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Protection Agency, have been grouped into five series. These five broad
Categories were established to facilitate further development and application of
environmental technology. Elimination of traditional grouping was consciously
planned to foster technology transfer and a maximum interface in related fields.
The five series are:

1. Environmental Health Effects Research
2. Environmental Protection Technology
3. Ecological Research

4 Environmental Monitoring

5. Socioeconomic Environmental Studies

This report has been assigned-to the ENVIRONMENTAL PROTECTION
TECHNOLOGY series. This series describes research performed to develop and
demonstrate instrumentation, equipment, and methodology to repair or prevent
environmental degradation from point and non-point.sources of poliution. This
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SECTION 1.0

SUMMARY

1.1 OBJECTIVE AND SCOPE

Industrial combustion devices of all kinds contribute a large
fraction of the total air pollution from stationary sources. Studies
have found as much as 40% of the stationary source total nitrogen
oxides emissions originate from devices such as industrial boilersfl'2'3)
A similar figure was obtained for oxides of sulfur, while particulate
emissions were more than 80%. Combustion modifications have been
demonstrated for utility boilers which can reduce emissions of NOx,

CO, and hydrocarbons while improving boiler efficiency. Application

of these modifications to industrial combustion devices, if successful,

could have a profound impact on air quality and energy conservation.

An objective of the field testing portion of the program was

— !
to determine the level of emissions of pellutant gases, particulates,

and toxic elements and organics from 1ndustr1a1 51zed b01lers of 11
———————,

to 527 GJ/hr (10 , 000 to 500 000 lbs steam/hr) capacity. It @ I"B\was

an objective to determine the effectlveness of combustlon modlflcatlons
to reduce emissions and the extent to which a reduction in one
pollutant such as total nitrogen oxides, might cause an increase in

other pollutants, such as particulates or hydrocarbons, or a decrease

in boiler efficiency.

In addltlon, the program sought to establlsh what design and/or

e

operational changes thet b01ler manufagturers and operators could make
to reduce em1551ons and where future combustion research act1v1t1es
should be concentrated. The measurements of toxic emissions will be
used to determine if industrial boilers as a class are a significant

source of these pollutants.



The program was conducted in two phases, and this
document is the Final Report of the second phase. The first phase
was qggfyear in duration and involved the selection of forty-seven
representative inggstriai*boilexs_for testing, construction of a
mobile flue gas analysis laboratory, and field testing for emissions.
Measurements were made of boilers operating norma .in _gertain
;gyjq;tpqggq:oxides-emisgipn modes that could be obtained without
having to modify the boiler, such as reducing the amount of excess
air. The pollutants of interest in Phase I in addition to oxides
of giggggggtﬂgfgﬂggldes.of~sul£uf, hydrqcarbons, carbon monoxide,

carbon dioxide, smoke, and particulates.

The Phase II activities were of fourteen months duration and
involved the intensive testing of nineteen individual boilers to measure
the sensitivity of boiler efficiency and emissions to combustion modifi-
cations that sometimes required retrofit of the boiler. Examples
of such combustion modifications are overfire air ports and flue

gas recirculation.

In addition to total particulate emissions data, the particle
size distribution from thirteen 0il and coal-fired industrial boilers
was determined during Phase II. The identity and quantity of
elemental metals originally contained in the fuel and organic
compounds released by the combustion process were established for
several boilers. Also, the enrichment of certain sizes of particulates

by toxic elements was investigated.

The program documentation consists of Phase I (Ref. 4) and
Phase II Final Reports, and two Guideline Manuals. One Guideline
Manual is for industrial boiler manufacturers to provide information
Oon total nitrogen oxides, particulates, and efficiency trends with
boiler design characteristics to aid them in designing new boilers
and modifying existing boilers to produce low nitrogen oxides

emissions. The other Guideline is for industrial boiler operators



and contains specific operating instructions and recommended steps for
reducing nitrogen oxides and particulate emissions from various types
of boilers. The Final Report also contains recommendations for future

research.

The results of the collection and analyses of toxic metals and

gases and of organic emissions are reported in a third report (Ref. 5).

1.2 RESULTS

Measurements of pollutants were made when the boilers were
operating at 80% of capacity and normal control settings (called the
baseline setting) and when the combustion process was modified in a

way that reduced the total nitrogen oxides (NOX) emissions.

The primary categorization of boilers when they originally were
selected was by capacity or size, and one objective was to determine if
the larger boilers had the larger emission factors. It was found that
the total nitrogen oxides emissions from coal- and natural gas-fueled
boilers increased slightly with size but the emissions from oil-fueled
boilers did not. The nitrogen oxides emissions, however, were very
dependent upon the fuel being fired regardless of the boiler size, with

coal fueled boilers being the greatest emitters of total nitrogen oxides.

The particulate emissions were not at all dependent upon the
boiler size, but were strongly dependent upon the fuel type. The
particulate emissions from coal were about ten times greater than

from o0il and about one hundred times greater than from natural gas.

The measured total nitrogen oxides and solid particulates
emissions at baseline are shown in Figures 1-1 and 1-2. The emission
levels at baseline of the other pollutants are listed in Table 1-1.
The meaning of the abbreviations and symbols used is given at the end
of Table 4-1.
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Table 1-1 alsoc lists the pollutant emission levels when the
boiler was operated such that the total nitrogen oxides emissions
were the lowest. The column on the extreme right entitled Test Type
indicates the particular combustion modification that produced the
lowest nitrogen oxides emissions. For example, for Tests 102-103
the lowest nitrogen oxides emissions occurred when the excess
combustion air was reduced. For Tests 122-125 the lowest total
nitrogen oxides were found after a burner had been taken out of service.
When the emissions of total nitrogen oxides (NOx), carbon monoxide (CO)
or solid particulate (Solid Part.) were measured both before and after
the combustion was modified, the data are delineated by shading the
entry in the table.

The variation of the excess combustion air and the reduction
of the firing rate are combustion modification methods that were applied
to almost all boilers. It is common in industry for there to be boiler
capacity that is used only occasionally for peaking or during overhaul
periods, and it is possible to operate all of the boilers at a reduced
firing rate and still meet the normal demand for Process steam. The
other eight methods were applied only to those boilers that were
amenable to the particular modification, and the method that produced

the lowest nitrogen oxides emissions is listed in Table 1-1.

The range of total nitrogen oxides concentration that was
measured at the baseline load for each fuel type is listed below.
The table also lists the average nitrogen oxides and excess oxygen
concentrations at baseline load with normal boiler settings and with
the boiler settings that emitted the lowest total nitrogen oxides
concentration. The Baseline Operation columns summarize the emissions

listed in the Baselirne Test Conditions section of Table 1-~1. The



Low NOx Operation columns summarize the emissions listed in the Low

Nitrogen Oxides Test Conditions section of Table 1-1.

All nitrogen

oxides measurements cited in this report in parts per million (ppm)

have been normalized to

"dry at 3% excess oxygen."

Range Average
Baseline Baseline Operation Low NOx Operation
NOx NOx NOx
ng/J ng/J o2 ng/J 02
Fