques had to be defined on a systematic basis for the va11 ty of
combustion installations which emit NO .

As part of EPA's program on stationary NOy emission control, based
on the recommendations of the Phase I NOy systems study, Esso Research and
Engineering Company initiated further 'studies on this air pollution control
problem under Contract CPA 70-90.

The present Phase II portion of the NO, systems study had the
following major objectives:

(a) A statistically designed systematic study was designed
and conducted on utility boilers. One objective of this fleld
study was to obtain new or improved emission factors based
on parametrié variations of fuel type, boiler size and design, and
operating features. Another major objective of this systematic
study (hereafter referred to as the "Boilexr Test Program'),
was to evaluate the effects of limited changes in design and

~ operating parameters on VO emissions from existing power

plant boilers. A representatlve sample of the U. S. boiler
population was selected for these tests, in some of which
boiler manufacturers also participated to assess the effects
of operating changes on boiler performance. :

(b) The first-generation mathematical model of NO, forma-
"tion and decomposition in combustion processes was
extended. Additional kinetic information was used, and
the model was programmed to incorporate the combustion of
fuel o0il droplets and coal particles. Mixing effects were

}



 simulated by programming a "macromixing'" model to improve
the model's approximation of actual combustion conditions.
The predictionsof this model were compared with actual
experimental and test data. Further development of the
model was found necessary for its use to guide research
on combustion modification techniques for reducing NO,
emissions from existing equipment and to predict good
combustor design.

(c) Laboratory studies were conducted to define basic

factors affecting nitrogen oxide formation in the

- combustion of fossil fuels. Flame kinetics, the con~
centration of potential intermediate species and the
relative role of bound nitrogen in the fuel were
investigated. These laboratory studies were designed
to provide a better understanding of the complex mechanism
of NO, formation in combustion processes and to provide in-
formation for the development of the NO, mathematical model.

”

(d) Major modifications deemed necessary for.the control
of NOyx and other pollutant emissions were outlined in
cooperation with boiler operators and boiler manufacturers.
The recommended modifications are discussed in this report.

.This report presents the detailed findings.of thé Boiler Test Program.
Work performed on laboratory-scale combustion phenomena and mathematical
modeling is.discussed in a separate companion report (GRU,3GN0OS,71),"



2. OVERALL FINDINGS OF BOILER TEST PROGRAM

The NO emission data obtalned in our Boiler Test Program
were analyzed w1th the objective of developing overall correlations on
all of the boilers tested with gas, oil, and coal firing. As discussed
in this section, it was possible to arrive at statistically sdignificant
overall correlations applicable to all (or most) boilers tested within
a given fuel category, regardless of the type of firing. Furthermore,
the relationship between NO, emissions and boiler load was established
according to fuel type, covering again all types of firing methods.

These overall correlations are useful from several standpoints.
First, they provide a common basis for rationalizing the NOy emission
data measured in testing boilers of different size and type, fired with
different fuels, and subjected to combustion operating changes for NO
emission control. Second, they can be used in conjunction with the NO,
emission factors developed based on the results of this study for maklng
definitely improved emission estimates for boilers for which the emission
levels have not been determined. Third, and perhaps most important,
these overall correlations can be used for planning on a rational basis
future field emission tests aimed at optimizing combustion control methods
for different types of utility boilers and operations.

The overall correlations and conclusions resulting from this
study, concerning the control of NO, emissions from utility boilers,
are discussed in this section including emission factors for NO and
CO. Further sections of this repdrt will discusz our recommendftions
for boiler operators and manufacturers on emission control, the details of

this study and our recommendations om future boiler emission field testing studies.

2.1 Overall Correlations and Conclusions

In section 6 the individ:al boiler test results are presented
for gas, oil and coal fuels. 1In this section we will analyze the results
for all boilers tested according to fuel type, and then these results will
be compared for all three fuels.

Summary tables of NO, emissions have been prepared for boilers
firing gas, oil, and coal, respectively. Each boiler is identified in
these tables by its code letter, size (MW generating capacity), and type
of firing. Uncontrolled NO, emissions and per cent reductions for each
of the combustion control methods applied are shown correspondlng to the
boiler load levels tested in the experimental program.



2.1.1 Gas Fired Boilers

As shown in Table 2-1, NO, emissions from uncontrolled gas:
fired boilers operated at full load varied between 155 ppm and 992 ppm
(corrected to 3% 0,, dry basis), or an average of 589 ppm. Although at
full load there is some relationship between rated boiler size and NO,
emission'level (ppm NO, = 381 + 0.718 MW; r = 0.47), a better and more
logical relationship exists between NO, emissions and rated furnace size
(ppm NO, = 297 + 1.715 (MW per furnace); r = 0.61). Thus, about 37% of
the variation in NO, emissions about the average value of 589 ppm is
"explained'" by the variation in furnace load. Figure 2-1 is a plot of
uncontrolled NO, emissions vs. gross load per furnace for the gas fired
boilers tested. Data points representing the individual furnaces are
connected by lines so that the reduction in.NO, emissions with reduction
in load for each boiler can be seen.

Figure 2-1 indicates a second relationship--the NO, emissions
from the front wall fired boilers tested change more with load changes
than those from the horizontally opposed boilers, and average about
twice the NO, emissions for equivalent furnace load. This relationship
suggests that an improved correlation may exist between NO_, emissions
and load per furnace firing wall. The number of furnace firing walls
. for -front wall, opposed wall, and tangentially fired boilers having
.single furnaces are 1, 2, and 4, respectively. Figure 2-2 is a plot of
NO, emissions vs. load in MW per furnace firing wall. The regression
equation for full load, uncontrolled firing is ppm NO, = 187 + 4.0 (MW

per furnace firing wall) (r = 0.72). If Boiler G ("all-wall" firing) is
omitted, the regression equation becomes ppm NO,, = 28 + 5.57 (MW per furnace

firing wall) (r = 0.89). The unusual configuration of Boiler G ("all-wall",
with division wall) results in six furnace firing walls.

Figure 2-2 also indicates the change in uncontrolled NO,
emissions with change in load for each gas fired boiler tested. With
the exception of the "all-wall" fired Boiler G, all of the NO, data
fall within a relatively narrow band when plotted on this basis.
Regression analysis indicates that about 80% of the variation in NO,
emissions is related to,or explained by the variation in the gross load
per gas firing furnace wall. Table 2-2 summarizes the regression
equations developed for uncontrolled, gas fired boilers according to
type of firing. (Vertical firing from a single row of burners was
assumed to be equivalent to a single furnace firing wall.)



TABLY 2-1

SUMMARY OF NO__PMISSIONS PROM GAS FIRED BOILERS

Boiler Full Load Conditions Intermediate Load Conditions Low Load Conditions
Uncontrolled % Reduction in NO, Uncontrolled % Reduction in NOy Uncontrolled % Reduction in N
Type | Cross{NO_ Pnissions LEA Gross NO‘ Emissions, LEA Gross Nox Buissions LEA
Code Size] of Load pp; at 3% Oy, and "NO "Full Loadlppm at 3% 0y, and “No "Full Losd|ppn at 37, Oz. and “NO “Full
Letter | (MWY| Pirin (MW) Dry Basis LEA{Staging| Staging| Pores"jFCRiControl'l (MW Dry Basis LFA [Staging [Staging jPorta™|FGR Lontrol"] (MW) Dry Basis LEA |Staging]Staging |Ports' [FCR jControl"
(4) . )
A (5) 180 | FW 180 390 15 49 60 -- .- 60 120 230 18 42 52 -- -- 52 70 116 7 30 43 .- -= 43
8 80§ FW a2 497 15 24 »n .- .- 37 50 240 29 17 .- - -- - 20 90 - -- 28 -- -- 28
c (5 3153 FW 315 992 6 -~ -- .- -- - 223 768 -- -- kk] - .= 33 186 515 .= == -- -- -~ --
Aversge 192 | Fw 192 626 13 37 48 .- -- 48 131 413 24 30 42 .- -- 42 92 240 7 0 36 .- - 36
D 350 HO 350 946 21 50 62 47 .- 77 -~ - -- - b == == e 150 341 - 66 -- 39 20 81
E (1)(5) | 480 | HO 480 736 9 .- -- 38 -- 81 360 610 6 -- -- 53 .- 57 250 363 9 .- .- 32 -- 70
F (5 600 { HO 559 570 16 -- -- -- - .- 410 335 19 - -- e -- -- 325 253 61 53 70 -- .- 10
c (5 220 | aw 220 675 23 58 60 - - 60 190 550 21 35 48 == -- 48 125 313 25 58 66 -~ -- 66
Average |412 | HO 402 732 17 S4 61 42 - 73 320 498 15 35 48 53 -- 52 212 318 32 59 68 36 20 72
H (2)(5) {320 T 320 340 - -- -- - - 66 240 210 .- -- - .- 60 65 -- -- -- -- -- -- -- --
1 (3 66 \'d 66 155 .- -- -- -- == .- -- == == - - - i - - == - -= -= == -~ ==
Grand Ave} 290 | ALL 286 589 16 45 54 42 .- 64 228 423 19 31 44 53 60 51 161 284 26 52 52 36 20 50

(1) Date supplied by boller operator.
(2) Dste supplied by boiler operator.
(3) Insufficient date for estimating effects of combuastion controls,

(4) Type of firing codes:

Separate effects of individusl controls not measured.

FW = front wall, HO = horizontelly opposed, AW * all wall, T = tsangentisl, V = verticel.
(5) Twin furnace or division wall in single furnace.
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TABLE 2-2

LINEAR REGRESSION ANALYSES OF NO, EMISSIONS
FROM UNCONTROLLED GAS FIRED BOILERS

' P _C;E.,;. e e e l e ’Std
| of ‘Data | i lation |Devi-

’ 1 __Boiler Data Firing ;Points { Regression Equations(a) ,Coeff 2E$°n

;A’B’C W 9 {ppm NO_= -118 + 7.01 M{/FFW i 0.97¢°} 74 :
‘D,E,F- - HO ~ 8 lppm NO_= -43 + 5.31 MW/FFW 0.83(PY 143 :
'4,B,C,D,E,F FW and HO 17 {ppm NO_= =70 + 5.95 wi/FE- | 0.91(°} 117
{A;B5C,D;E,FH FW, HO, T 19 fppm NO_= -17 + 5.51 Mi/FFW | 0.90(¢} 118
gA,B,c,D,E,F,H,I FW, HO, T, V | 20  |ppm NO = -36 + 5.61.M¢/FFW | 0.89(¢} 123 '
[AB.D,E,F,G,H,T [ALL Types Tested 23 |ppm NO = 111 + 4.35 M/FFW 0.75(¢) 173Ji

(a) ppm NO corrected to 3% 0,, dry basis; MW/FFW = ‘load per furnace firing wall, MW.
(b) Slgnlflcant at the 0.1% confidence level.
(c) Significant at the 1% level.

Figure 2-3 presents the plot of the regression equations listed in Table 2-2
for front wall ‘and opposed wall, and for the comblnatlon of front wall,
opposed wall, and taugentially fired boflers. As expectad, the standard
deviations of NO, emissions are sizable, but these correlations are highly
significant and should be valuable for the purpose of making emission

estimates.

‘In summary, for gas fired hoilers operated at full load, in

six out of the nine boilers tested it was possible to reduce NO_ emissions
by an average of 64%.. The use of low excess air with staged fi¥ing
accounted for the bulk of this reduction. At intermediate (2/3) to

" low (1/2) loads, the application of all control methods tested reducéed
NO, emissions by 50 to 60% compared with uncontrolled NO, emissions at
these load levels. The use of existing 'NO-ports'" and flue gas
recirculation equipment was also found to be effective for the few
boilers where this type of equipment was available.
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2.1.2 0il Fired Boilers

Table 2-% presents a summary .of NOyx emissions measured from
the nine oil fired voilers tested. Uncontrolled NO, emissions at full
load varied between 200 ppm and 580 ppm, with an average of 360 ppm NO,,
compared to a range between 155 ppm and 990 ppm, and an average of about
590 ppm NO, for gas fired boilers. The relationship between uncontrolled
N0x~emissions and gross load in MW per furnace firing wall at full load is
ppm NO, = 228 + 1.59 MW/FFW (xr=0.59) for all nine oil fired boilers tested,
and ppm NO, = 237 + 1.324 MW/FFW (r=0.50) when the front wall, horizontally
opposed, ahd tangential oil fired boilers only are included in the correlation.

‘These correlations are not as good as the corresponding correlation

coefficients of r.= 0.72 and r = 0.89 for gas firing. Variation in fuel
oil nitrogen content, viscosity, preheat temperature, spray pattern as
well as the method of spray atomization, burner design characteristics,
and air-fuel mixing patterns probably account for a large portion of these
variations in NO, emissions from oil fired boilers. Our limited testing
indicated a average increase of 44 ppm NO, per 0.17% combined nitrogen

in the fuel for fuel oils containing combined nitrogen in the range of

0.3 to 0.6 wt.%. This corresp0nds to an average conversion of about 307
of the fuel nitrogen into NO,. However, adjusting the NO, emission data
for fuel nitrogen content had only a marginal effect on the regression

analyses, except for tangentially fired boilers.

In Figure 2-4 a plot of NO, emissions from uncontrolled oil
fired boilers operating over a range of load levels is presented. Comparison
of the data in Figure 2-2 with those in Figure 2-4 for gas and oil firing
respectively, shows the NO, emissions from oil fired boilers exhibit
consideragbly mere ~“1:*‘:7 than those from gas fired bouilers.. In
addition, NO, emissions from o0il fired boilers decrease at a rate less
than proportlonal to the corresponding fractional load reductions, while
NO, emissions from gas fired boilers decrease at a higher fractional rate
than the corresponding load reductions. 1In Figure 2-5, the regression lines
of uncontrolled NO, emissions vs. load per furnace firing wall are plottea
for oil fired boilers.

The NO, emission reduction achieved through the application
of combustion controls for each of the oil fired boilers tested are also
given in Table 2-3. Use of all available control methods resulted in
45% to 60% reduction in NO, for front wall fired boilers at full load,
and from 30% to 50% reduction at about 2/3 load. Low excess air firing,
staging, and flue air recirculation were all successful in reducing NO,
emission either separately or in combination to varying degrees of
effectiveness. Only one of the front-wall fired boilers tested (J) was’
equipped with flue gas recirculation into the windbox.

One of the two oil fired, horizontally opposed wall
boilers tested developed process control equipment problems during
testing, and therefore, could not be tested with.all possible combustion
control wmethods. With other front wall oil fired boilers a 38% reduction
in NOx was obtained at full load, and 55% at about 1/2 load through a
combination of low excess air firing with staging, and the use of the
available '"NO-ports'. The "all-wall" fired unit tested was not equipped



TABLE 2-3

SUMMARY OF NO_ EMISSIONG FROM OIL FIRED BOILERS .
Boiler Full Load Conditions Interrcdiste Load Conditions Low Load Conditions
Uncontrolled % Reduction in NO, UnControlled % Reduction in NOy }Uncontrollad 7% Reduction in NOy
Type |[Crose Nox Bnissions,)] LEA Gross [NO_ Bnissions, LEA Gross Nox Pnissions, LEA
Code |[Stize} of Losd|ppn at 3% 0;, and L"No “Full Load ppr} at 37 02, and N0 "Full Load {ppm at 3% 03, and ""NO “Pull
Letter |(MW) JFiring | (MW) Dry Basis LEA Btaging iStaging [Ports"|FGR Fontrol'| (MW) Dry Basis 1.9A [Staging |Staging [Ports" |PGR Control”| (MW) Dry Baais LEA KtagingiStaging |Ports"{FCR{Control™
(2)
A (3) 180 | FW 180 367 35 3t 45 - .- 45 120 322 2 25 43 - -- 43 80 266 28 - -- -- -- .-
80 | FW 80 580 19 30 46 -- -- 46 50 381 12 20 30 -- .- 30 21 258 28 20 21 -- .- 2t
J 250 | Fw 250 360 -- 25 26 - 46 60 172 306 2 14 24 -- 31 50 .- -~ it - - s ond it
Average. 1170 | FW 170 436 27 29 39 -- 46 50 114 330 20 20 32 - 31 41 50 262 28 20 21 . 21
: D 350 { HO 350 457 3 3 35 33 -- 38 -- - ’ - -= - - .- 150 264 14 47 .62 34 - 55
B E (Y 450 | HO 455 246 9 - - 19 -- .- 365 219 16 .- -- 25 -- 26 228 186 12 -- - F 12 .- --
AN G () 220 AW 220 291 19 - == - - ~- 170 267 - 34 44 -- - 44 120 324 10 -- - el - .-
* | Average 1340 | MO 342 33t 10| 3 35 26 - 38 268 243 ‘16 34 44 25 -- 35 166 258 12 47 42 26 - 55
gy 320 | v lae'P 2 B -] - 0] -- | 22 220 22| 19 as | = | 13] s . " I SR B I
K 66 T 66 203 28 .- -- - -- .- -~ -- “e -- - - - - -- - - -- .- - .- --
1 400 {cy’ 415 530 - -- - == -~ -- -- " 258 205 ~e -~ .- - == == - - -- .- -- -~ .- -=
Grand Ave{257 { ALL 260 6l 19 30 a8 26 28 47 194 271 19 22 37 25 23 42 120 260 18 34 32 26 .- 38

(1) Dats supplied by boiler operator. :
(2) Type of firing codes: FW = front wall, HO = horizontslly opposed, AW = all wall, T = tangentisl, V = vertical.
(3) Tvin furnace or division wall {n single furnace.

-. 11
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with '"big" 0il guns which would have allowed staging at full load; however,
at about 80% of full load, staged firing with low overall excess air ]
resulted in a 449 reduction in NO , compared to uncontrolled NO, emissions
at this load level

The 320 MW tangential boiler was tested at only 2/3 load so
that staging could be accomplished, since 'big" oil guns were not available
for supplying additional fuel to the operating burners. Even though NO
emissions were relatively low on an uncontrolled basis (215 ppm), the
use of low excess air with staged firing and with flue gas recirculation
resulted z2pproximately in a 60% reduction to an NO,. level of 90 ppm.

The small, 66 MW tangential boiler tested was not adequatelv equ1pped
with b01lor control devices to allow the application of low excess air
firing with staging. The large, 400 MW, cyclone boiler tested could

not be operated with low excess air or with staged firing. Consequéntly,
no NO, reduction could be obtained except by reducing boiler load.

In all oil fired boilers tested with low excess air and staged
« emissions significantly. However,
with some of the old boilers tested, which were without adequate control

- equipment, control methods for NO, emission reduction could not be applied.

2.1.3 Coal Fired Boilers

Table 2-4 presents a summary of NOy emissions measured from
the seven coal fired boilers tested. Uncontrolled NO, emissions at
full load varied between 568 ppm and 1490 ppm, with an average of 99 ppn.

"For ‘0il and gas fired boilers the average NO, emissions were 360 ppm and

590 ppm, respectively. The relationship bhetween uncontrolled MO, smissions

at full load and gross load per furnace firing wall in MW is ppm NO = 569 +
2.76 MW/FFW (r = 0.45). Omlttlng the ‘data on Boiler C which had unu5ual
design features results in the regression equation ppm NOx = 291 + 3.67 MW/FFW
(r ='0.95). Thus, the correlation between uncontroiled Nﬁx emissions and

load per furnace firing wall is good.

In Figure 5-6 the uncontrolled NO# emissions are plotted vs.
gross load per furnace firing wall for coal fired boilers. ‘Agair, with
the exception of emissions from Boiler C all of the data fall within a
narrow band. The number of "equivalent'" furnace firing walls for the
large, 704 MW cyclone fired Boiler Q was arbitrarily set at 3. In this
boiler, the 14 cyclones are located in opposed walls of the single furnace
in two rows, with four burners in the bottom row and three burners in
the top row on each side. However, a large proportion of the total
combustion takes place within each cyclone burner compared to normal
opposed wall furnaces where all of the combustion takes place within
the furnace. Thus, it is reasonable to propose that the number of
Yequivalent' firing walls for the cyclone burner is greater than two,
but certainly less than l4. Using three "equivalent' firing walls the
NO data from the cyclone boiler fall in line with all other coal fired
bollers tested, except for Boiler C. As discussed earlier, Boiler C
is rather:unusual because it was designed to be operated as a wet bottom
furnace at low load levels, fired with high slagging temperature coals.
Thus, the lowest row of burners was located close to the flat, wet



TABLE 2-4

SUMMARY OF NO PEMISSIONS FROM COAL PIRED BOILERS
Botiler Full Load Conditione Intermediate Load Conditions Low Load Conditions
! - Uncontrolled % Reduction.in NO Uncontrolled % _Reduction in NO Uncontrolled % Reduction in NO
H " Type i Gross | NO, Emissions, | LEA |Staging LEA ! "Full Gross |NO, Emissions, { LEA | Staging LEA “Full . Gross |NO, Emissions, | LEA | Staging LEA “Full
‘| Code - Rating of i Load ppm at 3% 05, + Control"| Load ppa at 3% 0, + Control" Load ppm at 3% Oy, + Control’
P Letter: (MJ) [Firing: (i) Dry Basis : Staging (M) Dry Basis Staging 1 s Dry Basis Staging i
1. - : ) i
iMoo 17s W 1140 ! 660 16} 40 55 60 .
L e 315 w275 1490 -- -- -- - 190 1280 .- - -- -- ! 160 1200 -- -- -- --
. . : : i
F(2) 600 HO 563 838 -- - -- -—- 462 i 781 HEEE R -- -~ . 363 643 -- - -- --
N(2) 800 Ho 778 905 -- -- -- -~ is80 761 - - -- - :
| : : | ! : : .
o(?) 575 T : ‘470 ! 405 gt a9 50 0 | 310 264 I Y S Y
p(2) 300 T 300 568 1 27 - == es 240 419 {28, -- -- .- : i
. . H : . ' H H H B
Q 700 oY 665 1170 - Y 882 Pee} -e .- - i
i N . ¢ !
T ; T 1 !
GRAND 495 ALL , 516 994 i 27 -- : - == l 375 738 v 17039 52 55 ; 278 702 -- -- P42 %2
AVE. : : 2 B : i :

(1) Type of firing codes: FW = Front Wall, HO = Horizontally Opposed, T = Tangential, CY = Cyclone.
(2) Twin furnace or division wall in single furnace.

- ST -
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bottom of the furnace, and a layer of insulating tile was placed along
the furnace walls from the floor to an elevation above the top row of

burners. This design results in high furnace flame temperatures, and

relatively slow heat absorption in the lower furnace (maintaining the

slag molten), and therefore, promotes high NO, emission levels.

The linear regression analyses of the uncontrolled NO_, emissions
from coal fired boilers are summarized in Table 2-5 at all load levels
tested, ccrresponding to the data of Figure 2-6. Again, eliminating the
data on Boiler C, the correlations improve significantly for both full
load and variable load test conditions. Since the assignment of three
as the number of furnace firing walls for the cyclone boiler Q was
established somewhat arbitrarily, a regression analysis (number 5)
was also made without including the data on Boilers Q and C for comparison
with the regression analysis (number 4 in Table 2-5) on all coal fired
boilers, except C. Both regressions are hlghly significant with over
807 of the variations in uncontrolled NO, emissions explained by, or
related to the single parameter, load per furnace flrlng wall in megawatts,
over the entire load range tested. While as expected, the standard
deviations in ppm NO, are quite large, correlations (2, 4, and 5) in
Table 2-5 should be useful for emission estimate purposes.

TABLE 2-5

LINEAR REGRESSION ANALYSES OF NO,
EMISSTONS FROM UNCONTROLLED COAL FIRED BOTLERS

- . Correla- :
No. of }. : tion std.
. Data . (a) Coeff. . | Deviation
' Boiler Data Points Regression Equations T ppm
1. All boilers at full 4
load only - 5 ppm NOy= 569+ 2.76 MW/FFW | .45 361
b. ALl boilers at full
load (Boiler C b)
omitted ) 4 ppm NOX= 293 + 3.65 MW/FFW | .96 : 88
3. All boilers at all . . ®)
loads 15 ppm NOX= 423 + 3.49 MW/FFW { 0.57 299
4, All boilers at all
loads (Boiler C ‘ (c)
omitted) 12 ppm N0x= 252 + 3.82 MW/FFW ' 0.94 89
5. All boiler at all : i
loads, (Boilers C j ()
and Q omitted) 10 ppm NO_= 256 + 3.68 MW/FFW | 0.91 93

(a) ppm NO, corrected to 3% 0y, dry basis, MW/EFW = load per furnace fixing wall, MW.

(M) sig

nificant at the 5% confidence level.

(c) significant at the 0.1% confidence level.
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As shown in Table 2-4, Boiler M, a front-wall fired boiler and
Boiler 0, & tangentially fired boiler, were tested with a wide range of
combustion controls at about 80% of full load. 1In both of these boilers
it-was found possible to significantly reduce RO, emissions through the
application of staged firing with low overall excess air. None of the
other five beilers could be tested under what amounts to proper staging
operations. Potential slagging problems were the chief reason why the
builer operators refrained {rom the use of low excess air, or from combining
low exce:s aic with staged firing on these coai rired boilers. A minor
excepticn was Boiler P, a tangentially fired boiler which was operated
for shert periods of time with low excess air firing, resulting in reduced
ANOx emissions-

An analysis was made to determine whether the limited data on
the bound nitrogen content of the coal fuels fired could be correlated
with the measured emissions. Unlike the data obtained on two o0il fired
boilers, for which different fuel oils could be incorporated into the
experimental program designs, so that the effect of varying nitrogen
content on NO, emissions could be measured independently of load, excess
air and other parameters, in coal firing the coal fuels varied according_
to what was available during the test programs. A regression equation
(ppm NO, = 291 + 3.67 MW/FFW, r = 0.95) of uncontrolled NO, emissions
measured at maximum load vs. lecad per furnace firing wall (including all
boilers except C) was used to predict NO, emissions without taking into
account the effect of fuel nitrogen content. The differences between
the actual measured uncontrolled NO, emissions and these "'predicted"
values were correlated with the average nitrogen content of the coal
fuel fired in each of the boilers tested. as shown in Table 5-6. The
regression coefficient of 884 suggests an 88 ppm increase in NO, emissions
per 0.1% increase in fuel nitrogen content for 1.15 to 1.40 wt. %

- nitrogen content coals. Considerably more data are needed to define

this relationship as the above correlation is not precise, and assumes

that all of the increase in NO,.can be attributed to the increase in

coal nitrogen content (equivalent to au average coal nitrogen conversion

of about 50% into NO,), without taking into account other combustion variables.

TABLE 2-6

CORRELATION OF COAL NITROGEN CONTENT WITH NOXAEMISSIONS

Highest| Actual 'Predicted'] (Actual- Coal
Load ppm NOx |MW |NOx Emis- }'"Predicted")Nitrogen |'"Predicted"
Boiler Fired {Emissions fFFw sions, ppm| NO, (&) Content Ja)
]
M ¢ 140 | 660 i 70 547 113 1.33 34
! F ! 563 . 838 {141 | 808 i 30 1.38 78
© N Y o778 -1 905 195 i 1006 i -10L 1.17 -108
0 T 470 1 405 . 59 ! 508 ¢ =103 P 1.25 -37
P 300 : 568 : 75 566 2 i1.33 34
Q 665 . 1170 222 . 1106 ; 64 . 1.30 7

% "predicted” ppm NO, = 291 + 3.67 M/FFW, r = 0.95.
%% "Predicted" A = -1142 + 884 (N content, wt.%), ¥ = 0.74.
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TABLE 2-7

SUMMARY OF NO& EMISSIONS

Combustion Operating Modification and Furnace Loa

4¢

1)

SR 1T L .

' Type (2) % Reduction in NO, Emission
Fuel of Low Exc. Air Staging - LEA + Staging Flue Gas Rec. "Full”(3)
- Fired Firing Full | Int. | Low | Full {Int. | Low [Full | Int. | Low | Full | Int. | Low | Full | Int. Low
GAS W 13 | 24 7] 37 30 | 30 | 48 42 | 36 -- -- 48 42 | 36
; : ; i
HO 17 15 | 32 5 | 35 | 59 61 48 | 68 -- - 20 1 73 s2 | 72
! ; !
T P i B AT ST B -- -y - -~ i 60 | -- 66 | 65 i --
" : : : i : :
b : % P
ALL 1 16 i 19 26 | 45 131 | 52 | s4 | 44 | 52 -~ 1 60 120 | 64 I 51 : 60
(Average)} ; ! i ; 5 ‘ ; i
! i : ! é ] i E
oIL FW ;27 ¢ 20 : 28] 29 } 20 j20 {39 32 ;21 46 31 L -- ¢ 50 ; 41 21
! R IV S . A R A
HO ! 10 | 16 12 0 34 7 34 147 135 46 142 | - -~ {-- ! 38 ¢ 35 : 55
: : T ; é Lo § : ; : ;
T i 28 1 22 el BT A B R S R e B U A T UESI ST - IR SO
i ; ; ’ : . :
i - ! é B ; - : ; : :
. ALL ! 19 . 19 18 7 30 : 22 |34 {38 i 37 32§ 28 23 -- | 47 42 38 |
(Average)§ . ! : ! ; v : : ‘ ‘ :
! i ( { ; ‘ i : : :
! — ‘; z : ) I :
CAL } W -- S B B e T B B R A 60 -
o i : i % | i ' { :
o T : 3 | |
T [27 18 o-- i == 139 1t - 150 42 -- —e e 4 e 50 : 42 i
: i : ; : ! ;
f ; : { 5 i
AL P27 17 e= i o= 1391 -- 1 52 52 1 42§ -- ETEE T 55 . 62 |
(Average)] i ; : i
! ! }
! | |

L
(2)
(3

Furnace load:

Type of firing:
"Full control:

"Full" = 85%-105%,

"Intermediate" = 60%-85%, Low = 50%-60% of rating.

FW = Front Wall, HO = Horizontally Opposed, T = Tangential.
combination of techniques achievable on boilers tested.

- 0Z -
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2.1.4 Overall Conclusions

" As discussed in detail in sections 6 and 2.1, extensive
experience has been obtained and significant accomplishments have been
made during this study in testing utility boilers for NO_ emission control
by combustion modifications. A total of 277 test runs were made on 17
boilers (25 boiler-fuel combinations) as shown below in Table 2-8.

TABLE 2-8

BOILER' TEST PROGRAM SUMMARY
(Number of Boilers and Test Runs by Fuel and Type of Firing)

Type of Firing
Front |Horizontally Tangen- § .
Fuel Fired { Wall Opposed fAll-Wall" tial Cyclone iVertical | Total
Coal 2-24 2-10 -- 2-35 1-6. -- 7-75
Gas 3-30 2-23 1-14 1-8 -- 1-4 8-79
0il i 3-52 2-36 1-13 2-13 1-5 : - 9-117
Coal & Gas | 1-6 Com- -- ‘ -- -- 1-6
Total 9-112 6-69 2-26 5-55 2-11 1-4 . 25-2774
L

Significant reductions of ¥O, emissious were obtained on many of the'boilers
tested. The remaining major problems and.limitations have been defined
for each of the three types of fossil fuel.

Under base line operating conditions, i.e., without control, NO,
emissions from medium and 'large gas fired boilers at full load ranged from
about 400 ppm to a high of almost 1000 ppm for front wall and horizontally
opposed fired boilers (all concentrations corrected to 3% 02, dry basis).

A medium sized tangential fired boiler had an NO, emission level of only

330 ppm on an uncontrolled basis. The application of combustion modifica-
tions to gas fired boilers was successful in reducing NOy emissions by 407

to B0% at full load and by over 90% at reduced loads. Combustion modifications
on wall fired boilers included the application of low excess air, staged
combustion, and use of NO ports, where available. These results indicate

that effecrive NOx emission control can be appiied to gas fired boilers through
operationally feasible combustion modification techniques. :
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NO_ emissions from uncontrolled oil fired boilers were generally

lower (300-560 ppm) than NO, emissions from uncontrolled gas fired boilers

of the same design and size. However, in most cases, the application of
combustion modifications to oil fired boilers could not reduce NO_ emissions
to as low levels as achieved on the same boilers when firing gas. Part of
this difference is probably due to the bound nitrogen content of oil

fuels, although osther factors, particularly droplet atomization, vaporiza-
tion and combustion characteristics may be equally important. Therefore,
additional research is needed to sort out these effects. On a front wall

_fired boiler equipped with flue gas recirculation into the windbox, the

combination of low excess air, staged firing and flue gas recirculation re-
sulted in about 60% reduction of NOy. The maximum NOx reduction with the
combination of low excess air and staged combustion was about 45%. Additional
research is needed on selected boilers to determine the optimum combination

of controls where a variety of control options are possible.

Coal fired boilers presented the greatest difficulty in applying
combustion control. Full load, uncontrolled NO, emissions from large size,
coal fired boilers ranged from 800 to about 1500 ppm in wall and cyclone
fired boilers, while large tangentially fired boilers emitted about one-half
of these levels. Of the seven coal fired boilers tested, combustion
modifications resulting in substantially reduced NO, emissions could be
applied in only two of these units. 1In both cases (a front wall and a
corner fired boiler) low excess air combined with staged firing (resulting
in 2 loss in boiler rating of about 157 to 20%) resulted in NOx emission
reduction of over 50%, compared with full load conditions without control.
The other five boilers could not be tested at sufficiently low excess air
levels to expect much improvement in NO, emissions. In some cases, this
was due to cbserved, real slaygglug prublems, aud in others, a reluctance
of boiler operators to risk potential problems even for a limited period
of test time. Additional field testing of a carefully selected sample
of coal fired utility boilers is required to define the scope of applicability

‘0of combustion modification techniques on a realistic basis.

The Boiler Test Program resulted in the definition of a number
of problem areas which currently limit the control of NO, emissions from
coal fired boilers, and to a much lesser extent, from oil and gas fired
boilers. Tables 2-9, 2-10 and 2-11 summarize our experience on the
operating, design, and fuel quality problems, and on the limitations
associated with each combustion control technique. The code letters
indicate our assessment of the relative severity of the problem from
"no effect" (D) to "major problem or limitation® (A). If insufficient
experience had been obtained to properly rank the problem area, a
question mark was used in these tables. Some of the major problems will
be discussed below in further detail. Since coal firing entails the
largest problem area, the features of Table 2-9 will be discussed before
those of Tables 2-10 and 2-11.

In coal firing, improper slagging conditions can be a major operating
problem severely limiting the use of low excess air and staged firing for the
reduction of NO, emissions. For example, dry bottom furnaces require a
buildup of dry slag that tends to form balls that roll off the furnace
surfaces for normal gravity collection and removal. If, however, local
temperatures become so high that the normally dry slag becomes molten, it may
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TABLE 2-9

COAL FIRED UTILITY BOILERS
OPERATING AND DESIGN PROBLEMS OR LIMITATIONS

control Technique Aids Problem

Combustion Control Technique
Low Flue Gas Load | Alr
Excess| Staged | Recir- | Reduc-| Burner| Damper
4ir |Firing fulation tion Tilt |Setting
A. Operating Problems & Limits
1. Slagging A-C B ? B ? ?
2., Steam Temperature Control A-C B A-C A A B
3. Furnace Wall Temp. Limits B C B c B B
4. Flame Impingement on Furnace Wallg A A ? + C B
5. Flame Impingement - Burner A B ? D c B
"6. Corrosion - Furnace Walls & Tubes ? ? ?7-C D D . ?
7. Corrosion - Ducts, Air Heater + ?-D ?7-C B D’ D
8. High CO and Combustible Emissions}] A A ? D D B
9. High Particulate Emissions ? ? ? ? ? ?
10. Reduced Operating Flexibility B .B ? A B - B
11. Reduced Safety Margin B C c D D C
12. High Operating Cost + A~C ? A D D
13. Flame Stability B B 7-A D D -C
B. "Design;  Instrument or o A
"Control Limitations
1. Lack of Flue Gas Recirc. Facilit D D A D D D
2. Lack of "NO-Ports" . : D B D D D D
3. Lack of Auto. Damper Controls A A C C D A
4. Lack of O, Instrument A A A D D B
5. Lack of CO, H.C. and Combustible A A A D D B
Instruments ’
6. Lack of Automatic Control System A c c c C C
7. Burner Design ? ? ? D A D
C. Fuel Quality Limitations
1. High N - Content B D B D D D
2. Poor Slagging Characteristics A A ? A A ?
3. High Iron Pyrites Content A A ?- B B B
4, High Sulfur Content c C ? D D ?
5. Low Heating Value Fuel B B ? D D D
A - Major Problem or Limitation
B - Moderate Problem or Limitation
C - Minor Problem or Limitation
D - No Problem or Limitation
? Extent of Problem or Limitation Unknown
+
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run down furnace walls in rivulets and then freeze on furnace bottom sur-
faces necessitating a shurdown for expensive slag removal. Wet bottom fur-
naces, on the other hand, require uniformly high temperatures so that the
slag remains sufficiently fluid to flow easily to the slag taps. These condi-
tions are aggravated by the use of coals with slagging characteristics dif-
ferent than called for by the furnace design.

Steam temperature control may limit the full use of combustion
control techniques to reduce NO_ emissions if insufficient temperature con-
trol flexibility is available. ¥Flue gas recirculation, steam or water at-
temperation, flue gas dampers, and burner tilt are common methods of super-
heat and reheat temperature control. However, most current boilers are
limited by design to the use of one or two of these methods of temperature
control. Thus, the use of low excess air, staged combustion, maximum flue
gas recirculation, and combinations of these techniques may-cause- changes
in boiler heat distribution that can only be partially compensated for by
the other temperature controls. Further, detailed experimentation is needed
to find the optimum combination of combustion modifications at full and re-
duced loads for significant NOy reductions with adequate boiler steam tem-
perature control.

Flame impingement on furnace walls must be avoided to limit cor-
rosion and excessive local temperatures at the water tubes. Thus, the use
of low excess air may necessitate the readjustment of primary and secondary
air damper. damper positions, burner tilt (if available) position, and
‘impeller position, to avoid long flames that impinge on furnace walls.
.This ,emphasizes again the necessity of v13ua1 inspection of the furnace,
along with adequate experimentation in order to fully exploit the operatlng
flexibility inherent to each boiler design.

The definition of corrosion problems within the furnace area,
such as tube wall wastage, requires long-term testing with combustion con-
trol techniques for full understanding and quantification. Our Boiler Test
Program emphasized short, intensive, multifactor experimental designs in
order to maximize the information obtained within the relatively brief pe-
riods of time that could be allocated to each boiler. Based on this expe-
rience, it will be possible to plan longer tests at the most effective set
of .combustion control combinations. The proper adjustment of burners fir-
ing near the walls so that combustion modifications can be applied to the
bulk of the burners should be helpful in avoiding furnace corrosion problems.
Thus, the "tailoring" of combustion modifications to meet the requivements
of individual boiler designs and fuel qualities are required for optimizing
NOx emission control.

Problems caused by condensation of corrosive materials due to

‘formation of sulfur trioxide can be reduced by low excess air and staged

firing. However, a practical operating limitation of the use of low excess
air or the combination of low excess air with staged firing is the potentially
excessive formation of CO, and other combustibles. Proper instrumentation,
coupled with good maintenance of equipment, and adjustment of individual
burners are necessary in order to obtain the full benefit of these control
techniques. Improper ‘operations of one or two burners can completely offset
the effectiveness of low excess air and staged firing for NOx control.
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The quantitative efféct of combustion control techniques on par-
ticulate formation has not been adequately characterized in coal fired
boilers. Consequently, additional research is needed in order to assess
the possible advantages and disadvantages of combustion modifications for
NOy emission reduction on the emission of particulates.

It is readily apparent that some reduction in operating flexibil-
ity results from the full use of combustion modifications for NO, control.
For example, the use of low excess air calls for close attention to indivi-
dual burner operation; this means good maintenance practices and frequent
measurement and observation of furnace conditions. Where burner tilt af-
fects NOy emissions, its use for steam temperature control is restricted.
The use of flue gas recirculation and air damper settings for NO, reduction
also limit their use for steam temperature control. However, the reduction
of NO_ emissions and improved fuel economy due to low excess air firing
offer sufficient incentives that some loss of operating flexibility may be-
come acceptable. Properly instrumented boilers, operated under sound main-
tenance and operating practices, should reduce this potential problem area
to a minimum, without significantly limiting the application of combustion
modification techniques. ' '

Obviously, safe operating practices must be maintained while em-
‘ploying combustion modification techniques for NOy emission control. Flame
stability can be impaired with low excess air, staged firing and excessive
flue gas recirculation. However, unsafe conditions are well known and can
be avoided while operating to reduce NOy if good design, operatlng, and main-
tenance practices are employed.

The effect of combustion modification techniques on operating
costs is generally well understood. The use of low excess air reduces op-
erating costs, while reduction in Iload increases operating costs per unit
output. Generally, the use of staged firing results in reduced load, and
therefore, increased unit operating costs. However, where the fuel burning
capacity of individual burners can be increased, staged firing may result
in reduced NOy emissions with little reduction in load. Burner tilt and
air damper settings should have little effect on operating costs, while ad-
ditional research is needed on the economic effect of flue gas recircula-
tion.

Design, instrument and control limitations may reduce the applica-
tion of combustion modification techniques, particularly on older boilers.
Thus, most coal fired boilers lack facilities for flue gas recirculation
into the windbox, and we know of no coal burning boilers with '"NO-ports'
for two-stage combustion. However, where flue gas recirculation into the
"furnace for temperature control is available, it may be possible to add
additional duct-work for recirculation into the windbox at relatively low
cost. Also, the secondary air ports in some coal fired boilers can be ad-
justed with staged coal firing to obtain most of the advantages of staged
firing with little or no additional equipment costs. Our experience indi-
cates the necessity for adequate instruments for continuous measurement of
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the level of excess air and incompleteiy burned CO or other combustibles
in order to use low excess air and staged combustion techniques with full
. effectiveness. It should also be noted that non-base loaded boilers which
are required to change load frequently would be able to employ combustion
control ‘a higher proportion of operating time if automatic equipment and
controls become available for changing air damper settings, turning
individual burners on and off, etc. Finally, the effect of burner design
in conjunction with combustion modification techniques is not completely
understood, and therefore, should be further investigated.

Coal quality can play an important role in the potential
scope of applicability of combustion modification techniques. The im-
portance of matching coal slagging characteristics*with furnace désign para-
meters have been discussed earlier. Use of fuels containing high levels of
iron pyrites can severely restrict the application of low excess air and
staged firing in cyclone and other wet bottom furnaces due to possible metal
corrosion. Additional field testing is needed in order to determine how to
avoid corrosion problems and slagging difficulties while employing effec-
.tive NO, reduction with combustion modification techniques such as flue gas
recirculation, low~excess air and staged firing. In the case of cyclone
boilers, recirculation directly into the cyclones may be required. The role
of nitrogen in the coal fuel must be studied in detail from the standpoint
of its impact on combustion modifications for NOyx emission control.

) The application of combustion modification techniques for NO
- emission reduction on oil fired boilers' presents considerably fewer prgblems
and unknown areas than for coal fired boilers. For example, problems asso-
ciated with slagging, and iron pyrites in the {uel are virtually eliminated.
In addition, the measurement and control of fuel to air ratios on individual
burners is considerably easier in oil firing than in coal firing, thus sim-
plifying the application of low excess air and staged firing.

Table 2-10 summarizes the problems and limitations associated with
NO. emission control for oil fired boilers in a similar manner as Table 2-10
does for coal fired boilers. The more important 11m1tatlons and problems for
this equipment category are discussed briefly below.

The formation of smoke or haze is often a major limitation in ob-
taining the full benefit of applying low excess air in oil fired boilers.
However, the design and operating problems associated with low excess air
are well known. To achieve low excess air without increasing haze or smoke
generation, it is necessary to have adequate windbox pressures for good air supply
control, well-designed burner throats and impellers for proper air furbu-
lence, well-matched patterns of oil atomization with air flow, balanced
burners for proper air/fuel ratio on each burner, and good instrumenta-
tion to keep the air/fuel ratio under control as the demand for steam
changes. Important advantages of low excess air firing in addition to lower
NO, emissions are increased boiler efficiency and reduced low-temperature

corrosion.

Staged firing accomplished by providing air ports above the top
row of burners, and modified staged firing or introducing air only through
some burners in conjunction with low excess air have consistently resulted in
significantly reduced NO, emissions from oil fired boilers. The use of extra
fuel capacity oil guns have enabled some boilers to maintain full load op-
ation with staged firing. Thus, proper design and operating practices necessary
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TABLE 2-10

0IL FIRED UTILITY BOILERS

OPERATING AND DESIGN PROBLEMS OR LIMITATIONS

Combustion Control Techniques

Low
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Air
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Firing!
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Air

Setting
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Corrosion - Ducts, Air Heater

High CO, HC. and Combustible
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Reduced Operating Flexibility
Reduced Safety Margin

High Operating ' Costs
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for low excess air firing generally eliminate the potential problems
associated with staged firing. The problem of determining the proper
pattern of burner firing at various loads in order to obtain low NO,
emissions without excessive CO and hydrocarbon formation, or temperature
control problems can be solved by detailed, well-planned statistical
experimental programs on each class of boilers.

Limited field testing of flue gas recirculation into the
combustion zone has proven effective for NOy reduction on o0il fired boilers.
However, additional research is needed to determine the best combination
of low NO, emissions without causing problems of temperature control, or
high CO and partlculate emission levels.

Because of the alternative combustion modification techniques
available for the effective reduction of NOy emissions, the use of load
reduction with its high operating cost penalty appears to be relatively
unattractive for NOx control for oil fired boilers. Assuming the availability
of proper instrumentation and control equipment, the major problem of NOy
reduction from oil fired boilers is to determine the optimum combination of
available combustion control techniques that effectively reduce NOx at each
load without aggravating potential operating problems. Again, the problem of
NOx e@issions due to fuel nitrogen oxidation must be assessed.

The application of combustion modification techniques for NO,

emission reduction from gas fired boilers presents fewer problem areas or

limitations than either oil or coal firing. Our evaluations are summarized
in Table 2 -11 for this equipment category. Experience on many boilers has
showyn that louw N0 zmissicns can be obtained on well-wmaintained and operated
boilers through the application of the proper combination of combustion
modification techniques. However, the demonstration of efficient, planned
multifactor experimental programs to rapidly achieve optimum NO, reduction
within the inherent boiler flexibility is needed to take full advantage of
potential improvements. In addition, research is needed in order to determine
the most effective burner design for wall and tangentially fired boilers.
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TABLE 2-11

‘GAS FIRED UTILITY BOILERS '
OPERATING AND DESIGN PROBLEMS AND LIMITATIONS

Combustion Control Techniques

Low
Excess

Flue Gas Load |
Recir- . Reduc~ Burner
culatiod tion ' Tilt

Staged
Firing
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Operating Problems or Limits
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Steam Temperature Control

Furnace Wall Temp. Limits

Flame Impingement on Furnace Walls

Flame Stability

Corrosion - Furnace Walls & Tubes

Corrosion - Ducts, Air Heater

High CO, HeCe and Combustible
Emissions

High Particulate Emissions

Reduced Operating Flexibility

Reduced Safety Margin

High Operating, Costs

Design, Instrument or
Control Limitation

Lack of Flue Gas Recirculation
Facilities '

Lack of '"NO-Ports"

Lack of Auto. Damper Controls

Lack of CO, H.C. or Combustible
Instruments

Lack of Automatic Control System
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‘2.2 Emission Factors by Fuel
Type and Boiler Firing Method

Nitrogen oxide and carbon monoxide emission factors corresponding
to uncontrolled, base-line operating conditions, were calculated for each
boiler tested. These emission factors are summarized in Tables 2-12, 2-13,
and 2-14, respectively, for gas, 0il, and coal fired utility boilers tested
in our program. No attempt was made to calculate corresponding hydrocarbon
emission factors, since as discussed earlier, the measurable levels of

"hydrocarbon emissions were negligibly small.

Inspection of the emission factor data, expressed both as parts
per million (corrected to 3% oxygen in the dry flue gas), and quantity of
NO, expressed as equivalent NO) per unit energy- input (calculated both as
1b. NOg per 106 Btu and gm. NO2 per 106 calories), indicates a wide varia-
tion of NOy emission factors depending on fuel type and method of firing.

In general, coal firing results in the highest NOx emission factors, but the
distinction between gas and oil firing is blurred, because of the strong
influence of boiler design, size, firing intensity, bound nitrogen con-

tent of the fuel oils, and other factors.

Within a given category of boiler firing design, tangential fir-
ing appears to yield the lowest emission factors, as expected, based on
prior information (1). The high intensity cyclone firing design is at the
other extreme, resulting in high values of the NOy emission factors. Car-
bon monoxide emissions, under normal operating conditions, were found to be
low, without  exception. - This is reflected by the very low values of the CO
emission factors tabulated. However. using modified combustion operating
conditions for NOyx control, particularly with low excess air firing or with
the combination of staged firing with overall low excess air, the CO emis-
sions may increase sharply when the excess-air is reduced below a critical
level. As discussed in Sections 6 and 2.1 of this report, the critical level
of excess air depends on the fuel type and boiler design and operating
characteristics. The emission factors determined in this study in conjunc-
tion with the overall correlations of NOy emissions discussed in Section 2.1,
will be .useful for obtaining better emission estimates for individual boilers
‘than those which could be calculated based on ‘'average" values available

prior to this study 1, 8.



TABLE 2-12

EMISSION FACTORS fOR GAS FIRED BOILERS

(6)

Not available

Boiler Emission Factor
Size and NOx & €O
4+ Load(l) Type of ppm, at 3% 02,] 1b/106 BTU gm/lO6 cal. ppm, at 3% 02, 6 6
Code MW- Firing(2) Dry Basis (3) (3) Dry Basis 1b/10° BTU lgm/10" cal.
Small
B 80F FW 497 0.65 1.16 52 0.043 0.074
I 66F \ 155 0.20 0.36 12 0.010 0.017
Medium ) _
A ~ 180F FW 390 0.51 0.92 14 0.011 0.020
c 315F FW 992 1.29 2.32 (6) (6) (6)
G 220F AW 675 0.88 1.58 . 14 0.012 0.020
H- 320F T 340 0.44 0.79 175 0.145 0.249
D 355F HO 946 (515) (4) 1.23 2.21 86 (67) (4) 0.068 0.122
: Large ‘
g 4 80F HO 736 (140) (5) 0.96 1.73 20-400 0.016-0.33 | 0.028-0.57
F 600F" HO 570 0.74 1.33 8 0.006 0.011
(1) Load: F = Full Load, R =.Reduced Load
(2) Type of Firing: FW = Front Wall
V = Vertical
AW = A1l Wall
T = Tangential
HO = Horizontally Opposed
(3) Expressed as equivalent NO? '
(4) Using "NO-ports"
(5) Using staged combustion

-1 =



TABLE 2-13

EMISSION. FACTORS FOR OIL FIRED BOILERS

Boiler Emiésion Factor
} NO_ co
Size and - 3 X 3
Load (1) Type of ppm, at 3% 02,§ 1b/10° BTU} gm/10 cal. ppm, at 3% 02, 6 6
Code MW Firing(2) Dry Basis 3 3 Dry Basis 1b/10° BTU } gm/10  cal.
Small
B 82F W 580 0.78 1.41 64 0.052 0.094
K 3 66F T 203 0.27 0.49 28 0.023 0.041
3 .
; Medium ' » j
A 180F FW 367 0.50 0.89 19 0.016 0.028
J 250F W 3360 0.49 0.87 30 0.025 0.044 -
D § 349F HO 1457 (300) (4) 0.62 1.11 66 0.055 0.097
G | 220F AW §235 0.32 0.57 19 0.015 0.028
H ¢ 216R T 3161 0.22 0.39 13 f 0.011 0.019
g B 4 . .
i Large o _ .
E % 359F . HO 1246 (200) (4) 0.33 0.60 14 0.017 0.021
Lo 415F CcY. j.530 0.72 1.29 6 0.005 0.009
(1) 1Load: ¥F= Full Load, R = Reduced load
(2) Type of Firing: FW = Front Wall
HO = Horizontally Opposed
AW = All wall
T = Tangential
CY = Cyclone

(3) Expressed as equivalent NO2
(4) VUsing "NO-ports"

_Zg_




TABLE 2-14

EMISSION FACTORS FOR COAL FIRED BOILERS

Botler Emission Factor
NO . Cco
X
Size (1) Type of ppm, at 3% 07 1b/lO6 BTU ! gm/lO6 cal. ppm, at 3% 02 6 - 6
Code MW Firing(2) Dry Basis (3) (3) Dry Basis 1b/10° BTU | gm/10  cal.
Small
M 140R FW 660 0.90 1.63 97 0.081 0.146
~Medium )
C 275F . FW 1490 2.04 3.68 (4) 4) (4)
P 300F T 568 0.78 1.40 25 0.022 0.038
Large .

F 563F HO 838 1.15 2.07 20 0.017 0.030
N 780F HO 905 1.24 2.24 %) (%) @)
0 400R T 405 0.55 1.00 20 0.017 0.030
Q 670F CcY 1170 1.60 2.89 %) 4) (4)
(1) Load: F= Full Load, R = Reduced Load
(2) Type of Firing: FW = Front Wall

T = Tangential v

HO = Horizontally Opposed

CY = Cyclone
(3) Expressed as equivalent: NO2

(4)

Not available

- gf -
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. to formulate general recommendations and to suggest rational apprcache
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3. GENERAL RECOMMENDATIONS FOR
BOILER GPERATORS AND MANUFACTURERS

Further detailed stwdies are required in close cooperation
with boiler operators and manufacturers to optimize and demonstrate
combustion control wethods for NO,. emissions’ from utility boilers. 1In
the case of gas and oil fired units, ficid demonstrations are
nceded on a sustained basis, to allow the optimization of combustion
modification techniques found effective in this study, and to evaluate
the long-term consequences of implementing such techniques on boiler
operability and steam-side performance. For coal fired utility boilers,
the promising results obtained by combining staged combustion with low
excess air firing should be followed up with further, more detailed
exploration of this and other techniques. As the state-of-the-art and
experience reaches a level comparable to that which exists now for gas
and oil fired boilers, demonstration of the best technology on coal fired
utility boilers will be required, including the thorough assessment cf
slagging, corrosion, flame and potential safety problems. :

Knowledge available at present on combustion modifications
for NO, control . is insufficient for generating detailed, step-by-step
instructions of use to boiler operators and boiler manufacturers who
e
s

to the problem based on the expericnce gained by us in these
EPA-sponsored investigations, and by others working in this rapidly
evolving field. The general recommendations or guidelines are best
separated into two categories: :

1. Existing boilers
2. New bcilers

Our recommendations are outlined in the following sections of this report..

3.1 Recommendations for Existing Boilers

To achieve acceptable levels of NO_ emissions, a step-by-step
approach is recommended for modifying the operation, and possibly some
design features of existing boilers. It must be remembered that the
applicability of general principles will be different for each boiler,
depending on its size, fossil fuel type and quality, firing method and
intensity, and peculiarities of the boiler design, In this context, the
overall correlations presented in Section 2.1 will be of use.

As a first step, the operator should catalogue (preferably
with the aid of the manufacturer) the load demand on the boiler, boiler
design and operating characteristics and fuel options available. Equipped
with this information, the following points should be assessed:

i



What load reduction is permissible without affecting
network system periormance and reserve capacity?

The boiler should be operated at the lowest acceptable

load level, particularly for gas fired units which respond
more sharply to load reductions than with other types of
firing. For the difficult-to-control cyclone boilers load
reduction may be the only solutien at present. However,

it is recognized that in most cases a sizable load reduction
will not be a viable approach becausc of the demand for
e2lectricity in the U,S.

What is the minimum level of excess air with which the
boiler can be operated? Usually this is lowest for gas,
intermediate for oil, and highest for coal. To answer

" this question, it will be necessary to determine the
incipient levels of unacceptable CO, hydrocarbon and smoke
emissions, effects on steam temperature control, flame
problems and for coal .firing, potential slagging and
corrosion problems.

Can staged firing be applied to the particular boiler to

be operated under such modified conditions for NO_ control?
To make staged firing truly effective the operating burners
should be fired with substoichiometric air supply, and
minimum overall excess air. +The degree of possible

fuel-rich operation will be a function. of how much load
réduction is permissible. Furthermore, the secondary air
should be supplied near the top row or level of burners,

with maximum.separation of those burners supplied

with both fuel and air. JIf '"NO-ports" are available,

their use should be supplemented with additional staging.

If not available, and staging the burners is impractical

or interferes with boiler operability, the installation of
"NO-ports'" should be considered. This may be more economical
than reducing the load on the boiler to allow modified staged
firing. Since staged firing makes it desirable to operate
with low levels of excess air, and in fact with substoichiometric
amounts of air in some regions of the furnace, all the
precautionary measures recommended for low excess air
operation apply here too. 1In addition, if burner staging

is used, the goal of optimized NO, emission control must,

be reconciled with acceptable stecam temperature control,
which will necessitate experimentation with buxner firing
patterns. ’

Would it be more attractive to increase the capacity of

the burners than to install "NO-ports?" In a tight electricity
demand situation, increasing the capacity of the burners
(i.c., replacing existing equipment at least in part) may
-be more acceptable than to drop the load to make the

staged firing-low overall excess air modification possible.



o Can flue gases be recirculated into the primary combustion
zone? If the boiler is equipped with appropriate gas
handling equipment to the air supply to recirculate flue gases
used for steam temperature control, this feature should be
exploited. If flue gas recirculation is available but only
into the bottom of the furnace, the option of installing
additional ducting, fans, filters, etc., should be considered.

In addition to the above, all "minor" operating changes
discussed in this report should be carefully considered. Once the most
appropriate combination of combustion operating conditions and equipment
wodifications are selected for the particular boiler(s) to be controlled,
standard modes of operation should be established by stepwise implementation of
the changes. Naturally, the procedures adopted for one boiler should
be applicable with minimal changes to similar units.

3.2 Recommendations for New Boilers

Obviously, both the boiler operator and the manufacturer will

have more latitude to bring into line newly designed boilers than existing

ones from the emission standpoint. To meet existing or anticipated

per formance standards, which in fact may become more stringent as new
technology becomes available, we feel that it would be wise to provide

“for sufficient boiler {lexibility in the design phase to satisfy such future
needs. This may be accomplished without incurring prohibitive costs by.

3 3 +1 £ PPN Sy F N U T .o P 2, I = % 3 o
consid ring Lae Io.Liowing ILSLoUs LaoLae speciiicalaln UL @ new boiler.

e Provide for staged combustion and low excess air firing
by individual control of fuel and air flow to burners.
Install oversized burners to allow for changing burner
patterns in staging.

e Design the unit with "NO-ports" or other overfire air
capabilities and a sufficiently high secondary air supply
capacity to penetrate into the flame zone.

B

e Install flue gas recirculation facilities into the primary
combustion zone.

e Consider designing oversized furnaces, particularly for
gas fired units which respond well to this type of change,
and for cyclone boilers which await the development of novel
designs (e.g., recirculation into or staging in the cyclone)
to control NO, emissions by other means.

e Install monitoring instrumentation for NO,, unburned
combustibles and other pollutants to see whether the
control steps are indeed effective and the boiler complies
with regulations. : .
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4. BOILER TEST PROGRAM DESIGN AND PROCEDURES

A top priority recommendation of our Phase 1 NO, Stationary
NO_ Systems study{l) was to conduct a systematic investigation of the
feasibility of applying combustion modification techniques to the control
of NO, emissions from utility boilers, and to obtain reliable emission
factor data on this class of equipment.

Limited experience exclusively with gas and oil fired boilers,
has shown the attractive potential of NO, emission control using
combustion modification techniques such as low.excess air firing, two-
stage combustion, flue gas recirculation, changing burner spacing and
location and combination of such techniques(l). It was also known that
certain firing types. such as tangential and vertical firing, result
in inherently lower NOy emissions than other types, e.g., wall firing.

The purpose of our Boiler Test Program was to systematically
measure NO, and other combustion gas emissions from utility :
boilers, based on a statistically designed program incorporating the variation
of fuel type, boiler design and size, and combustion operating variables.
Using this approach, we designed the test program to provide information
on the scope of applicability of combustion modification techniques for
NOx control, as limited by the operability of the boilers tested, and to
define problem areas and equipment design changes required for optimizing
the use of the control techniques investigated.

o Particular attention was paid to censiderations of other
undesirable emissions or boiler operability problems resulting from
the practice of NO, control techniques. Sampling and analysis on a
real-time basis to yield statistically meaningful information was .
another consideration. Also, the cooperation of electric utility
companies had to be obtained for emiz<ion tests on their equipment,
based on the variation of combustion operating conditions within the
limits of flexibility of the equipment. Finally, for a few carefully
selected coal fired utility boilers, the participation of the boiler
manufacturers was obtained to provide guidance on the limits of
operability of the boilers, and to assess the steam-side boiler
performance consequences of operating changes made for NOy emission control.

This section of the report presents our approach to the
statistically designed Boiler Test Program in which 17 boilers were
tested, including the description of the mobile sampling-analvtical
system equipped with multiple probes and- continuous gas analyzers.
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4.1 Statistical Field Program Design

There are three major sampling problem areas in designing field
test programs that require the use of sound statistical principles for
their efficient solution. First is the problem of selecting a properly
sized, representative sample of boilers for testing from all United States
utility boilers. A second problem occurs in selecting the number, location
and period of time to obtain flue gas samples from each boiler. Finally,
the operating conditions for each test run, as well as the order and number

. of test runs conducted on each boiler presents a problem of statistical
experimental design. This section describes each of these problems
with the corresponding statistical principles involved in its solution.

4.1.1 Boiler Selection

Selecting a proper representative sample of United States boilers
for a limited NOx emission field test program is a particularly difficult
problem because of the wide diversity of boilers in use, and the high
dependence of NCX emission rates on boiler design, operating and fuel
factors.

There are about 3,000 utility boilers currently in use in the
United States. These boilers vary considerably in age, design, size and
fuél usage since boilers are custom-designed to economically meet the specific
requirements of individual customers. Fuel availability, quality and cost, as
well as changing boiler design and construction technology, in addition to other
economic factors have all contributed to the diversity of utility boiler :
in use. o

The conceptual steps involved in statistically designing the
selection of boilers were:

(1) Determine the total number of boilzrs to be tested considering
limitations of cost, time, and.other factors.

(2) Determine the major boiler design, fuel and operating factors
for classification of boilers into strata or sub-populations.

(3) Allocate the total sample of boilers to the sub-populations in
an optimum manner. .

(4) Select individual boilers within each sub-population to minimize
travel, administrative and other costs.

To plan the Boiler Test Program, the detailed information on boiler
operating and design features and emissions obtained through the Steam-
Electric Plant Survey of our Phase I Stationary NQ{ Study(1) was analyzed.
The total number of boiler-fuel combination to be tested was limited
by the sevenmonth period available for the test program. Allowing one
day each for system set up and breakdown, plus an average of. three
days required for testing (12 to 24 test runs), resulted in about one
week of time available for testing a boiler-fuel combination. However,
wherever practical, boilers capable of burning more than one fuel were
selected, resulting in saving two days for each additional fuel as
well as giving better precision in comparing fuels within boiler
types. An average of three days testing per boiler-fuel combination
was the minimum time required to explore adequately NO, emission
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reduction through combustion control on most boilers. Allowing for
travel time, boiler operating problems, and the required analytical
train maintenance, resulted in a maximum of about 20 to 30 boiler-fuel -
conmbinations which could be tested in an optimum situation during the
contractual period.

Classification of boilers into subpopulations or strata has many
advantages. Emission data is assured for each prime subdivision of the
entire population of boilers. Improved precision of the total estimated
boiler emissions is obtained through stratified sampling. The complex
sampling problem is reduced to manageable size and maximum use is made
of prior information.

The three major variables used in classifying boilers for sampling
were fuel burned (coal, gas and oil), type of firing (front wall, opposed
wall, tangential, vertical and cyclone) and boiler size (steam rates of
less than 1, 1 to 3 and over 3 million pounds of steam per hour). This
classification system defines 45 subpopulations without considering other
important variables such as burner configuration, number of furnaces,

furnace loading, burner types, air system, boiler operating flexibility
and fuel grade. Breakdown of boilers into the above three size

categories represents the gross distribution of electric utility
‘boilers in the U.S., weighted by actual electrical generation.:

Table 4-1 presents the planned proportional, stratified sample
of test boilers. The allocation of test boilers to the subpopulations
was determined using the statistical guidelines of optimum allocation
considering the number of boilers in use within each subpopulation, the
relative variation of boilers in each subpopulation,and the cost of testing
within each subpopulaticn. This ideal plan called for twenty boilers (34 boiler-
fuel combinations) to be tested with replication in the most important
groups. Thus, 6 our of 7 of the "A".groups, 3 out of the "B" groups, 5 out
8 "C" and 9 out of 10 "D" groups were to be sampled.

The selectlon of individual boilers to represent each subgroup
was based on a number of technical as well as economic factors. Boiler
operating flexibility, availability of special combustion control equip-
ment such as flue gas recirculation and two-stage combustion "NO-ports,'
and the ability to burn more than one type of fuel were key factors. To
reduce administrative costs, the number of cooperating companies was
minimized consistent with wide geographic dispersion of boilers to assure
a variety of fuel compositions. Stations with several boilers, particularly
those that burned more than one fuel type were given special consideration
in order to minimize travel time and administrative costs. In addition,
station management experience in operating boilers under a variety of
operating conditions and. their willingness to run their boilers according
‘to a planned statistical program were considered in selecting boilers.

Thus, to briefly summarize this section, there were many statistical
principles which guided the selection of boilers, even though a strict
probability sampling plan was not used. A proportional, stratified sample’
of boilers ,was selected for testing. Replication within several important
strata was planned so that objective measures of boiler-to-Yoiler variation
could be obtained. Paired sampling was employed to reduce- costs and to
enhance the comparison of emissions from different fuels within the same
boilers. A minimum number of companies and stations were selected in
order -to minimize necessary neetings for agreement and approval of test



TABLE 4-1
BOILER SUBPOPULATIONS TO BE_STUDIED

Boiler
Size as Fuel and Type of Firing
Steam Rate ’ 0il Coal
(106 Lbs./Hr.) FW HO v T cY FW HO v T cY FW HO
A c | B_ A | A e {la c
<1 5 9 ‘ 9 13
13
1-3 A | B ¢ |n | B A | |la | B
’ 1 12 15 4 2 7 18 2 12
2 14% 8 8 14%
8 17 11
11
S D D D D_ b_ c_
>3 16 3 6 19 3
20 :
|
* All-Wall Fired Boiler
Code Letters Estimated- % of United States Boilers Within Each Fuei Type
A >12 '
B 8 to 12
c ' 4 to 8
D : ' <4
Code Numbers 1 to 20 identify boilers in original program plan.

:

Type of Firing Codes:

FW - Front Wall .
HO - Horizontally Opposed
V - Vertical

T - Tangential

CY - Cyclone

-.Of]-
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programs, and to minimize travel time so that a maximum number of boilers
could be tested in the allotted time period. In addition, representative
boilers of all four major U. S. boiler manufacturers (Babcock. and Wilcox,
Combustion Engineering, Fostexr-Wheeler and Riley Stoker) were tested.’

4.1.2 Representative Sample Selection

The characterization of flue gases from existing stacks or
ducts requires a sampling program that is statistically significant.
Since the volume of gas passing any given cross-section of the duct
per unit time is the product of the average gas velocity and the cross-
sectional area, and the composition of the stream may vary within the
given cross-section, one must be sure that the sampling procedure
provides a true characterization of the flue gas stream.

In choosing the location for the measurement of the gas stream,
two things must be kept in mind. First, the determination should be made
where the gas flow is as uniform as possible and second, the area should
be convenient for setting up equipment.

Having selected the location at which to make the test, the
number and location of sampling points must be determined. The number
of areas samples should be large enough to insure a reasonably accurate
measurement of the average velocity over the entire cross-section.
However, where there is a fluctuation in the velocity with time at any omne
point it is preferable to make many observations at a few points to
a few observations at many points.

For this test program the number of equal duct areas that could
be monitored reliably was 12. Three points were composited and measured
for two minutes once every eight minutes.. This procedure was repeated
four times for each test. During the two minute test period the flue
gas composition cycled one to two times and an average value was recorded.
In some tests where large variaticas occurred, each point was recorded
to determine the differences betwen extremes for a particular boiler
test configuration. Thus,a total of 16 measurements (of 3 point compo-
sites) were obtained from each test run. The average of these 16 measure-
ments is equivalent to a proportional, stratified sample of -48 grab
samples. This measurement system also provided the opportunity for
internal check of time-to-time variation as well as variation within the
cross section of the duct for each test run. Thus, gross errcrs and
responses to unplanned boiler changes could be detected and evaluated be-
fore final run average emissions were calculated.
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4.1.3 Boiler Test Program Design

Modern statistical experimental design offered effective guidance
in planning the test program for each boiler so that required data could be
obtained with minimum cost, time, and effort. A systematic procedure was
used to zssure that all pertinent information was gathered and evaluated
in planning each test program. Table 4-2 provides an outline of this pro-
cedure which was used in planning test programs on all boilers.

TABLE 4-2

Planning the Test Program

1. Design the Test Program. -

a. Hold a Conference of all Parties Concerned

1.
2.

State the objectives of the test program.
Agree on magnitude of emission differences con-
sidered worthwhile. '

‘Choose the operating factors to be studied.

Determine the practical range of each factor

and specific levels. ’

Choose end measurements to be made.

Consider sampling variability and precision

of test methods.

Determine limitations of time, cost,operating
flexibility, manpower, testing equipment, weather, etc.

b. 'Design Program in Preliminary Form

1'
2.
3.

4,

Prepare a systematic and inclusive schedule.
Provide for sequential staging of schedule.
Eliminate effects of variables not under study
by controlling, balancing, or randomizing them.
Minimize number of experimental runs.

c. Review the Design with All Concerned

1.
2'

Adjust program if desirable.
Spell out steps in unmistakable terms.

2. Plan and Carry Out Experimental Work

1.
2.

3'
b

Develop methods, test equipment, and sampling equipment.
Determine sampling and testing errors and standardize
procedures.

Repeat base runs to determine true repeatability error.
Run experimental trials sequentially.

The major objectives of the boiler test programs were to (1)
obtain base-line uncontrolled emission rates on boilers representative of
the most important types in the United States, and (2) to determine the
applicability of the potential combustion controls to_NOx emission control,
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Due to limited time, it was not possible to determine optimum boiler
operating conditions for NO_ control, although in a number of cases
the general optimal region Sould be outlined from analysis of the
test results obtained.

The most important guiding principles used in planning'each
test program were: (1) minimize the number of test rums required to
meet test program cobjectives by using the most efficient experimental
design available considering each boiler's operating flexibility and the
estimated experimental error, (2) make use ot all accumulated knowledge
and experience available in crystallizing test objectives and planuiing
the experimental design for each boiler test program, (3) utilize the
sequential approach to experimental design by planning readily augmentable
blocks of experimental runs, (4) take advantage of fractional factorial designs
where the possible number of experimental runs obtained- through varying
pertinent operating factors was too large, (5) replicate a suf-

ficient number of test runs to obtain a reliable measure of experimental

error or repeatability, (6) determine the order of runs by a pure
random selection process unless this procedure would lead to excessive
operating costs or a greatly reduced number- of test runs per day, and
(7) reduce the effects of variables not under study by controlling,
balancing, or randomizing them.

These guiding principles, based on both theory and practice,

,led us to take advantage of factorial type experimental designs in most

boiler test programs. Full factorial designs make it possible (1) to estim-
ate the main effects of each factor independent of each other, (2) to
determine the dependence of the effect of every factor upon the level of the
others (interactions), (3) to determine the effects with maximum precision,
and (4) to obtain an estimate of the experimental errer feor the purpose

of assessing the significance of the effects. Where the number of operating
variables was too large to perform a complete factorial design, frac-

tional designs were used.

The combustion control variables included in most of the
experimental programs were load, excess air level and some form of -
staged combustion. With two levels of each of the three variables tested,
a complete factorial would require 8 runs while a total of 27 runs would be
required for a full factorial design of 3 variables each at 3 levels.

The need to test a relatively large number of boiler-fuel combinations
restricted the number of test runs feasible on each boiler,and thus most

operating variables were tested at only two levels. An exception to this
general rule was boiler load. The first few oil and gas fired boilers in

the study were tested at three load levels in order to determine if emission
rates changed linearly with load and also if there were significant excess air
and staging interactions with load. Later, boilers were generally tested

at only two load levels since interactions were found to be fairly small,
Roughly linear relationships were found between NO, emissions and load, and
rather comp}ete combustion control evaluation was desired at full load and at
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reduced load conditions. Where 5 or 6 operating variables were avail-
able for testing, a complete factorial experiment at two levels would

" require 32 and 64 runs, respectively. Consequently, partially

replicated factorials were designed with emphasis placed on areas

felt to be of the greatest interest, such as full load, low excess

air, and/or staged combustion. ' '

A practical balance was sought between the statistical desir-
ability of pure randomization of the order of test rums (which would
often greatly reduce the number of test runs accomplished per day) com-
pared to ordering test runs in light of opérating costs and convenience.
In most cases, it was felt that the increased number of runs available
per day through evaluation of operating considerations more than offset
the possible loss in quantification of statistical probabilities. 1In
addition, the effect of variable fuel quality and unmeasured boiler
operating factors with time wereminimized by limiting the test program
to fewer test days. Another violation of pure randomization of run
order was often made to assure better "paired comparisons' within one
day's runs. For example, the lowest level of excess air that could be used
at a given load without exceeding acceptable hydrocarbon or carbon monoxide
emission limits* was heavily dependent upon a number of boiler design and
operating conditions, and therefore, was difficult to predict in advance.
Thus, it.was often desirable to first reduce the excess air to the
minimum possible under the prevailing boiler conditions, and then make
a run at a higher excess air level, with a known minimum difference,
rather than make these runs in the reverse order.

* - Measureable hydrocarbon emissions in this study were found to be negligible.

The "acceptable'" level of CO was set at 200 ppm, which corresponded to
the practice of some of the boiler operators, and was found to correspond
to the level of excess air below which a sharp rise in CO emissions would
occur.
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4.2 Design of Mobile Sampling
and Analytical System

Meeting the objectives of our field program of measuring NO
and related products of combustion emitted. from a variety.of power boilers
required a versatile, transportable sampling and.analytical train. Such
a system had to be self-contained, mobile, and include provisions for wet
chemical analysis of grab samples. Minimum set-up time was another re-
quirement for the sampling and analytical system, which had to be
installed at the actual sampling site to reduce the possibility of changes
in the flue gas composition. Ideally, the instruments should have been
located at the sampling.point, but since this location was frequently in-
aqcessible and was usually unsheltered, some compromise had to be made.
Other requirements for the instruments for the measurement of the concentra-
tion of the flue gas components were easy calibration, maintenance-free and
repeatable operation, and the apiliity to monitor gas compositions continuously.
The last requirement is of extreme importance in a field program, where
directional effects of operating changes must be assessed immediately.

Finally, the instrumental methods had to be compared against
wet chemical methods of analysis, as needed, to validate the accuracy of
the sampling system and continuous monitoring instrumentation.

4.2.1 Samoling SvstemA

’

The -objective of obtaining data from coal, as well as oil and

gas fired boilers required the development of an elaborate sampling

system. Consideration of the solubility of NOj in water, the presence

of oxides of sulfur, and the high concentration of particulates in the
combustion gases were taken into account in the design of the sampling
system. The sampling system was designed with adequate flexibility to

allow gas sampling from different size boilers or other stationary combus-
tion equipment. It could handle flue gases with heavy particulate loading
from coal fired units, as well as light particulate loading from oil fired
units. The sampling assembly was a dry-type system with appropriate particu-
late filters, pumps, and a refrigeration unit to cool the samples to-a ’
35°F dew point before analysis.

The sampling points for flue gas compenents were usually located
in the duct-work between the economizer and the air heater. This was done
to provide reasonably homogeneous gas samples at the temperatures to which the
probes could be subjected,and to avoid dilution of the samples by
leakage in the air heaters of the boilers tested. In this part of the
duct-work, temperatures usually ranged between 550°F and 800°F, and gas
velocities were between 30 and 80 feet per second.
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The variability of ducting between different boilers required
the design of adjustable sampling probes. These probes were designed
with interchangeable gas sampling tubes. Since we sampled from "equal
areas” in ducts of different sizes, the probes were assembled on location
for the particular duct. A special pitot tube and a thermocouple were
located at the midpoint of each probe with a sampling tube, The re-
maining two gas sampling tubes were then assembled and the entire probe
was ready tc be inserted into the duct. Each probe was fitted with a
quick disconnect as a mounting assembly for easy insertion into the
boiler., All pieces of the sampling equipment between the van and the

- probes were of the quick-disconnect type for ease of assembly and

assurance of a leak-proof connection at all intermediate points. Figure
4-1 shows a schematic diagram of the sampling and analytical system,
Detailed illustrations of this system are given in the Appendix.

In running field tests, the gas samples were withdrawn from

“the boiler under vacuum through stainless steel probes to heated paper

filters where the particulate matter was removed. These paper filters

- were maintained at 300-500°F. The gases were then passed through

rotameters, which were followed by a packed glass wool column for SO
removal. Initially, the gas temperatures were kept as high as possible
to minimize condensation in the particulate filters. After leaving

the packed column at 250-300°F, the gas samples passed at temperatures
above the dew-point through heated Teflon lines to the vacuum/pressure

pumps. The sample was then split with a portion at 120°F sent to
the NO, instrument and the balance of the stream refrigerated to

a 35°F dew-point before being sent to the van for analysis. Usually,
the van was located 100 to 200 feet from this point and the gas stream
flowed through Teflon lines throughout this distance.

The sampling system performed well during the test program,
however, some difficulties were encountered with the vacuum pressure pumps.
The pumps originally acquired for our sampling system were stainless steel
bellows pumps. These pumps were manufactured with a clearance volume for
slugging liquid entrainment. After about 40 hours of use the pumps began
to leak and inspection revealed that the bellows became deformed and
perforated with pinholes. The probable cause of failure was condensate
remaining in the pump during the compression stroke deforming thz bellows.
The manufacturer (Metal Bellows Corp.) supplied replacement sets of pumps
and we revised the sampling system in an attempt to overcome the problem.

. Water knockouts were incorporated before the pumps and the pumps were

mounted upside down to facilitate draining of liquids that condensed dur-
ing shutdown. This procedure did not eliminate the problem ‘and new Teflon
faced neoprene diaphragm pumps (Diapumps) had to be installed. These
proved to be satisfactory in use for the remainder of the field test
program,
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Another problem of air leaking into the lines was found to
be due to the flexible lines. While these lines were designed for
high pressures and temperatures, their flexibility was not sufficient’
for our purpose. After severe bends, necessitated by probe locations,
leaks would develop when the lines were heated to high temperatures.
We are currently experimenting with a new design which eliminates the
protective wire braid from the line on a replacement basis. Preliminary
evaluation shows that this type of line is superior to the old one. Also,

pressure-testing all lines at each boiler in future work will be required
to correct this problem.

4.2.2 Analytical Instrument Train

The selection of instruments for the measurement of flue gas.
composition was complicated by the relatively short delivery time neces-
sitated by the requirement to begin the field test program in the early
part of the contractual period. The instruments had to be installed and
wired in a console and checked out before the test program could begin.
Beckman Instruments Inc. was chosen as the supplier for these instruments
because of their ability to deliver monitoring instrumentation in a short
time and Esso Research and Engineering Company's prior familiarity with
their analyzers in other air pollutant measurement trains. Another reason

- was the availability of the field service organization of Beckman which was

felt to be an important asset for field studies.

The instruments selected for monitoring flue gases were
those tltat had been demonstrated to be accurate and reiatively trouble-
free in previously used exhaust gas analytical trains at Esso. Our van
was equipped with Beckman non-dispersive infrared analyzers to measure NO,
CO, COy and SOy, a non-dispersive ultraviolet analyzer for NOy measurement,
a polarographic Oy analyzer and a flame ionization detector for
hydrocarbon analysis. The measuring ranges of these continuous monitcx:
are listed in Table 4-3.
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TABLE 4-3

Continuous Analytical
Instruments in Esso Van

Beckman ) Measuring

Instruments Technique Range

. o 0-400 ppm

NO Non-dispersive infrared 0-2000 ppm

Yy . S 0-100 ppm

NO2 . Non-dispersive ultraviolet 0-400 ppm

L 0-5%

02 Polarographic 0-25%
002 Non-~dispersive infrared . 0-20%

- : ; 0-200 ppm

GO . Non-dispersive 1nfr§red 0-1000 ppm

: : . 0-600 ppm

802 Non-dispersive infrared 0-3000 ppm

OQiO ppi
- Hydrocarbons Flame ionization detection 0-100 ppm

0-1000 ppm

The instruments were housed in a console which was shock-mounted
inside the van. All connections to the console were made beneath the floor
to prevent a tripping hazard. Separate raceways for piping and electric
wires terminated in the base of the cabinet. Each analyzer was connected
in parallel to the sample and calibration gas lines to insure that each
analyzer would be operated independently of the others.

In the original design of the sampling-analytical train and during
its construction, sufficient flexibility was engineered into our system to
allow additional analyzers to be installed, and for modifications and special
sample handling techniques to be incorporated. In addition to analytical
instrumentation for continuously measuring all of the major flue gas com-
ponents including NO, NO2, CO, CO2, Oz and hydrocarbons (with an instrument
added later to measure S0,)» the temperature and velocity of the gases in
the duct could also be measured. A novel programmable sample timer was
installed to allow any sample cycle to be simply dialed into the equipment.



- 50 ~

Normally, measurements from four different locations within the ducts
cogld be made in eight minytes. After steady state condition$ 'in the
boiler had been established, the sampling time of 32 minutes per test
allowed 4 repeats of each location assuring that reproducible data
were obtained. The programmable sample timer proved to be very useful
when monitoring operations at very low excess air levels, because the
most sensitive areas had to be monitored more frequently.

Separate calibration gas cylinders in appropriate concentra-
tions with N» carrier gas for each analyzer were installed in the wvan.
Each cyllnder was equipped with a regulator, safety relief valve, ex-
cess flow check valve and other necessary valves and piping. The
cylinders were securely fastened to the body and frame of the vehicle
to insure safe transportation. Each cylinder was piped directly to
the analyzer for ease of operation.

The sample gases were pumped to the van from four separate
probes. While one sample was being monitored, the other three were vented
from the van to insure that a fresh sample would be available when re-
quired. This operation was performed automatically by the sample timer.

‘The .gases were analyzed as received at the 35°F dew point except
for the NO instrument which had twin chemicdal driers for the removal of
water. The driers were filled with fresh indicating drierite before each
run and were only used until the color change had reached the mid-point of
the tubes.

The hydrocarbon instrument, a Beckman Model 400 flame ijonization
detector, measured oniy the hydrocarpons that reach the instrument. Only
hydrocarbons volatile under the sampling conditions could be measured by this
instrument because of the sample preparation system. The initial filtration at
300-500°F removed solid as well as liquid particulates. The glass wool packed
column, maintained at 250°-300°F, might have removed lower boiling liquids. The
gases were then refrigerated to a 35°F dew point before being analyzed for
hydrocarbons. The condensate from the refirgeration unit was analyzed for
organic carbon in selected test runs, and was found to contain on the average
20-30 ppm hydrocarbon equivalent in the flue gas.

In addition to the recorders in the van, separate trend re-
corders for NO, 0, and CO were provided for remote observation of flue
gas concentratlons in the control room of the utility., The effects of
changes in operating variables, therefore, were continuously displaced
to provide information to the operating personnel in the control roam.

While in most cases the instruments performed satisfactorily,
some special problems did arise. The CO instrument, which has a long
path infrared cell, was found to be sensitive to 200 ppm CO full scale. Moisture
interference was a major problem for this long path instrument. Changes
were made in the filter cells, heater circuits and in the gold coating
of the sample cell. .These changes reduced the problem but could not
completely eliminate it. Although this problem may be circumvented by

using chemical driers upstream of the sample cell, a more satisfactory
solution is desirable for future measurements of this type. Narrow

band-path optical filters will be installed to reduce moisture inter-
ference with the response of the sample cell. :
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The NO, instrument, a non~dispersive ultraviolet analyzer, was
designed for 100 ppm NOp full scale. However, the accuracy of measuring
extremely -small amounts of MO, in the flue gaseswas affected by the noise
level of the instrument. This noise level was substantially increased by
the remote location of the N02 instrument, and the varying temperature
environment. :

Our experience demonstrated that with the NO2 analyzer (an in-
strument designed for a laboratory environment) even tiough it was shock
mounted for vibration, the sensitivity of the mirror adjustment was such
that we lost calibration during runs due to boiler-induced and other
vibrations of very low frequency. Aiso, because this instrument was used
for measuring hot samples of the corrosive flue gas which had net been
subjected to condensation, the analyzer was fouled easily. Small tempera-
turé variations due to the wind-chill factor at unprotected outside
boiler locations could cause condensation in the analyzer., Then, an
elaborate cleaning procedurc was required, which could not be performed
during actual testing. Based on these findings, our future plans
are to redesign this portion of the analytical system.

4.2.3 Integration of Sampling-
Analytical System into Mobile Van

The van used to house the instruments, sampling train, and wet
chemical laboratory is a Winnebago mobile home shell. The basis for theée selec~
tion was availability, allowable payload weight and a self-contained ’

_propulsison system to provide maximum mohility., The shell is 27 feet long

by 7 feet 6 inches wide and is mounted on a Dodge truck chassis, The .
driver compartment is located in the first 5 feet of the shell., The van
is air conditioned and heated for all-weather operation. A gasoline-
powered electric generator housed in a compartment of the chassis provides
power for lighting and air  conditioning during the initial equipment de-
ployment. However, during sampline and data collection the van operated
with electricity provided at the generating station. A floor plan of the
van is presented in Figure 4-2.

The instruments are housed in a permanent shock mounted instru-
ment console. The calibration gases are permanently installed in the rear
of the van. These cyclinders are securely mounted for traveling and each
bottle has its own low pressure safety valve and velocity check in addi-
tion to standard regulators and valves. The rear of the van is designed as
a laboratory bench including a sink. It is used for experimentation
and as a foul weather workbench. A swingaway desk top and a file cabinet
provide an area for data analysis inside the van. A Sony programmable desk
calculator for preliminary data reduction is part of the equipment carried
in the van,
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An electrical distribution center for the van includes voltage
regulators ahead of the instrumentation to anticipate any large variations
in line voltage between generating stations. Normal power requirements are
14 KVA for the van and the remote sampling train.

The van holds its own water supply and has a portable winch

for equipment deployment., The external connections to the van are all quick
disconnects in an umbilical area. -

4.2.4 Comparisons of Van Data with Other Methods

A number of times during the test program comparisons were
made with other methods for determining the gaseous composition of the
test stream. Generally excellent agreement has been obtained and
summaries of these data are presented in the following tables. The NDIR NO
values reported in these comparisen tables are the quantities of X
NO measured adjusted by a factor of 1.05 to take into account the NO. portion
of the total NO,. The same correction factor was found to be acceptgble
in actual test runs when the NO, analyzer was malfunctioning or its
reading was within the noise range of the instrument.

. .The Envirometrics NS-200 instrument was compared with the
Beckman NDIR NO analyzer. The NS-200 was operated in two modes: (1) with a
scrubber to remove S0, as is done with the Dynasciences analyzer based on
a similar electrochemical principle and (2) without the scrubber to allow com-
pensation for SC, in dual mode operation. The SO, compensation was calculated
manually for the“purposes of this test. While the scrubber did -
remove some 0f the KO and NO, in the sample gas, operation with the
scrubber appeared to give clOser agreement with NDIR than operation
without the scrubber; there seemed to be an approximately 20 ppm
uncertainty in the S0, reading. These comparisons are shown in Tables 4-4
and 4-5. ' .

__TABLE 4-4

COMPARISON OF ENVIRONMETRICS ANALYZER*
WITH NDIR (802 SCRUBBING)

NOy NOx
Environmetrics NDIR Difference
ppm (Dry Basis) ppm (Dry Basis) ppm
170 173 -3
155 153 +2
200 . 207 . -7
200 196 +4
205 207 -2
‘190 201 -11
175 : 177 -2
185 IEI =6
Average = 185 188 -5

* Readings to nearest 5 ppm (1000 ppm full scale).
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TABLE 4-5

Compensated % NOx
. NO, Reading** 809 Reading NO, Reading NDIR Difference
ppm (Dry Basis) ppm (Dry Basis) ppm (Dry Basis) (Dry Basis ppm
530 325 170 177 7
465 245 195 187 8
505 280 195 . 173 .22
475 310 135. 170 35
545 355 155 190 35
Average = 166 179 21
* Readings to nearest 5 ppm (1060 ppm full scale).
*% NO, reading is 100% of NO, 80% of NO,, 110% of SO,.
%%% Manually calculated compensation (Envirometrics analyzer
has automatic compensation mode).
A comparison between the Beckman NDIR and a Whittaker
(Dynasc1ences) polarographic NO instrument was also performed on
flue gas from a 200 MW boiler ufing Q.5% sulfur fuel oil. Numerous

changes were made during the course of the tests,

including the varia-

tions of excess air, flue gas recirculationm, and staged firing of the burner:
No details of the exact conditions are presented in Table 2-6, since the pur-
pose of these measurements was to compare the relative readings of the

two analyzers.
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TABLE 4-6

COMPARISON OF WHITTAKER POLAROGRAPHIC NO
AND NDIR NO INSTRUMENTS

Polarographic,* NDIR* Difference
ppm NOy (dry) ppm NO, (dry) Ee'm..___
376 o352 24
340 315 25
293 286 . 7
251 249 2
281 . 271 10
220 227 ‘ 7
320 330 10
385 414 29

Average = 14

* Each point is the average of four readings
over an eight minute period. Flue gas oxygen levels
varled between 1.8 and 2.7 percent

. The polarographic instrument responds to both NO and NO,:
this particular sensor was found to respond 100% to NOy in dry Njp.

The NDIR responds only to NO. A liquid scrubber for S0y was used on
the polarographic instrument. Tests indicated that it absorbed 1.5
pdrcent of the inlet NO in a dry Ny stream. HNo tests were conducted
to determine the amount of NO2 removed in the scrubber but the man-
ufacturer states that less than 5% is removed. During the four hour
test period, it was not necessary to zero or span the polarographic
instrument and the NDIR instrument required only infrequent calibration.

No independent NO) measurements were made during this compérison test.
NO2 measurements using a .Beckman NDUV NO7 analyzer in previous tests
under similar conditions were in the 10 to 20 ppm range. Hence, although
the polarographic instrument responds .to both NO and NO2, the absorption
of part of the NOj by the scrubber and the low anticipated level of NOj
should cause the rcadings of the two instruments to be in fairly close
agreement.
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Comparisons made against a DuPont 461 NO_-analyzer and another
NDIR CO instrument are présented below. These dat3 were obtained by
sampling the flue gas generated in a coal fired fluid bed laboratory
combustor. For five gas measurements, the NO_ readings by all methods
were corrected to 3% 05 on a dry basis. *

Others* Van#* Difference, ppm
CO, ppm (3% 02) 631 648 17
NO_, ppm (3% 0,) 687 680 7

* 02 level 57%. :
Both NO and CO checks gave good agreement. Comparison. data
obtained in testing boiler A on NO , O,, and CO, are presented in
x> "2 2
Table 2-7.

TABLE 4-7
COMPARISON OF VAN INSTRUMENTS IN BOILER TESTS
Van Others* Mo,
N0§ ppm 02 C?Z Nox ppm 02 C?Z Difference
Probe (3% 021 % A- (3% 021 % 'A _ppm -
1 129 2.7 10.7 125 2.9 10.1 4
27 151° . 1.0 11.6 136 1.2 11.1 15
3 201 2.6 -~ 10.8 192 2.8 10.5 "9
4 379 2.3 2.2 10.8 22

10.9 357

* Average of 3 samples by PDS for NOx and Orsat analysis for 02.

For all three species compared in Table 4-7, the differences obtained
with different analytical methods were within the accuracy of the measure-

ments.
The following tables provide comparison data on NO, and 09

obtained at Boiler H and Boiler C with wet chemical methods performed by an
outside laboratory.

TABLE 4-8

BOILER H ANALYTICAL COMPARISONS

Van Others* NO,
NO,, ppm 09 NOy, ppm 0, Difference
(3% 05) .4 (37 022__ % ppm
Test IV
. Avg. of 5 .
Samples 217 6.2 217 6.4 0
Test IX
Avg. of 3 . :
Samples 148 3.9 180 3.9 32

* Average of PDS for NO_ and Orsat analyses for 02.‘
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. TABLE 4-9

BOILER C ANALYTICAL COMPARISONS

Van : Others* NO,
NO,, ppm 0y NO,, ppm 09 Difference
(3% 02) % (3% 02l~ % ppm
Test V
Avg. of &
Samples 400 2.6 400 2.6 0
Test II
Avg. of 12 .
Samples 270 2.2 300 2.6 30
Test IIT
Avg. of 4

Samples 675 3.3 " 678 3.0 3

* Average of PDS for NOx and Orsat analyses for O2

In general, the agreement was excellent between NDIR and PDS
methods, similar to the conclusions of a recent study by Fisher and
Huls(2) which showed that an NDIR NO analvzetr gave comparable readings
over a wide range to those obtained by the PDS method. However, in their
comparisons the Saltzman technique gave consistently lower values (by
about 100 ppm) than either the NDIR or PDS methods. .



- 58 -

4.3 Test Procedures

utility boilers consisted of the following major phases in this study:

Q

The planning and implementation of measuring emissions from

First, on a preliminary basis, candidate boiléers were
selected for testing, corresponding to the considerations
discussed in Section 4.1, i.e., based on the distribu-
tion of utility boilers by fuel type, size,and type of
firing. '

Second, the voluntary cooperation of utility owner-

- operators was solicited. In these initial meetings with

them, our program plans, major objectives, and the desir-
able boiler features for emission testing were discussed
with the owner-operators. For testing emissions from
three specially selected coal fired boilers, personnel

of the boiler manufacturer subcontractors who suggested
representative boilers of their manufacture. also partici-
pated in the meetings with the utility owner-operators.

Third, the final boiler selection, the detailed schedule
for the test program,and the changes in boiler operating
variables were agreed upon with the utility owner-
operators prior to testing. Sequentially blocked

test programs were designed for each boiler in such a way

that important findings of the initial emission tests could

be used to modify the plans for subsequent testing of the
boiler during the course of the program.

Fourth, acoording to the overall Boiler Test Program

- schedule, the Esso sampling-analytical van was deployed

to each generating station where emission testing would
take place., Our equipment was set up for measuring
emissions under diverse -operating conditions effected by
the operating utility personnel cooperating with us, and
the program plans were implemented to obtain data under
base-line and modified operating conditions, within the
limits of flexibility of the equipment tested. Steam-
side data were gathered on the three selected coal fired
boilers by their respective manufacturers, to assess the
thermal consequences of operating changes made for re-
ducing NO, emissions.

Detailed aspects of planning and conducting the Boiler Test

Program with owner-operators and manufacturers are discussed
in this section.
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4.3.1 Planning the Program with Boiler
Owner-Operators and Manufacturers

Our preliminary boiler selection for testing was based on the
information available to us through the detailed steam—-electric plant
survey conducted as part of the Phase I stationary NO_ study (1) which
provided data on 670 boiler-fuel combinations, and other information
sources. In addition to trying for a proper balance of boilers to be
tested according to type of fuel, type of firing, and size, we strongly
focused on the potential operating flexibility. of the boilers for
implementing changes beneficial to NO, emission control, as identified
in our Phase I study.

Thus, we were able to generate a preliminary list of boilers
to be tested, representing on a weighted basis the most important
utility boiler-fuel combinations., Of the 20 boilers initially selected,
15 were actually tested and two additional boilers were included in the
program.

‘Major variables of interest to NO, emission control were the
boiler load, level of excess air, potential for staged combustion, flue
gas recirculation, air preheat temperature, and other characteristics
which could affect the level of NO, emissions, e.g., fuel composition,
furnace and burner configuration and operation. ‘

Representatlves of electric utility companies who cooperated
with us in the Phase I stationary NO study (1) by supplying data on the
design and operation of their boilers and emission levels measured by
them were visited to solicit their cooperation in the Boiler Test Program.
Our strategy was to visit the minimum number of utility headquarters for
in-priniciple agreement to participate in the program, and then to take
advantage of the availability of several utility boilers at a given
generating station chosen for testing, to maximize the amount of informa-
tion obtained on representative major boiler types. Also, in scheduling
the tests, we felt it was desirable to carry out the early part of the
program near the Linden Esso Research Center to enable us to make neces-
sary corrections and changes in the sampling-analytical system. Further-
more, we attempted to include utilities in the program with -background
and experience in emission testing and control. In general, these first
meetings with the utilities consisted of brief presentations of the
Phase I stationary NOy study findings, and of the plans and objectives of
the Boiler Test Program. As a result of these discussions, we obtained
the agreement of the utility owner-operators to cooperate in the program
and their permission to visit candidate bollers to obtain a better under-
standing of their design and operation, and to discuss plans and potential prob-
lems with operating personnel. Thus, we were able to validate our thinking
about the conceptual test program design, and modify it by additions or
substitutions of boilers to be tested based on the information gathered
during these visits and discussions.,
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The detailed review of the test plans with boiler operating
and boiler manufacturing personnel also included the discussion of
provisions for sampling locations, additional operzting data logging,
fuel sampling, and other pertinent variables to be monitored during
-theé emicsion measurements.

4.3.2 Conducting the Test Program

Conducting the test program efficiently was greatly simplified
due to the detailed planning and preparation for testing carried out
jointly with boiler owner-operators, and manufacturers. Thus, the agreed
upon operating program, detailed data recording forms, communication links
with all parties, alternative experimental plans (in case of unplanned
changes in loads, fuels or equipment), arrangement for manpower to obtain
fuel samples, overtime provisions, etc., provided a basis for rapid

accomplishments and decisions on necessary changes .to plans.

Flue gas samples were taken to represent planned steady state
furnace and steam conditions. Thus, it was necessary to determine by
careful observations of furnace flames, control room instruments, and flue
gas measurements that the operating variables such as load, exceéss air,
flue gas recirculation rates, damper settings, etc., were at their proper
levels for each experimental run.

that accurate and 1epresentat1ve emissions could be determlned Our ex-
perience had demonstrated that 30 to 45 minutes of continuous measurements
covering 12 sampling points were adequate for .gaseous components..

The actual results of each block of experimental runs were
compared to the results expected on the basis of both theory and practical
experience. Such preliminary analyses then provided a flexible basis
for curtailing or expanding experimentation, where desirable, since the
original blocks were designed to be augmentable. In addition, it was
desirable to take advantage of unplanned changes in operating conditions
and equipment where possible.
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5. (COMBUSTION MODIFICATION TECHNIQUES FOR NO EMISSION CONTROL
A

Our Phase I stationary NO_ study (1) assessed combustion modi-
fication techniques for NOx emission control in two broad categories:

(a) Modification of combustion operating conditions.
(b) Modification of combustion equipment design features.

. To investigate the scope of applicability of combustion modi-

fications for NO_ emission control from utility boilers, limited by
available equ1pmént, only changes in combustion operating condltlons
could be considered for the present study.

The Boiler Test Program was designed to explore the broad limits

" of applicability of combustion modifications, within the flexibility of the
equipment. Known combustion operation modifications (1, 3, 4) previously applied
in full scale tests exclusively on gas and oil fired installations provided

the starting point for our tests. The prime objective of the Esso field tests
was to conduct a statistically designed program with all three fossil fuel

types on a representative sample of boilers, taking into account the known

major variables. The major combustion operation changes explored in our study
~are discussed in this section.

7

5.1 Load Reducfion

Operating boilers under reduced load conditions decreases the
combustion intensity or volumetric heat release rate. The net effect
is to produce lower effective peak temperatures for NO formation in the
furnace section of the furnace. Our experimental design called for measuring
emissions at normal ("full") load conditions, and at various fractional load
levels, as feasible with each boiler-fuel combination tested. The lower limit
of reduced load operation was usually set by considerations of steam tempera-
.ture control, and the demand on generating capacity.

5.2 Low Excess Air Firing

Low excess air firing of gas and o0il in boilers reduces NOy, emissioms,
primarily because of the lack of availability of oxygen. Firing with "low
excess air'" is of course a relative term, because of the boiler-to-boiler
variations in the "normal" level of excess air, as established by the boiler
operators, depending on fuel type and boiler design and operating conditions.
In our Boiler Test Program, the objective was to measure emissions under base-
line, "normal" excess air conditions, and then to determine the extent of reduc-
tion in NOy by asking the operator to run the furnace with the lowest permissible
excess air supply. The lowest practical excess air levels were dictated by the
need to limit the emissions of unburned combustibles (CO, hydrocarbons and smoke)
to control operating problems, excessive vibrations, and for coal fired instal-
lations, to avoid potential slagging problems and corrosion problems due to
the reducing environment resulting from changes in combustion operation.



- 62 -

5.3 "Staged Combustion'

The so-called "two-stage combustion' technique for control of
NOy emissions from gas and oil fired utility boilers was originally
~developed as a cooperative effort between the Southern California Edison
Company and the Babcock and Wilcox Company in the late 1950's (1). A
standardized design and operating procedure was established, consisting
of firing the fuel with only 90-95% stoichiometric air, and supplying
the additional air required for burn-out of the combustibles through
second-stage ''"NO-ports' (air registers located ten feed above the top
row of burners). NO, emissions are reduced, because the bulk of the
combustion occurs under fuel rich conditions, and interstage cooling
minimizes further NOx formation during the second stage burnout.

Use of the standardized two-stage combustion technique results
in average reductions on the order of 40-50% in NOy compared with single
stage operation. However, test results obtained in two 750 MW gas fired,
horizontally opposed boilers indicated even more Jdramatic reductions by
admitting air only through the top row of burmers, and maintainiag a low
overall low excess air level of about 5% (1, 3). Recent work on gas fired
utility boilers of the Southern Califommia Edison Company (5, 6) showed that
the staged combustion principle could be further modified to reduce NOy
by "off-stoichiometric firing" of some burners fuel-rich, others fuel-lean,
or in staggered configurations of some burners supplying air only. This

type of firing has also been called "biased firing" (7).

'In our Boiler Test Program, we were guided by both theoretical
and practical considerations in applying "staged combustion' for NO, con-
trol. (All modifications of the standardized two-stage combustion tech-
nique are called '"staged combustion'" in this report.) To assure that
combustion should occur under fuel rich, reducing conditions, the.burners
supplied with both fuel and air were operated, where feasible, under sub-
stoichiometric air conditions. Also, to delay the mixing of secondary

air with fuel rich combustion zones, our .objective was to operate burners
on air only as close to the top row or level of burners as possible. This
was not always feasible, for the following reasons: '

o In some boilers, the operator determined the burner pattern
for best steam temperature control, which did not necessarily
correspond to optimum NO_ control (when mass flow is reduced
superheat capacity is af¥ected). ‘

¢ The flame monitoring system for burner cells of three vertical
burners each allowed the use of "air only" operation of the
middle burners only in another, gas fired boiler tested.

¢ The maximum possible increase in fuel supply to burners
operating on both fuel and air determined thé number of
burners which could be operated on "air only" under normal
full load conditions. Otherwise, modified staged combustion
was also accompanied by a reduction in boiler load.
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_ Where the optimum configuration of operacing the top row of burners was
not possible, we attempted to introduce maximum separation between the
burmners firing fuel. This approach allowed testing of the "staged
combustion'" approach successfully in several installations where optimum
staging for NOy control could not be achieved because of constraints
imposed by steam temperature contyol requirements.

A specific consideration in applying staged combustion operation
to pulverized coal fired utility boilers was that the staging had to be
implemented by mills, to prevent plugging of idle coal pipes. This was
no handicap in the two successful sets of tests for staging pulverized
coal boilers, because the mills supplying the top row (or level) of
burners could be shut down.

5.4 Flue Gas Recirculation

Recirculation of flue gases into the combustion zone has been
shown to be an effective method of reducing NO, emissions from gas fired
laboratory and domestic size oil fired combustion equipment (1). The
reason for lower NO, emissions is two-fold: (i) the temperature of the
flame zone is reduced by recirculating cool flue gases, and (ii) the
concentration of oxygen available for NO production is reduced. Of these
two, the thermal effect is generally accepted to be more important (1,3 .
The effect of flue gas recirculation in. stationary equipment is thus
similar to that of exhaust gas recirculation in internal combustion
engines: lowering the combustion temperature results in lower NO,
emissions. In effect, even steam or water injection have been shovm to
have similar effects on NOy production by thermal dilution (1). The
injection of such inert diluents could not be tested in our field program
limited by the available boiler equipment, as the boilers were not equipped
for steam or water injection.

The appllcabillty of flue gas rec1rculation to NO, control for
utility boilers has been regarded as questionable by some investigators Q.
Flue gas recirculation is a standard design feature in some utility boilers
_ for steam temperature control. Commonly, the flue gases are recirculated
into the bottom of the furnace, rather than into the primary combustion
zone. - Thus, the earlier tests which measured only small, if any, effect
on NO, emissions with flue gas recirculation into the bottom of the furnace
were not considered by us to be convincing evidence for the lack of effec-
tiveness of this technique.

Since in utility boilers flue gas recirculation into the primary
combustion zone is usually not available, a special point was made in
planning the boiler test program to include measurements on such facilities.
As discussed in this report, a front wall, oil fired boiler with flue gas
recirculation into the windbox, and also a tangential, gas or oil fired

unit with recirculation into the combustion zone were identified, and agree-

ment of the owner-operators was obtalned to measure emissions from
these boilers. :
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5.5 Air Preheat Temperature

Since NO, emissions .are very strongly influenced by the effective
peak temperatures of the combustion process, any modification that lowers
these temperatures is expected to lower NO, emissions. Thus, lowering the
air preheat temperature has been predicted to result in lower NOy emissions (1,3).

» In general, this approach is not very practical, because the
boiler operators can vary air preheat temperature only within rather

narrow limits in existing units, without upsetting the thermal balance

of the system. Major steam side redesign would be required for effecting
large changes in air preheat temperature. However, we found it. possible
in our test program to make minor excursions in air preheat temperature,
by by-passing a portion of the flow around the air heater.

5.6 Burner Tilt

Tilting burners is a design feature used in tangentially fired
boilers for superheat temperature control. This additional flexibility
in combustion operations was exploited, where possible, in planning and
conducting our Boiler Test Program

Varylng burner t11t away from the horizontal pos1t10n can to
some extent "enlarge" or “constrict" the effective furnace combustion
zone. Thus, depending on flame patterns and transport effects, a longer
effective residence time may be available:for NO, formation, or conversely,
a lower combustion intensity may prevail in the enlarged combustlon zone,
leading to lower NO, emissions. The first one of these two alternatives
was expected to be more likely because of the diffuse, swirling fireball
pattern prevailing in tangentially fired boilers.

5.7 Other Modifications

In addition to the combustion operating variables discussed
above, the effects of some other variables were also explored inasmuch
as possible with the boilers tested. One example of this type of
"opportunistic" approach was to vary the primary to secondary air ratio
in the burner air supply. Restricting the flow of air through the
secondary air registers increases turbulence in the flame, resulting in
more intense combustion conditions, which can lead to somewhat higher
levels of NO ‘emissions. Although it was recognized at an early stage
of the program that burner configuration could have a major effect on NO
emission, a systematic exploration of this factor was beyond the scope o
our study.

In summary, it must be emphasized that while the selection of
combustion operating modifications for NO, control was made based on
considerations of known theoretical and practical factors, the actual
detailed implementation of the program plans had to be adapted to particu-
lar set design and operating features of -each boiler tested. Details of
the results obtained in this study on exploring combustion modification
techniques, individually, or in combination with one another, are presented
in the following section of this report.
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6. RESULTS OF THE BOILER TEST PROGRAM

As discussed in Section 4.1 of this report, a statistically designed

"field test program was conducted to measure NO, and other emissions from

utility boilers. Details of the experimental approach taken included the study of
a representative sample of U. S. fossil fuel power boilers according to

fuel type, boiler size, method of firing, flexibility for combustion

operating changes, geographical location, and being representative of

current design practices of manufacturers.

Features of the Esso Research sampling-analytical van including
the description of the equipment and a discussion of the sampling and
analytical procedures used in the Boiler Test Program have been discussed
in Section 4.2.

Qur prime objective in the Boiler Test Program was to assess
the scope of applicability of combustion modification techniques limited
by the design and operability of representative boilers for the control of
NO, emissions. Since such combustion modifications may lead to adverse
effects on the emissions of other pollutant species, such as €O, hydrocarbons
and other unburned combustibles, our approach was to continuously monitor
the concentrations of CO and hydrocarbons during the test runs, as well as
visually observe the condition of the stack plume for haze or particulate
emissions.

- Another important corollary of cffecting cowbustion operating
changes for NOx emission control is the potential impact on boiler
performance. It was not possible within the scope of this study to
optimize the performance of the boilers tested in a detailed manner, but
rather, we have worked very closely with the operating personnel of the
cooperéting'utility companies to gain information on gross changes that
might have occurred. For three of the.coal fired boilers, however, the
respective boiler manufacturers participated in the test programs
(Babcock and Wilcox at Boiler Q, Combustion Engineering at Boiler 0, and
Foster-Wheeler at Boiler N). The role of the boiler manufacturers was to
give us and the operators guidance on the limits of flexibility in operating
the boilers, to ascertain whether the boilers were in normal operating
conditions and to obtain detailed steam side data for the characterization
of boiler performance corresponding to the emission test conditions.

A natural consequence of the systematically designed boiler
test program was to obtain base-line emission data on NO, NO2, CO and
hydrocarbons in addition to the usual constituents of the combustion
flue gases. - Test runs under base-line boiler operating conditions
were necessary for comparison of the emission levels obtained via
combustion modifications with standard practices. As a result of
these tests, we were able to accumulate reliable emission data on boillers
of different design types (wall fired, tangentially fired, cyclone fired,
and vertically fired) using 82s, oil, and coal fuels. Thus, by measuring
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base line emissions on the 17 boilers tested (25 boiler-fuel combinations),
adequate information was generated to establish improved emission factors for NO <
CO and hydrocarbons in power generation. This is useful information,

as the '"average' emission factors used in the past are clearly not applicable

"to individual units (1), (8), and a definite improvement has been made on

this problem in this study.

The best way to characterize the nature of our boiler test
program is to call it "exploratory'" in nature. Because of the scarcity
of information available on NOx emission control for utility boilers,
it was deemed necessary to obtain such information on as many units
as possible within the contractual period. As a consequence, we did not
attempt to optimize, or '"demonstrate' the feasibility of NOyx emissions
by combustion modification techniques, but rather, to explore the broad
limits of emission control attainable with different firing patterns, in a
variety of boilers for all three fossil fuel types. Furthermore, in exploring
the effectiveness of combustion operating changes, we paid particular attention
to the definition of potential problem areas, such as slagging, corrosion, flame
lift-off and impingement, and safety considerations. The sum total of the informa-
tion gathered proved to be necessary for establishing what the future direction
should be for the application of combustion modifications for pollutant emission
control, and in addition, what design changes may be required for reducing NO
emissions to minimum levels.

Significant progress was achieved on a systematic basis in the

course of the Boiler Test Program on the control of NO, emissions from boilers.

As will be discussed, the results indicate an excellent potential for emis-—
sion control for gas fired boilers, promising, but somewhat less effective
control for oil fired boilers, and a major remaining problem area for the
control of NOx and other pollutant emissions from coal fired boilers.

The results of our Boiler Test Frogram are discussed in this section-
of this report, organized according to fuel type and corresponding to the types
of boiler firing methods studied.

6.1 Boiler Designation and Description

Design characteristics of the 17 boilers tested for NO, emission
control in the Boiler Test Program are summarized in Table 6-1. This table
lists for each boiler coded in alphabetical order the general design informa-
tion (e.g., full load rating, type of firing, fuels burned, manufacturer,
etc.), specifics of the furnace design (e.g., furnace volume and heating
surface, number and configuratlon of burners, etc.), '‘and availability of NO
emission control equipment (e.g., NO-ports, flue gas recirculation, etc.).



; ' TABLE 6-1

SUMMARY OF BOILER DESIGN INFORMATION

Design .
Characteristics A B c D E F G H I J K L M N 0 P Q
. Y .
General 3.
1. Maximum Cont. Rating (10” 1b.
steam/hr.) 1,200 810 . 1,900 2,060 3,316 4,000 1,638 2,305 680 1,900 620 2,450 1,000 5,280 3,850 2,750 4,900
2. Full load racing - MW 180 80 315 350 480 600 220 , 320 66 - 250 66 450 175 820 575 300 704
3. Type of firing F.W. F.W. F.W. H.0. H.0. H.0. AW. T v F.W. T cY F.W. H.0. T T cY
4. Manufacturer C.E. R F-W B&M B&W F-W BSW C.E. B&W B&W C.E. BSW  B&MW F-W C.E. C.E. B&W
5. Inicial Year of operation 1959 1948 1959 1966 1964 1968 1961 1962 pre-1950 1957 1964 1956 1970 1960 pre-1950 1963
6. Nominal heat rate, B.t.u./KWH 1,080 10,850(G) 9,600(C) 8,700(G) 9,236 8,690 9,850 10,010 9,630 9,500 8,777
11, 500(0) 9,000 (0)
7. Fuels burned-Coal, Gas, Ofl G,0 G,0 G,C G,0 G,0 G,C G,0 G,0 G (o] ] 0 c c C [+ X
8. Suction or Pressurized S P P P P P P’ P S P -8 P S P S S |4
Furnace . .
1. Number of furnaces 1 1 2 1 1 1 1 2 1 2 1 1 1 2 2 2 1
2. Division wall 3 3 Yes No No No Yes Yes Yes No - No No _No No Yes No No No No
3. Furnace Volume (107ft7) 32 65 31.8 173 109.9 161.9 354.6 2 112.5 24.4 92.0 29.0 152.3 72.0 477.0 429.2° 250.0 340.6
4. Furnace Heating Surface (107ft”) 20.4 8.45 37.8 15.9 24.7 72.1 13.1 18.6 12.9 10.3 7.8 20.8 14.8 83.7 55.1 50.1 41,0 -
5. Number of burners 16 12 24 24 - 16 24 24 24 6 24 16 8 16 36 40 64 14 "y
6. Wer or Dry Bottom D D W D D D D D W D’ D v D D D D W
7. Steam or Mechanical Atomization § M " N.A. M M N.A. M M N.A, M S M N.A. N.A. N.A.  N.A. N-A. a
8. Ring, Spud, Radial Spud Burners R . :
9. Number of rows or levels 4 2 3 6 4 3 2 3 1 3 4 2 4 3 5 8 2 T
Controls ’ . X . .
1. 2-Stage Combustion - "NO-Ports" No No No Yes Yes No  Yes No No No No No ~ No No No No ’ No
2. Flue Gas Rec. Before, After A No No B/A B No Yo B*  No B¥ No No No No No No A
Burn.
3. Tilting Burners No No No No No No No Yes No No No No No No Yes Yes No
4. Attemperation Yes Yes No Yes Yes Yes ‘ves ° No No No No Yes Yes Yes Yes Yes Yes
5. Other 0 Air Pre- Extra No No No Ko No - No No No No Dry No No Alr Pre- . No
Meter heater =~ Tile ) ' Limestone heater
Bypass Insulation Injection Bypass
: for SO
2
CODES:* Flue Gas Recirculation Into Flame Zone; N.A. = Not Applicable Remove 1
Type of Firing Manufacturer
F.W. - Front Wall B&W - Babcock & Wilcox
H.0. -~ Horizontally Opposed CE - Combustion Engineering

CY - Cyclone F-W - Foster-Wheeler : ' s e
T - Tangential R - Riley Stoker '

v « Vertical

A.W. ~ All wall
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6.2 1Individual Emission Results on Gas Fired Boilers

Test programs were run on eight boilers firing gas: three front
wall fired, three horizontally opposed fired, one "all-wall", and one vertically
fired boiler. A tangentially fired boiler which was tested on oil firing was
also scheduled for gas firing. However, abnormal weather conditions and local
gas shortage at that time forced us to cancel the scheduled gas fired program.
Fortunately, the boiler operator-owner has kindly supplied their own represent-
ative emission data over a variety of operating. conditions on this boiler. Thus,
our total sample covers nine gas fired boilers and 79 test runs.

6.2.1 Front Wall Gas Fired Boilers

Boilers A, B, and C are front wall fired boilers built by Combustion
Engineering, Riley Stoker, and Foster-Wheeler, rated at 180, 80 and 315 MW gen-
erating capacity, respectively. The experimental procedures and results for

" Boller A are presented in some detail. Only the highlights will be discussed
for the other two boilers since the same principles and approaches were used.

For Boiler A, the test program design shown in Table 6-2 was developed
according to sound statistical principles. All of the major operating vari-
ables (load, excess air level,and staging) were varied in accordance with a par-
tially replicated factorial design so that the response to each mdjor factor
and the interactions between factors as well as experimental error could be
measured independently with maximum efficiency. Other major design features
such as "NO-ports", flue gas recirculation into the wind box, tilting burners,
etc. were not available with boiler A. The levels of each factor were set at
the extreme limits of their rn-nr-iwnsﬂ nnornf-npo range., Replicate runs (on dif-
ferent days) were made at fu11 load at all four comblnatlons of excess air and
staging so that a pure measure of repeatability or experimental error could be
obtained 1ndependent of higher order interactions. In addition, independent
analysis of NO, and CO were made by the boiler operator for comparison to our
measurements, Loags were set at the highest (full load) and lowest (120 MW)
operating levels, with all 16 burners in use. An additional low load level
(70 MW) was provided (at the lowest efficient load using 12 burners) so that
any non-linearity of emissions with load could be determined. At full load, the
lowest permissible level of excess air was determined by limiting CO emissions
to increase to a maximum of about 200 ppm. At the lowest load, flame stability
determined the lower limit of excess air. The staging patterns set for each
load ‘were based upon extensive plant experience to reach a balance between reduction
of NO, and CO emission with adequate steam temperature control. Table 6- 2 summarizes

the NO, emissions measured on the basis of the test program design.

TABLE 6-2

BOILER A EXPERIMENTAL DESIGN - GAS FIRED
(Average'NOx Emissions, ppm @ 3% 02, Dry Basis)

(L1) 180 MW (L2) 120 MW (L3) 70 MW
Hi Air| Lo Air| Hi Air| Lo Air | Hi Air| Lo Air

A

S; Normal Firing g 387 331{ @ 230/ @ 183 [ @ 116/ @ 108

393 334

S, Staged Firing ® 195!/ 156 @ 133(Q) 88 | @D 8L{AQ 66
d@y 201/ 155 '

" *vircled numbers indicate run numbers.



- TABLE 6-3

SUMMARY OF EMISSION DATA FROM BOILER A (180 MW, FRONT WALL, GAS FIRED)

(3) *Average of 16 Data points per runm.

(4) Average of 3 samples by PDS or Orsat Analysis,

Each data point from a:composite of 3 gas sample

- Operating Data
Boiler ’ . Flue Independent
Gross Steam Fuel Gas Staged | No. of Burners Ave. Flue Gas Components (3) Gas Analysis (4)
Run Load Flow Flow Excess{ Firing Air "ZG Dry Basis 3% 09 Dry Basis - ppmi Temp. % ppm
No. | (W) {103 1bs/hr 1103 Fed/ur Air (D] (2) iring| Only 2 €02 NUx co HC | °F |02 | cop NOx
1 70 420 650 Hi yes 10 2 2.88 10.3 81 16 -- 630
2 71 420 650 Lo no 12 0 1.23 11.3 108 13 -- 626
3 119 740 1060 Lo no 16 0 1.05 11.5 188 17 -- 663
4 120 744 1020 HL yes 12 4 3.08 | 10.6 133 15 <3 658 {2.9]| 10.1 | 125
5 182 1225 1520 Lo yes 12 4 1.68 11.5 156 20-100 <1 711 §1.2¢ 11.1 | 136
6 182 1225 1530 Hi yes, 12 4 3.23 10.8 195 16 <1 712 {2.8] 10.5 } 192
7 180 1220 1540 Hi no 16 0 2.78 11.0 387 14 <1 718 12.2| 10.8 | 357
8 181 1235 1540 io no 16 0 1.15 12.0 331 18-150 <1 714
9 70 420 620 Hi no 12 0 3.05 10.4 116 13 <1 612
10 70 420 620 Lo yes 10 2 1.70 11.1 66 21-140 <1 612
11 121 - 760 1030 Lo yes 12 4 - 1.13 11.4 88 20-200 <1 650
12 122 760 1030 Hi no 16 0 2.35 10.8 230 15 <1 670
13 179 1220 1570 Lo no 16 0 1.05 7.9 334 17-90 <1 712
14 181 1220 1530 Hi no 16 0 2.75 10.6 393 14 <1 720
15 180 1220 1530 Hi yes 12 4 3.08 10.5 201 15 <1 716
16 180 1220 1530 Lo yes 12 4 1.68 11.3 155 15-85 <1 708
(1) Test program desig
(2) Burner Patterns: 000 0000 0000 0000 Key: O - Firing Fuel
' O0OA 0000 AO0OA 0OOOO : A - Alr Only
XXX XXXX OAAO0 00OO X - No Air or Fuel
000 0000 OOCOUV OO0O0O
Staged: Yes No Yes No
Load: 70 MW 70 MW 120 MW and 180 MW-

sStreams.
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each of 16 runs made on Boiler A.

-~ 70 -

Table 6-3 presents a summary of emission and opefating data for

detailed NO

emission test results.
averaged 390 ppm (3%, 0y, dry basis).

Table 6-4 and Figure 6-1 present the
Uncontrolled, full load NO,
Reducing load by one-third (120 MW)

emissions

resulted in a 417 reduction in NOy, while a 60% reduction in load (70 MW)
resulted in a 70% reduction in NO, emissions.
air at full, 67%, and 40% load reduced NO, emissions by 49, 42, and 307%,
respectlvely, while the combination of low excess air and staging reduced
NOy emissions by 60% at full load, 52% at 67% load, and by 437% at 40% load,
compated with uncontrolled emissions at each of these loads.

TABLE 6-4

The application of low excess

BOILER A - GAS FIRED
ng REDUCTION THROUGH COMBUSTION CONTROL

Load Combustion Control

MW | 7% Reduction None Low Excess Air Staging LEA + Staging

180 390 ppm 0% 332 ppm 15% | 198 ppm 49% | 156 ppm  607%
-0% 0% 0% 0% 0%

120 230 ppm 0% {188 ppm 18% | 133 ppm 427 88 ppm  52%
33% 417 _43% ' 33% 447

-70 116 ppm 0% |108 ppm 7% 81 ppm  30% 66 ppm  437%
617 710% 67% 59%. 58%

Analysis of variance summarized in Table 6-5 1nd1cafes quanti-
tatively the significance of each of the main factors and their inter-
~actions.

TABLE 6-5

BOILER A -~ GAS FIRED
ANALYSIS OF VARIANCE

Degrees of Mean F F
Source of Variation Freedom Square Ratio 0.001

1. Load 2 '31,564 1,973 22
2. Excess Air 1 3,710 232 29
3. Staging 1 34,454 2,153 29
4. Load x Air Interaction 2 432 27 22
5. Load x Staging 2 5,385 337 22
6. Excess Air x Staging 1 2

7. Load x Air x Staging 7 2 16 34

8. Repeéts' g 4 ! 10

9. Total i 15 1 - - g
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Figure 6-1
NO_ EMISSIONS FROM BOILER A
(180 MW, Front Wall, Gas Fired)

“Circled numbers
denote run numbers.
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TAPLE 6-6

SUMMARY OF EMISSION DA&A FROM BOILER B (80 MW, FRONT WALL, GAS FIRED)

...ZL—

Operating Data A 1 e (2)
Boiler Mo. of V;' Flue Gas Cogponints = Flue
Gross Steam Fuel Staged _Burners 5 g - 370 pg Basi Gas
Run Load ,3Flow Gas F%OW Excess i Firing Air . gy agés NOO 2> JTY C257S Temp.
No. My | 10° Lb/ur {103 Ft/Hr | air(1)  (5) |Firing| Only 2 2 x| co |HC(4) °F.
9 ZO.S 175 240 Low Yes 10 2 3.50110.0 65| 60-360 i <1 565
10 20.5 175 240 Normal No 10 0 14.65 9.1 90 92 <1 519
11 49.5 - 425 540 Low No 12 0 2.031 10.4 170 (3 <1 626
12 | s0.0 | 425 538 Normal | Yes 10 2 }5.08{ 8.7} 200] 63 <1 640
13 81.5 740 900 Normal Yes 1C 2 5.03 8.6 376 56 <1 - 789
14 81.9 740 890 { Low No 12 0 2.59110.3{ 421} 68-185 | <1 763
15 8l.5 740 900 Low Yes 10 2 2.80{ 9.9 311{108-370 § <1 A 784
16 82.0 740 900 Normal No 12 | 0 4.18{ 9.5} 497 52 <1 778

(1) Test program design.

(2) Average of 16 data points per run. Each data point from a composite of 3 gas sample streaﬁs.
(3) Not measured. , :

(4) Excluding hydrocarbons collected in condensate.

(5) Burner patterns:

0A00AQ OROORO 0A0QAO 000000 0 = Fuel and air
000000 000000 000000 000000 A = Air only
Staged Yes No Yes, No B = Burner out of service

Load 20 MW 20 MW 50 MW & 80 MW
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The estimated experimental error from the repeated -full load
test is equal to 3.2 ppm NO, (J10 = 3.2). Combining the sum of squares
for the nonsignificant (excess air x staging) and (load x excess air x
staging) interactions with repeats results in a revised estimated experi-
mental error of 4 ppm NOy (JI6 = 4), with 7 degrees of freedom. . This
revised estimate of error was used in testing the significance of the
three main effects and the remaining two-factor interactions. All are
highly significant (p < 0.001), with staging and load accounting for most
of the variation in NOy emissions.

Ninety-five percent confidence limits can be estimated for each
of the test runs by adding and subtracting 8 ppm (+ t.055 = + 1.90 x 4.0 =
+ 8). As discussed before, detailed analysis of the results “obtained in
testing Boiler A is shown in order to demonstrate that the point estimates
presented in Table 6-2 and plotted in Figure 6-1 are highly significant
and that summary tables such as 6-3 do show real differences.

CO emissions averaged between 13 to 17 ppm except when low excess
air was applied at higher loads. The inherent cycling of fuel and air with
automatic controls resulted in a range of CO values at low excess air. Thus,
a slight reduction in excess air below a critical level could result in

- greatly increased CO emissions. Individual probes gave widely different

" results as the average level of excess ailr was reduced, indicating that some
individual burners produced high CO values. Hydrocarbons consistently
measured less than one ppm. ‘

Table 6-6 presents a summary of operating and emnission data obtained
from Boiler B, firing gas. The statistical design including the corresponding
NO, emission results is shown in Table 6-7. A full factorial design was run
at full load while a fractional factorial (two level, latin square) was run at
intermediate and low loads. Thus, all 8 runs were made in one day of testing
with emphasis on full load runs. Figure 4-2 presents the NO, data obtained
from this boiler in graphical form.

TABLE 6-7
BOILER B EXPERIMENTAL DESIGN - FIRING GAS

(Average NO_ Emissions ppm at 3% 0,, Dry Basis)
L1 (82 MW) L2 (50 MW) L3 (20 MW)
A, (Normal)| A, (Lo Air) Al(Normal) AZ(Lo Air) Al(Normal) Az(Lo Air)|

Sl(Normal'Firing)

@ 1o

©

Sz(Staged Firing)

@ 200

(9 s

* Circled numbers denote run numbers.
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_ Figure 6-2
NOX EMISSIONS FROM BOILER B
(80 MW, Front Wall, Gas Fired)
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' | ! | ! | J ] T
Circled numbers : ]
denote run numbets. Normal
Firing
Staged
Firing
N ] ! | ) | L | L -
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Uncontrolled full load NO, emissions averaged about 500 ppm. This
relatively high level for a small bo1ler (80 MW) is probably due to the rela-
tively close spacing of the 12 front wall burners as discussed more fully in
section 2.3. However, significant NO_ emission reductions were obtained
through combustion control. Reducing load by 76% to 20 MW reduced uncontrolled
emissions by 82% and"fully controlled"emissions (low excess air plus staging)
by 80%. An estimated standard deviation for experimental error of 5.5 ppm NOy
was calculated from the full factorial results. This compares with 3.2 ppm for
boiler A. At full load, the application of low excess air, staged firing, and
the combination of low excess air with staged firing reduced NO, emissions by

15%, 24%, and 37%, respectively. Table 4-8 summarizes these and other comparl—
sons on NO emissions for this boiler.

TABLE 6-8
BOILER B - GAS FIRED
NOx REDUCTION THROUGH COMBUSTION CONTROL

Load Combustion Control

MW |7%Z Reduction None Low Excess Air Staged Firing{ LEA  Staging

82 : 497 ppm 421 ppm 15% 376 ppm 24% |311 ppm 37%

. 0% . 0% 07 0% 0%

50 240 ppm * 170 ppm 297%% 200 ppm 17%
397 52% 607 47%

20 90 ppm 65 ppm 28%
767 . 827 . : 80% i

* Estimated value to provide basis for comparison.

Due to the limited time available for testing this boiler, only
the staged firing pattem**, shown below, was applied:

0OAOCAO Where: A - Air only
000000 0 - Air and Fuel

However, the following staged firing patterns would be likely to result in im-
proved NO, emission performance if the boiler could be modified to achieve full
load with four to six burners on air only. Other firing patters of interest
may include the following which would tend to delay mixing of the air with
fuel, and prevent excessively high NOx and CO emissions:

0OAOOQAO or OAOQAOQA
00AAQO AOAOAO

Additional experimentation is needed to optimize this boiler from the standpoint
of NOy emission, control. In principle, mixing of air and fuel is delayed

best by imposing a maximum possible separation between the 'on air only"
burmers, but this objective may entail other emission or operating problems.

** Based on prior experience of the utility owﬁer—operatof.




- 76 -

Table 6-9 presents a summary of operating and emission data obtained

from Boiler C. This twin furnace boiler has a capacity of about 315 MW, The

superheater furnace (from which emissions were sampled) provides about 55% of
- the boiler heat release at full load and 507 at one~half load. Uncontrolled,
full load NO, emissions were 990 ppm. These high emission levels (confirmed
on coal and combined coal~gas firing) are likely to result from the particular
design features of this boiler. Originally, this boiler was designed to burn
coal and to maintain a wet bottom (molten slag) under low load firing. Thus,
" the twin furnaces were designed with the bottom row of burners close to the
flat floor of the furnace. In addition, the bottom and sides of each furnace
up to the top row of burners are insulated so that-slag is maintained in the
molten state. These design features result in relatively low heat absorption
rates, and therefore high flame temperatures and high NOx emission levels.

A 41% reduction of load resulted in a reduction of 47% in NO
emissions. Partial staging (firing fuel lean on the top row of burners.
and more fuel rich on the bottom two rows), combined with low excess air
at 29% reduced load resulted in a 48% reduction in NOx emissions. Only
very limited data could be obtained on emissions from this boiler because
of boiler operating difficulties.
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TABLE 6-9

SUMMARY OF EMISSION DATA FROM BOILER C

(315 M4, Front Wall, Gas Fired) (X)

.Average Flue )
Operating Data Gas ComponentsBA =
: 2
Dry
_ Fuel Gas Basis
Run Furnace Load 6Flow Staged v Dry Basis NO, |Flue Gas
No. MW (2) 10°ft3/hr. | Firing (3) | Excess Air | 09 (%) CO5 (%) (PPM) Temp. °F
13 157 1.46 No Low 2.4 16.6 931 649
14 155 1.46 No High 4.5 9.2 992 648
15 93 0.83 No . Low 4.4 9.1 | 529 532
16 . 93 0.83 No High 6.4 7.4 " 515 588
17 - 111 1.04 Yes Low 2.9 9.8 515 620
18 112 1.05 Yes High 4.6 8.9 768 -

(1) Measurements on one of twin furnaces.

(2) Total turbine MW'gepefated is about double this number.
(3) Staged firing:

No - equal fuel rate on all 3 rows; Yes ~ fuel lean on top
row (20% of total fuel) and rich on middle and bottom TOowS
(40% of total fuel).




TABLE 6-10

SUMMARY OF EMISSION )ATA FROM BOILER D

(350 MW, Horizontally Opposed, Gas Fired)

Operating Data

- Ave.

Yes - Top burner in each 3 upper burner cell
on air only, except for Runs 19 and 20

in which middle burner in each upper

cell on air only.

GoG

Burner Configuration

——T S Flue Gas Components ‘

Run Gigzz - S;igs ngi Excess} ''NO-. Staging| 02 CO2 3% 02, Dry Basis Tzi::rgiire
No.. MW | 106 1b/hr | 106£e3/nr | A1r(1)| Ports" 2) % % |NOx, ppm CO, ppm °F

1 355 2.13 2.93 Low | - Shut Yes 1.5 | 11.1 355 105-195 693

2 357 2.15 2.93 Low | Open ‘Yes | 2.0 | 10.6 | 213 100-185 693

3 355 2.15 2.93 Low Open "No 1.9 | 10.7 381 84 692
4 355 2.15 2.93 Low Shut . No 1.6 | 10.8 783 74 692 -

5 356 2.15 2.95 Hi Shut No 2.6 | 10.2 946 86 693

6 355 2.15 2.94 Hi Open No 2.8 | 10.0 515 67 - 695
11 356 2.15 2.95 Hi Open Yes 3.4 | 9.6 275 75 701
17 153 0.95 1.39 Low | shut No 1.3 [ 11.2 | 249 57 631
18 153 1.00 1.39 Low Open Yes 2.1 | 10.8 56 76 621
14 | 152 0.95 1.37 Low | Open Yes 2.1 | 10.6 72 68 566
16 152 0.97 1.38 Low Shut No 1.7 | 10.7 299 64 576
15 152 0.95 1.37 Low Open No 1.7 | 10.5 165 74 598
13 152 0.95 1.36 Low | shut Yes 1.7 | 10.7 87 54 593
19 151 1.00 1.35 - Low Open - Yes 1.7 | 10.5 75 59 594
20 153 1.00 1.36 Low | Shut Yes 1.6 | 10.6 121 192 601
8-.% ';':st prc:gram design. " E] . '

aging: No - All 24 burners firing gas equally. L. £ 3~-burner cell

- 8L -
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(open or closed).
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6.2.2 Horizontally Opposed Gas Fired Boilers

Boilers D, E and F are horizontally-opposed fired boilers.
is an unusual "all-wall" fired boiler which was fired during our test program in

several modes including, horizontally opposed firing and, therefore, will be
discussed with this group of boilers tested.

Boiler G

Table 6-10presents a summary of emissions from boiler D with gas

g

The primary operating variables included in the statistically planned
experimental program were load, staging, excess -air and "NO-port"

setting

The staging pattern which had demonstrated the lowest NOy

emissions with safe operating conditions from prior test runs conducted by the
boiler operator was used, i.e., the top burner of each upper 3 burner cell on

air only, as shown in Table 6-10.

upper cell on air only.

flue gas recirculation into the bottom of the furnace.

To obtain an independent check on this
staging pattern, two runs (19 and 20) were made with the middle burner of each
"Normal" flue gas recirculations (for steam temperature
control) was used in all runs, except in runs 17 and 19 were there was maximum

of gas fuel, six originally planned test runs had to be omitted.

statistical design and the corresponding NOx measurements are shown in

Table 6-11.

TABLE 6-11

BOILER D EXPERIMENTAL DESIGN -~ FIRING GAS

(Average NOy Fmissions, ppm at 3% 0~ Dry Basis)

4

The

Because of the shortage

L1 (350 MW) L2 (150 MW)
"NO-Ports'' |""NO-Ports" ;
Open Closed '""NO-Ports' Open ""NO-Ports''Closed
Min.FGR |Min. FGR Max. FGR Min. FGR Max. FGR Min. ggR ]
55 1 56 1 72
R EES I i B 121
AMir  [Normal] (3) 381 |(4) 783" @ 165 (7) 249 | Q9 299
Firing] ‘
A, High Staged (:} 275
Excess Firing
Air Normall (6) 515 [(5) 946
Firing A
Circ led numbers denote run numbers. Staged firing: top bummer on:

Note:

air only except for Runs 19 and 20 with middle burner on air only,
FGR = Flue gas recirculation for steam temperature control (i.e., into
the. bottom of the furnace).
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s Table 6-10 and Figpre 6-3 summarize the effects of changing operat-
ing variables on NOx emission rates for this boiler. Full load (350 MW)
operation with no combustion controls applied resulted in 946 ppm NOy (corrected
to 3% 0p, dry basis). Low excess air at full load reduced NO emiséions by
21% (Runs 1, 2 and 3 vs. 5, 6 and 11). Opening the "NO-ports' which were
designed specifically to reduce NOy emissions resulted in about 50% reduction-
in NOx at full load, (Runs 2, 3 and 6 vs. 1, 4 and 5) and about 40% NOy re-
duction at reduced load (Runs 14, 15 and 19 vs. 13, 16 and 20). It should

be noted that under normal operating conditions, the "NO-ports' of this boiler
are kept closed at reduced load. Staging reduced NOy emissions by 50% at full
load (Runs 1, 2 and 11 vs. 3, 4 and 6) and by 65% at reduced load

(Runs 13 and 14 vs. Runs 15 and 16). Maximum flue gas recirculation (Runs 18
and 17) resulted in a NOy reduction of about 207 compared to no flue gas re-
circulation (Runs 14 and 16). The effect of changing the staging pattem

from "top burner-air only" to "middle burner air-only'" increased NOx emissions
by about 20% (Runs 19 and 20 vs. Runs 14 and 13). The combinations of low
excess air, staging, and keeping 'NO-ports" open reduced NO, emissions by
ﬁlmost 80? at full load (213 ppm vs. 946 ppm). The combination of staging,
"NO-ports' open, maximum flue gas recirculation, and low excess air resulted
in over 80% lower NOx emissions than using only-low excess air at reduced
load. The recirculation of flue gases into the bottom of the furnace pro-
duced an 18% reduction in NOy emission (Runs 17 and 18 vs. 16 and 14). Reduc-
ing load by 57%, reduced NOy emissions by an average of 64% (Runs 1, 2, 3 and

4 vs, Runs 13, 14, 15 and 16). Table 6-12 presents a summary of the measured
reductions in NOy emissions. .

CO emissions averaced 70 ppm, eucept for z few low excess air ruas

pa S

where CO emissions as high as 195 were recorded from Boiler D.

Table 6~13 presents a summary of emissions data from Boiler E,
firing gas. Boiler E is equipped with 8 "{C-ports" for reducing NOx
emissions. In addition, the top burner of each two upper burner cells
has its gas line sealed closed, with its air ducts open as shown in
Table 6-~13. Thus, this boiler always uses staged firing when burning gas,
and it could not be tested under a firing configuration without staging.
(Emission data were obtained from the operator on the conditions which
prevailed before this change).

The operating variables included in the single replicated, factoria&
design were load (450 and 220 MW), excess air (normal and high) and fNO-ports
(open or closed). Table 6-14 and Figure 6-4 summarize the effects of chang-

ing operating variables on NOx emission rates for boiler E. Full load NOyx

emissions without combustion controls were only 236 ppm due to the beneficial
effect of staged firing.

. Analysis of variance for boiler E indicates quantitatively the
significance of the NOy reductions found, as shown in Table 4-14A.

The three-factor interaction mean square provides an estimated

standard deviation for experimental error equal to 4.2 ppm NOy (\/18 = 4.2),
with one degree of freedom. This estimate agrees well with the standard )
deviation for experimental error calculated from boiler A replicated runs of

3.2 ppm NOx, and 5.5 ppm NOx for boiler B.
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- Figure 6-3 .
NOX EMISSIONS FROM BOILER D
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TABLE 6-12

BOILER D ~ GAS FIRED
NOx REDUCTION THROUGH COMBUSTION CONTROL -

Load Combustion Control
Low Open Full
MW 7 Reduction None Excess Air |'NO-Ports"] Staging | FGR [Control "
350 946 ppm-0% 217% 47% 50% 77%
0% . 0% ‘
150 341 ppm#-07 39% 66% 207|  81%
57% 647

* Estimated to provide basis for comparison -

s




TABLE 6-13

SUMMARY OF EMISSION DATA FROM BOILER E

(450 MW, Horizontally Opposed, Gas Fired)

Operating Data

Tuel Ave. Flue, Gas Components
Run G?wa fﬁifiﬁw o- LE"Z‘E? Burncre, TR 02 Dry basts | Flue Gas
. evel (1) Firing % % NOx, ppm CO, ppm °F
8 227 2.20 Closed Normal 24 3.0 10.1 120 15-70 509
5 227 2.15 | open Normal 24 2.9 10.0 70 201000 510
6 225 2.11 | open High 24 4.5 8.9 95 15 511
7 227 2.15 Closed High 24 4.5 8.9 166 15 508
3 448 3.65 Closed High 24 4.0 9.6 236 12 624
2 443 3.65 | open High' " 24, 4.0 9.6 145 13 628
1 443 3.65 Open Normal 24 3.0 9.8 140 20-400 624
4 443 . 3.65 Closed Normal 24 3.0 9.8 198 61 621

(1) Test program design )
(2) Average of 16 data points per run. Each data point has a composite of 3 gas sampling points.

®] 0] |®] [®
o] (o] |[o] |o]
ol |o] [o] Jo
ol o [o] lo

Burner Configuration

‘(Front and Rear Furnace Faces)

-68_
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TABLE 6-14

BOILER E - GAS FIRED
NOx REDUCTION THROUGH COMBUSTION .CONTROL

Load - Combustion Control (In Addition to Staged Firing)
: Low Open ¢ LEA +
MW % Reduction None Excess Air NO-Ports NO -Ports
450 236 ppm-0% 198 ppm-16% 145 ppm-39% 140 ppm-41%
0% 0% 0% 0% 0%
220 166 ppm 120 ppm-28% 95 ppm-43% 70 ppm-58%
51% 30% 39% 35% ‘SQZ
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Figure 6-4
NOX EMISSIONS FROM BOILER E
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TABLE 6-14A

BOILER E - GAS FIRED - ANALYSIS OF VARIANCE OF NOx EMISSIONS

Degrees of Mean F
Source of Variation Fréeedom Square Ratio
1. Load 1 8978 126(®)
2. Excess Air 1 1624 23(.a)
3. "NO-Ports" 1 9112 128(®)
4. (Load ¥ Air) Interaction 1 98 1.4¢e)
5. (Load X Ports)Interaction' 1 98 1.4(6)
6. (Air X Ports) Interaction 1 364 5_1(d)
7. (Load X Air X Ports)
Interaction 1 18 (71.3, d.f. =
8. Total 7 20292
(a) significant at the 5% level (F.05 (1,3) = 10.1)
(b) significant at the 17 level (F.01 (1,3) = 34.1)

(c) revised estimate of experimental error (98 + 98 + 18) + 3 = 71.3
(d). possible significance, F.10 = 5.5
(e) not significant




TABLE 6-15

SUMMARY OF EMISSION DATA FROM BOILER F. (600 MW, HORIZONTALLY OPPOSED, GAS FIRED)

Average Flue Gas Components and Temperatures (2)
”ggérating Condit}ons Duct Number 21 Duct Number 22
" Gross| No. of NOx (ppm) NO, (ppm)
Run|-Load | Burners | Staging |0, 3% 02, €0, 1 CO |Temp.| O, 3% 0, CO,| CO |Temp.
No. MW .| Firing (1) %, Dry Basis] % | ppm °F % Dry Basisl % ppm °F
1 554 24 No 3.1 571 7.9 7 633 1.2 478 8.8 8 600
2 | 563 24 No 3.5 | 570 7.8 8| 643 | 2.3 | 542 8.4| 8 | 610
3 415 24 No 4.1 345 7.6 13 566 3.0 339 8.2 14 545
4 406 24 No 2.5 314 8.3 5 530 1.2 271 9.1 5 --
5 325 24 No 2.3 225 5.6 9 513 1.2 185 9.241 10 -
6 326 24 No 4.0 253 9.1 20 525 |-2.7 239 9.9 20 --
7 327 16' Yes 4.4 120 9.3 3} 535 3.1 88 10.0y 4 --
8 324 16 Yes 3.2 109 9.9 4 520 1.6 ‘79 ]11.0 10 | --
9 322 16 YeS 206 105 1003 - 520 101 77 : 1102 -= .-

¢ Staging: no, all burners firing equal amounts of fuel.

yes, top row of burners on air only.

(2) Average of eight composite samples of 3 gas streams at actual stack conditions.

Note: Computer results on periodic tests:

Fuel rate (109 ft.3/hr), run 1:5.12; run 2:5.223 run 3:3.81; run 7:3.07 and run 8:3.04.

Heat rate (BTU/KWH),run 1:9,834; run 2:9,875; run 3:9,824; run 7:10,077 and run 8:10,088.
(heat rate 11-13% above design heat rate due to high pressure heaters out of service, and
other factors) '

;Lé_



CO ewmission levels were low except for Runs 1 and 5 where 400 to
1000 ppm levels were reached. A slight increase in excess air is expected -
to reduce these high CO emissions levels with very little increase in NOy
emission rates.

Table 6-15 presents a summary of emission data from Boiler F.
This boiler has two separate ducts leading from the economizers to the air
heaters.. Our flue gas samples were taken from two probes (3 sampling points
per probe) inserted into each duct. The NOyx and 02 concentration measurements
for duct number 1 were consistently higher than the corresponding measurements
for duct number 2. These differences were real and not masked by overall
averages, as verified by oxygen measurements taken indpendently by the boiler
operator. Due to a shortage of gas fuel at the time of testing Boiler F, it
was not possible ‘to make additional runs.

"Figure 6-5 presents Boiler F NOy emission data in graphical form,
while Table 6-16 summarizes the NOyx reductions obtained in the same
format as used for the boilers discussed before. Staged combustion at
427 reduced load resulted in about 80% reduction in NOy compared to full
load, uncontrolled NOy, while low excess air with staged firing resulted
in about 867 NOx reduction. Low excess air firing alone reduced NO, =
emissions by 15 to 257 :

z
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Figure 6-5
NOX EMISSIONS FROM BOILER F
(600 MW Horizontally Opposed, Gas Fired)
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TABLE 6-16

BOILER F ~ GAS FIRED
NOx REDUCTION THROUGH COMBUSTION CONTROL

Load Combustion Control -
% Staged LEA + Staged

MW Reduction None Low Excess Air Firing Firing
560 0 560 ppm-0% 478 ppm-157 ——- ———

410 27% 335 ppm-40% 271 ppm-197 -—- —-—

43%
325 42% 253 ppm-55% 1§igpm‘27% 120ppm-53%| 77ppm-70% .
. Ool/4 .




-9 -

The experimental design and the measured average NOyx emissions for

Boiler G, firing gas, are shown in Table 6-17. This boiler was selected for
testing because of its unusual flexibility. The "all-wall" firing furnace
provided an opportunity to simulate different burner natterns and their effects
‘'on NOy emissions under both staged and unstaged firi:: conditions. There were

- several practical limitations that resulted in the actual experimental design
of 14 runs shown in Table 6~17. Only two days were available for testing this
boiler on gas firing, thus limiting the test program to a total of 14 runs.
Full load (220 MW) could be achieved with normal firing (24 burners) and
"minimum NOy, staged firing" (18 burmers). A maximum ioad of 190 MW could be
achieved with opposed wall firing (16 burners firing) and a maximum load of

" 125 MW could be reached with simulated corner firing (12 burners firing).
Eight small "NO-ports", located above the top row of front and rear burners,
could not be closed. Thus, a limited degree of two-stage combustion was in-
herent to the design of this boiler. Within these constraints, the program
was designed to provide the maximum amount of information. NOyx emission re-
duction due to reduced load and low excess air were in line with the reductions
experienced in Boilers A through F.. The emission data obtained in testing
Boiler G are summarized in Table 6-18

TABLE 6-17

BOILER G EXPERIMENTAL DESIGN - FIRING GAS*

(Average NOy Emmissions, ppm at 3% 0o, Dry Basis)

Burner Firing (L1). 220 MW (L2) 190 MW (L3) 125 MW

Pattern - Burner No. Hi Air { Lo Air |{Hi Air jLo Air |Hi Air |Lo Air
(Sl) Normal - All Burners ' 675 519 313 236
Firing - All Wall B . @
(8,) "Minimum NOy" Pattern - 286 %E? 150 107
9, 10, 12 on Air Only ®
(S3) Horizontally Opposed - 359 284 225
3, 4, 9, 10 Air Only : () 14
400

(SA) Horizontally Opposed -~
3, 4,9, 10 No Air or Fuel

@

(SS) Simulated Corner - 1;%
1, 3, 5, 7, 9, 11 Air Only _ (l;

(56) Simulated Cqrner - 350
1, 3, 5, 7, 9, 11 No Fuel 13
or Air

* Circled numbers denote run numbers.




TABLE €-18

SIMMARY _OF EMISSION DATA FROM BOILER G (220 MW,.'ALL-WALL'", GAS FIRED)

o Operating Data : Avg. Flue Gas
.Noo of Conmponents (2)
! urners: m,3% O

Run Gigzz Steam Flow Gazu;iow Exiiis Fir?;gneriir Bs;niii BNp Fuel giy Basig ?2 C?z
No. o) 1103 1bs/hr| 106 Fe3/hr| Level(l) | Staging Gas | Only Only(3) or Air(3) NOx _ CO | % %
12 124 890 1.05 High No 24 None None 313 2114.9 | 8.3
13 123 860 1.05 High Yes 18. 9,10,12 None 150 19 4.6 | 8.4
;14 123 840 1.05 High Yes 16 8 3,4,9,10 None 225 19 | 4.6 | 8.2
1,11 125 870 3.05 High Yes 12 12 {1,3,5,7,9,11,13 None 350 1915.6 | 7.4
fia | 123 860 1.05 High No 12 0 None 2,4,6,8,10,12| 350 19|5.6 | 7.4
! 7 121 840 1.00 Low No- 24 0 None None 236 26 12.4 ] 9.3
% 8 124 850 - 1.04 Low Yes 18 6 9,10,12 None 107 86 {2.8 | 8.8
is | 188 1330 1.53 Low Yes 16 8 3,4,9,10 None 284 | 35 2.7 |10.2
Z 5a | 190 1350 1.53 Low No 16 0 None 3,4,9,10 400 28 | 2.6 | 10.1
5 6 191 1360 1.55 High Yes 16 8 3,4,9,10 None 359 - l4.0 | 9.3
% 2 220 . 1630 1.83 Low Yes 18 6 9,10,12 None 270 25 |2.2 | 10.1
2 1 220 1640 1.84 Low No 24 0 None’ None 519 34 { 1.7 | 10.2
P3| o223 1640 1.86 Righ No 24 | 0 None None 675 | 14|3.3 | 9.2
2 4 | 218 1640 1.80 High Yes 18 § 6 9,10,12 _ Nome 286 i 16 13.9 | 9.7

e ek A e Bt e s it B B S 108 Sk P . 4 4B Ak et et P Nt o s e

(1) Test program design. _
(2) Average of 16 measurement per rum.,
(3) Refer to burner pair numbers shown in burner configuration diagram.

Rea:.pagifion'Wall

Right End

_26—
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[

All forms of staged combustion produced significant NOx emission
reductions, with the combination of low excess air and staged firing consist-
ently giving further improvements. At a load of 125 MW, without low -excess
air, the highest NOx emissions resulted from simulated corner firing (Sg,
only 12 burners firing and no staging), followed by S1, normal firing of 24
burners, S3 horizontally opposed staged firing, Sy "minimum NOyx'" firing pat-
tern (18 burners firing and bummers 6 on air only), and S5, simulated corner
staged firing ( 12 burners firing and 12 burners on air only). These results
are in the expected order. With no staging, 12 burners produced more NOx than

. 24 burners fired at only one-half the fuel rate. With staged firing, the

simulated corner firing produced lower NOx than horizontally opposed firing.
For full load staged firing, 3 pairs of burners could be operated on air only.
Experience gained in testing this boiler indicates that pairs 9, 10 and 12 on
air only would give minimum NOx emissions.

Carbon monoxide em1531ons measured from Boiler G were less than
100" ppm and hydrocarbon measured less than 1 ppm. No visible haze was al-
lowed to occur during our tests Consequently, combustion was essentially
complete in all rums. . '

The results obtained in testlng Boiler G are presented again in -
Table 6-19 and Figure 6-6 to aid in the analysis and interpretation of the
data. - Full load, uncontrolled (except for the '"built-in" two-stage combustion)

.'NOy emissions of 675 ppm measured in- this boiler were rather high. The boiler

operator indicated that changing the gas spuds to a newer design had resulted

in roughly doubling the NOx emission levels. Although we had no opportunity

to verify this increase by running .tests with the two different gas burner
designs, this factor points out a potentially fruitful area for emission
control research.

TABLE 6-19

BOILER G - GAS FIRED NO, REDUCTIONS
THROUGH COMBUSTION CONTROL

’ | Combustion Control
Load Staged Firing Staged Firing 4 LEA

MW % Reduction None LEA '™Min .NO'"l H.O. |Corner 'ﬁin-Nox*H.nA arnen
220 675 ppm 237 - 58% ' 607%

0 0%
190 550 ppm(1) 21%(2) 35% 487

14% '
125 | 313 ppm 25% 527 o 58% 667 53%

437% 54% :

(1) Estimated from trend line calculated from runs 3 and 12.
(2) Reduction due to low excess air in horizontally opposed firing runs at 190 MW.
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Figure 6-6

~ NOx EMISSIONS FROM BOILER G
(220 MW "ALL-WALL", GAS FIRED)
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6.2.3 Tangential and Vertical
Gas-Fired Boilers

Boiler H in our test program was a medium sized (320 MW), tangentially
fired boiler. Although this boiler is operated with either gas or oil, only
the latter fuel was fired during our tests. Therefore, a summary of gas fired
emission data and operating variables were requested from the boiler owner
-operator which were kindly supplied to us. These experimental rumns, made over
a period of time, led to their "finall acceptable operating modes" for loads
varying between 320 MW and 60 MW as indicated in runs 31 through 36. Operating
variables tested by the boiler operator in addition to load were staging (air
only to a row of burners), flue gas recirculation:-(through secondary air dampers),
burner tilt, air damper settings, and excess air level,.

Analysis of the NO_ emission data presented in Table 6-20 indicates
that flue gas recirculation at low excess air levels provides a prattical
and effective means of reducing NO emissions from this boiler operated on
gas fuel. Figure 6~7 presents the® relationship between percent flue gas
recirculation and NO emissions. The use of 18% (at 320 MW load) to 43% (at
60 MW load) flue.gasxrecirCulation with low excess air (while maintaining
low CO emissions) appears to provide good NO emission control for this
tangentially fired boiler. The use of stageﬁ firing was reported by the
boiler operator to introduce operating difficulties, and therefore, has not
been used by them for reducing NO_ emissions. Burner tilt and air damper

. X .
setting are adjusted at each load to avoid higher water tube metal tempera-
tures with minimum use of attemperation sprays. Thus, the use of their

"finalacceptable operating mode"-accempliched a reduction in NQ, emissicns
from 340 ppm to 110 ppm at full load (320 MW) with further reduction between
65 ppm and 85 ppm NOyx at lower loads.

The emission data obtained in testing Boiler I are summarized in
Table 6-21. This boiler was originally designed as a wet bottom vertical
coal fired boiler. It has been converted to gas firing. Boiler I has six
burners in a single row firing downwards from the roof of the furnace. Our
planned series of experiments on this boiler could not be performed com~
pletely. High load demands at the time of the test program did not allow
emission tests at reduced loads. Also, after running four tests, the boiler
was suddenly taken "off line" due to fuel gas shortage caused by cold weather
conditions. Thus, some planned experiments with low excess air firing,
staging and adjusting air damper positions to vary air-fuel mixing could
not be performed. Plant experience using Orsat measurements indicated that
air leaks upstream of our probes amounted to between 5% and 8% of the total
flue gas. Thus, our 0) measurements were probably 1.0% to 1,6% higher than
the residual 02 concentrations at actual furnace conditions.

Analysis of the data obtained at full load conditions suggests
that air damper positions at the burner as well as staged firing have an
important influence on NO and CO emissions from this boiler. A high
excess air level (5.37% 02 in the flue gas) with air dampers 807 to 100%
open resulted in relatively low NOyx emissions of 155 ppm and low CO emissions
of about 12 ppm. Lowering excess air to the point where CO emissions



TABLE 6-20

| SUMMARY OF EMISSTON DATA FROM BOILER H
(320 MW, TANGENTIAL, GAS FIRED(1)

Boiler Ppm .
Run Load .. % Flue Gas Burner Primary/Secondary %z 02 3% 02, Dry Basis Run
No. MAd ~ | Staging | Recirrulation ‘Tilt Air Dampers Dry Basis NO,, Co Conditions
1 320 No 0 Normal Normal 3.3 340 175 (2)
3 320 No 0 +Max. (up) *Normal 2.7 335 50 (2)
5 320 No 30 Normal Normal 2.2 105 50 (2)
6 320 . No 16 Normal Normal 2.7 165 80 (2)
9 320 No 0 Normal 32%100% 2.7 245 100 (2)
10 | 315 Yes 0 Normal Closed 5.5 375 200 (2)
11 280 Yes 0 Normal - Closed 5.6 320 80 {2)
13 280 No 35 Normal -Open 2.5 95 50 < (2)
14 320 No 27 Normal Open 2.9 90 50 (2).-
15 320 No 17 . Normal Open 2.4 130 60 (2)
16 240 No 0 Normal ° Normal 5.0 230 | 2100 ' )
17 240 No 0 Normal Normal 7.5 435 50 (2)
18 240 No 0 +Max. (up) . Normal " 6.0 390 50 T (2)
20 240 . No 39 Normal Normal 2.9 95 50 (23
21 240 No | 21 Normal Normal 4.1 135 100 (2)
24 240 Yes 0 Normal Open 6.2 345 50 (2).
25 .} 240 Yes 0 Normal Open 5.7 315 160 (2)
{26 240 No 41 Normal - Normal 2,7 90 100 (2)
28 '} 320 Yes 21 ~ Normal .Open 2.2 105 150 (2)
31 320 No 18 Normal Normal 2.0 110 50 - (3)
32 240 No 23 Normal Normal 2.2 80 600 3)
33 160 No 32 Normal Normal 2.9 65 | S0 (3)
34 120 No 37 Normal Normal 5.5 65 50 (3)
35 80 No 43 Normal Normal 8.9 85 50 (3)
36 60 No 43 Normal Normal 11.0 85 50 (3)

(1) Data supplied by boiler owner-operator.
(2) Initial experimental runs.

(3) "Final acceptable operating mode."

-.96 -



- Figure 6-7
NO, EMISSIONS FROM BOILER W
(320 MW, Tangential, Gas Fired)
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TABLE 6-21
SUMMARY OF EMISSION DATA FROM BOILER I (66MW, VERTICAL, GAS FIRED)

Boicfi::sioad Steam Numl;;r ’ 'Fuzgir Average Flue Gas_Components (1) .

Run Equivalent Generation Burners Staged Irampers Drv Basis 3Z 02, Dry Basis Flue Gas
No. o) 103 1b/hr Firing | Firing |9 Open | "0, % CO, % | NO, co Temp. °F.
1 66 683 6 "~ No &0-100 5.3 9.4 155 12 553
2 66 682 6 No 40-45 3.2 9.7 252 405 551
3 66 682 6 No -}20 3.4 9.6 235 143 548
4 66 683 6 ' Yes (21‘ 50 2.5 | 10.9 | 127 | s28 | - 55
(1) : Average of 12 data points. Each data point measured on a composite of 3 gas streams.

(2) 2 end burners fired fuel lean, 4 inher burners fired fuel rich.

=~ 86 -



- 99 -

became high (405 ppm), but closing the air dampers to only 40-45% open,
increased the NO_ emission level to 252 ppm. This increase might be ex-

. . X . -
plained by higher flame temperatures caused by better air-fuel mixing. .
In Run 3 the excéss air level was increased slightly to reduce CO emissions
to about 140 ppm, and the dampers were closed to a 207 open position. NO
emissions were reduced by less than 10%. In Run 4, the end burners were X
run fuel lean, while the middle 4 burners were run at a fuel rich condition.
The excess air was reduced to the point that the CO emissions increased to

over 500 ppm. This method of operation resulted in NOX emissions of about
127 ppm.

Our overall conclusions on combustion modifications for NO

emission control for gas fired boilers are discussed in section.2 of this
report.
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6.3 Individual Emission Results
on 0il Fired Boilers

Field test programs were run on nine o¢il fired boilers. Three
front wall fired (A, B, J), two horizontally opposed (D, E), one'nll-wall"
(G), two tangential (H, K), and a cyclone fired boiler (L) were tested.

Six of these boilers (A, B, D, E, G and H) were also tested while firing

- gas as discussed in section 4.2, Comparison of the emissions data obtained
on these boilers fired with either gas or oil is discussed in section 2

of this report.

6.3.1 TFront Wall 0il Fired Boilers

Boilers A, B and J are front wall fired boilers, manufactured by
Combustion Engineering, Riley Stoker and Babcock and Wilcox, respectively.
Boiler J was selected for testing because of its unusual feature of flue
gas recirculation directly into the windbox. Unfortunately, this boiler
was not equipped for gas firing and thus the comparison of emissions as
affected by fuel type could not be made,

Table 6-22 presents the average NO_ emission results correspond-
ing to the statistical experimental design with oil firing of Boiler A.
A summary of the 16 test runs made on Boiler A, fired with "low sulfur"
fuel oils, is given in Table 6-23. Runs 1-14 were made with one grade
of 0il, while Runs 15-18 were made with a second grade of oil containing
lower sulfur and nitrogen levels. Figure 4-8 presents the Nok emissions
in graphlcal form. Loads and relative excess air leveis were the same
in gas and oil fired test program designs; however, a third level of
staging was used in oil firing. To achieve full load operatiom with
staged firing, special "big" oil guns had to be used so that 12 burners
could fire the same amount of fuel oil as 16 normal guns. Thus, at full

TABLE 6-22

EXPERIMENTAL DESIGN FOR BOILER A -~ FIRING OIL

(Average NOx Emissions, ppm at 3% 02, Dry Basis)*
L, (180 W) L, (120 M) "1, (80 W)
Lo Air Hi Air Lo Air Hi Air Lo Air Hi Air
(Al1 Burners . [238 (6) | 367 G |241 @] 322 3 | 191 @ | 266 @
Equal) 259 {18 {181 Q?
5 /—\1 P
(Staged 201 @% 253 (1: |185 {9 | 241 \(;9
Firing) 160 1 232 f10 !
5, (“Big" 011 315 (@& | 418 @
Guns) )

* Circled numbers denote run numbers.



TABLE 6-23

SUMMARY OF EMISSION DATA FROM BOILER A (180 MW, FRONT WALL, OIL FIRED)

Gross Avg. Flue Gas Components(l)| Independent mnalvges(z) Flue
Roiler . Fuel Staged | No. of ! ppm, 3% 0. ppms 3% 0y, | Gas
Run Load Steam Flow 0il Fired Firing | Burners | %,Dry Basis Dry basis %,Dry Basis | Dry Basis | Temp.
No. MW 103 1bs./hr.(4){103 1bs./hr. (3) | Firing | O, | CO, |NO | CO| HC| O, | CO, NO °F
1 77 460 38 No 12 4.6 | 12.7 1266} 14 | <1 603
2 77 _ 470 39 No 12 2.0 | 14.8 1191 | 20 | <1 586
3 122 750 57 No . 16 4.6 | 12.7 } 322 19 | <1 632
4 120 758 56 No 16 1.7 } 14.9 | 241 } 25 | <1 642
5 182 1220 83 No 16 - 3.9 | 13.1 §1367 § 19 | <1 3.5 ] 13.0 348 682
6 182 1240 82 No 16 1.7 | 14.7 } 238 | 42 | <1 1.3 14.4 217 688
9 119 750 56 Yes 12 3.5 { 13.4 {185 | 29 | <1 | 3.1 13.3 169 687
10 119 740 57 Yes 12 4.8 12.5 1241 | 18 § <1 | 4.4 } 12.2 207 688
11 179 1210 82 Yes 12 4.9 | 12.4 {253 | 21 <1 | 4.3 1 12.1 238 . 588
12 - 179 1220 82 - Yes 12 3.7 | 13.5 1201 § 32 | <1} 3.3 § 13.0 189 585
i13 179 1210 82 No 12 4.4 Y 12.9 (408 | 18 | <1 632
14 178 1219 82 No ‘ 12 2.5 | 14.6 §315 | 32 | <1 643
15 178 1215 83 Yes 12 3.9 } 12.8 }160 } 43 | <1 684
i 16 120 730 57 Yes 12 5.4 | 11.6 [232 | 26 | -- 688
{17 119 750 56 No 16 } 1.8 } 14.5 (181 } 31 | -~ 681
18 - 179 1210 83 No 16 E 3.1 } 13.4 (252 } 24 | -~ 673
£ .
(1) Average of 16 data points per run. Each data point from a composite of 3 gas streams.
(2) Analyses obtained by boiler operator. NOx by PDS: Oy and COp by Orsat analyses.
(3) Burner patterns: 0000 0000 o] % 00 0000 Key: O - Firing Fuel
0000 0000 ROOR AOOA A - Air Only
0000 00O OBRO 0AAQ B - No air or fuel
0000 0000 0000O0 0000
Staging: No No No . Yes
Load: 70 MW 120 MW 120 MW and
. 180 MW
Burner Gun Size: Normal Normal Normal "Big"
{(4) All runs with "low sulfur" fuel oil.

S and N content fuel oil.

Runs 1-14 with one grade of fuel oil, Runs 15-18 with another lower

- 10T -
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Figure 6-8
NOx EMISSIONS FROM BOILER A
(180 MW, Front Wall, Oil Fired)
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load, Sy denotes firing with 16 0il gusns 82, firing 12 “big” guns with four
burmers on air only; and S3, firing 12 '"big" gums.

Analysis of the results obtained indicates that reducing the load
in oil firing does not reduce NO_ emissions as much as reducing the load in

: . . Lo X S D s
gas firing. Low excess air firing, however, did reduce NQ_ emissions between

187% and 35% for all loads and types of firing. Staged fir&ng reduced NO
emissions between 257 to 35%. The combination of low excess air with stgged
firing resulted in the largest reduction of about 45% in NO  emissions. The

effects of these combustion modifications on NO emissions are summarized in
Table 6-24. x

TABLE 6-24

BOILER A -~ OIL FIRED
pr REDUCTION THROUGH COMBUSTION CONTROL

Load | Combustion Control
MW | % Reduction None Low Excess Air | Staging LEA .+ Stagin
180 367 ppm 0% | 238ppm  35% | 253ppm 31%| 20lppm  45%
0% 0% ‘
120 322ppm 0% { 241ppm 25% |241ppm 25% | 185ppm 437
33 % 12% : 1% 5% . l 8%
80 266ppm 0% | 190ppm 28%

56 % 287 20%

The use of 12 '"big" o0il guns at full load and no staging resulted

" in an average 207 increase in NOy emissions, compared with staged firing with

16 smaller burners. The use of low sulfur (0.18% vs. 0.45% by weight), low
nitrogen (0.21% vs. 0.36% by weight) fuel o0il reduced NO, an average of 307%
(to 183 ppm from 263 ppm) at comparable operating conditions (Runs 15 through
18 vs. Runs 12, 10, 4 and 5). This corresponds roughly to a 30% conversion to
NOx of the differential in fuel nitrogen between the two fuel oils. Because
of other differences in fuel o0il quality, these changes in emission may also
have been due to factors other than fuel N content.

Table 6-25 presents a summary of emission data obtained from Boiler
B firing oil. The primary operating variables included in the experimental
design were load, excess air level, staged firing, and grade of fuel oil. The
full load rating-of this froat wall Riley Stroker boiler is about 80 megawatts.
The lowest load with which the boiler could be operated efficiently while
firing all 12 burners was about 50 megawatts. With 10 burners firing, the
lowest effective load was about 20 megawatts. Excess air was limited to the



’ TABLE 6-25
SUMMARY OF EMISSION DATA FROM BOILER B

(82 MW, FRONT WALL, OIL FIRED)

. Flue Gas Components (1) and Temperatures :
Total No. of Burner 3% 0,
Gross Steam 011(3) Burners Position | Dry Basis Dry Basis Temp.
Run Load Flow Flow Excess | on Air (inches | 07 €0y NOy co (4) | Burner
No.: MW 103 1b/hr. -| Bbl/hr.| Staging Ar | Fuel| Only out) % % (PPM) (PPM) °F | Pattern
1. 21.0 190 160 No Low 10 0 10 4,3} 12.8 185 45 515 | 0X00X0
000000
2 20.5 190 160 Yes High |10 2 10 6.1} 11.2 207 38 524 | 0A00AO
- 000000
3 50.5 440 330 Yes Low 10 2 14 3.9 13.0 252 94 623 | 0AOOAD
000000
4 51.5 450 325 No Normalj 12 0 14 4.5 12.4 361 46 637 | 000000
: 000000
5 81.5 750 550 Yes Low 10 2 22 3.3} 13.3 293 }59-130 758 | 0A0QAQ
000000
6 81.8 745 520 No Normal| 12 0 22 3.9 13.2 560 59 768 | 000000 )
000000 =
=
7 81.5 750 540 Yes Normalj 10 2 22 5.0 12.3 373 - 63 775 | 0A00AQ '
000000
8- 81.5 745 530 No Low |12 0 22 2.4} 14.2 453 | 79-970 750 | 000000
000000
17 20.0 170 160 - Yes Low 10 2 10 5.3} 12.2 | -~ 203 87 477 | 0AOOAD
000000
18 21.0 180 162 No Normal| 10 0 10 5.8 11.8 258 - 488 | 0X00X0
! i 000000
19 50.0 425 320 No Low 12 E 0 14 2.6 | 14.1 218 104 602 E 000000
5 ! 000000
21 82.0 750 445 No Normal| 12 0 22 3.4 ) 13.6 600 69 760 E 000000
. ' 000000
22 82.0 750 540 Yes Low 10 2 22 3.5 13.7 {99-580 209 748  0AOOAO
i 000000
23 82.0 750 " 540 No Low 12 -0 22 2.0 | 14.6 {70-379 265 737 | 000000
: | 000000
24 82.0 750 540 Yes Normal| 10 2 22 5.1 1 12.3 434 64 769 | DA00AOQ
: i 000000

(1) Hydrocarbon

(2) Burner Code:

emissions measured <1

ppm.

X No Fuel or Air, A Air Only, O Fuel and Air

(3) Runs 1-8 on "low S" 0.31%Z N fuel oil,
runs 1-17 on ''mormal S$'", 0.41%7 N fuel oil.
(4) Runs 17 and 18 air preheater by-pass used.
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lowest air level at which the boiler could be operated with a clear stack
(slight "efficiency haze" only)*, and at CO levels generally less than 200-
300 ppm. Staging was accompllshed by introducing air only through two burners
of the top row, as shown in Table 6-25.

Tables 6-26 and 6-27 summarize the effects of changing the boiler
operating variables on NOx emission levels. This information is presented
graphically in fjgure 6-9. Reducing load from 82 MW to 21 MW {(i.e., by 74%)
reduced NO, emissions by 35%to 60%. Staging (introducing air only through
two top row burners) reduced NOyx emissions by 20% to 35%. Reducing excess
air when operating at full load consistently reduced NOy emissions by about
20% both under normal and staged firing conditions. Comparison of NOy emis-
sions from low N oil firing (Runs 21 through 24) with NOx emissions for higher
N oil firing (Runs 5 through 8) at full load showed a reduction in NOy emis-
sions of about 9%. The combination of staged combustion with low excess air

firing reduced NOy emissions by 46Z% at the full load of 82 MW, by 30% at 50
MW, and by 21% at 21 MW load.
TABLE 6-26
TEST PROGRAM DESIGN FOR BOILER B - FIRING OIL
(NOx Emissions, ppm at 32'02, Dry Basis)*
L1 (82 MW) . Lo (50 MW) L3 (20 MW)
, Al(Normal) A2(Lo Air) Al(Normal) Ay (Lo Alr) .Al(Normal) A2(Lo Air)
S, (Normal-Firingdl ® 560 | & 453 |1(& 361 @ -~ 318 @ 258 1D
1 @ 600 |3 486
S,(Staged Firing) @ 373 293 |@9 290 G 252 | @ 207 |@ 203
€y 434 335

* Circled numbers are test run numbers.
Runs 1 through 8 fuel oil composition:
Runs 17 through 24 fuel oil composition:

0.31% N, 0.26% S, and0.03 ash
0.41% N, 0.32% S, and0.10 ash

* "Efficiency haze'" is a term used by the boiler operator to describe a

slightly opaque stack condition resulting from lowering the excess air
level for increasing boiler efficiency.
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Figure 6-9

| Nox' EMISSIONS FROM BOILER B

(82 MW, Front Wall, Oil Fired)
oD
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TABLE ' 6-27

4 BOILER B - OIL FIRED
NOx REDUCTION THROUGH COMBUSTION CONTROL

Load Combustion Control :
MW |. Z Reduction None Los Excess Air| Staged Firing' | LEA -+ Staging
82 580 ppm 0% | 470ppm 19% | 4O4ppm  30% | 3lé4ppm 46%
0%
50 361ppm 318ppm 12% 290ppm 20% 252ppm 30%
39% 38% 32% 28% T 20%
21| . 258ppm 185ppm  28% | 207ppm 20%Z | 203ppm 21%
4 747 54% 61% 49% 35%

_ Table 6-28 presents the summary of the emission data obtained from
Boiler J. This medium-sized (250 Mw), twin—furnace, front wall boiler had
duct work for flue gas recirculation into the windbox of each furnace. Boiler

~ boiler. In.addition, sampling pump failures and boiler control problems
have more uncertainty than those obtained later on. Our sampling and analytical
system had been substantially improved after the “break-in" experience on this
boiler. In addition, sampling pump failures and boiler control problems
resulted in an incomplete implementation of the statistical experimental design.

" In spite of the above limitations, analysis of the data led
to the following conclusions. The combination of full capacity flue gas
recirculation with low excess air and staged firing reduced NOy emissions
~ by more than 50% at full load (from about 340 ppm to less than 150 ppm) and
about 507 at two-thirds load (from about 300 ppm to 155 ppm). Staged firing
(top row fired lean, and middle and bottom rows fired rich) without flue gas
recirculation reduced NOyx emissions by about 20%.

Regression analysis indicated that about 75% of the variation in
NOx emissions could be explained by, or were related to combustion controls.
With NOy expressed in parts per million corrected to 3% 02, dry basis, the
regression equation was: »

2

ppm NOx = 238 = 25.4 X;° + 0.31 X,X, - 17.6 XX

273 4

Fad
]

‘where: 1 extent of flue gas recirculation (0 for none, 1 for partial,
2 fur full capacity), ' ’

X2 = excess air level (% Oz-in flue gas),
= load (MW), ‘

>4
|

Xa staging (0 for normal firing and 1 for staged firing).

A slightly better fit was obtained by correlating the logarithm of the NO,
emissions measured as ppm with the above variables. '




Log (ppm NOy) =

- 108 - .

2.36 - 0.0559 X,

2

+ 0.0049 X, X

273

- 0.0279 X X

274

The correlation coefficients and standard errors of estimate for the linear
= 32 ppm

and the logarithmic regressions were r = 0.86 and 0.90, and sy

and 0.054 log units, respectively.

SUMMARY OF EMISSION DATA FROM BOILER J

TABLE 6-28

(250 MW, Front Wall, Twin Furnace, 0il Fired)
Flue Gas Components(a)
Gross Excess | Extent of and Temperatures
Boiler Staged Alr Flue Gas | Dry Basis |ppm, at 3%j
Run Load Firing | level | cCapacity % 02 ,DryBasis °F
No. | (MW) (1) (2) (3) Used 02 co2 | co | NOx| Temp.
1 - 179 Yes. Low Partial | 1.0 | 4.4 | —- 239 -
2. - 84 No Low Partial 1.0 15.1 - 218 -
3 86 No Low Partial | 1.6 | 13.8 | ==~ 198 532
4 84 No High None 2.6 13.8 | -- 353 510
5 86 No Low None 1.0 | 15.0 | —- 298 550
6 86 Yes Low None 0.9 14.4 -— 2291 514
7 84 - Yes. Hich Mone 2.2 1127 1 —- 274 520
8 86 Yes High None 2.3 | 13.5 - 267 515
9 116 No High None 2.5 1 13.9 | - 305 -
10 118 Yes Low Full 1.4 | 14.3 | — 142 -
11 124 " No High None 2.9 13.2 20 350 -
12 127 Yes Low Partial | 1.9 | 13.7 [ (5) | 265 695
13 122 Yes High None 2.0 13.8 270 270 590
14 127 No High None 2.0 13.7 41| 370 582
15 84 No High None 3.1 12.7 10 260 545
16 83 Yes High None 2.9 | 12.8 8] 246 545
17 84 Yes Low Full 1.0 14.9 (5) 153 545
18 83 No Low Full 1.2 14.7 53 174 550
(1) Per furnace, including 7 MW equivalent for each 100,000 1b.of steam
supplied to customer.
(2) Staged firing: yes - top row of burners fired fuel lean (about 20%
» of total fuel), bottom 2 rows fuel rich (about 40% each).
(3) Test program design.
(4) Average flue gas composition from No. 2 furnace only (average of 6 to
8 flue gas samples).
(5) >1000 ppm on probe with lowest 0, measurements.
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6.3.2 Horizontally Opposed 0il .Fired Boilers

Table 6~29 presents the summary of emission data obtained in test- -
ing with oil firing boiler D, a 350 MW, horizontally opposed single furnace
Babcock and Wilcox boiler equipped with "NO-ports' for two-stage combustion.

TABLE 6-29

SUMMARY OF EMISSION DATA FROM BOILER D
(350 MW, Horizontally Opposed, Oil Fired)

A Air only.

Operating Data Flue Gas Compongntsaéé)Temperaturg
Gross | Total Dry Basis| 3% 02
Boiler Steam Fuel Excess Burner
Run Load Flow 0il Flow | Air |'NO- Staging| Oz |CO7 | NOy co Temp.
. No MW 10 1b/hr | Bbls/hr | Level |Ports" () L% l % (ppm) | (ppm) °F
6 - 349 215 485 Low Open No 1.8114.8| 308 66 711
5 348 215 487 Low Shut No 1.4114.8 } 442 53 694
2 351 215 484 Low Open Yes 2.2@13.0 284 61 697
3 352 215 486 High | Open Yes 3.4012.4 1 297 65 703
1 350 216 484 Low Shut Yes 1.8113.5} 292 92 692
4 351 216 484 High Shut |. Yes 3.0112.6 | 302 ; 85 699
7 7 151 96 237 Low . Open No 2.1114.6 {173 | 59 617
8 154 100 -| 245 Low Shut No 1.7°14.91228 | 60 609
9 154 - aq - <240 Low Shut - Yesg 2:2.14.413 152 . 52 A15
10 155 98 245 Low  Open Yes 2.6°'14.2| 118 j 59 615
11 154 98 244 High Open Yes 3.6113,5}1 139 . 55 619
12 154 "98 242 High Shut Yes 3.2;13.8i 177 1 45 620 .
. M 1 -
(1) Average of 16 data points per run. Each data point based on composite
of 3 gas sample streams.
(2) "off-stoichiometric" combustion, middle burner of each 3 burner
cell on air only (except cell No. 7, top burner on air only).
BURNER CONFIGURATION
(0] 0 0] 0] 0 0 a 0
(4] 0 0 0 0 0] 0]
Front Face Rear Face
Code: O Fuel and air.
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‘ ?he experimental design and the average NO, emissions measured in
tesFlng BO}ler D firing fuel o0il are summarized in Table 6-30. The operating
vér%ables 12cluded in the experimental program were load, excess air, staged
firing and "NO-port" setting. The staged firing was performed with éhe'mid~
dle burmer of each 3 burner cell on air only, except for cell number 7 which
had the top_burner on air only (as shown in Table 6-29) due to a mechanical
problem. With the limited time available for field testing, staged firin
was emphasized over normal firing. )

TABLE 6-30

TEST PROGRAM DESIGN FOR BOILER D - FIRiNG OIL
(NOx Emissions, ppm at 3% 02, Dry Basis)*

(L.) 350 Mw L 150 Mw
""NO-Ports" Close& Open Clo( g)
(S,) Normal (A,) Hi Ai : I .
1 1 ir (457) (264)

Firing- | (A)) Lo Air | %42 | (& 308 (8 228 (1 173

(s,) iti::ged (A Riair @) 302 | 297 | @ 177 | © 139
ing (4,) Lo Air [ 292 [(D 284 (@ 153 | {0 118

* (Circled numbers denote run numbers.

In order to provide an indirect comparison of NOx emissions
reduced by combustion control for boiler D firing gas or oil, estimates
were made of uncontrolled emissions at full and partial loads as shown in
the footnotes of Table 6-31. Thus, the high excess air, normal firing,
closed "NO-port" results were estimated assuming that the reduction in NOx
emissions due to the application of low excess. air supply was the same for
normal as for staged firing. Although these estimates are subject to con-
siderable error, they provide bases for comparisons without affecting all
of the other direct relationships as shown in Figure 6-10 for oil firing.
Low excess air firing with staged combustion reduced NOx emissions by less
than 5% at full load and about 15% at reduced load, compared with the same
mode of operation but using high excess air. The use of open '"NO-ports"
combined with low excess air and normal firing reduced NOy by 30% at full
load, and 24% at reduced load. '"'Full combustion control' (low excess air,
with staged combustion and open "NO-ports") reduced NOyx emissions an estimated
38%Z at full load, and 55% at reduced load. As in other boilers burning
either gas or oil, the fractional reductions in NOy emissions for'full con-
trol'"are less for oil than for gas firing. However, since uncontrolled gas
fired NOy emissions are higher for gas then oil, '"fully controlled" NOy
emissions for the two fuels are similar to each other.

%
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TABLE 6-31

BOILER D - OIL FIRED
NQX EMISSION REDUCTION THROUGH COMBUSTION CONTROL

Load Combustion Control
% Low "NO :
MW Reduction Nqne Fxcess Air Ports Staging "Full"
350 157 (L) ppm 442ppm 37! 308ppm 337 297ppm 35% | 284 pom38Y
0% 0%
154 264 ppm(2) 228ppm 14%|173ppm 34%|139ppm 47%4 118ppm 55%
56% 427, 487 447 53%. 1 58%
‘(1) Estimated: 442 x g%% = 457 ppm
(2) Estimated:; 228 x %%% = 264ppm

A multiple regression analysis of the data indicated that 927

(r= 0. 96) of the variation in NOx emissions from Boiler D firing oil was
related to, or explained by the combustion controls as shown in the following
regression equation:

PpPm NOx = 111 + 1.24 X1 - 45.9 X2 - 0.258 (X1X3)

-t

nnn

Where: X gross load (MW)
: X, "NO-Ports'" (1 for closed, 2 for open position)
X3 Staged Firing (1 no staging, 2 staging)

The estimated standard error of estimate calculated from this
regression model with 8 degrees of freedom was 29 ppm NOy. Since this
"standard error is considerably higher than our estimated standard deviation
for experimental error, it is apparent that such a regression model is over-
simplified. Extensive field testing on an oil fired boiler is needed to
provide the data for a more realistic, but more necessarily complex empirical
model,

Table 6-32 presents the experimental design and a summary of the
emission data from Boiler E, firing oil. This large (480 MW), opposed wall
fired boiler is equipped with '"NO-ports' above the top row of bumers. The

statistically designed field test program on this boiler could not be completed

because boiler control equipment failed to operate properly. However, as
shown in Table 6-32, nine runs were made and some important information on
NOyx emission control could be obtained.
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Figure 6-10
NOX EMISSIONS FROM BOILER D
(350 MW, Horizontally Opposed, Oil Fired)

[ l l I

"NO-Ports" Closed, Normal
Firing, Lo Air

"NO-Ports" Open, Normal

Firing, Lo Air
J'NO-Ports" Closed, Staged
Firing, Hi Air
+~'NO-Ports" Open, Staged

Firing, Hi Air
"NO-Ports" Closed, Staged

Firing, Lo Air '
~"NO-Ports" Open, Staged
Firing, -Lo Air

Circled numbers
denote run numbers.
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TABLE 6-32

TEST PROGRAM DESIGN FOR BOILER E — FIRING OIL*

(NOx Emissions, ppm at 3% 07, Dry Basis)

—

"NO-Ports" (Ly) (455 M) (Ly) (364 MW) (L) (228 W)
Excess Air | (Ay) Hi [(A;) Lo [(Ay)_Hil (A7) Lo [ (A7) _Hil (Ap) 1d
(F) "NO-Ports”| (S;) Normal [(2} 246 [(3 223 |& 219 "(® 183 % 163
' Closed : Firing ‘
(Sz) Staged (5 - ¢§ . GD .
' Firing 4
®,) "NO-Ports" [ (5;) Normal|Q 200 (€@ -- @ 164| @ 163{& 155
Open Firing
(S,) Staged Q -- Q -- ® --
Firing

* Circled numbers denote run numbers.

Operating conditions and emission test data for Boiler E are given
in Table 6-33. The degree of NOx emission reduction obtained is summarized
in Table 6-34, as a function of the combustion controls applied. These re-~
sults are presented graphically in Figure 6-11. 1Uncontrolled, full load NOy
emissions of 246 ppm were relatively low from this boiler when fired with
low sulfur fuel oil. However, NOx emissions did not decrease in proportion
to load reductions. Low excess air, and the use of 'NO-ports', each reduced
NOy emissions but the combination of these controls showed no significant
improvement over the use of "NO-ports'" alone. Additional field tests are
required to optimize combustion conirols on this type of boiler.



SUMMARY OF EMISSION DATA FROM BOTLER E

(480 MW, HORIZONTALLY OPPOSED, OIL FIRED)

Operating Data

~

(L @)

Flue

Gross , Flue Gas Components
! Boiler Fuel 0il Main Steam Excess | No. of Dry Basis 3% 0o, Dry Basis Gas
Run% Load Flow Flow "NO- | . air Burners 4*02 CO2 Temp.
No. i (MW) 103 1bs./hr. | 103 1bs./hr.| Ports" |Level (3)} Firing % % NOx ppm €O, ppm °F
| ,
4 227 115 145 Closed | Low 16 3.5 13.1 163 12 525
i
l v
5 ¢ 229 124 150 Open High 16 5.0 11.3 155 14 523
t

9 1 364 175 228 Closed | High 16 5.31 12.4 219 19 594

2 | 454 216 285 Closed | High 16 4.7 13.1 246 15 636

31 456 215 290 Closed | Low 16 3.6 13.9 223% 20 625

§

1 459 220 290 .Open High 16 4.6 13.1 200 21 634
11 358 175 236 Open High 16 4.6 13.1 164 21 649
10 368 173 233 Open Low 16 4.0 13.5 163 21 621

8 368 175 230 Closed | Low 16 3.6 13.9 183 19 622

(1) Average of 16 data points per run. Each data point from a composite of 3 gas streams.

@)

Hydrocarbons measured <1 ppm.
(3) Test program design.

2 & S



300

200

NO_, ppm at 3% 0, Dry Basis

100

C =115 -

Figure 6—11.
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TABLE 6-34

BOILER E OIL FIRED °

NOx REDUCTION THROUGH COMBUSTION CONTROL

T.oad ,
% Combustion Controls .

MW Reduction None LEA ""NO-Ports" HFulln
455 246 ppm 223 ppm-9% 200 ppm-19% | --

0% . o
365 - 219 ppm 183 ppm-16% 164 ppm-25% | 163 ppm

20% 11% 187 -18% 26%
228 ' 163 ppm 155 ppn

50% 27% 22%

Table 6-35 presents the emission data and corresponding operating
conditions for the field tests run on boiler G when firing oil. This boiler
(described earlier in Section 6.2 in connection with tests on gas firing) is
an '"all-wall' fired, 220 MW Babcock and Wilcox boiler. It has a single
furnace with a division wall. The burner configuration is shown in Table
6-35. The major objective in testing this boiler with oil .firing was to
utilize the flexibility of its burner configuration in the same manner as in
the gas fired test program. Because of the high tube failure experienced at
the division walls, a severe limitation on conducting these tests was the
upper limit of water tube. matal temperatures. In addition, the unavailability
cf special high capacity oil guns meant that each gun taken out of service
reduced load correspondingly. Thus, the experimental plan was designed to pro-
vide base level emissions at full load, and various firing patterns at the
highest loads attainable. Since the boiler had rnot been run previously with
most of planned burner patterns, alternate runs.were planned in .case operating
limits forced cancellation of original plans. Normally this boiler fires all
of its burners regardless of load. Takle 6-36 shows the matrix of the planned
runs (1 through 14) as well as the test actually made on NOy emissions. The
NO, emission data are presented in graphical form in Figure 6-12.

In line with the behavior of some of the other boilers tested for
NOyx control, this boiler proved to be less flexible with 0il than with gas
firing. The high water tube metal temperatures developed when Run 8 was
attempted forced the cancellation.of Runs 8, 9, 10, 11, 13 and 14. Runs 15°
and 16 were made to verify an unexpected increase in NOx emissions with de-=
creasing load experienced in Runs 1, 2, 7 and 12. The conditions for Run 19
(6 burmers on air) were approached gradually through Runs 17 (3 burners on
air) and 18 (4 burners on air) to prevent conditions leading to high water
tube metal temperatures. Run 20 was then made by gradually lowering the load
and using the staged firing pattern of Run 19 until water tube metal tempera-
tures began to increase at a load of 150 MW.

Analysis of the twelve runs provided the following conclusions.
Low excess air reduced NOx_emissions by 10 to 20%. Staged firing reduced
NOy emissions by about 35% at normal excess air levels under both opposed wall.-
(burner pairs 3, 4, 9, 10 on air only) and "minimum NOy" (bummer pair
12 on air only). Smaller reductions were obtained when only one or two
pairs of burners were operated on air only. :



SUMMARY OF EMISSION DATA FROM BOILER G

TABLE 6-35

~

(220 MW, "ALL-WALL", OIL FIRED)

Operating Data

"

Flue Gas Compositiongl)

(2) Diagram of burner pair numbers.

(3)

See burner configuration diagram,

Rear Wall

Division Wall

-/ Gos
Left End "® ORNOXO);
L@_@)_l 10
Front gall
(4) Simulation of horizontally opposed fifing wmode-.
(5) Test program design.

© O
®& G

o
%

© Right End
@&

A

T

_ P co | me
Gross Number' of Burners . ppm {. ppm
Boiler . Fuel Excess ) Burners on NOy, ppm}| Dry Basis |3% O 3% ().2

Run| Load |Steam Flow | 0il Flow Air Firing | Air Air Only 3% 0, o,| co Dry Dry
| No.j (MW) 103 1bs/hr | 103 1bs/hd Level (S)Stgging(B) 0il | Only (2) Dry Basis %2 Zz Basig Basis
1 219 1620 100 Normal No 24 0 0 235 2.6 13.2 19 3 ‘
2 220 1620 101 High No 24 0 0 291 3.9] 11.9 19 <1
51 189 1360 90 Normal | ves® 16 8 }3,4,9,10 paird 236 5.0/ 11.3 ] 13 | .<«1
3 189 1350 88 Normal Yes 1§. 6 19,10,12 pairs 170 4.8| 11.6 | 17 <1
7 122 840 58 Normal No 24 0 6 293 5.3] 11.4 20 <1
12 123 840 59 High No 24 0 0 319 6.61 10.3 22 <1
15 154 . 1050 72 Normal No 24 0 - o 308 5.71 11.4 12 <1
16-| 195 1380 88 Normal | WMo 24 0 0 267 4.50 12.5 | 14 <1
17 195 1380 88 Normal Yes 22 2 9 pair 234 4.51 12.5 14 '<1
18 195 1380 89 Normal Yes 20 4 9,10 pairs 199 4.5 12.4 16 <1
19 199 1400 91 Normal Yes 18 6 9,10,12 pairs 183 4.4}1 12.5 15 <1
20 160 1000 72 Normal Yes 18 6 9,10,12 pairs 172 5.7{ 11.3 16 <1
(1) Average of 8-16 measurements per run. Each data point from a composite of three gas streams.

~ LIT -
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TABLE 6-36

TEST PROGRAM DESIGN FOR BOILER G - FIRING OIL*

(NOx Emissions, ppm at 3% 0y, Dry Basis)

190 mw | @)

o (L1)220 MW (Lo Bl 150 MW (L,)120 My
Firing (Al)Hi'(AZ)NOI’(AI)Hi(Az)Nor— (ApDHi|(Ay) Nor-(A1)Hi|(Ap)Nor~
Patterns Air mal Air Air Imal Air Air }mal Aig Air |mal Air
(S;)Normal @291 |1 235 ® 267 |© 308 2 324|.3 293
' All Burners : -

(S2) "Minimum NOy" ® @170 172 ®
9710,12 on A%r @ 183 @ @ .

Ll

(S3) H.O. o) ® 193 0 ©
3,4,9,10, on Air

(5,)Lang. 19 ©.
Alg. on Air

(Sg)Special O 243 P

-7 9 on Air

(S4)Special @ 199 03
9,10 on Air /
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Figure 6-12
NO, EMISSIONS FROM BOILER G
(220 MW, "All Wall", Oil Fired)

Circled numbers
denote run numbers.
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6.3.3 Tangential 0il Fired Boilers

Table 6-37 presents the summary of emission data obtained from
boiler H firing oil. The operating variables included in the experimental
design on this tangential boiler were staged firing, excess air, burner tilt,
flue gas recirculation, and air damper settings. All 25 test runs were made
at a load of about 220 MW, the highest load attainable with staged firing.
Based on information supplied by the boiler operator, uncontrolled NOy

emissions at full load (320 MW) fromthis boiler were about 215 ppm.

Staged firing was accomplished by introducing air only through the
bottom row of burners on each furnace. (This furnace is designed "upside-
down", i.e., the combustion gases travel down through the furnace and super-
heat sections of the boiler.) Excess air levels were established at normal
(3-4% 07) and high (5-67% Oy levels). The boiler operator would not allow
firing with low excess air because of the possibility of emitting visible plumes.
(Normally, the appearance of the stach 1is clear except for the appearance
of water vapor during cold weather.) Th= burners were fired at the extreme
ranges of tilt, i.e., 30° down from horizontal (normal) to 107 up from
horizontal. Flue gas recirculation was established at the maximum and
minimum settings attainable based onreaching the necessary steam temperature
levels. Primary and secondary air damper settings were adjusted as shown in
Table 6-37, i.e., maximum primary and minimum secondary, or minimum primary
and maximum secondary.

. Table 6-38 1iste MO, omissions according to the statistical experi-~
mental. design. A single replicated factorial design was run at the normal
excess air level,while a one-half replicated factorial design was run at the
high excess air level. Several two and three-factor interactions.were found
to be statistically significant, tending to mask the main effects.
Therefore, Table 6-39 was calculated to indicate more clearly the effects

of varying flue gas recirculation, staging,and excess air levels by averag-
ing the results over all burner tilt and air damper settings. Table 6~39
indicates the grand weighted average. values of all main effects listed in
order of importance.



TABLE 6-37

SUMMARY OF EMISSION DATA FROM BOILER H

(320 MW, Tangential, 011 Fired)

Burner /Flu2 | : }
Gross Air Dampers, fnlt From Gas |Fuel 0il{ - Main %09 in Flue Gas Components (1) |Flue Gas
Boiler] % Open Excess rees Recir-{ Flow Stean Flue {D Basis 3%09,0ry Basis| Temper-
Run| ,oaq |Stasged 2 Pri-} Secon-~ Alr gi%—zii- cula-|" (103 Flow Gas 521 €Oy NO'%HCO* at?u'e
No (MW)_ Firigg(. ) mary dary |Level (3} gally, |tica. | 1bs/hr) 120 1b/hr| E| W % % (ppm){ (ppm) °F
1 221 No 100 39 Normal -30 Mar. 1006 | 1.34 }3.6/3.3| 3.9} 12.8 | 141 9 714
2 216 No 100 52 Normal +10 Min 962 ©1.32 3.73.2]| 3.6{ 12.9 | 161 13 665
3 217 No 50 39 High +10 Min 976 1.32 ls.9l6.2] 6.3! 10.4 | 203 | .16 685
4 221 No 50 39 High -30 Max 1029 1.32 |5.7]6.21 6.2} 10.3 | 217 18 706
5 217 Yes 50 95 High -30 Min 1010 1.33 6.7]6.6] 6.3] 10.1 |.204 17 695
6 216 Yes 50 100 High +10 Max 1016 1.33 {6.6{7.01 6.4] 10.1 | 177 18 706
*7 215 Yes N0 20 Normal +10 Max 994 ©1.33 13.2§3.4| 3.3) 12.7- ] 131 13 694
[ 219 " Yes 100 30 Normal ~-30- | Min 1024 ©1.33 {4.713.6] 4.1 13.4 | 139 13 679
| 9 218 No 95 0 Normal |. 410 [ Max 958 1.31 |3.7/3.7] 3.91 12.8 | 148 11 703
' 10§ 219 No 100 0 High " =30 .iMin | - 998 | - 1.33 l6.0/6.0| 5.0} 10.8 | 235 | 12 679
11 214 No 40 70 High -30 | Min 976 | . 1.33 6.6/5.3] 6.3} 10.7 | 174 | 14 671
12 217 No 40 100 Normal +10 Max 982 .71.32 |3.7/3.8] 3.9 12.4 | 194 14 703
S 13 208 Yes 50 75 Normal +10 . | Minp 986 ©1.32 {s5.1]5.3} 5.4 11,2 | 139 14 667
14 217 Yes 50 80 Normal -30 | Max | 1024 1.31 {4.0{4.5) 4.51 11.7 | 144 14 703
15 214 Yes 100 30 High -30 Max | 1000 1.32 |6.1/6.2} 6.1} 10.3 | 170 15 671
16 | 207 Yes 100 30 High +10 | Min 980 1.33 l6.2}6.11 6.5 9,8 | 185 | 15 659
17 | 219 No 100 20 High 410 | Max | 1014 1.33 |Js5.7/5.7] 5.5| 10.9 | 184 | 15 530
13 209 No . 50 60 Normal +10 Min 972 1.34 {4.8{4.2] 4.9] 11.7 | 143 14 639
13 | 213 No 50 60 Normal | 45 | yip 992 1.33 |5.3(4.8} 5.3] 11.3 | 171 | 22 653
20 223 No 50 90 Normal -30 Max 1022 1.3 13.9/4.11 4.3] 11.8 | 150 24 712
z 219 No 100 20 g°”mal -30 Min 992 1.33 §s5.3[4.6( 5.3] 11.1 | 2446 | 21 657
22 | 217 Yes 100 20 N°rm31 -30 |Max | 1018 1.32 laol39t 4.0l 12.6 {110 | 23 675
23 211 Yes 50 100 N°’mai -30 Min ‘| 1004 1.31 {5.2/5.5] 5.6 11.2 | 136 27 653
24 212 Yes 50 100 Ng:mal +10 | Max 996 1.31 [4.0]4.3) 4.1( 12.4 | 97 ] 28 676
25 201 Yes 100 0 ma 410 Min 972 1.31 &;5.5.3 5.3) 11.4 | 150 27 622
(1) Average of 16 data points per run. Each data point from a composite
of 3 gas streams. ’
(2) Staging: no-all 24 burners firing equally; yes-16 burners firing,
bottom level on air only.
(3) Test program design.

- 171 ~
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TABLE 6-38

TEST PROGRAM DESIGN FOR BOILER H-FIRING OTL
(NOx Emissions, ppm at 3% O_, Dry Basis)

2
(R§)Max. Flue Gas Récycle (Rz)Min. Flue Gas Recvcle ?
Air Dampers ( 1)§orma1 (Sy9)Staged (S{)Normal (S9)Staged
. Firing Firing Firing Firing
v (D) (1) i D) ) [ (D)} (d1) | (D) | (DY) (Dy)
! ‘ !
(Al)Normal (T1) (2) 141 P 150 | 110 § 144 | 244 | 171 139 136
Excess | ; : |
Air (T5) . 148 é 194 ¢ 131 i 97 | 161 g 143 156 139 |}
¥ HE ; t
| : : -.' b
(A )High (T1) 217 | 141 | 235 ¢ 174 (3); b204
Excess ; b f P P !
Air (T5) 184 ; (177 {203 184 ]
(L @@ - Pfimary air dampers at maximum open, secondary air dampers at

minimum settings. o
Primary air dampers at minimum open, secondary air dampers at
maximum settings.

(Dy)

(2) (Ty) -.Burnersutiited down.
(Tp) - Burners tilted up.

(3) Extra run not used in calculating grand averages in Table 6-39.

 TABLE 6-39

BOILER H-FIRING OIL GRAND AVERAGE NOy EMISSIONS#*
PPM AT 3% 02, DRY BASIS

(Ry)Maximum Flue (Ry)Minimum Flue !

Gas Recirculation . Gas Recirculation Grand

iﬁll, ‘j§21 (S,) (5,J | Average
A1 (Normal Air) 158 120 180 142 150
A2 (Hi Exc. Air) 200 159 219 194 193
Grand Averages 179 140 ! 200 168 172

* NOx emissions averaged over all burner tilt and air damper settings tested.



- 123 -

As shown in Table 6-39, the overall grand average of NO, emissions
was 172 ppm. The base-line emission level (minimum flue gas recirculation,
normal firing, and normal excess air) was 180 ppm NO,. Increasing excess
air with normal firing and minimum flue gas recirculation increased NO
emissions by about 22% to 219 ppm. The lowest average NO, emissions
(120 ppm) resulted from combining maximum flue gas recirculation and
staging with normal excess air firing. Additional improvements were
made by tilting the burners up with minimum opening of the primary
dampers (97 ppm NO,), or by normal burner tilt and maximum primary air
settings.

X

Figure 6-13 presents graphically the average NO_ emissions
listed in Table 6-39. The separate effects of changing the three
most important operating variables (excess air, firing mode and recir-
culation levels) are readily seen in this figure.

Table 6-~40 presents a summary of emission and operating data
obtained in testing boiler K, a small, oil fired tangential boiler.
This boiler had been selected for our Boiler Test Program because
gas as well as different grades of fuel oil were expected to be
fired, supplied from barges adjacent to the plant. However, the o0il lines
and docking facilities were removed a few weeks prior to our actual test
program. Consequently, only a limited number of test runs could be made
.on this boiler. ' ' '

Boiler K and another boiler provide steam to a single turbine
generator. The second boiler was down for repair work, consequently,
boiler X could not be run 2t less than 633,060 lb. of steam per hour
due to minimum turbine Steam requirements. Although a more detailed
. test program was planned, gas was not availlable due to cold weather
conditions, and only one grade of 0il could be fired. No fuel ad justments
could be made on the lower level of burners because of the absence of
Pressure gauges. Therefore, "simulated staging using the lower level
burners could not be performed. : .

Run 1 was made under normal "full load" (620,000 1lbs. of
steam per hour) conditions with all burners firing equally. Runs 2 and 3
were made to simulate staged combustion at the lowest excess air level
available as dictated by plant smoke measurements. No reductions in NO,
emissions were found resulting from these highly limited attempts at
staged firing. '
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Figure 6-13
NO_ EMISSIONS FROM BOILER H
(320 MW, Tangential, Oil Fired)
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TABLE 6-40

SUMMARY OF EMISSION DATA FROM BOILER K (66 MW,-TANGENTIAL, 0IL FIRED)

Gross ) Number Flue. Gas Components(l)
. Boiler -Steam of NOx (ppm) CO (ppm)

Run Load(4) _Flow Burners "Staged" Dry Basis 3% 09 3% 09 Flue Gas
No. MW 103 1b/hr Firing Firing 0, % | coy % Dry Basis Dry Basis Temp. °F
1 66 620 8 No . 2.4 4.9 146 27 674
2 66 608 8 ves(? 4.0 13.4 203 28 i 673

: i
3 66 600 8 yes®) 2.8 14.0 146 37 L 685
‘ .

(1)
(2)

3

(%)

Average of two data points. Each data point from composite

-2 opposite burners on top level fired fuel lean (1/2 normal fuel rate).

4 burners on top level fired fuel lean (about 1/2 normal fuel rate).

Estimated.

Electrical equivalent of boiler steam generation.

of three gas sample streams.

Hydrocarbons not measured.

- 67T -
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6.3.4 0il Fired Cyclone Boiler

Table 6-41 presents a summary of emission and operating data
obtained in testing Boiler L, a 400 MW cyclone fired boiler. This boiler
was originally designed for coal firing, but subsequently it was fitted
for oil firing and will also be equipped for gas firing in the near future.
The emissions from the two ducts sampled are given separately in Table 6-~41,
due to the wide differences in the gas compositions of the two ducts.

Boiler L had limited operating flexibility. Consequently, the
only operating variables studied in the field tests were load (full and
partial), excess air level, and simulated staged combustion. Analysis
of the NOx emission data indicates that at full load emissions averaged
about 530 ppm, while a reduction in load of 38% (from 415 MW to- 260 MW)
reduced NOx emissions by over 60%. This is a significantly larger NOy
reduction than those measured in other oil fired boilers operated at
reduced load, and may be inherent to the cyclone firing design. Run 5
* was made to simulate staged combustion (within the flexibility of this
boiler). Two upper level cyclones were fired on air only, while the
other six cyclones were fired at increased rates to maintain '
load. This change resulted in an increase of NO, emissions by -about 507%
(206 to 310 ppm), presumably because of the higher intensity firing of
the operating six cyclones. '

4 . It appears that NO_ emissiong from cyclone furnaces will be
difficult to control -because of their inflexibility. Most of the combustion
takes place within the individual cyclone where low excess air, two-stage
combustion, and flue gas recirculation controls could not be tested with’
existing designs. However, dropping thé load on the boiler may be an
interim solution for such boilers if regulations restrict the allowable
level of NOx emissions.




TABLE 6-41

SUMMARY OF EMISSION DATA FROM BOILER L (400 MW, CYCLONE, OIL FIRED)

Gross

Flue Gas Compositions(I) and Temperatures

_ Duct No. 1 Duct No. 2
Boiler No. of Dry Basis ppm, 3% O, Dry Basis ppm, 3% Oy

Run Load Cyclones yA Dry Basis®| Temp. % Dry Basis | Temp. )
No. | M) | Firing [0 [co_| No [ co | °F 0, co, | NO_] GO | °F 0y, %%

1 421 8 4.1 12.2 548 8 610 2,7 12.8 572 6 666 2.1

2 410 8 4.9 11.4 505 6 615 4.3 11.8 497 6 670 2.7

3 255 8 4.6 12.01 214 -- 592 6.5 | 7.4 200 -- 652 2f2
4 | 262 8 2.5 )13.3] 211} 3 | 580 |4.9  11.3| 200| 3 | s80 | 4.2
5 275 6(3) 5.1 11.2} 315 1 620 6.9 9.5 306 2 604 4.5

- (2T -

(1) Average of four data points. Each data point from composite of three gas sample streams.

(2) Boiler 02 recorder data.

(3) 6 cyclones firing oil and 2 cyclones on air only to simulate staged combustion.
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6.4 Individual Emission Results on Coal Fired Boilers

Seven coal fired boilers were included in the field tests
consisting of two front wall, two horizontally opposed wall, two tangential,
"and one cyclone fired unit. Coal fired boilers presented the greatest
difficulty in applying combustionoperating modifications for NO_ control.
Full load, uncontrolled NO, emissions from large, coal fired boilers
ranged between 800 and 1500 ppm for wall and cyclone fired boilers,
while tangentially fired boilers emitted about one-half of these levels.
Of the seven cQal fired boilers tested, combusticn modifications resulting
in substantially reduced NOyx emissions could be applied in only two of
the units. 1In both cases (one a front wall, the other ome a tangentially
fired boiler), the combination of overall low excess air with staged
firing resulted in a reduction in NO_ emissions of over 50% and a loss
in load rating of about 15-20%, compgred with uncontrolled, full load
operations. The other five coal fired boilers could not be tested at
sufficiently low excess air levels to expect much improvement in NO,
emissions. In some cases this was due to directly observed, real slagging
" problems, and in others it was due to a reluctance of boiler operators
to risk the occurrence of potential problems even for a limited period
of test time. The results of the field program on all the coal fired
boilers tested are discussed in this section.

6.4.1 Coal Fired Front Wall Boilers

_ , Table 642 presents a summary of the emission and operating
data obtained in testing Boiler M. This 175 MW, 16-burner, front wall
fired, pulverizmed cosl Babeock and Wilcox bLoiler had a single dry-bottom
furnace with a division wall. 1In addition to being representative .of
medium sized, coal fired front wall boilers, this unit had two unique
features for field testing that favored its inclusion into our sample
of boilers to be tested. First, it was equipped with limestone injection
into the furnace for sulfur oxide emission control and second, special
water cooled probes were available for sampling flue gases at elevated
temperatures. The first of these features provided an opportunity to
check whether dry limestone injection could affect NO_, emissions (perhaps
through catalytic decomposition activity at high temperatures), while
the second one enabled us to check whether the NOx concentration would
remain "frozen" (as expected) between high temperature locations and
our usual sampling locations at 60G-700°F. Due to the significantly
different concentration levels measured in this boiler, which were
caused by imperfect combustion control of burners, the emission data:
are presented separately in Table 6-42 for each of the two ducts probed.

The average NOy emissions in each of the two ducts sampled
for each run are given in Table 6-43, arranged according to the statistical
experimental plan. All runs were made at a load of about 140 MW, in
order to obtain a direct comparison of staged combustion with normal
firing. Staged. combustion was accomplished by operating the top row
of burners on air only, i.e., shutting down the pulverizer mill supplying
coal to the top row. Other combustion operating variables included in
the experimental plan were excess air level and position of the secondary
air dampers (relatively open vs,closed down). 1In addition to a complete
factorial design with no limestone injection, a two-level, two-factor
latin square design was used with limestone injection. Although this
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complimentary latin square with limestone injection (to complete the
factorial) was also planned, mechanical problems with the limestone
injection system forced the cancellation of these planned runs. Runs 20
and’ 20a were made to compare the gas composition from duct sampling
locations just upstream of the air heater at about 670°F with those
sampled from the superheater section at 1480 to 1640°F.



TABLE 6-42

SUMMARY OF EMISSION DATA FROM BOILER M (175 MW, FRONT WALL, COAL FIRED)

! Gross - | Flue Gas Components and Temperatures
Run Boiler] Steam Limestone Secondary!Excess IStaging Left Duct 1 Right ?UCt '
No. t Load { Flow Injection Air Air " laDry Basis! ppm,3% 0%;¢Dry“Basisﬁl.Dr Basis|ppm,3% 09, Dry Basis_
Aj Md 1031bs./hr. ' 1031bs./hr. Dampers Lgvel(zx 02 CO2 |NOx C Temp.} 02 |CO2 | NOx é Temp. g
1 139 975 24 Closed |Low Yes | 2.4 15.5| 318 i 54 694 | 6.1 | 12.4] 331 | 46 ; ;gg
6 140 978 . 0 Closed }Low Yes 3.7 14.0/383 | 61 721 1 3.1 J14.7] 275 | 94 ?
6a : 137 | 985 0 Closed !Low I Yes | 4.1 15.0]| 296 1115 695 | 2.4 116.7] 233 } 86 P71
7 140 ;975 0 Open §Norma1 ! Yes 3.9 13.9415 | 46 717 ;6.0 111.8( 286 | 79 3 ;g;
8 140 | 975 0 Open i Low ‘ No 3.9 15.6] 587 ; 99 720 § 2.0 117.2} 468 ; 95 o
9 139 ;970 0 : Closed |Normal , No 5.1 14.0{ 670 {105 701 } 3.3 115.8) 654 1115 : 2
10 141 | 970 0 | Open INormal ! No 5.2 14.1] 651 {103 722 1 3.0 :16.1} 552 1 96 % 2 ’
11, 138 | 965 : 0 ! Open ! Low ! Yes | 4.0 14.5) 356 {120 652 1 2.6} 15.91 244 396 % 739
a. ‘1,005 ’ 0 Open  iLow .i Yes | 3.6 15.5] 237 {179 678 ; 2.1:16.8} 213 3938 ;oo
12 ' i38 . 970 0 Closed ;Normal ' Yes 5.3 13.9} 524 | 29 660 | 3.9 [14.6: 335 | 41 ;160
13 136 960 0 | Closed !Low ; No 3.3 15.1{ 676 | 44 675 i 1.35 17.14 s12 | 37 3 «0
14, 139 | 980 0 : Open :Normal ; No 4,2 .14.3] 650 ! 20 667 g 2.2116.1) 513 ; 19 z 275
15 ; 148 | 1,050 0 iOpen  [Normal ; No 2.6 16.0} 641 § 19 661 | 1.1!17.1} 482 36 y o
16 140 l 980 20 Closed ;Low : No 2.4 16.1) 654 | 67 667 § 1.4;17.2; 455 92(3) : 3
17 ¢ 130 ‘ 900 20 Closed ;Normal | Yes 3.1 16.1 315 § 48 - 687 ¢ 3.2716.4| 232 {658 é 20
18 : 130 890 20 i Open i Low ! Yes 2.3 16.5! 264 1 50. | 671 : 2.45 16.8; 197 ¢ 96 ; 772
19 140 | 940 20 ! Open | Normal { No 4.8 13.4] 631 {148 ™) 675 ; 3.21 15.1; 494 ;168 3y 420
20 - 140 1 950 0 ‘Open  iNormal : No 5.0 13.0} 697 |798 3 670 | 4.9{ 12.8; 696 ;728 HE 1 80
20a . 140 © 950 0 ' Open  !Normal : No 4.8 12.9{ 705 $1111¢ 660 : 4.8} 12.8/ 708 { 1106 16
1 H 3 i . . -

(1) Average of two data points for each duct. Each data point from composite of three gas sample streams.

(2) Test program design.

(3) €O analyzer reading observed to drift during runs.

- OtT -
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TABLE 6-43

TEST PROGRAM DESIGN FOR BOILER M-FIRING COAL*
( Average NOx Emissions Per Duct, ppm at 3% 02, Dry Basis)

(S1) Normal (S7) Staged
Firi o5
Position of X208 Firing .
Secondary Air (A7) Normal |° (A2) Low (A7) Normal (A7) Low |
' Dampers Exc. Air Exc. Air Exc. Air Exc. Air
(L1) No (D) Open ) 651,552 (\587 468 |(7)415,286 356,244
Limestone 650,513 @641,483 1a 237,213
Injection 697,696
0 705,708 :
.. (Dy) Closed @ 670,654 113 676,512 112)524,335 [(g) 383,275
L Down (63 296,233
(L2) (D7) Open [ 631,494 |® & @ 264,196
Limestone ] .
Injection |(Dy) Closed @) 16" 654,455 F.j 315,232 {1 318,331
Down ] b | .

% Circled numbers denote run numbers.

The average NO, emissions measured are related to combustion

" control variables .in Figure 6-14., Without limestone injection, uncontrolled
NO, emissions at 140 MW (80% of full load) averaged about 660 ppm. Using
the combination of low excess air with staged firing (top row of four
burners on air only), and with relatively open secondary air damper
positions reduced NO, emissions by about 607 or to about 260 ppm. Low
excess air firing by itself reduced NO, emissions by 14%, while low
excess air combined with staged firing reduced NOx emissions by 287%
(from an average of 390 ppm to about 280 ppm). An additional incremental
decrease in NO, emissions was obtained by adjusting the secondary air
dampers to a relatlvely open position, which resulted in less intense
firing conditions. No significant differences were obtained in comparing
simultaneous measurements of NO, at high temperatures with those obtained
at relatively low temperatures.

The five runs made with limestone injection (Runs 1, 16, 17,
18, and 19) showed lower average NOx emissions than the corresponding:
paired runs made without limestone injection (average values of 369 ppm
vs. 448 ppm), This average reduction of NOx by about 187 is statistically
significant (Students' t = 3.5 for 4 degrees of freedom vs t 25 = 2.8).
However, these results must be considered tentative because the differences
are confounded with different operating days and hence burning different
coals, and by other operating changes. Breakdown of the limestone
injection facility coupled with practical operating inflexibilities during
our field tests prevented the implementation of an idealized random

-.pattern of runs to avoid this confounding influence.
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Figure 6-14
NOX EMISSIONS FROM BOILER M
(175 MW, Front Wall, Coal Fired)
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The summary of emission data obtained in testing Boiler C
firing coal alone and mixed firing of coal and gas is presented in
Table 6-44. Because of potential slagging and flame impingement problems,
the full effect of staged firing with low excess air could not be tested
on this boiler, for firing coal alone. A 40% reduction in load from
275 MW to 160 M4 resulted in a 20% reduction in NOX emissions.

Mixed fuel firing (2/3 coal and 1/3 gas) produced NO, emissions
which were intermediate between the very high levels measured w1th coal
firing and the somewhat lower but still high NO, emissions measured with
gas firing. (The data obtained on this boiler with gas firing alone have
been discussed in Section 6.2.)

The very high emission levels measured in this boiler are likely
to be a consequence of the furnace design. 1In this unit, the bottom row
of burners are located relatively closely to the flat bottom of the furnace
and insulating tile had been installed on the inside furnace walls up to
an elevation above the top row of burners. This boiler design was aimed
at maintaining wet bottom conditions under low load firing conditions
for easy removal of the slag.

6.4.2 Coal Fired Horizontally
Opposed and Cyclone Bollers

Coal fired Boilers F, N, P and Q could be tested only with very
limited cowbustion operating modifications. Consequently, ncne of the '
test programs conducted on these boilers resulted in significant NO
reductions through combustion control. However, full load, uncontrolled
emissions were measured for the purpose of developing representative
emission factors. 1In addition, the effect of operating these boilers
under reduced-load conditions on NO, emissions was determined. Tables
6-45 (Boiler F), 6-46 (Boiler N), 6~47 (Boiler P), and 6-48 (Boiler Q)
present summaries of NO, emission data and boiler operating variables
for these units. 1In all cases, load reduction resulted in decreased
NO, emissions. However, the fractional decreases in NO, were less steep
in general than those measured for gas firing at correspondlng fractional load
levels. The cyclone fired Boiler Q showed the relatively highest sensitivity
of NOx emission reduction to load reduction. In testing Boiler P, a
300 MW tangentially fired unit, the air preheater was bypassed in Run
No. 2 with a limited portion of the flow, resulting in somewhat lower
NO, emissions than those prevailing under normal operating conditions.

- The emission data obtained on these and all other coal fired
boilers tested in this study are discussed further in Section 2 of this
report in the context of general conclusions..



- TABLE 6-44

SUMMARY OF EMISSION DATA FROM BOILER C

(315 MW, FRONT WALL, COAL AND MIXED COAL/GAS FIRED)

Operating Data Average Flue Gas Components(l)
Gross Fuel(z) l
: Boiler Coal . .
Run (*) | Load or 3 Excess lea DIy Bagls 3% 0,, Dry Basis
0. S MW Coal/Gas chging( ) Air(5) 0, €O, ppm NO.
1 | 275 C No . Low 3.5 | 15.4 1490
2 263 c No High 5.4 | 13.4 1480
3 160 c No Low 5.7 | 12.7 1160
4 160 C No High 7.5 | 10.7 1200
5} 193 c Yes Low 4e6 | 13.7 1190
6 186 c Yes High 6.5 § 11.7 1280
1A 280 c/G No Low 3.9 ) 13.2 1240
2A ¢ 280 c/c No ‘High. 5.3 12.0 l 1080
b
3A 148 c/G No High 6.1 11.7 } 970
. i
4A 145 c/e No High 7.1 1 1006 860
5A 19 c/G Yes Low 3.2 | 15.0 | 630
6A 193 c/G- Yes - High 5.4 | 12.3 830

(1) Average of 15 to 16 data points per run. Each data point from a composite of 3 gas sample
(CO and hydrocarbons were not measured in these runs.)

streams.

(2) Mixed fuel firing: top row on gas, middle and bottom rows on coal.
(3) Staged firing: No - equal amount of fuel fired in all three rows; Yes -~ fuel firing in

(4) One of two twin furnaces tested.
(5) Test program design.

lean top row, fuel rich in middle and bottom burner rows.

- HeT -



TABLE 6-45

SUMMARY OF EMISSION DATA FROM BOILER F
(600 MW, HORIZONTALLY OPPOSED, COAL FIRED)

Flue Gas Components(l)

Operating Data

— Ave. Flue
Gross Fuel Heat . , Gas
Run Boiler Load No. of - Rate Tons Rate(2) %s Dry Basis ippm, 3% 02 Dry Basis Temp.
\ . 0] CcO qu o
No. MW Burners Coal/Hr BTU/*WH 2 2 co F
1 563 24 200 9182 6.2 11.5 838 (3) 684
2 462 20 167 9319 4.9 11.8 781 18 619
3 366 20 138 9755 4.7 11.4 621 21 563
4 359 29 137 9922 5.8 9.7 665 23 603

(1) Average of 12 to 16 data P
(Hydrocarbon not measured)

oints per run.

(2) Data obtained from on-line computer of boiler.

(3) Not measured.

Each data point from a composite of three sample

gas streams.

- G¢€T -



TABLE 6-46

SUMMARY OF EMISSION DATA FROM BOILER N
(820 MW, HORIZONTALLY OPPOSED, COAL FIRED)

' Ave. Flue
erating Date
Gross % i . No. of No. of Gas Components Flue
Boiler Excess Pulverizers | Burners Burners oOn (Dry Basis) (1) TGas
Run Load Fuel Data Steam Flow Alr Operating Firing Air Only 92 C?z , N?K,Cppm, s:p-
No. MW 103 1bs./hr. | 103 1bs./hr. Level {(2) Coal 3) % % ~ O
1 771 580 4590 Normal !} 1 through 51! 30 0 5.9 } 12.5 902 73}
{
"2 ; 785 583 4590 Normal | 1 through 5 | 30 0 6.1 j 12.2 908 725
12 | 577 448 3600 Normal | 2 through 4 | 24 ! 0 7.1 § 11.2 767 658
j : . ¢
{134 ¢ 580 440 13600 Normal | 2 through 4 | 26 x 6 7.0 { 11.0 733 4 650
; i
H ) {
§ 13B E -580 432 3600 Normal | 2 through & 18 § 12 6.9 | 10.8 723 ; 659
L i *
(1) Average of 16 data points per run. Each data point frcm a composite of three gas sample streams.
(2) Numbered consecutively from front top to bottom and rear top to bottom. .No. 6 pulverized feeding the six
bottom rear-wall burners was inoperative during the tests due to mechanical problems.
(3) 1In Run 13A air only was introduced through the top row of the front

-wall burners.

-wall burners and through the bottom

- 9¢T -



SUMMARY OF EMISSION DATA FROM BOILER P

TABLE 6-47

(300 MW, TANGENTIAL, COAL FIRED)

j Operating Date Average Flue Gas Components(l)
Gross ' Flue
Boiler Steam Flow Air o 3% 09, ppm, Gas
Run Load ain Reheat Excess Air} 2reheater Dry éasis Dry Basis Temp.
No. MW 10°1b./hr.  10°1b./hr.| Level Bypass ) CO2 NOx CO 1 °F
1 240 2.00 1.45 Normal Closed 3.9 14.3 418 12 2)
2 237 1.87 1.37 Normal Open 4.3. 113.8 395 23 557
3 300 2) ) Low Closed 3.0 |13.8 414 25 595
4 300 2.30 1.85 High Closed 5.6 12.0 568 24 720
5 250 2.30 1.85 Low Closed 2.2 |15.5 | 301 67 ;1 (@)

(1) Average of 12 to 16 data points per run. Each data point from a composite of three gas sample streams.

(2) Not measured.

(3) Test program design.

= LET ~



. TABLE 6-48

SUMMARY OF EMISSION DATA FROM BOILER Q
(704 MW, CYCLONE, COAL FIRED)

1
. - Operating Date " Flue Gas Components (1)
Gross | No. of Dry Dry . Flue
Boiler | = Feed Excess Burnerts Basis Basis 3% 025 Gas
Run Load Water Flow Air 2) Firing 02 COZ ; Dry Basis l Temp.
No. MW 103 1b./hr. Level Staging Coal ‘ % VA ' NO,, ppm op
| 1 665 4,650 Normal . No 14 5.3 13.1 1197 628
2 668 4,700 Normal No 14 5.3 13.2 1112 616 '
3 ! 660 4,700 Normal Yes 14 5.4 13.0 1203 624 EE
I , .
4 545 3,700 Normal No 14 I 5.3 13.3 886 594 !
}
5 545 3,700 Normal Yes 14 Ci 5.1 13.6 915 610
6 t 548 3,100 Normal Yes 14 5.6 13.0 846 . 612
(1) Average of 16 data points per run. Each data point from a composite of
three gas sample streams. CO emissions were not measured. Hydrocarbons emissions measured <1 ppm.
(2) "Staged firing" simulated by operating top cyclone burners under highly fuel-lean conditions.



TABLE 6-49

~

SUMMARY OF EMISSION DATA FROM BOILER O
(575 MW, TANCENTIAL, COAL FIRED) (1)

3
QOperaring Condiriana - - o Average Flue Gas_Com 2 Flue Gas
- Coal Burner Staginy's Damper. Setting Burner'— Teap.
Boiler _ Classi~ Tile Levels Dry Basis NO,, ppm __ CO, ppm
Gross Steam Afr Superheat | Reheat | fier Degrees Excess P o 3% 0, %0, oy
Run Load Flow Flow Temp. Temp. | Setting from "Coal | Auxilisry] Alr . | Firtng On Air H 2 2
No. vt ] 103 1bs/br | 10% 1ba/ne °F °F Horlzontal ALch sir fLevel® coats fon1y Dry Basis | pry pasis
1 468 165 158 1030 1015 Min, -30 Yes Max, Min. Low 2,3,4,5 1 2.4 16.4 235 26 582
2 470 164 155 1055 1005 Min, +30 Yes Max. Min. Low 2,3,4,5 1 2.2 16.1 319 130 607
3 462 161 155 1032 1005 Min. 0 Yes Min. Max. Low 2,3,4,9 1 2.3 15.4 254 29 597
4 478 169 170 1025 1010 Max, -30 No Min. Max. Normal ALL 0 3.2 14.4 405 26 606
S 480 167 168 1045 1010 Max, 0 No Max. Min. Norma 1 ALL 0 2.8 14.7 369 3 615
8 458 166 162 1020 995 Min, -30 Yet Min, Max. Norma l 2 ,3,&,4 1 33 15.0 255 42 599
9 455 158 160 1042 995 Min, 0 Yet Mex. Min. Normal 2,3,4,4 1 3.6 146.8 251 45 601
6 464 163 150 1010 980 Max. -30 No Max., Min, Low ALL 0 2.1 16.3 377 71 600
7 465 163 151 1050 1005 Max. [} No Min, Mex. Low ALL 0 2.2 16.3 385 93 595
10 479 170 171 1022 1000 Min, -30 No Max. Min, Norma 1 ALL [ 3.0 15.8 453 (&) 612
11 480 170 171 1050 1005 Min. o No Min. Max. Normal ALL 0 3.1 15.6 387 (%) 616
104 478 168 170 1070 1015 Min. =30 No Max, Min. Normal ALL [V 2.8 16.2 467 (&) 624
30 300 148 091 890 830 Min. 0 No Max. | Min. Low 2,3,4 1] 1.3 17.2 253 (%) 497
31 300 137 092 894 833 Min. +1n Yet. Max. Min, Low 2,3,4 1 1.7 16.5 195 (%) 527
32 320 140 101 905 840 Min. +10 No Max., Min. Low 3,4,5 0 1.5 16.5 274 “ 528
33 310 139 100 920 855 Min. +10 Yer Max., Min, Low 3,4,5 1 2.5 15.5 152 %) 525
34 306 137 091 935 877 Min. +10 No Max. Min, Low 1,3,5 0 1.5 16.1 266 (4) 527
35 320 138 092 938 893 Min. +10 Yet Max, Min, Low 1,3,5 2,61 1.3 1s.1 237 “ 544
14 445 177 151 1005 968 Min. =30 No Min. Mex, Low ALL 0 1.9 16.7 364 15 581
15 450 176 155 1018 995 Min, 0 No Max. Min, Low ALL 0 2.1 16.5 392 22 582
18 440 175 149 987 970 Min, ~30 No Max. Min, Low ALL 0 1.9 16.5 401 16 574
19 440 174 147 1020 995 Min. 0 No Min. Max, Low ALL 0 1.9 16.5 345 44 568
3 428 173 139 1010 972 Max. 0 Yer Max. Min. Low 2,3,4,5 1 2.5 16.5 192 46 589
12 430 173 138 1014 976 Max. -30 Yet Min. Max., Low 2,3,4,50 1 2.2 16.4 198 111 577 -
16 445 168 150 1005 965 Max. -30 Yer Max. Min. Normal 2,3,4,5) 1 3.4 15.3 240 45 600
17 455 169 163 1025 996 Max. 0 Yet Min, Max. Normal 2,3,6,5¢ 1 3.2 15.3 239 49 601
20 420 155 138 915 965 Min, 0 Yet Max. Min. Low 2,3,4,51 1 2.1 16.6 187 67 584
71 420 154 M 144 952 910 Max. 0 Ye: Min. Max. Low 2,3,4,5 1 2.4 16.4 177 133 583
22 435 158 1wl 955 907 Max, -30 Yet Max, Min. Low 2,3,4,50 1 2.2 16.5 197 89 584
23 452 168 153 962 915 Min. =30 Yes Min. Max. Low 2,3,4,5 1 2.1 16.6 195 53 587
8; Only Furnace B of twin-furnace boiler tested. - ‘
Staged firing according to burner patterns indicated in table. Burner levels numbered frem t i
Ezg A\‘;erage of four data points. Each data point from composite of three gas sample streams. °P to botton (see burner configuration ’-hmm In Teble 4-51).
CO no* measured. '
(5) Hydrocarbons measured <1 ppm.
(6) Test progrem design.

- 6€T -
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6.4.3 Coal Fired Tangential Boilers

. /
A summary of the emission data obtained and the operating
conditions for Boiler O are presented in Table 6-49. This large (575 MW),
corner fired, twin furnace Combustion Engineering boiler had considerable

flexibility for combustion control. The statistically planned test program

and average NOyx emissions for each of the 24 runs made under essentially
constant load conditions are shown in Table 6-50. The combustion control
variables were (1) firing pattern (normal and staged); (2) burner tilt
(horizontal, up and down); (3) air damper settings (maximum "coal air''*
with minimum auxiliary air and minimum "coal air' with maximum auxiliary
air); (4) excess air level (normal and low); and (5) coal classifier
setting (maximum and minimum). '

* Secondary air in this installation is referred to as "coal air'".

TABLE. 6-50

TEST PROGRAM DESIGN FOR BOILER O « FIRING COAL**
(NO__EMISSIONS, PPM AT 3%.02, DRY BASIS

(S1) Normal Firing (S») Staged Firing
) (1) (T1) 1}
' Horlzontal (T2) Horizontal (T2) / gg)
| Tilt Down Tilt Tilt Down Tilt [Tilt
Air Damper (D1) | (D2) (D7) (02) | (@3) | (D) | (D3) | (Do) | (D)
(A1) Normal | (C;) |369 405 239 | 240
Excess @ @ @ @
Air (CZ) 387 Q) 453 251 255
0} 467 ® ® _|
(A,)) Low (Cl) 385 377 192 177 197 198
Excess @ ® @) @ |62
Air (CZ) 392 345 401 364 187 254 | 235 195 319
(X @ @ {0 O 163 |@

nrnooo
N =N

** Circled numbers denote run numbers.

Maximum, C, =~ minimum classifier setting. .

"Coal air'" dampers open, auxiliary air dampers closed.
“Coal air'" dampers closed, auxiliary dampers open.

- Normal firing.

Staged firing, top row of burners on air only.

‘Uncontrolled NOx emissions operating at 80-85% of full load
(normal firing and excess air) averaged about 405 ppm.  Low excess air
firing alone reduced NOy emissions by less than 107%. However, staged
firing with normal excess air reduced NO, emissions by an average of
about 40% (246 from 405 ppm), and with low excess air firing by about
50% (204 ppm from 405 ppm). The overall average effects of burner tilt,
air damper settings, and classifier settings on NO, emissions were small;
however, interaction effects were found to be significant, indicating
that for each combination of firing and excess air there is probably one
optimum combination of classifier setting with burner tilt and air damper
pOSlLlOﬂ.
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The NO_ emissions measured in Boiler O under reduced load
conditions (300-§20 MW) with various patterns of staged firing are-
presented in Table 6-51. These runs were made to obtain information on
the effect of burner spacing and staged firing on NO_ emissions. ’

TABLE 6-51

TEST PROGRAM DESIGN FOR BOILER O - FIRING COAL
(REDUCED LOAD CONDITIONS =- STAGED FIRING PATTERNS)

Run Burner Rows ppm NOX Burner_Configuracion
i i i N j'/o 0
No. Firing Coal On Air Only ' Dry ngis
: Row f
30 2, 3, & None 253 T Q o
31 2’ 3’ 4 1 195 2 () O (
32 3, 4, 5 None 274 . 3 c) ¢
34 1, 3, 5 None 266 . 5@, 7 d
35 1, 3, 5 2 273 Z

In the reduced lvad, staged firing tests, all other variables
were standardized, i.e., emission measurements were made at a minimum
coal classifier setting of +10°, and air dampers at maximum ''coal air"
and minimum auxiliary air settings. Staged firing with the firing coal
reduced NO emissions from 253 to 195 ppm, or about 23%, compared with
firing these rows without overfire air. However, increasing the
separation between the operating burners in the bottom three rows
(3, 4, and 5) and overfiring with air in the top row resulted in
lowering NO_ emissions from 274 ppm to 152 ppm or about 45%. Intro-
ducing air in Row No. 2 between operatingRows No. 1 and 3 actually
increased the NOx emissions from 253 to 273 ppm.

A multiple regression analysis of all 30 runs made on Boiler O
resulted in the following regression equation:

ppm NOx = 352 - 114 X, + 0.00394 X 2 _ 30.7 X3 - 14.1 (X1X4)

1 2
where: X, = Staging (single stage-1, staged firing-2)
X, = Load (MW)
Xy = Classifier setting (mimimum-1, maximum-2)
i X4 = Air damper setting (maximum ''coal air'"/minimum

auxiliary - 1, minimum '"coal air"/ maximum
auxiliary air-2

The multiple correlation coefficient was found to be 0.94, indicating
that 88% of the variation in NOx emissions were related to, or explained
by the independent variables. The standard error of estimate was 31 ppm
NO, for these tests.
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6.5 Steam-Side Analyses by Boiler ‘
Manufacturers on Coal Boilers

For the coal fired Boilers 0, N, and Q, the respective manufacturers
-of these boilers (Combustion Engineering, Foster Wheeler, and Babcock and

Wilcox) participated in the emission test programs. Their role was to
provide advice on the limits of operability of the boilers when combustion
modifications were to be tested for NOx emission control, to pre-check

‘the boilers prior to testing,and to assess the consequences of combustion

modifications on thermal performance, boiler operability, amount of

" unburned carbon, and other boiler operating variables.

The findings of the boiler manufacturers in connection with

~our Boiler Test Program are presented in their reports given in Appendix B

of this report. During the short duration tests carried out in these
studies, no noticeable effect could be detected on boiler operability
resulting from combustion modifications, such as the successful application
of low excess air firing and two-stage combustion to Boiler 0, where NOyx
emissions were reduced by over 50%. Carbon in the fly-ash showed no
increase, and no slagging problems were encountered. Because of the
inability of the boiler operators to apply combustion operating
modifications for NOx emission control to the horizontally opposed

Boiler N, and the cyclone Boiler Q, respectively, the manufacturers'
reports on these units essentially reflect normal operating conditions.

A Clearly, these evaluatious are of a preliminary nature, and
the findings on Boiler 0, while promising, should not be construed as
demonstrated technology. Long-term evaluations in cooperation with

(¢4

"boiler operators and manufacturers will be needed to define and demonstrate

the applicability of combustion modifications to the operation of utility
boilers for pollutant emission control.
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7. RECOMMENDAT{ONS FOR FUTURE UTILITY BOILER TESTING

As discussed in previous sections, the major problem area in
- reducing NO_ emissions by combustion modifications is to apply these
techniques to coal fired boilers. 1In spite of the excellent progress
made in controlling emissions from gas and oil fired boilers, detailed
demonstration of the technology still also remains to be performed for
boilers fired with these fuels. )

The data obtained in Phases I and II of our Systems Study of
Nitrogen Oxides Control Methods for Stationary Sources provides a sound
basis for the selection of boiler types to be tested in the future
Table 7-1 shows the number of boilers of each type which appear to be
the logical choice for future field testing. :

TABLE 7-1

NUMBER AND TYPES OF UTILITY
BOILERS TO BE TESTED IN A RECOMMENDED BOILER TEST PROGRAM

Fuel Fired
Type of Firing Coal 0il Gas Expected Total
Wall | 2t03 (4) lto2 (6) 1 6) 3to6 (16)
Tangential 3 tc s (2 1 to 2 (2) OF 1 ‘(l) L te 7 (5
Cyclone 1 to é (1) None - (1) (0) 1l to 2 A( 2)
Vertical - 0) (0) (1) o ('1)

Expected Total 6 to 8 (7) 2 to3 (9) 1 to 2 (8) 9 to 12 (24)

Note: Numbers in parenthesis indicate the number of boilers tested in
Phase II Boiler Test Program on each fuel.

Major emphasis should be placed on coal fired boilers (6 to 8) with oil
next (2 to 3) and gas fired boilers least (1 to 2). Wall fired and
tangential boilers should be given equal emphasis. One or two coal
fired cyclone furnace boilers may be tested if sufficiently flexible
boilers can be located and arrangements with the owner-operators can

be made.

The prime factors evaluated by fuel and type of firing in de-
veloping Table 7-1, were (1) amount of United States NOx emissions, (2)
difficulty of NO, emission reduction by combustion modification, 3)
extent of field research and demonstrated success in NO, emission
~ reduction, (4) operating flexibility, and (5) relative number of large
size boilers in each group.
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Coal fired utility boilers are the largest single source of
stationary NOy emissions in the U.S., if.e., 3 million tons emitted in 1970,
compared to 0.5 million tons for gas and 0.3 million tons for oil firing.
Coal fired boilers have experienced very limited field testing, with less
success in NO, reduction compared to gas fired boilers, while o0il fired
boilers are in an intermediate position. The operating flexibility of coal
fired boilers is generally less than that of oil fired boilers, with gas
fired boilers generally having the greatest flexibility. Tangentially fired
boilers have more flexibility, (for example, tilting burners and primarv
to secondary air damper settings) than wall fired boilers. Cyclone furnaces
have the least flexibility, especially when firing coal. The number of
boilers reported in Esso's steam electric plant survey (1) generating over
2 million pounds of steam per hour by fuel and type of.f;fing are: Coal,

40 tangential, 24 cyclone, and 16 wall fired; Gas, 9 tangential, 18 wall,
1 cyclone fired; and 0il, 4 tangential and 6 wall fired.

The coal types to be considered for future testing should
include Eastern bituminous and sub-bituminous, Midwest bituminous and
Western low-sulfur bituminous and lignite coals. O0il types to be
considered include typical oils having low and very low sulfur content,
low and high nitrogen content, and low and high ash and metals content.

The basis for selecting specific boilers for testing within

.each. of the fuel type groups should include the evaluation of many operating

factors, in addition to being representative of current design practices
for large utility boilers. ‘

Operating flexibility is a prime selection factor. Thus, designed
flexibility (equipment for flue gas recirculation, air ducts for over-
firing with air, control .of air and fuel to individual burners, tilting
burners, etc.), operating flexibility (ability and willingness to fire
with low excess air, to reduce loads, and to employ staged firing), and
fuel flexibility (range of fuel types and grades) should be evaluated.

In addition, the boiler operators' willingness to cooperate by providing
proper sampling access, assistance in obtaining fuel samples, good
supervision for faster change in operations, research-mindedness and
experience in NO, control would be evaluated. Obviously, the boilers
selected must be in good repair and have the proper instrumentation and
controls so that proper data for fuel usage, combustion and steam side
analysis can be obtained. The continued cooperation of boiler manufacturers
and boiler operators should be obtained to help in the boiler selection
process.

The basis for selection of individual boilers in cooperation
with boiler manufacturers and boiler operators has been discussed above.
However, the order in which the selected boilers are tested is also an
important consideration. The best approach should aim at the objective
of obtaining the required test results with maximum efficiency. The
normal cycle of planning, testing, and analysis of results should be



=145 -

used for each major group of boilers. Thus, testing of a coal fired
tangential boiler would be followed by testing of a wall fired boiler and

of a cyclone fired boiler, before testing the second coal fired tangential
boiler. This would allow the necessary time for planning the second series

" of tangential boiler tests based on a more thorough analysis of the initially
tested tangential boiler. In addition, the relative desirability of testing
a third tangentially fired boiler compared to testing a third wall fired
boiler can be properly evaluated. Thus, full benefit of cumulative experience
and information can be taken at each planning cycle.

Since it is desirable to test representative types of coal and
0ill fuels that are fired in different geographic regions of the United
States, it is also desirable to use the concept of cluster sampling in
order to minimize travel time. Consideration should be given to testing
in fringe areas where different fuel types can be supplied to the same
boilers.

Thus, the proper selection and efficient scheduling of boiler
tests depends upon having a large backlog of suitable boilers of each
fuel~-design group available for testing. The cooperation of boiler
manufacturers and boiler operators which contributed to the accomplishments
of the present Boiler Test Program would be needed for initial planning
and periodic updating of future field testing efforts.

The experimental program to investigate NO_ emission control by
changing operating variables should utilize the knowfedge and experilence
gained in our Beoiler Test Program. With the ccoperation of boiler
manufacturers and boiler operators, a systematic planning process should
be used to assure full exploitation of.the operating flexibility of each
boiler in an efficient manner.

It appears to be generally desirable to hold an initial planning
meeting at the station with all parties concerned in order to obtain
accurate, up-to-date information on operating flexibility, boiler
condition, scheduled overhaul periods, data acquisition and logging
facilities, availlability of sampling ports, etc. A formal list of the
operating factors, their practical range, how they are interrelated, the
time it takes to change from one operating level to the next one and the
potential operating problems or limits related to each variable should be
agreed upon. Potential experimental programs should be considered from a
practical operating standpoint. The expected number of test runs
achievable per day will be then established. Problems of accurate
measurement of key variables such as fuel burned and air flow should be
considered, as well as determining how to obtain representative samples
of the fuel burned.

The information obtained at the initial planning meeting would
then be used to develop a proposed test schedule, listing the test runs to be
made each day, with the specific levels of all operating variables. This
plan must be based upon sound statistical experimental design principles
and incorporate all practical operating limitations. Thus, provisions
'should be made for blocking the tests to minimize the effect of unavoidable
changes from day~-to-day, and from fuel batch-to-batch on the variables of
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interest. Sequential blocking should be planned so that advantage can be

taken of current information on variables showing no effect or unexpected
effects in scheduling the next series of tests. The Box-Wilson strategy

of designing initial tests in the form of efficient fractional factorial
designs, using the method of 'steepest ascent" to procede rapidly to

the operating region of maximum initial improvement and then planning the
necessary runs for full exploration of the optimum region should be considered.

The proposed test schecule at each boiler should be reviewed
with all concerned prior to actual testing. At this time, possible
improvements in the proposed program can be evaluated, adjustments can
be made in line with current operating or fuel restrictions, and the
responsibilities of each party during the experimental program can be
clearly established. 1In addition, the necessary boiler pre-testing
inspections, checking of instrument calibration, measuring air leakage
into flue ducts, calibration of coal scales, development of data
recording forms, etc.,can be performed. A comprehensive check list
developed from our Boiler Test Program should be helpful in assuring that
all necessary planning details have been accomplished.

Carrying out the test program efficiently can be greatly
simplified due to the detailed planning and preparation for testing-
carried out jointly with boiler manufacturers and boiler operators. Thus,
the agreed upon. operating program, detailed data recording forms,
communication links with all parties, alternative experimental plans
{ir case of unplanned changes in lcads, fuels or equipment), arrangement
for manpower for taking fuel samples, overtime, provisional, etc. would provide
basis for rapid accomplishment if all proceeds according to plans, and for
rapid decisions on necessary changes to plans.

Flue gas samples are to be taken to represent planned steady
state furnace and steam conditions. Thus, it is necessary to determine
by careful observations of furnace flames, control room instruments and
flue gas measurements that the operating variables such as load, excess
air, exhaust recirculation rates, air damper settings, etc. are at their proper
levels for each experimental run. The exercise of experienced judgment
is extremely useful at this point, as a few illustrations will demonstrate.
Low excess air has been demonstrated to be an effective NO, control

variable as well as providing improved boiler efficiency and reduced main-
tenance due to low temperature corrosion in oil and coal fuel boilers.
Thus, in testing low excess air firing (in combination with other control
variables), it is desirable to lower the excess air as much as practical.
The practical limit should be determined by furnace observation to check
burner flames (pattern, impingement on walls, color, stability, etc.)
slagging conditions, damper adjustments; control room checking of fuel

and air flows, oxygen in flue gas measurements, steam temperatures, wind
box pressures, and instrumented van checking of flue gas components across
the sampling points. Detailed recording of operating and emission

data should be started only when all checks indicate proper levels, steady
conditions and adherence to proper safety and other operating practices.
Other operating variable settings requiring the same detailed checking

and experiencéd judgment during testing are burner tilt, primary and
secondary air damper settings, degree of staged firing, and extent of
flue gas recirculation.
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In a few caieiully selected cases, it would be desirable to
determine the effect of electrostatic precipitators on NO_ emissions,
by sampling before and after the precipitator. Similarlyf the effect of
combustion modifications on particulates before and after the precipitator
should be considered.

The length of each steady state run must be sufficiently long so
that accurate and representative, gaseous and particulate emission can be
determined. Experience has demonstrated that 30 to 45 minutes of
continuous measurements covering 12 sampling points are adequate for
gaseous components. Particulate measurements are not continuous but
are cumulative, and generally require longer sampling periods for adequate
representation of an operating condition. Thus, a two-stage -program may
be the best approach. First, run a series of designed experimental runs
for gaseous components to determine the operating region of best NO,
control. . Second, make relatively long baseline and NO, control runs to
repeat the measurement of gaseous components but primarily to make particulate
measurements as well as slagging and corrosion observations.

The actual results of each block of experimental runs should
be compared to the results expected on the basis of both theoretical know-
ledge and practical experience. This preliminary analysis should then
provide a flexible basis for curtailing or expanding experimentation where
desirable, since the original blocks should have been designed to be
augmentable. -In addition, it is desirable to take advantage of unplanned
. changes in operating conditions and equipment availabilities where possible.
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APPENDIX A

SAMPLING-ANALYTICAL VAN DETAILS

This section of the report contains illustrative photographs
of the exterior and interior of Esso. Research and Engineering Company's
sampling-analytical van used for emission measurements in the Boiler Test
Program.



- 150 -

EXTERIOR VIEW OF SAMPLING-ANALYTICAL
VAN ON LOCATION
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SHOCK MOUNTS FOR INSTRUMENT CONSOLE'
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PORTABLE INSTRUMENT CABINET INSIDE VAN
PUMPS, REFIGERATIONS AND NO2 SENSOR
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REAR VIEW OF PORTABLE INSTRUMENT CABINET
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QUICK DISCONNECT ASSEMBLY FOR SAMPLING PROBE
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APPENDIX B

This section of the report presents the data supplied by two of
the boiler manufacturers, Combustion Engineering and Babcock and Wilcox,
who participated in the test programs at Boilers O and Q, respectively.
Their reports have been incorporated directly, with the exception that the

boilers have been coded instead of designated by name. Because it was not

possible to explore combustion modifications for NOx emission control at
Boiler N, Foster-Wheeler did not perform a steamside analysis on that unit.
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APPENDIX B-1

BOILER O

MONTHLY PROGRESS REPORT NO. 3
JUNE 1, 1971 TO JUNE 30, 1971
ON
SUBCONTRACT NO. ESC-12
BOILER FIELD TEST SUPPORT
T0 -
ESSO RESEARCH AND ENGINEERING COMPANY
- PRIME CONTRACT CPA 70-90

PREPARED FOR THE
OFFICE OF AIR PROGRAMS

vvvvvv

JULY 10, 1971
COMBUSTION ENGINEERING, INC.
JFIELD TESTING AND PERFORMANCE RESULTS
1000 PROSPECT HILL ROAD
WINDSOR, CONNECTICUT 06095
(203) 688-1911

J. D. CAVERS
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SECTION 1 - PURPQSE AND SCCPE

 Field test support (subcontract) to the oxides of the nitrogen program now
being conducted by Lsso Rescarch and Engineering Company under contract #CPA 70-90
at Boiler O. :

SECTION 11 - PROGRESS

Laboratory Analysis

Ultimate coal analyses were performed on four composite and two single coal
. samples at the C-E Laboratory in Windsor, Connecticut. The samples were analyzed
using the ASTM D271 procedure with the results tabulated on Sheet Bl.

Unit'Output Efficiency, and Net Heat Input Calculations

Unit output was calculated by the heat balance method using test, board, and
computer data. The method and results are listed on Sheets B2 and B3. The results
of the unit efficiency calculations using the heat losses method are listed on
Sheets B2 and B3 with the procedure explained on Sheets B4 thru B6. Unit efficiency
was calculated with and without the reject Toss included in the total losses.

Heat input from fuel was determined using the eff1c1ency (W/0 reject loss)
divided into the unit output.

The net heat input to the furnace is the sum of the heat input from fuel and
the heat credits and losses as listed on Sheets B2 and B3. A sample calculation
~ of the credits and losses to the heat input from fuel is shown on Sheet B7.

A plot of eff1c1€ncy (1/0 reject Joss) versus main steam flow (adjusted) is
siiown on Sheet B8. Tes. efficiencies are compared Lo the average efficiency (W/0
reject loss) as calculated for the performance tests, Aug., 1962. The plot shows
that two stage combustion does not adversly affect unit efficiency.

" Board, Computer and Test Data

The test data is summarized on Sheets B9 and 210. The coal scales were only
used to determine M load output per furnace as they were not considerad accurate
enough to determine heat input to furnace.  Reheai flow was determined by using
the plot on Sheet B11 which was obtained from performance test data, Aug., 1962.
Main steam flow and first stage pressure were adjusted to specified nozzle condi-
tions and are plotted on Sheet B12. This plot was used as a check on the accuracy
of the main steam flow. The values designated by the [J symbol fall significantly
below the curve; this is due to the very low superheat outlet temperatures at which
the boiler was operating during these tests. The gas and air flows are tabulated
for each test with a sample calculation shown on Sheets B13 thru B16. Board -and
computer data are tabulated on Sheets B17 thru B22.

Carbon Heat Loss Variation

A plot of percent carbon heat loss on a test basis with respect to changes
in percent 02, degree nozzle tilt, and superheat outlet temperature is shown on
Sheet B23. For all high load tests (four and five mill operation) except Test
20 the carbon heat loss is below .30 percent. The high carbon heat loss (.74
percent) obtained on Test 20 was due to the clean furnace walls (note drop in
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superhoatef outlet temperature) which allowed for an increase in furnace wall
absorption rates and reduced flame temperature which reduced combustion efficiency.

Low load tests (three mi1l operation) were performed after the outage and
the high carbon heat loss for Test 30 is due to the clean furnace walls. The
carbon heat loss for Tests 31 thru 33 decreased to the expected level as the
furnace became dirtier. Tests 34 and 35 were performed with the #1, 3 and §
mills in service. Combustion efficiency decreased due to the large spacing be-
tween the fuei nozzles. The combustion efficiency improved on Test 35 when
auxiliary and primary air was admitted between elevations #1 and 3.

. Effect of Furnace Cleanliness on Four and Five Mill Operation

A1l furnace cleanliness data was obtained through visual observation of the
furnace waterwalls. A plot on Sheet B24 shows superheat outlet temperature ver-
sus percent 0y with changes in nozzle tilt, mills in service, and furnace clean-
liness. ‘ :

With heavy slag (3 to 4 inches) on the furnace walls, higher temperatures
were obtained at horizontal tilt than at minus 30 degree tilt. In both cases, the
temperature increased as percent 0 increased due to an increased mass gas flow.
There was no change in temperature between four and five mill operation as the
heavy slag prevented a substantial increase or decrease in furnace absorption rates.

When the slag on the furnace walls was light (1 to 2 inches) and four mills
in service at horizontal tilt, the outlet temperature increased as percent 07 in-
creased. At minus 30 degree tilt, a single point shows that at a high percent 02
the mass gas flow effect overrides the minus 20 degree tilt effect as the tempera-
ture -did not decrease. With five mill operation and low percent 02, the spread
between minus 30 degree and horizontal tilt is shown by single points. The effect
. shown here is that greater furnace absorption occurs with the minus 30 degree tilt
due to the increased gas residence time in the furnace which decreases the tempera-
ture of the gas to the superheat sections.

During the short duration of each test in this test series, steam temperature
characteristics and furnace slagging conditions were unaffected by four mill (with
overfire air) operation.

Unit Inspection

An inspection of the nozzle compartments and the windbox was performed after
the test period with the results shown on Sheets B25 - B28. ’

The nozzle tilt at horizontal and minus 30 degree positions were satisfactory
although a few linkages were broken. A plus 30 degree tilt could be obtained in
the rear corners but not in the front corners due to binding linkages. A majority
of the tests were performed at either horizontal or minus 30 degree tilt, therefore
the unavailability of the plus 30 degree tilt in the front corners is of no con-
sequence. :

\

The windbox dampers in the "full open" position were operating satisfactorily
except the bottom five compartments in the right front corner which remained in a
fixed position due to a broken linkage. The leakage gap measurement indicates
that some of the dampers were not closing completely when the damper control was
in the "full closed" position.



Nozzle Aivr Flow Distribution

A nozzle air flow distribution program was run with the results tabulat=d on
Sheet B29. This calculation was made Using design specifications for windbox '
and nozzle compartment geometry. The calculated percent theoretical air to the
combustion zone is plotted versus PPil of HO, adjusted to 3 percent 02, on Sheet
B30. This plot shows that NO decrcases as percent theoretical air to the burer
zone decreases. )

A tabulation of the windbox and nozzle compartment geometry used in the cal-
culations are given on Sheet B31.

Pulverizer Fineness

A tabulation of pulverizer fineness at four classifier settings are shown
on Sheet B32.

SECTICON II1 - CURRENT PROBLENMS

At the present time there are no problems that will interfere with the comple-
tion of data analysis and reporting.

SECTION IV - FUTURE WORK
This is. the final progress report on subcontract ESC-12. Although CE's
comnitiment to this contract is finished, should there be nead for clarification

and/or intervpretation of the test data or performunce resuits, piease contact
the writer.

) “ '/"'-‘
/Z/(/ é/ﬁ't»c,",-;-"f«’-/(/
J. D. Cavers

JbC/s

Attachments



Combust.ion' Engineering, Inc.

Boiler O : Field Testing and
Contract 16357 ' - Performance Results
Pro ject 900096

ULTIMATE FUEL ANALYSES

COMPOSITE PROXIMATE ANALYSES CUMPOSITE ULTIMATE ANALYSES
AS RICLIVED AS RECEIVED
Volatile Fixed
Moisture Matter Carbon Ash HHV Moisture Carbon Hydrogen Oxygen Nitrogen Sulfur Ash HHV
TESTS . 2 3 b3 % ®TU/LB )3 % b4 )3 2 2 X BTuU/LB*

[}
1-1‘18:9- . . . ;
12,16,17, 7.5 346 43.3 14,6 11,260 7% 61,3 4.3 7.1 1.5 3.7 14.6 14,369 ]
22,23 1
5’6)10’11! B .
13,14,18,19, 7.9 T 34 39.9 17.8 10,500 7.9 57.8 - 4.1 Tels 1.3 - 3.7 17.8 14,260
30,31,33 _ :
2,7,21,32 7.6 35.3 1.1 16,0 11,010 7.5 . 59.5 Le2 7.7 1.1 3.9 16.0 14,481
3,15,35 8.1 35.2 39.3  17.4 10,600 8.1 57.3 3.8 8.3 1.4 3.7 174 14,348
20 9.9 ' 35.0 39.9 15.2 .11.020 9.9 0.8 [ 4.6 1.4 3.7 15.2 14,842

34 7.0 325 37.5 23.0 9,670 7.9 53.5 3.8 7.1 1.3 4.3 230 14,005

#HHV calculated on moisture and ash free basis,

SHEET Bl
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N . Caztastion m'mg. 1za, ’
Boiler O ) Fiald Tosting and
Camtroes 14377 . Performanco Roculte
Prejest 90009

UNIT EFFICIENGCY AND
NET HEAT IRPUT CALCULATIONS

IEST B0, i iz R\ 12 P-3 A 22 a b1} a R il W b4
UNIT QUTPUT - KEAT BALANCE JETHOD

1. Tosdwster Novw wis/a 1648 1655 1587 1576 1660 149 1708 175 1242 1158 1200 1186 un 1958
2, 7Y Preasure PEIG 250 2580 2320 2320 2720 2700 2190 2700 1650 1600 1500 1850 1850 1e70
3. MV Texp. at Scon. r 523 526 510 512 512 50 518 516 186 485 487 LBA A8 483
4. Bathalpy at bean. Q, O BTV/LB 514 518 499 501 501 99 508 506 ATL L7l AT2 469 Lb6 460
5. SH) Pressure PSIC 265 2250 2000 2005 210 - 2420 24,60 2520 1425 1550 1650 1650 1625 1650
6, S0 Temp, r 185 1034 - 978 1010 919 956 960 963 892 911 905 924 933 934
7. SO Enthalpy (9, ® B'N/ui 1478 1,88 1460 14,80 1408 U3k 32 1432 w27 132 U426 138 1445 1iAS
8. Enthalpy D1££.Q -@ b 970 961 979 904 92 927 926 956 961 954 969

9. Total 24 avs. @IQ xo"mv/u& 15e8.7  1605.h  1525.1  154,2,9 1500.6 1508.9 15683.3  1lé2l.4 .1187.4 AM12.8  1183.0  1149.2  1l46.4  1167.%
10, S5H Spray Flow 103L8/HR [] [+] (] [ 0 [+] [ [ (] (]
11. SH Spray Proscsure PsI0 3% 24,80 220 2220 2620 2600 2650 2600 1550 1700 1600 1750 1750 1770
12. SH Spray Temp. r 335 336 123 322 36 359 363 269 2719 v 295 294 290 300
13. SH Spray Eathal @ PTU/LB 310 m 297 296 37 336 335 239 240 25 268 267 263 m
1A. Enthalpy DAff, 5’ - H 1168 1177 1163 L8, 1068 1095 1097 1093 107 1181 1138 un ua2 u72
15. Total SH Spray dba. X@ 10 /M [»] o (4] (4] 0 0 (] (] o o] o [+] /]
16, Cold HH Plow 10°LB/MR 1250 1250 1270 1242.8 1265 1192.5 1290 1327.5 962.5 8as 920 900 892.% 910
17. Cold M Pressure P31G as 12 a N2 100 420 409 422 97 300 304 29 FLs] 29
18, Cold aii Tcwp. [4 628 &5 [ 6 $37 552 550 5 547 540 533 549 583 $70
19. Cold BY mu,,@ 1) H 1320 1331 1329 1337 1267 1275 1289 1275 1279 1276 1235 1294 1%
20, 2By Presoure : Ps10 357 362 353 3se 345 330 354 379 2460 20 255 250 23 250
A, HHO Teop. r 382 1008 98y e72 912 92 916 834 856 [ 852 as2 259
22. A0 Eothalpy GO BU/1LB 1504 1527 1504 1518 1456 1478 w77 1478 1440 1452 1446 k55 1L65 1L69
23. lbathslpy D12t . H ‘193 196 175 181 189 3 3374 203 15 - 1 170 in 172
2. Total ab Abs, 108 /1R 1.3 245.0 2.3 22,9 239.1 2.1 2542 269.5 150.2 1531 156.4 153.0 152.6 156.5
25, H Spray Flow 10718/13 0 [} [ o ] . 0 o [¢] [ <] [} 0
26. 1Y Spray Pressure ‘ P8I0 1500 1500 1500 2500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1200
27. BH Spray Temp, ’ 333 335 21 320 359 358 357 360 268 278 294 E25] 289 m
28. BH Sgray Eathal B'm/w 306 308 294 29 333 » 33 338 %0 2% 266 265 281 269
29, Eathalpy Diff, é 1208 1a9 1210 1225 1123 118 1lhb peivy 1200 1202 1180 190 1204 1200
0. Total BN Spray Kba, (7§ 2 @) xo‘!m/xa o [ [ 0 0 [4 [} 0 0 [} [ 0 0 0
3. Total HY Absorved by Totler @+ @ + @ «@® 10%TU/IR  1830.0 18504 2774 1767.8 1797 17510 174 1890.9  1337.6  1265.9  1339.4  1302.2  1299.0  132%4.0

EFYICIEECY ~ HEAT LOSSES METHUD

Dry Cas Loss } 3 an 3.70 3.8 3.70 3.38 3.36 3.% .48 3.06 2.5%0 2.73 3.02 3.00 2.9
Kointure in Alr Loss £ 09 «09 .08 01 .08 .08 .08 .03 07 .07 . .07 07 .07
Moisture frua Puel Loss ] 4.56 458 be68 [% ] 494 4.5 5.5 455 .89 bbb [9X} 463 k63 [ 9513
Carbon Heat Loes % 06 .08 K4 A2 T .26 .20 .2 .65 +20 «28 .35 67 &3
Radiation Lose 3 .23 23 o2 o2 24 2% .23 22 Il 3 53 .32 W32 53
Hea: Loss in Fly Ash $ .05 KT8 06 05 <Ok 0% O .Ob .05 08 .S 05 Ned <05
Ash Pit Loos ] —id a2 a2 a2 2 a2 A R B a2 28 LR

Total Losaes s 8.93 8,92 8,83 9.12 T 9.65 8.75 8,84 8.8l 9.05 B.4d 8.15 8,63 8.9 8.32
Bejoct Loss EJRD W™ SR WY, BN © SN JD VY S YO\ R Y

Total Losses (Incl. Reject Loss) % 10.35 10,32 9.72 10,00 - 10,67 10.23 10.25 9.75 10,43 9.87 9.01 9.57 9.8 9.18
Efficlency (W/O0 Beject Loss) ] 9N1.07 91,08 91,17 90.83 90.35 91.25 91.16 91.09 90.95 91.59 91.85 .32 91.02 .68
Efficiency (W Hejoct Loss) 3 89.65 89.68 90.28 90.00 89.33 89.77 89.75 %0.25 89.57 $90.13 90.99 90.43 $0.14 $0.82
HET MEAT INRUT - 108BTU/iR

Heat Input from Puel (Dot Outpwt/Eff. (W/O Reject Lou)] 2009.4  2031.6  1916.6  A9A5.2  1925.5  1918.9  2015.6  2075.9  1470.7  1382.1  1458.2  126.0  1427.2  1lhAA.2
() Sensible Heat in Preheatod Air 188.6 193.5 170.2 178.9 167.8 166.5 177.0 185.6 114.5 12,1 114.3 120.5 1186.8 115.9
() Sensitle Heat in Puel 5.3 5.2 5.5 5.5 4.8 4.9 5.2 5.2 (5% 4.0 2.7 4.3 3.1 3.5
(~) Lateot Heat of Vaporization 85.7 86,6 84.3 85.6 8,0 .h 85.9 8s.5 64,7 €0.8 61,9 62.7 62.6 59.4
(-) Cozbustivle Heat Lose P Y S WY ﬁl —ad MR 80 AR kb 28 k) 50 __%.6 __!h%
bet Heat Input 164 2422 -7 2417 19%.9  2003.9 207.7 2173.8  1515.0 3L 1510,2 1831 1476.9 1493,

= (9T -
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SAMPLE CALCULATTON OF'EFFICIENCY - HEAT TOSSES METHOD

1.. DRY GAS L0OSS, DGL

DGL = (DP"Lvg. AH}(.24)(Tg - Tpp) X 10

if

_Wheye: .24
Ter

Instartaneous Specific

TEST &

-4

Heat of Dry Products:

Témperature of Gas Lvu. AH

. I}E = Temperature of ‘Air tni. AH

i

DP- Lvg: AH

Dry Products Lvg. AH

DGL. = (956:52)(.24)(265 --96) X 10-%4-

DGL. = 3.88%
2.. MOISTURE™IN AIR L0OSS, MAL

MAL.= (.013)(DA Lvg. AH)(.46)(T¢ -

Where:: .013

o

- -4
IAE) X 10

Standard Specific Fumidity
Instantaneous Specific Heat of Water Vapor

P A A - T e | ot
LY A il e rludta LV . Al

60 -
DA~ Lvg. A =
MAL, == (.013)(521.58)(.46)(265 - 96) X 1074
MAL. ==-.09%

*3.. MOISTURE FROM FUEE LOSS; MFL
-
MFE. = MF {ﬁoag -Thg-+-.46 (TG ) J X

(T¢

Where: | 1089 - Tig +-.46

L

MFL.
MFL.

4.629%
4.. CARBON HEAT 'LOSS, C.

41.40 [1089 -~965+-.46'(265)] X 10-4

0

1
} Accounts: for Evaporating & _

Superheating the Moisture In
& From the Fuel.

oL = % Ash [ o Carbon in Fly Ash (14,250)
©7 100% --% Carbon in Fly Ash L_ HAV, Fuel.
Where:. 14,450 = HHY of Carbon
oL - 136 1.4 (10.850) |
S 17 N 60 _I
CL = .27%

Sheet B4
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Combustion Engineering, Inc.
Boiler O | © Field Testing &

g?ﬁ;;iitgégggé' - ' ' Performance Results

5. RADIATION LOSS, RE

Determined- From ABMA -Curve.
RL. == .22%
6. HEAT LOSS IN FLYASH, FAL .

P =B P20y (1q - T

Where:: .22 =:Specific Heat of F1¥ Ash

_. 136 . .
FAL.= 17765 — (.22)(265 --96)
FAL_=-.05%

7.. ASH-PIT LOSS, APL

Déterminédtusing:curves:on sheets.85-1¥and‘35}2u;

Furnace:Width, Feet--40.167 =

Farnace;Dépth,Féet:740.162'

Furnace Diagonal, Feet -57.0

Firnace:Height; .Féet--114.83

Distance:Firing ¢ "ta Hopper Aperiure"aFééte?49;66£f
Ratio(53)-:87" |

AShpit‘Aperturee(Area),.Feétzf;loﬂlﬂZL

Ratio(Z3/&)--015:

Curve:Value:of ‘Radiatiom -ThHru .Aperture:(% Heat:Loss):- .23

% Ash-inFuel, As:Fired :-14.6

DPREIOPOOOO

11 HHV.Fiel, as Fired, BTU/LB.:- -1176Q°:
A2 @O (104) /3D, Ash Fired/1068TU -13.08

QEl % Ash Fi?ed.Going_to Ashpit -0 |

13}, Slagging or Dry Ash Bottom ? - Dry Ash

631 Curve.ValueSensible and Latent Heat of,Ash (% Heat Loss) -0
(i@i Total Ash-PitﬁLoss:=(§)+ Q:>i=:.231} 0 = :23%

Sheet BS
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ASERIT (HEAT 1SS CCRIZIATCN.

) (H D. Humper) "
FX. Furnace widtn, Feet— | . .. . [ . a‘A T 10... % Ash ir mel,'aj':ixfe:'““' T
A ‘Furnace Depth, Feet- JRR R B TR 5 ~1red, IPU/F

\ 3;_-..

nace ‘Dlagonal; feet
---i-{Only one c:.vxded
J-L«__E\zrmcc Jed
S« Distance “1rm5;‘ . t{Op,,er Aperture Ft
6, . Retio (5)/ (3)
s Ashm.t. Aoerture-

1260y a0k / (11), Ask m:e¢’100 s
----*1-*—"“13 % Ash Tired going to Ashpit, I

E .'ll;..h.s.‘abez.‘. er-Néry: ashh Dottom?. .
.15, CQurve: Value Sensible & Lavenu Heat
{ .o | .0 of Ash, § Keat Fired.. :

' 16.' T\-LAL ASn it LO.:S = (9) . (.LS)——«

urrace)
y-reet -

o = S s (et e o

nidth “‘b

9., Curve.

Value oLBad;At.inn_ uhm.A“E rt nr e
;(,o Peat mss) : :

5t ~¢-I‘ i : & iA '- ,";_ -’?_'-_...-.._ 1 e !_-  |
8.-Ramo (7) / (3} (L) S "L--*M&Z\)'S;féia.k :c:\.rcn'nsta'lces,l such aé;'

Waler. spray. nozzles _sbave. ...
tsuri‘ace of water pcol and -

-

| wnether they are qns,;ed np

~ . | toward. aperwure. | .- ;
‘b "‘j'Lac;c of water. sluice in

B8lpd =

Aslrd

1)

1* = j. fal b

PENT TN A

|
!

AT
£
T

s foi

-

;El‘

H
‘'

I-B;

T Sheet BS-1
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8. REJECT LOSS, RL

HHY, Reiects } X ]02.

- LB/HR Rejected (

RL.= Total BTU/HR Input
Where: Total BTU/HR Input'is:EStimated:Using[@nit'Absorption'X.1.11]
_ ‘ 5650 2
RL.= 3495 (5757 7 ¢ 7o6) X 10
RL = .92%

Sheet BA
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gpite;cg 16357 Field Testing &
anir :
Praject 900096 SAMPLE CALCULATION OF HEAT CREDITS 'erformance Results
ANDZLOSSES TO HEAT INPUT FROM FUEL
TEST #1
CREDITS

T.. Sensible Heat In Preheated A1r HPA
HPA- = HT Content-Air @ AH Out Témp. [:WA(Flow) Ent.- A&]
HPA: = 107" (1855:3) ==198.5:X 108BTU/HR

. . 2. Sensible:Heat-in Fael, HF-®

HF = Cboal Flow (.3) (Coal Témp. --80)
Where: .3:==Mean-Specific Heat of-Coa]
. 80 =-Datum Témperature
- - HF = 196,000 (.3) (181 --80) =:5:9 X 109BTU/HR
LOSSES -

1.. Latent Heat of Vaporization, HV

MY = MF* (Heat: Iaput:From Fuel) (1030)

Where:z: 1030:=-BTU/LB.of Heat ‘to Vaporize Water: in‘ Fuél:& Water
Formed :by,.Combustion of Hydrogen:

. HV.=41.4-(2138:7) (1030) =*9¥IZZX'10§§tUXHR
- Z.. Combustible:Heat Loss; CHL

CHL = CL. (Heat Input from Fuel)
CHL. = .277(2138.7) ==5:8:X"10°BTU/HR

| . : _ o o ‘ ' Sheet R7

Combustion Engineering, .Inc



T © COMBUSTION ENGINEERING, INC.

Boiler O ' FIELD TESTING &

CONTRACT 16357 ~ . - " PERFORMANCE RESULTS
PROJECT 900096 : o

EEFFCIENCY (W/0 REJECT 10SS)
VERSUS
MAIN STEAM FLOW (ADJUSTED)

92.0 :
T - ‘ ;
3 9].5__ R ‘rb . : 4
v e S o B e e el
- ; ! 3;1 ; i ':,li -\:—:
2 T p— — i ———
S ~_-~~”F—7_}J-‘ :. ﬂ;3~413:-___§§l —__~_"_'€£f_ffi:
(I 4 [ . ] " G,‘ —.—'r.:": — U - -.—..,;
o 91.0 - S N
e e Ml ) [t it et e et —
bl e - T ; T

a - AR a7 . :
= B 3 NI o 7 B M -
= SRS e N B S S A O M it A s
o - o
S 905 — — —
S RN pars— — & - i I i
™ L CARME My S R
[F o P .
e I ll l# = . - 1 - 1

90:0. il I .‘...'_l.;_v ~ L : N PR

3000 3100 3200 3300 3400 3500
MAIN STEAM FLOW (ADJUSTED) - 103LB/HR
[D--5 Mills In Service Dashed Line is Average Evficiency
©O--4 Mills In Service (W/0 Reject Loss) As Determined

For Performance Tests, Aug., 1962.

Sheet B8
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Contract 16357
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IEST MO,

Date
Gross Load "o

Noes - HR

Main Stoan (Integ.)

Main Steam (Adjustod)
Bohsat Stean (Graph)

¥et Products Ent, 4 = B
Dry Preducts Ent, M =B
Wet Adr Eat, 4 - B

Dry ASr Bat, AH - B

Yet Products Lvg., AH - B
Dry Products Lvg, A « B
Wet Alr Lvg., AH - B

Dry Adr Lvg. A - B

PRESIURE - P3IQ

18t Stage .

1st Stage (Mdjusted)
TENPERATURES - *P

SH Outlet - 8

BY Outlet - B

B Qutlet - A .
8H Outlet ~ A

RH lnlet -~ B

Ecoa. In, ~ B

Ges Eatering AH - C/D

M SCELLANBOUS

- B 3

Lacess Air ~ B ]

¢oal, SCAIES
Coal Mow -
cal Mow :io'&m/m

Coal To Purnace ~ 4 %
B 3
% Per Purnace - A 3
B 3
MLl S5IRCTS - IBAM

Pulv, Reject Flow - b

SUMMARY

i
W/15/71
460

3253.8

2555
2018.5
1906,2
1855.3
1831.4
2159.9
2045.7
1996.5

1970.8

1562
1559

1037
1024
1017
985
598

522
610/632

3495

178.6
187.4

51.2

229.4
20,6

3495

b}
Wis/n
460

r'y

WVis/m’
475

3326.4
3373.0

2610
224.1
20264
1976.2
1950.7
292.0
743
2126.0
2058.7

1599
1573

1030
1018
1064
1025

605

526
615/632

3
1./15/71

=

é
W/26/10
460

3243.1
3308.0

2570
1954.7
1834
1792.9
1770.0
2091.7
1978.5
1929.9
1905.1

1550
1553

2
w/r6/n
465

1915.3

1542
1545

1060
1013
1046
1019

600

523
$13/630

2.66
4.2

188.4
197.6
8.8
51.2
226.9
238.1

5625

[

M1r6/71
h55

3163.8
3195.4

235
2032.1
1923.6
1876.0
1451.9
AT4.b
2064.0
2018.3
1992.3

1518

1538 -

1053
103
a9

518
812/627

180,0
189.8
48.7
51.3
2.6
233.4

3495

2
M/
55

3120.0
3135.6

2061.7
1952.9
1905.8
1e8l.4
2206.0
2095.4
2050.1
2023.8

A49L
1524

2.95
22.6

177.9
184.5
49.1
50.9
2.4
231.6

3495

10
17/
480

198.2
198.9
49.9

2395
0.5

jas

oy
W17/
480

3360.0
3343.2

2595
2213.3
2092.3
2039.4
2013.2
2369.2
2245.3
219h.4
2166.1

1607
1575

as

 TEST DATA

pr
Va/mn
A0

3436.4
3109.9

2425
1796.3
1695.3
1648.8
1627.6
1922,0
1819.5
1774.5
1751.8

w78
1519

4905

Corbustion Inginesring, Iac.
Pield Tozting sand

Perforzancoe Rspults

167.6
174.8
49.0
51.0
210.7
219.3

th
&/20/T1
447

3509.3

J26.1 )

1835.2
1728.6
1679.3
1657.8
1943.6
1855.4
1807.7
1784.6

1534
1546

i3
A/2LTL
450

Ju58.8
3236.4

2515
1802,2
1701.2
1646.3
1625.2
1928.5
1825.7
1772.4
1749.7

1548
1553

2,19
..

194.0
195.7
49.3
50.2
224,.1
25.9

Qs

SLT -
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Comtraot 14357
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SUMMARY ©OF TES

TEST MO,

Date

Gross Load »
FLOhS - KA

Main Steam (Integ,)
Hain Steam (Adjusted)
Reheat Stean (wrnph)
Wot Products Eat, AH - B

Ory Products Ent, AH - B
Yot Air bnt. AH - B
Dry AirEat, AH - B

Wet Products Lvg. A - B
Ory Products Lvg, AH - B
Wot Adr Lvg, AH - B

© Dry Air Lvg, A1 - B

PASSSURE - PSIG

lst 8tage

Lot Stage (Adjusted)
TEMPERATURES - *p
&4 Qutlet - B

BH Outlet - B

&4 Outlet - A

R Outlet - A

BH Inlet -~ B

. B
M Per Purnace - A 'Y
B »

)ILL REJECTS - LO/KR

Palv. Keject Flow - B

i
va/m
M3

221,1

a2
va/m
455

1975.9

1534
1545

1034

1060
o8

613/620

18
A20/11
MO

3493.1
3266.0

1770.9
1668.2
1620.9
1600.2
1894.8
1790.7
37449

1722.4

1511
1538

978
1002
639
510
598/607

2,08
10.7

180.0
186.5
49,1

26.0
224,.0

a5

12
&/20/n
438

3482,2
3186,2

1816.2
1792,9

1515

1536

1010
1053
1022

607/613

191.1
186,1

49.3

22,1
215.9

365

2
22/
420

12
5e8/591

2,36
12,3

17,7
166.5
50.8
h9.2
A3
206,6

3495

a
va/n
s

2929.2
3061.0

2385
1778.1
1677.5
16320
1411.1
1902.4
1800,9
1756.4
1733.9

4905

2
va/n
37

3150.0
3323.3

1672.9
1767.5
1718.9
1696.9

1896.9
1850.1
1826.3

1494
1530

960
912
984
919
559

515
599/607

2,29
12.0

180.0
1743

49.2

22,0 .

215.0

4905

23
va/n
AS5

3229.5
34394
26

1943.0
1834.1
L784.4
1761,6

1968.4
1520.4
1895.7

151
1559

963
916
982
920
566

516
599/607

3T DETA

5]
A9/
300

545/553

1.96
10.1

2940

)}
Ww19/1
300

2700.0
281.5

1288.1
1213.9
1180.0
1165.0
1378.2
1302.9

1254.0

‘107
1296

911
856
933
862
2

486
549/554

137.1
152.6
47.3

1.9
158.1

2940

2
V19/n
310

2741.1
2371.1

1a,0
1313.8
1238.3
1202.9
1187.4

1329.0
1294.9
1278.3

103
1329

905
es6
916
849
532

A87
551/558

Cazbaostion

Plald Tooting aca
Porfarnoaco Rocalto

b3
V19/7
310

2710.6
2317.6

1800
1367.1
1290.1
1255.7
1239.6
1462.8
1384.5
1351.4
1334.0

on
1317

T4
862
bk
870
549

B4
549/559

1301.9

1063
1310

» Ipo.

531

Vi9/1
310

2755.9
B43.4
1820

1294.9

- 9T -
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REEEAT STEAM FLOW -
VERSUS
MAIN STEAM FLOW

3000 :

. 2800

. 2600

2400 F

REHFAT STEAM FLOW X10%LB/HR -

2200

2000 =

1800
= SRR S =
. 1600 e s fm gt 18 ;’:‘
| EEE | REHEAT STEAM FLOW .
= 23 Ziooii  CALCULATED USING  :
PERFORMANCE TEST
1400 DATA, AUG. 1962.
3

1200 ' b g s b et s e e [irpeardng ._; il g
1000 1500 2000 2500 3000 3500 4000 4500
MALY STEAM FLOW X103LB/HR
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FIRST STAGE PRESSURZ (ADJUSTED) - PSIG

- 178 - COMBUSTION ENGINEERING, INC.

FIELD TESTING &

PERFORMANCE RESULTS

MAIN STEAM FLOW (ADJUSTED)
VERSUS
FIRST "STAGE PRESSURE (ADJUSTED)

1250

2200 2400

2600 2800 3000 3200 3400

MAIN STEAM FLOW (ADJUSTED) - 103LB/HR

3600

Sheet B12
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Contract 16357 , ‘ Performance Results
Project 900096 .

SAMPLE. TALCULATION OF GAS & AIR FLOWS

TEST #1
1. ULTIMATE COAL ANALYSIS
Carbon --61.3%
Hydrogen-- 4.3%
Nitrogen-- 1.5%
Sulfur -- 3.7%
Moisture- 7.5%
Ash --14.6%

TOTAL .100.0%
2. THBEORETICAL DRY AIR, TDA

: %0
TDA_=[:11;54.(%'cy +34.3% (3 H - 8 +4.32(% sl{}x 10%

HHV X 106,
Where: 17:54-=BS.Air to Burn One Lb. C
34,34 = -LBS. Air to.Burn One tb. H
4:32£=JLBSLAiY‘to~BUrn One-Lb. S

s (s1:3) + 30,30 (0.3 - Y 49201 | ¢ g0t
A== ToT80K 195 X 10

TDA-—=753;20 LB/106BTU -
3: MOISTUREZIN AIR, MA

MA:==.013 (TDA)
Where: .013.=:Standard Specifi¢ Humidity-
MR:==.0137(753.20) =:9.79 1B/10%BTU"
4;. THEORETICAL WETAIR, TWA

TWA-==TDA +-MA
THA-==753.20 + 9.79 = :762.99 LB/]OGBTU'
5. FUEL IN PRODUCTS, F

(100 --% Ash - % ScL)

P S —Hv X 100

Where: % SCL = CL (HHV,. Fuel/14,450)

(100°- 14.6 - - .2) 8- 3e-aq vn/106
R IR x 10 = 76:34 1B/10°810

Shect 813
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6.. MOISTURE FROM FOEL, MF

% Moisture) +-9 (% H)
HHV X 100

MF = x 10
Where: 9 = LB Moisture:Formed by Burning 1 'L8.Hydrogen:

4.

_ _(7.5) +9 (4.3)

117160 X 106 =-47:40 'L8/10%8TU

MF X 10

7.. GAS FLOWS ENTERING AIRHEATER AT 13.9% EXCESS AIR

A.. —Dry Air, DA

% Excess Ai;]
0

o =1+ EERCess Mr (rpp) (k)
- .
Where: K =1 - (% SCL/100)

-

13.9
DA = 1 +-]OO:J(753.20) (.998) =:856517'LB[1068TU

DA (Flow) = DA (Heat.Innnt'Ffom Fuel)

856.17 (2138:7) =-1831.4-X 10°LB/HR

DA (Flow)
B.. Moisture. Ih Air, MA

~ MA = .013: (DA)
MA = .013:(856:17) =-11.13°LB/10%BTU

C.. Wet Air, WA

WA = DA + MA.
WA = 85617 +1113:=-867 30 'LB/10%6TU

i

WA (Flow) = WA (Heat:Input-From-Fuet)

WA: (Flow) = 867.30 (2138.7) =-1855.3 X 103 LB/HR

D. Wet Products, WP’

WP

F + WA
WP = 76.34 + 867.30 =-943.64.18/10%8TU
WP: (Flow) ==WP: (Heat~Input-From Fuel)

WP (Flow) =-943.64-(2138.7) =:2018.5 X 103‘LB/HR

- Sheet B14
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Contract 16357
Project 900096

~ E._Dry Products , DP

DP-= WP --MA - MF

DP = 943.64---11:13 - 41..40 = 891.11 18,10%8TU
DP (Flow) = DP (Heat Input From Fuel)

OP* (Flow) ==891:11 (2138.7) = 1906.2 X 103LB/HR
GAS’ FEOWS LEAVING ‘AIRHEATER AT 22.6 % EXCESS AIR

A: Dry Air, DA

DA-=: | 1" +-% Excess Air (TDA) (k)
100

pac=- | 1" +-22:6 | (753:20)(.998) = -921..58 L8/10%1y
100 :

DA (FTow) =:DA-(Heat Input From Fuel)

"DA (Flow) =-921:58 (2138.7) =-1970.8 X 10° LB/HR

B.. Moisture:in Air, MA -
MA =-.013 (DA)
MA-==,013:(921.58) ==1T;98'LR[10§BTU'

Co. Wet-Air; WA

WA ==DA +-MA .

WA =-921:58 +-11:98 = 033 :56' 18/1058TL

WA (Flouw) ==WA:(Heat :Input From Fuely)

WA (FTow) =-933.56 (2138.7) = <1996.5 % 103LB/HP-

D.. Wet-Products, WP

WP == F +-WA

WP =:76:34 +-933.56 = -1009.90 LB/10CBTU"

WP (Flow) =+WP (Heat Input From Fuel)

WP (Flow) =-1009.90 (2138.7) = 2159.9 X 10°LB/HR.

Combustion Engineering, inc.
Field Testing &
Performance Results

Sheet B15
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Project 900096

E.. Bry Products, OP

DP == WP: --MA---MF

DP' = 1009.90 --11.98 --41.40 = 956.52 15/10%8TU"

n

DP (Flow) =:DP (Heat Input From Fuel)

DP' (Flow) =:956:52_(2138.7). ==2045L7'X'103L8/HR

Combustion Engineering, Inc.
- Field Testing &
- Performance Results

Sheet . B16
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Coabust ion Engineering, Inc,
Tield Testing and
Perforwance Resulls

EBOARD AND CONMPBUTER DATA

Cootract 16357
Project 500096
TRST MO, 1
Date Vis/n
Gross Loed - W 460
FUNS - IQE[N_R_
Main Stean (Imteg,) 3253,.8
Main Steax A/B 1690/1650
Main Steaa Total 3400
air Flow A/B 1620/1 560
Alr Flow Total 3220
Peadwater (Integ.) 34L46.5
Peccwater Total 3500
SH CLSH Spray B LS/BS 0/0
HH DESH Spray B LS/RS 0/0
#3A Heater Drain 300
#3b Heater Drain 325
Si DEtH Spray A LS/RS /0
HH DiSH Spray A LS/RS o/o
Inj. Water Leakoff 2
Inj, Water 82
Soot Blowing Stm, (Integ.) -
*Cas Flow a/B 14,92/1521,
PHESSUHES - PSIQ
Drum 2550
SH Qutlst A/B 2450/2450
BH Outlet A/B 380/367
¥ain Steam 00
Poodwater 2750
i lnlet A/B p5/102
PHEGSUHRS - 1N, Ha
Purnace A/B =0.70/-0.50
Righ Temp. S Diff. A/D 0.90/0.85
RH Dirf. A/B 0,12/0.10
Lov Teap, SH Diff. A/B 2.7/2.3
Econ, Diff. A/B 0.95/1.3
AH DLfL, A/B 2.8/1.8
c/p 2.5/3.5
Cire, Pump Dirr, (PSID) 84
7D Pan Disch, A/B 5.2/5.8
c/o 6.5/7.0
ALr Leaving AH A-D 3.2
. c-D 3.7
Windbax A BS/LS 2.3/2.1
Windbox B RS/LS 2.7/2.5
ID Yan Inlet A/B 10.7/9.8
] 9.7/10.5
TEMPEAATURLS - °F
SH Outlet A R/L 980/1035
oH Outlet A R/L . 955/980
SH Outlet B R/L 1012/10%0
8H vutlet B H/L 980/1030
SH Outlet A 110
84 Outler A& * 980
S Outlet B 1040
BH Gutlet B 1025
Econ, Link Tubes A/B —f
Gas Leaving AH A/B 295/255
c/o 266/263
Air Entering AY A/B 92/95
/D 97/95
*Gas Intering A A/B 601/612
. [~ 614/620
*SH Platen Outlet Hdar. A/B 783/778
*or, SH Qutlet Hir. A/B 907/911
*SH Outlet Hdr, 1035/104L1
*RH Outlet Hdr. A/B 1012/1050
*Air Leaving AH A/B 5L0/51S
. c/D 510/530
*S5H Spray Water B s
*BH Spray Water B 351

2
wVis/n
[

3207.3
620

1059/1059
1024,/1037
540/530
514/535
355

253

b}

2550
24,50/24,50
372/362
2400

2750
398/392

0,70/, 70
0.9/0.90
0.13/0.10

2.7/2.2
0.95/1.25
2.7/2.0

1038

1010

1038

1010
—_
290/270
268/266
100/103
105/102
€03/613
613/617
791/190
929/917
1077/1066
1039/1040

539/521 .

513/531
358
353

h

V/15/n
475

3226.4
1720/} 660
UT0
1710/3.700

12.0/11.0
10.5/i0.5

1015,7:.070

1654/159%

2570
24,50/2450
392/360
2420

2780
418/412

10.5/11.2

1025/1080
975/995
1022/1050
980/1012
1060

1000

1047
1010

oy X
300/293
218/280
105/108
110/107
615/627
&23/6771
796/787
962/937
1106/1090
1037/1069
548/5L6
521/541
354

352

[

2550
24,50/ 2410
3IT7/365
2,00

2750
401/397

~0,65/-0.52

995/1050
955/975
1000/1020
970/975
1025

980

1000/1055
985/1000
1035/1065
990/1005
1030
100C+

1055

&

.
2y norpEBl
\iQ\cob
uu:—ru;_. .
L5886

L
W o

4

<

=
OONN

'RIN
2L

\»Nuﬂo.n;o.nmqnu

10.0/1

1005/1065
975/99%
1005/1030
915/ 9%
1045

1000

1026

995
625/625
200/265
260/259
91/98
98/100
€06/616
616/614
799/77%
42/914
1091/1050
1029/1029
5L8/515
SGL/ 522
3.8

b

1010/1070
980/1005
1020/1045

1612/1626

© 255
22.50/24,50
385/375
2L0C

2800
17/410

10.5/11.5

1010/106%
980/1000
101071020
980/93%0
1040

1010

1025

- €8T -



217 IYWHS

Boiler O

Contract 16357
Pro ject 900096

TLST %0,

Date

Gross Load ~ M
T ML DATA

ML) Aaps AL/A2
A3/M,
A5/81
82/83

Pulv. Supply Adr « In, %o
a1/

Pulv, Discharge - 1n. H 0
AL/A2

A3/,
AS/BL
B2/13

Pulv. Coal Afr - °PF
ALjA2
A3/Ml,
A5/81
82/83
Bu/BS
Yeoder HPH AL/A2
A3 a4

Drua Lavel - 1n,

PFuel Norzle Tilt A/B ~ Dag.

0, A/B - %
73 Fan Anpe A/B
¢/o
1D Fan Anpe A/B
c/0
Botler Circ. Pump Az
c/p

D faa Inlet Vanes - £ Open
A/B
</

1D Fan - £ Spoed
i/

c/0

SH DESH Valve A/B - % Open
HN DESH Valve A/B - £ Open
Danper Pos. A - £ Open

Top Aux,/Coal
Aux, /Coal
Aux./Coal
Aux./Coal
Aux, /Coal

Bot. Aux,

Damper Pos. B - £ Qpen

Top Aux./Coal
dux,/Coal®
aux, /Coal
Aux,/Coal
Aux, /Coal

Bot, Aux,

BOART

P8
wvis/n
A0

0/58
52/53
54/0

6
s9/61

0/-1.1
-1.7/-1.6
-1,5/0
-2.3/-1.4
-1.0/-0.9

0/12.%
12.5/10.0
12.5/0
13.0/14.0
12.0/12.5

92/165
178/17%
17/88

1.0/11.3

o/es
83/94

96/0
82/91
80/83

v iy,

i}

2
Mis/n
470

/%
53/53

54,/0
s5/6
/6,

0/-1.2
~1.8/~1.7
-1.8/0
~2.0/-1.4
-1.0/-0.9

0/13.0
12.5/10.0
12.5/0
13.0/13.5
12.5/11.0

9./172
177/178
176/90
185/176
1807167
0/10.0
10.6/e.9
11,2/0
11.2/9,6
11.2/11.4

81
60/64
0/~1.b
«2.1/-2.1
-2.1/0
~2.6/-1.9
-1.3/-1.4

0/11.5
12,0/9.0
12,0/0
13.0/13.0
1.5/1.5

97/172
177/174

10.0/8.6
10.0/2.0.4

. o/8
89/91
8L/0
e9/e8
78/82

4
Viyn
75

54/5
50/50
52/62
51/60
63/60

-1,6/-1.3
«1.8/~1.6
“1,6/=1.4
«2.3/-1.7
«1.0/-1.1
11.5/12.0

12,0/9.5
12.0/10.5
12,5/13.5
11.0/10.5

182/174

157/162

§2/10
A1/

58/58
65/64

85/84

-1.8/-1.3
~1.8/-1.7
<1.7/-1.5
-2.2/-1.7
-1.5/-1.0

11.0/11.5
11,5/10.0
11.5/10.0
12.0/13.0
11.0/10.0

182/176
180/176
176/168
185/176
178/17,
7.2/9.0
9-3/1.%

@™ ®

9.
9.
9.

4.3/3.8
e
78/85
180/180
158/164

L2/10
PAV/SY

58/57
/63

83/83
72/72

AND COMPUTER D) ATA

b3
Wr6/n
455

/%

i
su/b2
56/54

o/-1.4
-2.0/-1.%
-1.5/0
-2.2/-1.6
-1.9/-1.4

0/12.0
12.0/10.0
12.0/0
13.0/13.0
12.0/1%.0

102/170
180/1

10.5/10.5

0/96
99/200
100/0
94/
96/100

Combuaticn Engineering, Inc.
Field Tosting and
Perfarmance Bosulis

~1.8/-1.2
-1.8/-1.8
<1.5/-1.%
-1.8/-1.2
<1.6/-2.1

12.5/12.0
12.0/10.0
12.0/12.0
13.5/13.5
12.0/12.0

181/178
178/170
172/166
187/178
158/179
8.8/8.7
8.7/8.8
9.1/8.%
8.5/8.7
8.5/8.9

79/80
/99
9/1
98/81
83/82

-1.2
*11.3/-30
4.0/4.6
78/71
ac/a8
16C/175
161/165

2/1
L2/42

48/58
65/64

78/78

8T -



w78 1oaHY
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C

Boil
Contract 16357
Project 900096

w

BOARD AND

IEST KO,

Date
Uross Load ~ M

Fluws = 1O3LB/HR

Main Steam {Integ.)
Maln Stean 4/B

Main Stean Total

Alr Flow A/B

Alr Flow Total
Fesduater (Integ,)}
Feedwater Total

M DLSH Spray B LS/RS
KH DEuH Spray B LS/AS
#34 Heater Drain

235 Heater Urain

SH DESH Spray A LS/RS
HH DRSH Spray A LS/RS
Inj, =ater Leako!f
Inj. water

Soct blowing Stm. (Integ.)
®*las Flow A/B

PRESURES - PSIG

Drua

SH Vutlet A/B
HH Cutlet A/B
Mailn Steam
Feedwater

i Inlet A/B

PRESSUSES - 1N, H20

Furnace A/B
High Tenp. SH Diff, A/B
i DACL. A/B
Lov Teap, i Diff, 4/B
tcon, Diff, 4/B
AL DAL, A/B
¢/
Circ. Puzp Diff, (PSID)
FO Fan Disch, A/B
c/o
Air Lesving AH A-B
c-b
windbox A RS/L3
Windbox B RS/LS
1D Fan lnlet A/B
c/o

TEMPERATURES - °F

S Outlet 4 R/L
HH Outlet A R/L
Sit Outlet B R/L
&H utlet B B/L
SH wutlet &
8H Lutlet 4
SH Outlet B
BH Outlet B

Air Eatering AH A/B

c/o

*Cas Latering AH A/B
. c

*Air Leaving AH A/B

*SH Platen Wutlet nar, A/B
SHor. SH Outlet Hdr, A/B
*SH Qutlet Hdr. A/B

e4H Qutlet Hdr, A/B

*SH Spray Water B

*iH Spray ¥ater B

i
W17/10
480

3360.0
1725/1700
3500
1790/1700
500

1599/1631

2550
24,50/24 50
385/375
2,00

2800
416/411

0. 50/-0.30
0.80/1.0
0.18/0.13
3.1/2.5
1.20/1.45
2.9/2.5

1419/1369

2100
1990/1970
360/34L5
1900

2265
380/38L

~0.69/-0.45

B

/2N
430

3410.5
1790/1730

3400
1500/1490
50

2090
1960/1960
354/345
1910
2260
579/380

~0.60/-0.25
0.50/0.65
0.12/0.15

Comhustion Engineering, Ine
nginearing, Inc.

FPield Testing ard
Performance Hegsults

CONMPUTER DATA

prY
20/
[¥%4

- 3509.2
1810/1760

1555/1454

2150
2010/2010
360/360
2000

. 200
395/392

=0.55/-0.2%
0.60/0.¢u
0.13/0.C&
2.5/2.9
1.0/1.4
2.3/2.%
2.4/2.6
24
5.0/5.5
6.8/7.9
kY

L. 4
.2/3.0
.0/3.9
5/9.5
8

3
3
9
8.8/9.2

990/1030
955/980

985/1019 -

950/975
1015
75
1000

970
610/612
295/30
273/263

33
W/
450

3498.8
|1810/1780
3650
1550/1520
3150
3304.9
310

©/0

0/0

310

335

0/0

o/0

0.5

87

1498/1451

2190
2050/2050
365/365
2000

2350
4017398

~0.68/-0.28
0.60/0,70
0.15/0.07
2,5/2.0
1.0/1.2
2,4/2.3
2.5/3.2

28

1015/1055
985/1012
1005/1015%
995/518
1050

1012

1020

995
&1/40
295/312
278/265

3
1037/1031
325

i
W2yn
3

3360.0
1720/16%0
3490
1600/1500
3160
3325.4
3210

0/0

o/o

290

210

o/o

0/0

68

a7

150&/1;;:;

2300
2200/2185
359/357
2250

24,50
397/394

.~0.60/-0.4L0

0.55/0.70
0.15/0.50
2,5/2.0
1.0/1.4
2.4/2.2

1008/1038
973/967
988/1012
956{975

1015/1002
335

V2

4/21/11
455

3329.2
174L0/1690
500

1526/1 50

2350
224,0/2250
363/362
170

2580
398/397

-0.65/-0.15
0.60/0.75
0.60/0.70

2.8/2.1

NN -
N
Lplxy
S oW

[ 2%

>

~
GOV’UG;BOU\I«V!UU

1016/1060
976/1.000
1010/1026
990/995
1045

1000

1030

1005
6107612
292/296
264/266
106/110

13
w20/
&0

3473.1
1800/1740
3650
1500/1490
3000

~0.50/-0.25
0.55/0.55

19

s/20/1
438

3L82.2
1790/1730
3600
1485/1480

1455/1374

45
2010/2005
358/352
1995

2320
IN/30

<0.55/-0.28
0.55/0.62
0.14/0.70
2.5/1.9
0.95/1.2
2.4/2.0
2.5/3.1

29

he5/le5
6.0/6.1
2

1019/1060
990/1015
10c5/1018
985/960
1060

1015
1025

1000
610/612

1368/1361

. 2500
24.20/2L10
355/3L5
2350

2720
37L/376

-0,70/-0.3%
0.50/0.55
0.11/0.03

2.2/1.7
0.9/1.1
2.2/2.0
2.3/2.6

938/985
870/9%0
924,/930
873/8l1

964

8T -
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Boiler O

Contract 16357

Project 00056

Date
GCross Load ~ M4

Adv, Su Pl‘/izr In, HO
a - In,
ppay s

A3/a
AS/B1

Bi/BS

. Pulv, Dischargs - In. H0

a1/a2
A3/a
AS/BL
b2/B3
Bu/85
Pulv, Coal Alr - °F
AL/a2
A3/AL
A5/BL
B2/83
Bu/B5
Pesder QPN AL/A2

Bi/BS
MISCELLANELNS

Drua Level - In,
Fuel Norzle Tilv 4/B - ch.

B -3
"ﬁxnmw
mhnup.w

¢/p
Bnua Circ. Pump Aaps
A/B

¢/
FD Fan Inlet Vanes - % Open
A/B

¢
1D Fan -~ % Speed
A/B

¢/
SH DaSH Valve 4/B - % Open
RH DLSH Valve A/B - § Open
Leaper Pos. &4 - $ Open
Top Aux./Coal
Aux, /Coal
Aux./Coal
Aux, /Coal
Aux./Coal
Bot. Aux.
Damper Pos. b - £ Open
Top Aux./Coal
Aux, /Coal
Aux./Coal
Aux./Coal
Aux,/Coal
Bot. Aux.

ODARDS

PhY
w/m
480

54/54
e
54/60
55/54

-2.2/-1.4
~2.0/-1.8
-2.0/~1.8
-2.2/-1.8
~2.0/-1.7

12.0/11.5
11.0/10.0
12.0/12.0
13.0/13.0
11.0/11.0

182/170
180/165
170/163
185/175
168/180
9.0/8.8
8.8/8.7
8.9/8.5
8.3/8.6
8.5/8.9

-1.1

+3/0
> s

8,

/i

79/87
178/170
160/167

W3/
e

56/56
6./63

ARND

2

wa/m
430

0/55
54/55

54/0
56/61
61/54

0/-1.0
-2,7/-1.1
-1.7/0
~2.0/~1.%
~1.1/-1.5

0/12.5
12.0/10.5
12.5/0
12,0/13.5
12.0/12.0

102/170
178/165
177/103
195/175

10.6/9.2
9.8/10.3

0/5%0
92/95

100 86
94/100

~1.6
~30/-30
2.7/2.7
72/7%
/77
134/137
125/12%

47/L5
L5/15

53/52
57/57

65/66
56/55

b5 4
w2/
430

0/53
51/55
54/0
57/61
60/54

0/-0.9

" el.8/-1.5

~1.5/0
~2.0/-1.4
-1,1/-1.0

0/12.1
12.0/11.5
12.5/0
13.0/13.5
11.5/11.5

108/170
178/167
177/106

-I}L
0
2.5/2.5
72/71
72(/78
13L/137
125/125

48/46
u5/46

53/52
55/55

65/65
55/55

COMPUTER

-2,0/-1.2
+2,0/-1.5
-2,0/-1.3
“2.1/-1,5
-1.6/-1.2

12.5/11.0
10.0/20.0
12,0/12,0
«13.0/13.0
11,0/10.0

178/169
178/161
175/167
190/171
186/174

135/133

66/1.5
Wh/Lh

§5/54
60759

~1.5/-1.0
-1.8/-1.0
-1.5/-1.0
-1.4/-1.0
-1.3/-0.8

12.5/12.0
11.5/10.0
1L.5/11.5
13.0/13.0
11.5/10.5

176/169
178/166
175/168

170/170°

178/189
9.2/8.8
8.6/8.5
6.1/9.3
9.2/9.3
7.9/1.4

83/080
80/89
73/100
100/88
78/66

-1.6

140/156
135/134

w76
[YV{¥

54/54
83/62

73/72
63/63

o
wam
e

~2.1/-1.3
-1.2/~0.5

0/13.0

12, 5/13 5
11.5/11.5

102/170
178/1¢66
176/104
176/176
183/176
0/10.3
11.2/10.6
11.7/0
11.2/10.5
10.1/11,3

0/95
98/100
100/0
97/96
98/100

142/154
137/10

/b3
W3/

57/57
62/62

72/12
63/63

pVs
w2y
455

0/60
54/53

A

0/-1.3
«1.9/=1.5
-1.9/0
=1.9/-1.3
-1.3/-0.9

0/12.0
12,0/10.5
12.5/0
12.5/13.5
11,0/11.5

102/169
177/166
178/106
170/175
184/175

0/10.4

10.1/1.6

0/95
97/100
100/Q
86/95
96/100

W/D/N
LAD

54/60

53/67
=1.9/-1.4
~2.2/-1.8
~2.1/-1.3
-1.9/-1.2
~1.5/-3.0

12.0/11.0
11.5/10.0
11.5/11.5
13.5/13.5
11.0/11.0

177/166
178/164,
176/166
188/172
177/1e8
8.8/8.5
8.2/8.0
7.8/8.1
8.1/8.4
7.6/1.7

80/77
73/87
57/100
100/82
77762

=1.5
*20/-30

2.5/2.5 -

72/70
73/680
139/145
1277125

45/L5
45/45

51/50
58/58

71/70

Cowbustion kngineering, Inc,
Pield Testing am
Porfarmance Hesults

DATA

2
/7 Jz/n
438 20
54/54 0/56
50/52 53/52
48/62 ;.70
St/ 0 61
53/L8 57/54
-~2.5/-1.9 0/-1.7
-2.2/-1.9 -2.3/-1.6
~2.1/~1.8 -2.1/0
-2.1/-1.8 -2.5/-1.9
-2.8/-1.4 PR 725 TN
12.5/12.9 o/12,0
11.5/10.0 12.0/10.0
11.5/1L.5 12.0/0
13.0/13.0 12.5/12.%
11,0/10.0 11.0/11.0
175/169 Tos/Lé8
178/166 178/167
177148 176/104
1e6/172 162/175
17¢/186 183/177
8.6/8.2 ©/10.8
8.0/7.9 11.2/12.0
7.6/1.9 11.8/0
8.0/6.2 12.4/10.9
< 7.5/7.7 10.9/12.7
29/77 0/100
77/86 98/100
69/100 100/0
az/e3 100/82
77/ 86/100
<1.6 -1.8
-14/0 0/0
2,5/2.5 2.7/2.4
71/69 70/70
72/79 72/77
10/112 130/138
132/128 120/122
L6/L6 L3/43
W/us LW2/0
51/50 ' 50/50
51/51 56/55
£9/68 63/63
59/59 51/50
o/o o/0
a/o 0/0
L/ 6/6
3/3 2/6
3/3 3/6
3/3 3/6
3/3 3/6
L3 3
i3 8/6
33 2/s
3/3 e
3/3 3/6
3/3 3/6

- 981 -



Boiler O

Cantract 16357
Pro Ject 900096

s - 10018/

Main Stean (lnteq.)
AfB

Zeodwster (Integ.)
Feodwmtor Total

S LASH Spray B LS/RS
RH DASH Spray B L3/R3

inj. Water
Soot Blowing Stn, (Integ,)
“Cas Flow A/B

PHESWRES - p310

Drun

SH Qutlet A/B
RH Outlet 4/B
Main Stcam
Yeodwater

BY Inlet A/B

PHESSURES - 1M, W20

Purnace A/B

High Temp, 8§ Diff. A/B
BY DIff. A/B

Low Texzp. 38 Diff., A/B
Econ. Dire, A/B

AR Diff, A/B

¢/n
Cire. Pump Diff, (PSID)
D Pan Disch, A/B

[~
ALlr Leaving AM &-B
[

windbox 4 BS/LS
Windbox B RS/L3
1D Fan lnlet /B

¢/

TLMSHATURKS - °F

SH Outlet 4 B/L
RH Outlet 4 R/L
S Outlet B R/L
BH Outlet B R/L
S Outlet 4

<
+%Cas Rdtering AH 4/B
. <

*ifr Leaving AH
. c/0

®H Platen Outlet Hdr, A/B
stior. SH Outlet Hdr. A/8
*SH Outlet Hdar, A/B

*BH Outlat Hdr. &/B

*SH Spray Bater B

*RH Spray Water B

2510
2040/2120
/330
400

2700
363/362

«0.65/-0,25
0.5%0/0.60
0.11/0,03

2.21.7
0.85/1.0
2.1/1.9
2.1/2.8

2,
&.5/8.5
5.9/6.0

3.3
2.0/2.3
2.3/2.3
8.7/8.2
7.4/8.0

953/995
890/917
9R5/955
915/905

AND CONMIPUTER DATA

9.21
1145/1040

1525
K25/1L25
235/210
1360

=0,64,/~0,10

1650
z18/218

n
V19/1.
300

2
Vi/n
no

6.2/6.5
4.0
4.8

6.05
1120/2048

1750
1650/1650
255/25%
1610

1850
280/2719

«0.70/-0.25
0.65/0.65

Combusiion Znginesring, Is.
Pleld Teating and
Perfaraance Rasulte

kT
v19/n
305

993/965

1710
1625/1625
260/245
1600

1850
9/218

=0.65/-0.45

.NIN \.ﬂ.'
o0
>>.bb~u_}?

Iy

YQ
> O\ O
PLhrwwmoo

- (8T -
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BOARD AND COMPUTER DATA

IRST YO, a 2 a ) oL a4 b7 . n 3h >3
Date : va/n V2/n vz/n W19/mn V/n y19/n M9/ V19/n M/
Oross Load - M i18 (A 465 300 300 310 a0 305 o
XILL DATA _
XY Ampe AL/A2 - 0/59 o/s7 o/s57 o/% 0/56 5270 70 $9/0 &0/0
A3/ 54/54 54/53 52/5 55/58 52/55 55 52/55 53/0 53/0
A5/BY syo sz/o 55/0 : 70 0/0 53/0 57/0 52/67 52/67
82/8) 59/62 58/61 a 55/62 . 56/62 0/6s 0/65 0/65 0/ 64
Bu/BS 81/62 61/62 58/50 /o /0 5e/59 5e/55 o/54 0/55
Palv, Supply Afr - In, B
0/-1.6 0/-1.0 0/-0.5 0/-0.9 0/-2.1 o/o o/o ~1.0/0 -1.7/0
A3/A -2.4/-1.9 =1,5/-0.9 «1.3/-0.7 =1.,0/-:.2 ~2.,0/~2.3 «1,1/-0.9 -1.7/-1.8 -1.5/0 -1,7/0
A5/B ~2.1/0 -1.0/0 =0.7/0 clo : 0/o «1.1/0 -1.7/0 -1.5/-0.8 -1,7/-1.0
82/83 =2,3/-2.0 =1,1/-1,1 =1,0/-0.9 -1.9/-2.0 -3.0/-2,2 0/-0.5 0/-1.2 0/-1.4 0/-1.6
BS -1,7/-1.1 ~1,0/-0.4 0,9/-0.5 -l.2/0 - -2.3/0 -1.0/-0.3 ~1.4/-0.9 0/-0.8 0/-1.1
Puly, Discharge - In, H 0
A2 0/12.0 0/12.5 0/13.0 0/1.0 0/11.0 o/o o/0 13.0/0 13.0/0
/0 11.5/10.0 12.5/10.0 °  12.5/10.5 12.5/1¢:.0 11.5/10.0 12.5/11.0 11.5/10.0 12.0/0 12.0/0
A5/BL 12,0/0 12,0/0 13.0/0 0/0 0/0 12.0/0 12.5/0 12,5/11,5 12.0/11.5
B2/8) 12,0/12.1 13.0/13.0 14.0/13.5 13.0/15.5 12.5/13.0 0/1h.0 0/13.0 0/13.0 0/13.5
palv. Coal Atr g:./ns 10.0/11.5 13.0/12.5 12.0/12.0 13.00 11.5/0 13.0/11.0 13.0/11.0 0/12.0 0/12.0
\ - .
AL/A2 103/167 105/178 108/177 92/173 95/185 100/95 102/150 175/143 178/
A)/Ay 170/166 178/164 160/165 178/275 178/160 165/161 178/1%0 175/118 178/111
A5/81 172/100 171/102 1707100 83,18 85/92 169/395 169/98 176/163 172/160
B2/B3 184,/172 186174 - 179/17% 16u/172 158/172 75/140 120/185 2/1n . 110/170
84/BS 179/176 179/179 180/178 170/1.36 173/109 178/165 176/170 110/138 126/162
Posder RPM AY/A2 0/9.5 79.7 0/10.0 0/11..2 0/9.7 0/0 0/0 11.0/0 11,2/0
K/ 10,2/10.9 10.5/11.3 10.2/11.0 11.0/11..0 9.7/9.8 10.5/10.0 10.4/9.9 10.4/0 10.3/0
A5/81 10,8/0 11.0/0 10.8/0 0/0 . 0/0 10.6/0 10.5/0 10.5/10.3 10.5/10.3
B2/83 1.5/9.7 12.2/10.5 12.2/10.4 0.6/9.8 1.1/9.2 0/10.9 0/10.7 0/10.8 0/10.7
B}/Bs 9.3/11.8 9.9/12.4 9.8/12.4 1.5 11.0/0 10.8/10.9 10.8/10.8 ©/10.5 ©/10.6
Rxhauster - £ Open . N
Al/A2 . o/92 L%” 0/95 %751 0/63 0/0 70 100/0 100/0
A3/M4 90/100 94/100 92/100 100 89/1.00 %,/100 93/12 9./0 95/0
AS/BL 97/0 100/0 0 €0 o/o - 370 8/0 65/100 85/100
B2/853 100/72 100/78 100/77 95/48 /84 0/54 /94 0/93 /93
By/Bs /9% 79/98 78/96 91/0 93/0 93/86 93/86 | 0/85 0/
MXELLLENS
Drus Level - In, -1.5 -1.7 ~2,0 -1.5 -1.7 -1.8 -1.6 -1.6 -1.5
Fuel Norsle Tilt A/B - Deg. 0/0 -22/-30 ~22/-30 0,0 =12/+10.5 ~12/+10 =12/410 ~12/10 ° «12/+10
% AB-% 2.0/2.0 2.6/2.6 2.8/2.8 2.4/2.5 2.6/2.6 2.0/2.0 2.6/2,6 2.4/2.4 2.5/2.5
Fas Aops A/B 70/69 . 72/72 73/73 70/65 66/62 69/64, 68/63 56/63 65/83
</ 7L/76 75/80 76/81 66/72 &5/70 69/64, 67/72 64/72 65/72
10 Fan Aaps A/B 139/134 132/340 V15 120/115 115/112 116/113 116/113 105/110 105/110
¢/ 119/120 127/130 131/135 100/102 100/102 102/104 302/1C4 100/102 100/162
Boiler Cire, Pump ?- . .
8 /62 A1/40 (Vs 53/ 54/53 52/ 53/51 53/%0 52/50
cn &2/42 [SV/AY B3/uh 52/52 53/54 50/52 51/52 50/9 50/51
7D fac Inlet Vanes - £ Opan
A/ 50/49 S4/54 56/55 L0/ 36/36 39/39 31/38 37/38 27/56
1 ren - 5 c/o 55/53 59/59 62/62 43/h2 w2/ L7/u6 L/ K3/12 55/12
a0 - § Open
A8 63/63 5/65 69/63 63/63 s/6 a1/t 60/60 su/5h , 56/35
. cp 51/51 57/57 60/60 35/34 W2/ 3/37 37/38. 32/32 33/32
S DESH Valve A/B - % Open 0/0 0/0 0/0 0/0 0/0 0/0 o/o 0/0 0/0
R4 DSSH Valwe A/D - £ Open o/o0 o/0 o/o * ©/0 0/0 0/0 o/o0 0/0 0/0
Damper Poe. A ~ £ Open N ¢
Top Aux./Coal 6/6 6/6 6/6 1/1 Y3 Vi 6/6 W3 2/3
Aux./Coal W2 6/6 42 1/3 2/3 N 11 V1 3/6
Aux,/Coal 3/2 2/6 3/2 3/3 3/3 LS /3 2/3 2/3
Aux./Coal 3/2 6 3/2 3/3 3/3 3/s 2/3 /1 2/1
dux./Coal 3/2 2/6 32 V1 150 Vi 2/3 1/3 1/3
Bot Aax. 3 2 1 A 3 3 2
Damper Fos. B - %
Top Aux./Coal 6 6/6 6/6 1 v/ 1 6/6 W 2/3
Aux./Coal 42 §/6 W2 1/3 . 2/3 1 Y1 1/1 3/6
hux./Coal 3/2 2/6 3/2 33 k5] 2/4 2/3 2/3 2/3
Aux. /Goal 3/2 2/6 3/2 3/3 33 3/ 2/3 2/1 21
Aux./Coal 3/2 2/6 3/2 W1 N 34, 2/3 /3 /3
Bot. Aux, 3 2 3 1 1 4 3 k] 2

- 88T -
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Performance Results
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INSPECTION OF NOZZLI COMPARTVENT AND WIND3OX
"B'":FURNACE = RIGHT REAR

Actual Coal/Air Damoer Position

: Closed#*
Actual Tilt Position:  Coal/Air Nozzle Cond. - Leakage Gap Open*x
A G50 - — TTAvVEragE) ]
B: C—-—-—-——-——.- 1 D'g - 4"' / . ‘
Clapl, - N TOF - . ) :
439 AUXILIARY 1.00"
COAL / _
=8 AUXILIARY - {CD :
Ayyob—=[ G 3 o /
B: 0 ~ e e -
EoatiR =) y 4
8130’""‘5:0' ¢ I CoAL .| S/
ZoKEN | C 3zl . .A B ‘ v -
" INKAGE" ' o
,Q ' FULL FULL
” / - CLOSED OPEN
(o -
/o
/__/'/
As3 . . - R .
B~ , AUXILTARY - ®
C:C . : /'1/
A 430 / .
B:. O COAL
C =30) . Ve
- BOTTOX ° s oo™
.= 1.00
As430 AXILIARY
B: o - :
Clagl - . T Nominal design
Céntrol Roon- Condition of* (@,0,0,6D dazpers are disconnected _gap ig .25" - .50"
Tilt ‘Indicator - Coal/Air Nozzle: and remain in closed position. / Sheet B2%
A - -(+30) G - Good . *Damper lcakége ga» wheﬂ damg:ve.ti' \ _
B:--(0) P - Plugged control in "full closed" position. //Lcalcaz_te aau
T a— ’ . wald maaenwramonr
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INSPECTION OF NOZZLE COIPARTM AND WINDBOX
“B":FURNACE - :If_ ROHT

Actual Coal/Air Damser Position

: : Closcd®
Actual Tilt Position = Coal/iir Nozzle Cond.’ Leakage Gap Open##
g g — — - /// Giverasy) ‘
C .zl TOE. ' .
AUXILTARY / .75
COAL / 75u
* o FULL
AUXILIARY CLOSED -
‘ / FULL
OPEN
3.0KEN c . /
aKan OAL FULL
/ CLOSED -
/ FULL
CLOSED
AUXILIARY l
) @
COAL / FULL
V4 CLOSED i
/ FULL FULL.
| AUXILTARY * o CLOSED | CLOSED
.. / 1.25"
coAL Pl 1.25" OPEN
0
/ FULL FULL |5
OPEN OPEN" [~
AUXILIARY . *@ 5
/ 2
m
Av10 [ - |
." "
B o _ = , V4 f1.ees
B RSO ) COAL .. 1.625 OPEN
C-30 ] : /
B o BOTTO: 4 "1.25"
- " .
:; +1d¢6-301_ L, AUXILIARY / 1.25 OPEN
C-yd_ ‘ ' Nominal desivn
C.ontrol.Roo:n : Conditicn.of . @,v,@ &@ da_mners are dlsconnected ga ]a f; 5" 50"
Tilt Indicator Coal/iir Noczles and remain in closed position. Sheet 026
A - -(+30) G - Good . *Da=ser leakage gap when damper: /\ ee
B -~ -{0). P =~ Pluzzed control 4in full closed" vesition. // Leakage gan
b T mesdedec cdhamcanntral in I/wnacuremcnc



JNSPECTION OF
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NOZZLE COXMPARTIENT AND WIND3OX

"B"f FURN: > - - LEFT REAR .
URNACE £ Actual Coal/Air Damoer Position

- Closed®
Actual Tilt Position- Coal/Air ‘Nozzle Cond. " Leakage Gap Open**
A+30 - {Average)
E g Al - - / :
aﬁj__.,, - AUXILIARY / : .625"
B: ¢
. Claal
e ~ 7
=15 LA COAL - / 625"
/ ' FULL _ .
" AUXTLIARY .{Q’ < 7 CLOSED
/ a FULL
CoAL.. | e CLOSED
, Ve FULL
AUXTLIARY - i B CLOSED .
. @ b FULL
- / = | OPEN
“ COAL - S
///'f ,625"
Ve § ‘
p _
o .~ 2,26"
| AUXTLIARY !‘3, -
L /
: /
A:+30107-30] S
B: ol Dj COAL._. ' 1.50"
C-30)! L= i '
Atzol . f /);f
Bz of. - ‘ ] //C// .
Aygo_anl =l . S M FULL
B —~! s = AUXTLIARY }@ z  CLOSED
c: —_ v //r'
COAL / . FULL
o s CLOSED
| BOTTOM /- FULL
L. AUXILIARY yd CLOSED 1

| .

Control Room

Condition of ~
Tilt- Indicator  Cozl/Air Nozzles

Nominal dcsigﬁ
gap ig .25" - .50"

O,2,Q, 50 dazpers are disconnected
and remain in.closed vosition.

A

B:

~- (+30)
--(0)

G - -Goad
P - -Plugged .

- /\ Sheet B27

Leakage 3ap
f/measuremenc

*Damper leakage gap when damner
control in "full closed" nosition.
k¥%Namnar nnsitien when contral .in .
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INSPECTION OF NOZZLE COMDARTVINT AMu KIND3OX

"B'": FURNACE -~ LEET FRCNT

Actual Coal/Air Damner Position

- . Closed=
Actual Tilt Position' -  Cdal/Air Nozzle Cond. o Leakage Gap Open**
5o 0 T ey
1 = .
C-30i, . ‘ . ToP FULL A
- B0 -- AUXTLIARY /,/ CLOSED
/ FULL
COAL /// CLOSED
/// FULL
o) CLOSED
AUXILIARY :
COAL ,// FULL
. : /// CLOSED
//’ FULL
CLOSED
AUXILIARY
_ Q
- COAL /// FULL
) ,// OPEN
/’( FULL -
| AUXTLIARY !CD CLOSED FULL
o //, OPEX
: -/’/ FULL
COAL. /;/ OPEN
,// FULL
CLOSED
AUXTLIARY. )
COAL /// FULL
/’/' CLOSED
o
&y AUXILIARY yd '

R . Nominal design
Control Room Condition of . @,0,0,4® dampers are disconnected _gap ip .25" - .50"
Tilt Indicator: Coal/Afr MNezzles _and remain in closed position. Y. S 23
A - (+30) G --Good *Damper leakage gap when damper /\ heet B2
B - (0) P --Plugged . control in "full closed" position. // Leakage 2a?7
- #*Namner nosition. when coatrol in f/measurement




Boiler O
CONTRACT 16357
PROJECT 900096

TEST NO.

Compartment Flow-1

Aux.

2 Coal

ORI EW

10
11

Aux.
Coal
Aux.
Coal
lux,
Coal
Aux,
Coal
Aux.

Fuel Compartment [low

Flow Above Center of Tiring
Theoretical Air to Comb. Zone

TEST NO.
Compartment Flow-l
2
3
u
)
6
7
8
9
10
11

Aux.
Coal
Aux.
Coal
Aux.
Coal
Aux.
Coal
Aux.
Coal
Aux.

Fuel Compartment Flow

Flow Above Center of Firing
Theoretical Air to Comb. Zone

9P P P IR OP P P O OP oP 9P 0P IR IP

%
%
%
%
%
%
%
%
%
%
%
%
%
%

1

8,36
3.38
15.38
8.45
11.14
8.45
11.14
8.u5
11.14
8.45
5.66
33.82
60.73
81.80

16

8.76
3.54
16.13
8.77
7.20
8.77
11.68
8.77
11.68
8.77
5.93
35.07
59.01
93.29

2

8.34
3:38
15.36
8.u8
11.12
8.u48
11.12
8.u8
11.12
8.u48
5.64
33.40
60.71
92.13

17

7.62
3.08
14.01
8.13
12.80
7.30
12.80
7.30
12.80
7.30
6.86
30.02
59.34
98.84

3

8,01
3.24
14,71
8.u47
13.4y4
8.u47
10.65
8.47
10.65
8.u47
5.42
33.88
61.65
ay .18

18

3.45
9.44
7.38,
9.44
11.97
a.4y
11.97
9.uy
11.97
9.4y
6.06
47.18
46.40
108.82

NOZZLE AIR FLOW DISTKIBUTION

i

7.58
7.57
13.92
7.57
12.72
7.57
i12.72
7.57
10.08
7.57
5.13
37.86
53.13
115.63

19

7.22
8.56
10.69
8.56
10.68
8.56
10.69
8.56
10.69
8.56
7.22
42.82
50.00
109.51

5

5.21
7.77
10.25
7.77
.12.93
7.77
12.93
7.77
12.93
7.77
6.90
38.83
47.80
115.52

20 -

9.12
3.68
7.48
9.28
12.14
9.28
12,14
9.28
12,14
9.28
6.18
37.1u4
57.05
93.77

5.01
8.23
9.86
8.2
12.54
8.2
12.t4
8.23
12,64
8.23
6.65
41.18
47.63
110.65

21

8.63
3.u48
i4.48
8.29
11.u47
8.:9
11.147
8.s9
11,07
8.29
5.64
33.16
60.37

91.76

7

7.89
8.15
14.51
8.15
10.50
8.15
10.50
8.15
10.50
8.15
5.35
40.76
53.27
109.75

22

10.13
4.09
18.63
9.57
8.32
© 9.57
8.32
9.57
8.32
9.57
3.91
38.27
64,46
85.68

8
8.11
3.28

14,94
8.23

13.64 -

8.23
10.81
8.23
10.81
8.23
5.h49
32.94
61.86
97.73

23

8.83
3.57

14.83.

7.88
11.76
7.88
11.76
7.88
11.76
7.88
5.97
31.51
60.62

9

8.42
3.40
15.49
8.33

11.22

8.33
11.22
8.33
11.22
8.33
5.71
33.32
60.80
98.57

30

.36
.37
.78
12.73
18.26
12.73
18.26
12.73
23.05
.37
.36
.38.20
38.86

90.47 108.89

10

-5.15
7.87
10.16
7.87
12.83
7.87
12.83
7.87
12.83
7.87
6.85
39.33
47.82
115.71

31

9.38
4.22
8.57
11.85
13.91
11.85
13.91
11.85
13.91
.28
.27
35.55
53.85
91.87

11

7.65
7.44
14,07
7.4
12.85
7.44
12.85
7.44
10.19
7.44
5.18
37.21
53.17
115.54

32

L
.35
.76
.36

11.01

13.13°

17.87
13.13
17.87
13.13
12,05
33.38
50.39
102.25

FLILLD TEGTIHG &
PERFORMANCE RESULTS

12

8.u8
3.43

13

9.67
3.90

15.61 17.77

8.21
11.30
8.21
11.30
8.21
11.30
8.21
5.74
32.82
60.88
90.02

33

13.50
5.46
.76
.36
11.08
12.52
11.08
12.52
11.c8
12.52
9.12
37.55
61,01

9.58
7.93

9.58

7.83
9.58
7.93
9.58
6.55
38.31
62.39
87.84

34

15.38
14,03
.97
.46
14.05
14,02
14,05
L6
.97
14,03
11.57
42.09
51.89

85,93 103.19

1y

7.19
8.58
10.68
8.58
10.68
8.58
210.68
8.58
10.68
8.58
7.19
42.90
50.00
106,33

35

5.50
13.23

18.98.

5.76
11.69
13.23
11.69

.38
.81
13.23

5.50
39.69
61.77

108.39

15

3.47
9.38
7.42
9.38
12.04
9.38
12.04
9,38
12.04
9.38
6.09
u6.88
46.38
109.51

Sheet 8727
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COMRUSTION ENSINEERING, IN7.

‘Boiler 0 - R ‘ FIELD TESTING & PERFORMANCE
TRACT 16357 _ RESULTS

TJECT 900035

HIND30X AND NAZZLE CONPARTHENT GEQMETRY:
USED IN NOZZLE fIR FLO« DISTRIBUTION PROSRAM

Nozzle Nozzle # of Free Area Duct Area
Compartment Compartment Dampers Per at Nozzle at Damper
# Height - Ins. Compartment - FT2 - FT2
1 19.25 2 1.74 4.61
2 20.00 2 . 0.70 4.76
3 35.25 3 3.20 8.38
4 20.00 2 0.70 4.76 .
5 35.25 3 3.20 8.38
6 _ 20,00 . 2 0.70 4.76
7 35.25 3 3.20 8.38
8 20.00. . 2 0.70 4.76
9 35.25 3 3.20 8.38
10 20.00 2 ©0.70 4.76

i 257 2 1.74 4.61

Sheet 731



- 198 -
' : Combusi.ion.Eng-inecring, Inc.
Boiler O ' ) Field Testing and

Contract 16357 . ) Performance Results
Project 200096 - '

PULVERIZIR FINENESS TEST
"B" FURNACE

Classifier Setting - O

Mill B-1 B=2 B-3. B-4 B-5
% - 200 Mesh . 70.8 T 792 65:8 82.6

Classifier Setting - -1

Mill - B-1 B-2 ° B-3 B~4 B-5
% =~ 200 Mesh 74 .6 69.2 71.38 65:.8 80.2
Classifier Setting = 2
Mill B-1 B-2 B-3 B-4 B-5
% =~ 200 Mesh 74 .2 73.0 72.0. 71.8 82.6
Classifier Settinz - 3
Mill B2 B-3 - -

B-1 - B-4
%4 ~-200 Mesh. 79:6 78.0 84.0 75.6
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APPENDIX B-2

BOILER Q

Final Report
| to
ESSO RESEARCH AND ENGINEERING

FOR

ENGINEERING AND CONSULTING SERVICES
PROVIDED
IN CONNECTION WITH A FIELD TEST PROGRAM
TO MEASURE GASEQUS EMISSIONS FROM
A BABCOCK & WILCOX STEAM GENERATOR

July 16, 1971
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OBJECTIVE

The objective of this contract was to measure boiler thermal
performance in connection with an ESSO Research and Engineering Company
field test program to measure gaseous emissions from a Babcock & Wilcox
steam generator. The gaseous emission of prime concern during these
tests was the measurement of nitric oxide (NO) in the flue gas.

BACKGROUND AND SCOPE_OF WORK

This report covers the results of the engineering and consultlng
services provided by B&W to ERE in connection with an ERE field test
program to measure gaseous emissions from steam generators of various
boiler manufacturers.

The Air Pollution Control Office of the Environmental Protection
Agency and ERE requested that the Babcock & Wilcox Company provide
engineering and consulting services to aid APCO and ERE in a field
test program (Systems Study of Nitrogen Oxide Control Methods for
Stationary Sources Phase 11, CPA 70-90).

This program was to determine the level of nitric oxide emitted from
several B&W steam generators. Testing of one B&W steam generator was
done under B&W's contract w1th ERE.

The scope of test work for which B&W proposea to supply englneerlng
services was:

1. Help the contractor select the boilers, negotlate with the
utility owner-operators, plan the testing, and set the
-experimentation limits for safe and proper testing.

2. Perform a pre-testing check-out of the boiler to assure
. that it is in proper operating condition for the testing.

3. Acquire data on the thermal performance of the boiler while
the contractor measures the NOx and other emissions.

L. Help the contractor and boiler operators to solve any
problems which might be encountered during testing.

. 5. Monitor the boiler operatian during testing to assure that
unsafe or unacceptable operation is avoided.

6. Evaluate thermal performance data and assist the contractor
: in evaluating the NOyx and other emissions data, as required.
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PERFORMANCE OF THE SCOPE OF WORK
PERFORMANCE oz'ITEM !

1t was decided to test a coal fired once through Universal Pressure
Steam Genperator designated as Boiler 0, Figure 1. The steam generator
has the following full load design conditions:

Main Steam Flow - 4,900,000 pounds per hour

Main Steam Pressure - 2, 1400 pounds per square inch
Main Steam Temperature - 1 05

Reheat Steam Flow - 3,450,000 pounds per hour

Reheat Steam Presgsure - 305 pounds per square inch
Reheat Steam Temperature - 1,003°F

The steam generator is fired by 14 Babcock & Wilcox cyclone
burners which are arranged as shown in Figure 2. Seven cyclones
are on the front wall and seven are on the rear wall. Each
cyclone is 10 feet in diameter and 12 feet long. Coal preparation
for firing requires a minimum of 90% by weight pa551ng through a
Number 4 mesh sieve. Coal flow to each cyclone is controlled by

~1ts own coal feeder. The steam generator was put in commercial
.operation on May 19, 1963, with a nominal full load electrical
output of 650 megavatts (450,000 kilowatts).

A meeting was held with ERE, the boiler owner-operator and B&W at the

steam plant on April 27, 1971 to discuss the test program and set
experimentation limits. The prixe concernzs of the Babeock & Wilenx
Company for these tests were; the maintaining of a minimum limit

on total air of 122% to prevent iron sulfide formation, and the
preventing of slag chilling to limit slag tapping problems.

Load changes were dependent upon operation requirements.

A praposed test program was formulated by ESSO following the
meeting and the proposed test program was submitted to the boiler-operator.

A copy of this proposed test program is included as Figure 5. Test

runs which could not be made were deleted and the resulting test
schedule consisted of 6 test runs. These test runs are tabulated
in Figure 6,

PERFORMANCE OF ITEM 2

Pre~testing consisted of a test run designated as "A" on -

May 10, 1971. Data accumulated during this run were compared
with the deslgn data and previous test data; it was found that
the boiler was operating near design temperatures, pressures and
flows. From this comparison it was determined that the steam
generator was in proper operating condition for testing.




PERFORMANCE OF ITEM 13

In préparation for determining thermal performance iﬁ was
decideq that the following items would be desirable indications
of equipment operation during test runs:

1. Panel board or computer data points indicating temperatures,
pressures and flows affecting the boiler. '

2. Panel board indications of damper positions.

3. Boiler efficiency as calculated by the ASME Short Form
(including air heater leakage).

L. Reheat flow calculated by heat balance.
5. Coal flow.

6. .Recirculated flue gas in pounds per hour.
7. Flue gas flow in pounds per hour.

The above data would permit the evaluation of changes in thermal
and operating performance if major changes occurred during
nitric oxide testing. Operating performance for long term -
effects under various operating conditions could not be evaluated
‘with the short duration of testing.

PERTFORMANCE OF ITEMS b AND &

No problems were encountered with boiler operation during testing
and no unsafe operations were performed. .

PERFORMANCE OF ITEM 6
SUMMARY OF PERFORMANCE OF ITEM 6

Thermal performance was evaluated using the data acquired
during testing on May 10, 1971 and May 11, 1971. A summary
sheet showing the results is listed in Figure 4. Included
in the summary are significant items to.compare test results.

No significant changes in thermal performance can be noted
in comparing test runs 1 td 3 and test runs 4 to 6.  No
significant reductions in nitric oxide production were made
by changing operating variables at each of the 2 separate
boiler loads; however, reducing generator output and hence
boiler loading produced a reduced nitrlc oxide production.



TEST
NUMBER
| 1
)+ .
Change
% Reduction
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) 4 OF
BOILER MEGAWATT FULL LOAD  NITRIC OXIDE NITRIC OXIDE
EFFICIENCY LOADING . STEAM FLOW AVERAGE HIGH VALUE
MW . % PPM PPM
91.13 670 96.2 992 1063
91.61 542 76 .8 731 793
+ .48 =128 -19.4 -261 -270

- 19.1% 19.4% 26 .3% 25 .44

DETAILS OF PERFORMANCE OF ITEM 6

TEST CONDITIONS

Test conditions for the 6 test runs are tabulated in
Figure 6.

Test run 1 and test run 2 vary gas tempering and gas
recirculation to determine the efféct on nitric oxide

production. The location of admission of gas recirculation
and tempering gas to the boiler is shown on Figure 1.

Test run 1 and test run 3 vary coal feeder bias to determine

the effect on nitric oxide production. In test run 3 coal

flow was reduced in the upper row of cyclones, and increased
in the lower row while maintaining constant boiler load.

Test fun 1l and test run 4_vary boller load to determine the
effect on nitric oxide production. In test run 5 coal flow

was reduced in the upper row of cyclones and increased in the
lower row of cyclones.

Test run 5 and test run 6 vary secondary air to the upper

cyclones to determine the effect on NO production. During

test run 6 secondary air was increased to the upper row of

gyc%ones until the boiler excess 02 increased frem 3.9 to
090 . .

The overall effect created in Tests 3, 5, and 6 was to
produce a staging of the burners--a method found to reduce

nitric oxide production in gas and oil fired boilers.
Increased flue gas recirculation (test run 2) was found
helpful in reducing NO in boilers equipped with cell type
burners on gas and oil.
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TEST PROCEDURE

When test conditions were obtained and the boiler had reached
steady state conditions test datawererecorded. Coal samples
were obtained by the boiler-operator at a location immediately above

the coal feeders. Fly-ash samples were obtained by the boiler-operator

at the economizer. Figure 1 indicates the locations of coal and.

ash samples. Ash samples from the slag tank were not obtained.
Flue gas analysis to determine air heater leakage was made at
the air heater inlet and outlet at the two load conditions.

Coal analysis was performed by ERE and the boiler-operator. Proximate
analysis was determined for each of the 6 test runs. Ultimate
analysis was determined for a composite sample of test runs 1,
2, and 3; and test runs 4, 5, and 6. '

Per cent combustibles in the flue dust samples were determined
by the boiler-operator for each of the test runs.

'TEST EQUIPMENT

Test equipment to obtain data for thermal performance consisted
of:

Panel board and computer logged data points.

Water manometers (when available) to determlne gas recircu-
lation fan static pressure. : _

Coal and ash sampling equipment sypplied by the boiler-operator.

Gaseous emission analyzers supplied by ESSO Research and
Engineering Company.

Gas analysis of flue gas eniering and leaving the air heater
by TVA. .

Coal and ash analysis by ESSO and TVA laboratories.
TEST CALCULATIONS

Boiler efficiency was calculated by the ASME Abbreviated
Efficiency Test Method. This method determines boiler
efficiency by heat loss. The heat losses are recorded in
the ASME test forms. Calculations were based on flue gas
analysis from the boiler-operator because the higher values of excess
oxygen in the ESSO analysis indicated possible leakage of air into

the sampling lines. Dry refuse calculations were based on
the assumption of 70% of the ash went to the slag tank and
30% passed through the boiler. Combustibles in the slag
tank were assumed to be zero. Unmeasured-losses were assumed
to be 0.6%. These assumptions were based on the test results
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of the acceptance test run by the boiler-operator on this boiler. The
as fired heating value of the coal was used for efficiency calculation.
The ultimate analysis was used for the heat loss due to dry gas and the
heat loss due to Hp0 from the combustion of Hz.

The two composite ultimate analyses by ESSO were converted to 6 as
fired ultimate analyses using the moisture content as determined by the

- boiler-operator. The boiler-operator analyses had a higher mositure
content. This ultimate analysis was then used in calculations.

Reheat flow was determined by heat balance around the parallel
flow high pressure feedwater heaters which take extraction
steam from the high pressure turbine and the cold reheat steam.
Losses from the main steam flow are tabulated in the reheat
flow calculation summary.

Coal flow was determined by using total heat output in the
steam, boiler efficiency and the heating value of the coal.

Recirculated gas flow was calculated by using the fan
characteristic curves, motor horsepower, and static pressure
where available. The recirculated gas flow was proportioned
into gas recirculation and tempering gas flow by assuming
flow to be a function of damper position.

Nitric oxide data reduction.of the ESSO test data consisted
of averaging the results of each individual probe for each
test run. All probes were averaged to obtain a test run
average. Results shown in Figure W indicate test run
averages and the high probe average. Nitric oxide values

in this report are as recorded and no corrections to a
uniform oxygen have been made. The higher values of excess
oxygen of the ESSO data compared with the boiler- -operator's data indicated
possible leakage of air into the ESSO sampling lines and thus
lowering the concentration of nitric oxide in the sample.

DISCUSSION OF RESULTS

The change in operating conditions of the boiler during the first
three test runs indicate almost no change in boiler efficiency. The
criterion used is that during normal boiler efficiency testing ftwo of
three test runs must fall within a plus or minus 0.25 percentage point
band. During the first 3 test runs no significant reduction in n1tr1c
oxide production was made by changing the gas recirculation and
tempering gas or the feeder bias of the upper and lower cyclones.

The change in operating conditions during the last 3 tests indicated
~almost no change in boiler efficiency during these tests. Only slight
variations in nitric oxide production were made during the last 3 tests
when feeder 'bias and increased air to the upper cyclones were the
operating variables that were changed.
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The change in boiler load from test 1 to test 4 indicated a 25%
reduction in nitric oxide when boiler load was reduced 19.4%. Boiler
efficiency changed from 91.13 per cent at the high load to 91.61 per
cent at the low load. A slight increase in efficiency at some lower
loads is not unusual. ‘

CONCLUSIONS

No significant change in boiler efficiency was experienced during the
tests and nitric oxide production was only decreased significantly by
reducing boiler load.
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THE BABCOCK & WILCOX COMPANY .
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THE BABCOCK & WILCOX COMPANY
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s e THE BABCOCK & WILCOX COMPANY
JESTY Nump e R ! 2 3 4 S 6
DATE Mo DA YR | $=10-T1 | ¢-1p-71 | §~jb-74 | §-1t=T1 | §-1i-1 S-11=T
MEGAVIATTS Mw &0 L6 8 660 S42 550 : 550
MAIN STEAM FLow 1009 */pe | H 713, 43178 | 4186, | 33152. | 3793 | 3792,
REHEAT FlLow IOOO“/},,. 3434 3485 3494 2077 2708 2731
TorAaL CeaL Frow 1000/, | 559 556 595 yys, 5 g 745 y20.5
HEAT INPUT 10681y, 1 5925 /130 6185 40 80 J025 AT
HEAT _OUTPUT 1087 | 5397 s¢602 5612 | 4288 | 4257 4211
EFFIe 1ENcY %o 91,13 9. 47 90,76 91,6/ 92.02 91,73
A$ FIRED HEAT. vAwe| BTV/i 10,600 | 110310 10410 10500 | 9750 3500
FLUE Gas RECIRC [1990 #) 415 lso 456 435 440 410
GAS TEMPERIN (~ 1oco d/, 925 Hoo 970 1075 1080 1610
OXYGEN*™ Yo xoru | 4.0 4.0 #.0 3.8 3.9 4,9
CO** Yo vor | /4.6 16 | 46 /4. 8 /4.8 13.8 ¥
BuemwEps jn Stryiee| Nouger | 4 14 14 LY [t ks
AR HEfTER, LeArncel 7o 8,3 8.3 8.3 12,2 2.2 o *
MeEasvged Eut Gas T.| °F 298 2.39 299 2.90 290 292
CoppiceTep Exav 6as V| ©F 369 3]0 3]0 306 30¢ 208
Gas FLow To AHTR |1000%/hy | 6223 6200 bb0O | 4395 Y640 fo00
AVERAGE FreEbER Sees EY Jowls :
CYerones 1=Y4 Bsrrem| RPM 1195 1205 136 2. 98 5 4272 1274
CYLLONES $~1 Tor | RPM 1235 1242 16961 1036 785 191
AvE NO PPM Measunep| PPM vor | 992 924 foo02 731 773 | 496
AveE 0, % Miasvmp| % vou sS4 5,4 5.4 53 H,8 5,5
AVE €O, % Mrasogen| % vou | 3.0 13.2 | 13,0 13,3 13.§ 12,9
‘HigH Prone Numper | Noyger| 3 3 3¢ 4 2. 4 4
HiGH No VApue - PPM Vou| 1063 781 lo42 | 193 | 848 176

XCaLCULATED

** Measured by

boiler-operator

customer £ 5SSO JoB no. BEW ULP-Jo
supsect  TEST RESuLtS  Sommany SHEET FIGURE 4
sy EPS

1 nave

-8 -7
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FIGURE 5
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FIGURE 6

BOILER Q NO PROGRAM

EXCESS CYCLONE
RUN ' AIR FLUE GAS FEEDER AIR
INO. I0AD LEVEL RECIRCULATION TEMPERING BIAS BIAS
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3 Max. 120% Minimum . Maximum +Bottom Zero
: ‘ -Top
L 550 mw 1204 + ‘Minimum Maximum Zero Zero
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APPENDIX C

Representative samples of fuels fired were obtained from the
boilers tested in this study. This section of the report presents a
summary of the fuel compositions determined for coal, oil and gas
fired boilers.
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APPENDIX C-1

COAL ANALYSES

froximate Avalvels, % Bv Weight Ultimace Anaiysis, % Bv Weight
valatile Oxvgen Wt.o& Cattum
Ratler fun Ne, Ma{sture Ash Matter Cazbon Hydrogen Nitrogen Sulfur (by diff.y it Flv Ast,
An As As As As As As As
Rec'd | Ory Rec'd| ory Rec'd | Dry Rec’d| bry Rec'd] Dry Rec'd} bry Rec'd| Dry Rec'd | Dry Rec'd |Ury
c 1-6 7.78 12.0 78.0% 4.70 1.60 1.82 12924
c 1-6 8.le 12.¢% 73.01 Tl bl 1.09 2.21 2146
[+ 1-6 6.95 16.2 67.02 4,22 1.8 1.59 12E02
c i-6 5.98 16.65 68.63 4,48 L.09 1.97 12596
¥ 1-2 1.14 16.23)14.39 29.0 9.3 73.4 18,2 ' 4.55 [6.61 1.38 {1.39 1.17 11.18 4.13 b1 12719 J2866
¥ 34 4 16,00 15.20 30.3) |30.7 72.6 |713.6 4,61 {4.68 1.37 {1.39 1.16 {1.16 4.87 k.94 12875 11059
P 1-4 5.29 12.81)13.53 33.5 1353 69.2 173.1 4.52 {477 ¢ 1.31 §1.38 0.72 {0.76 6.15 .49 12322 13010
P -4 6.64 14.06115.06 2.4 3627 66.7 7.8 4.28 {4.58 1.36 1.46 0.67 {0.72 .74 11674 12504
17.93 N

1] Coxnp. of

27,21, 6.94 16.87 32.49 60.58 5.06 1.24 3.98 14,32 10922
0 Comp. of

3,15,35 6.75 17.9) 32.57 59.51 4.97 1.27 .82 12,50 10761
[} 7.45 12.65}13.71 35.40138.25 63.97 {69.12 5.33 |4.86 1.24 |1.34 3.38 13.63 15.42 p.52 iL646 12583
4] Reject 4 1.48 55.67156.31 40.36 140.96 3973 4033
% 8.15 20.35{22.16 31.36{34.15 56.64 |51.67 4.86 14.29 1.15 l1.25 4,17 654 10232 1140
] Reject 33 3.56 40.19(41.67 40.02 141,50 6691 938
Q 6.82 16.42]117.62 32.55134.94 61.39 [55.88 |% 5.03 [4.57 L.18 |1.27 3.42 {3.67 11055 j1E64
) Reject 13 2.50 47.10[48,31 28.92 129.66 5807 $956
o Coal 9 8.80 16.69]18.30 33.16(36.34 59.%5 [65.30 5.15 |4.56 1.21 (1.32 3.80 k.17 13.61 b.35 10795 11837
Q Reject 9 1.79 56.13157.15 41.2141.96 3774 B84
[+] 1 6.28 f2.18 14.74115,38 33.96{35.45 45.02 146.99 2.47 .58 11550 J2055 1.46
(] 2 8.53 |2.06 15.651156.76 35.91138.45 39.912.73 4,18 K48 10914 )1e87. 0.88
o 3 8.47 11.53 13.40§ 14.42 37.18(40.00 40.95 §34.05 3.62 B.r9 11044 ) 1882 0.58
0, 4 8.50 1.3? 12.94{ 13.95 36.65{39.50 4191 45,18 . 3.59 [p.87 11334 j2247 0.16
[} S 8.51 [1.71 13,52} 14.53 37.17[39.93 40.80 j43.83 3.30 |3.54 11126 §1953 0.18
[ Reject 5 23.03 68.32
0 6 7.99 |1.44 17.02}18.23 35.06]37.55 39.9362.77 3.54 [3.79 10655 f1414 0.42
() 7 8.47 |1.66 16.77| 18.02 © 34.581137.15 40.18 {43.17 4.03 k.33 10686 }1482 Py
0 8 8.29 f1.24 15.41) 16.60 35.92§38.68 40.38 143.48 3.62 [3.95 10988 11833 0.14
[ Reject 8 32.48 36.50
] 9 8.54 |1.52 16.15{17.39 35.04137.73 40.27 J43.36 3.66 P.54 10898 11735 0.40
[+] 10 7.65 |1.70 17.09{ 18.19 33.84{36.02 41.42344.09 4.19 [6.46 10715 J1405 0.3
o t ‘8.51 [1.46 18.17| 19.57 33.44736.02 39.88 {42.95 4.04 1.35 10382 1181 ©.32
o 12 7.76 {1.24 16.96| 18.16 36.46{ 36.90 40.82(43.70 3.23 P99 10789 p1551 0.29
[+] 13 8.10 | 1.52 17.24/18.48 32.90135.25 &L1.76 0675 3.66 {3.92 10590 11348 0.39
[} Reject 13 26.63 58.10
o 14 9.14 [ 1.61 19.08] 20.66 32,78} 35.50 39.00|82.23 3.39 3.67 10156 10997 0.48
[ 15 8.10 j 1.50 19.87|21.30 33.81136.24 38.22 [40.96 4.03 |.32 10131 10858 0.58"
[} 16 7.38|1.22 16.65| 17.76 33.52]35.75 42.45 [45.27 3.5 p.68 1Lyee 41623 0.30
o 17 H 7.54 11,26 15.78) 16.85 34.12° 36,48 42.36(45.45 3.67 P.7i L1023 1772 0.38
] 18 7.94 11.33 16.89] 18.07 34.12[ 36.57 41.08 [44 .03 3.54 .9 10672 }143¢ 0.32
o Refeet 18 H i 2423 [Y¥E .
[} 19 8.71 49 15.70] 16.94 35.69,38.51 32.90[41.06 3.16 p.sl 10803 {1658 0.50
[} 20 9.88 1 1.53 15.22| 16.63 35.05} 38.30 39.85 [43.5¢4 ' 3.68 }.02 11027 2049 3.62
o 21 6.45 | 1.36 12.34) 13.22 37.87} 39.93 £3.14 |45 .49 3.45 D.64 11632 2265 1.21
(4] Reject 21 29.48 59.37
] 22 7.59 | 1.14 13.52) 14.47 35.75[ 36.24 43.14146.15 . 3.65 D.90 ile1s j2211 .-
] 23 6.88 | 1.35 13.63] 14.44 35.54{ 37.65 43.95 146.56 3.8 £.06 11514 2197 1.09
° Rl 7.38 {1.58 22.19123.58 32.07} 34.08 38.36140.76 4.22 K48 9914 10535 2.61
o 31 8.08 1 1.84 20.21]21.58 32,65} 34.87 39.06)41.71 3.2 p.97 10193 0885 0.79
[} 32 148|179 20.8122.09 32.223 34.20 39.49141.92 3.715 p.9s 10222 10850 1.27
o Reject 32 . 27 .41 69 .74
0., n 6.26 | 1.65 20.19} 21.18 34.3d 35.99 39.2561.18 4.28 k.49 1042 J0934 1.39
] 34 7.02}1.82 22.98 24.26 32.5% 34.35 37.4739.57 4.20 t.bh 9675 j0216 1.90
o 35 7.89{1.85 19.7d 21.06 34.0X 36.26 38.32§40.83 3.83 .08 10185 §0852 1.80
M Comp. of 11

12,13,14,15) 7.87 15.79 31.6q 61.45 5.04 1.30 3.30 13.16 11035
M Comp. of 16

17,18,19,20| 8.00 15.99% 32.62 61.16 5.14 1.35 3.3 13.03 10900
» Comp. of

8,64,9,11A 7.58 14.44 32.04 62.82 5.12 1.40 2.53 13.64 11217
.3 Coump. of

1,7,6 7.29 13.95 2.2 63.87 5.08 1.3 2.2% 13.38 11356
d 1 9.3 |93 14.3115.8 33.6(37.1 42.8 j47.1 2.4 P 10370 |1990
.3 7 9.3 9.3 14,0 15.4 3364371 43.1 J47.5 2.4 P.6 10940 2060
M 10 9.4 | 9.4 13.9] 15.3 33.67 37.1 43.1 47.6 2.4 p.6 10970 2110
N 6 9.8 | 9.8 14.2 1 15.7 32.11 35.6 4).9 |&8.7 2.3 p.8 10900 }2080
N 1n 9.9 |92.9 14.5]16.1 33.2( 36.9 42.4 [47.0 3.0 B.& 10820 J2010
] 12 9.7 97 14.6 | 16.2 32.1] 35.6 43.6 [4B.2 3.1 pus 10830 11990
L. 13 9.5 } 9.5 16.2}17.9 32.8] 36.2 41.5 |45.9 3.3 p.9 11620 11730
M 14 10.0 |10.0 15.8} 17.5 32.0| 35.5 42.2 141.0 3.2 p.5 10620 11800
N 8 9.7 19.7 6.2 157 33.0} 36.6 43.1 (47.7 2.3 P66 094 f2120
M 6A 9.3 19.5 13.1] 4.5 13.81 2.3 43.6 {48.2 2.4 R.7 11130 {2300
M 9 9.4 19.4 1%.5] 16.0 3.7 3r.2 42.4 [46.8 2.8 B.1 11850 31980
M 11a 9.2 9.2 13.8}15.2 33.8] .2 43.2 147.6 2.3 R.?7 10030 [2n40
M 15 9.9 |9.% 15.0 | 16.6 32.41 36.0 42.7 47.4 3.5 p.9 10800 |t1990
X 17 9.7 |97 16.4 1 18.2 33.6§ 37.2 40.3 448 3.1 .6 10550 J1680
N 18 10.2 j10.2 14.7 [ 16.4 3.8] 38.8 40.3 J44.8 3.1 p.5 10700 1320
M 16 16.3 110.3 15.7 | 17.5 33.7] 7.6 40.3 [44.9 3.3 p.7 10560 {1770
M 19 9.3 ]9.5 15.9 7.5 36.3| 37.9 404 jL4.5 3.6 .0 10600 {1780
. 20 9.4 19.4 12.4 [ 13.7 35.8439.5 42.4 |46.8 . 2.3 S5 11230 {2330
Q Coop . of

1,243 6.76 15.62 31.02 61.64 5.03 1.30 3.60 14.95 11090
Q Comp. of

4,354 6 21.91 30.34 34.39 4,71 1.08 4.43% 13.47 9765,
qQ 1 8.6 17.7 36.8 43.5 ka1 1600
Q 2 8.8 i 15.5 39.2 5.3 p.9 2090
Q k] 9.3 19.6 37.) 43,1 k.3 1470
Q & 10.4 21.2 36.9 41.9 k.3 1170
Q 5 1t.2 22.9 36.3 40.8 bh.9 m70
Q 6 1. 233 35.7 1.0 p.8 0830
X & 3,43 12,21 3336 67.37 3.9 1.17 4. 12 9.82 12191
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APPENDIX C-2

OIL ANALYSES

L0, e N g 1 P Pt T R et B MY 0 . 4 ol B E LTI

Ash C H "N {Sulfur | Fe | Ni ' \Y HHV Kin. Vis.
Boiler Run No. fWt. 7 jWe. ZE8We. % ¢Wwe. %} We. %2 | ppm| ppm | ppm { BTU/1b at 210°F
n : |
J 1-4 0.04 86.3 Y{11.6 30.29 1§ 0.94 8 7 56 18,820
J 0.09 87.8 !11.4 10.32 | 0.60 {48 9 18 18,817
]
L 1-5 0.02 85.15 §11.76 0.53 ] 0.46 2.0{ 7.5{ 29 19,185 35.86
i
K 1-15 0.04 86.49 312.06 10.62 § 0.99 {12 |23 i100 18,921 303
3 £
‘ :
A 11 0.011 | 85.16 :11.82 }0.36 } 0.45 6.5{25 % 19 18,989 ! 6.22
A 15-18 0.015 }86.30 112.45 {0.21 } 0.18 2.5]16 3.0§ 19,725 9.26
B 1-8 0.009 |88.07 $11.38 }0.31 }.0.24 1.0{ 4 3 18;946 16.97
B 17-24 0.10 87.77 ¥11.33 :0.41 § 0.31 4.0 7.0 3.0{ 18,795 39.12
D 1-8 - 0.35 88.15 £11.13 ¢{0.46 } 0.42 7 112 11 18,773 45.05
é H 9-16 0.010 }86.51 §12.24 10.30 0.44 5 |20 12 19,235 - 8.72
z F - $1-5,8-10 0.007 ]86.02 §12.62 §0.25 0.46 8 {11 2.5§ 19,315 7.58
R  1,.2 & 7 10,022 Pg6.29 112 04 10.42 C.44 Y14 V24 21 § 18,990 17.63
; G 7,12,15-20}] 0.025 | 86 §11 68 (o.az g 0.446 11 |34 20 18,966 i 16.73
APPENDIX C-3
TYPICAL GAS ANALYSIS
HHV W'
Component s Mole % BTU/ft~
0, .02 ' 0
N, 1.01 0
CH4 91.41 927
C,H, 4.49 . 80
\ co, 1.40 0
C,Hg 1.32 | 33
1—CAH10 °f°9 3
n—Cl;HlO 0.17 6
.i-CSH12 0.05 2
_C-
n-CsH, , 0.04 2
Total 100.00 | 1053




" Unclassified Jo
Security Classification-Thjis Paye T /

DOCUMENT CONTROL DATA-R&D

(Socurity clossitication of title, b&dv of abstrect and indoxing cnnotation muat bo ontored when tha avoroll roport la claseitiod)
1. ORIGINATING ACTIVITY (Corporate author) 28, REPORT SHCURITY CLASSIFICATION
Esso Research and Engineering Company Unclassified
Government Research Laboratory 26, GROUP A
Linden, New Jersey 07036 N/A

3. REPORT TITLE

Systemétic Field Study of NOx Emission Control Methods for Utility Boilers

4. DESCRIPTIVE NOTES (Typo of roport and inclusive dates)

Final Report, June 1, 1970 to July 31, 1971

8. AUTHORI(S) (Firot name, siddle initlal, lest neme)

William Bartok, Allen R. Crawford and Gregory J. Piegari

6. REPORY DATE 76. TOTAL NO. OF PAGES 7d. MO. OF REFS
December 31, 1971 82
88, CONTRACY OR GRANTY NO. 90. ORIGINATOR'S REPORT NUMBER(S)
CPA 70-90
b. PROJECT NO. GRU.4GNOS.71
.5 . 85, OTNER REPORT NO(S) (Any other nunbers fHat may be asasigned
this report)
d . ' s

10. DISTRIBUTION STATEMENT

Approved for Public Release, Distribution Unlimited.

11. SUPPLEMENTARY NOTES 12. Sponsoring Activity

Office of Air Programs of
the Environmental Protection Agency

13. ABSTRACT

"As a major part of Esso's "Systems Study of Nitrogen Oxide Control Methods
for Stationary Sources in Phase II," funded by the EPA under Contract No. CPA 70-90,
a utility boiler field test program was conducted. The objectives of this study were
to determine new or improved NO_ emission factors by fossil fuel type and boiler design,
and to assess the scope of applicability of combustion modification techniques for
controlling NOX emissions from such installations. In addition, the concentrations of
other combustion flue gas species were also determined, to evaluate the effect of
combustion modification techniques on the emission of other potential pollutants, such
as unburned combustibles.

A specially designed mobile sampling-analytical van was assembled for the
purpose of this boiler test program. This system was equipped with continuous
monitoring instrumentation for the measurement of NO, NO,, COZ, 02, CO and hydrocarbons,
with the later addition of an SO, monitor. Probing of the flue gases from boiler
duct-work was accomplished by simultaneously withdrawing sample streams from 12
different locations, varied as dictated by the duct configuration. Usually, four sample
streams compositing the contents of three probes each were monitored during test runs.

(Continued)

ESSC 1473




217

ABSTRACT (Continued)

A statistically designed test program was conducted with the
cooperation of utility owner-operators. Boilers to be tested in the
program were selected based on fuel type fired, boiler size and design,
and special features of interest to NO_ emission control. The objective
was to make the boilers selected a reasonable "micro-sample' of the
U.S. boiler population. Wall-fired, tangentially-fired, cyclone-fired,
and vertically-fired boilers were tested in the program. Altogether,

17 boilers and 25 boiler-fuel combinations were tested. -

_ The NO, portion of the total NO  content in the flue gas was found
to average five per cent or less, whenever Ng% could be measured. For test data

which did not include N02 measurements, the . was calculated as 105%
: X

of the NO measured.

Major combustion operating parameters investigated included
the variation of boiler load, level of excess air, firing pattern (staged,
"off-stoichiometric", or '"biased firing"), flue gas recirculation, burner
" tilt, and air preheat temperature. It was found that while NO_ emission
levels reached very high levels (on the order of 1000 ppm) in large gas
fired boilers, combustion modifications, particularly low excess air
firing and staged air supply resulted in some cases in emission reductions
at full load on the order of 80%. However, even for gas fired boilers,
the degree of effectiveness of combustion modifications varied with
- individual boiler characteristics, such as burner design and spacing.
Load reductions resulted in large reductions in NOX emissions for gas
fired boilers.

Similar trends on the effectiveness of combustion modifications
were observed with fuel oil firing, albeit with a lesser degree of
effectiveness. NO_ emission reduction from oil firing is less responsive
to load changes and the application of combustion modification techniques
is somewhat more difficult than in gas firing.

In coal firing, promising exploratory data were obtained on
two of the seven coal fired boilers tested. For coal, the key to
NOx reductions (apart from operating under reduced load) appears to be
the firing of burners with substoichiometric quantities of air, followed by
second stage air injection for the burn-out of combustibles. This was
accomplished in a 175 MW front wall fired boiler and in a 575 MW
tangentially fired boiler with better than 50% reductioms in NOx,
‘operating at 80-85% of full load. Boiler manufacturers participated
in testing three coal fired boilers manufactured by them to assess
the steam~side consequences (i.e., effects on thermal performance,
slagging characteristics, coal in the fly-ash, and other boiler
operability features) of applying combustion modifications. In the
short-term tests conducted in this program, the boiler manufacturers
(Babcock and Wilcox, Combustion Engineering and Foster-Wheeler) did
not find undue problems caused by combustion modifications.

~ N




218

ABSTRACT (Continued)

Unburned combustible emissions, i.e., CO and hydrocarbons were
found to be very low under base-line boiler operating conditions for all
boilers tested. However, using low excess air firing, the CO levels can
increase sharply, and in fact, set the lower limit on excess air. In
tests where unburned carbon in the fly ash was measured by boiler manu-
facturers, combustion modifications (staging with low excess air firing)
did not result in increased carbon in the fly ash. More detailed testing
will be needed under carefully controlled conditions.

~ The emission factors established in this study in conjunction
with the overall correlations developed for NO, emissions will allow
making better estimates for individual boilers, according to fuel type
fired, boiler size and design.

It is concluded that modification of combustion operating.
conditions offers good promise for the reduction of NO, emissions from
utility boilers. Further cooperative testing with boiler owner-
operators and manufacturers are required to optimize and demonstrate
the general applicability of these techniques to the control of NO,
emissions from gas and oil fired installations and to establish their
. real potential for coal fired boilers.
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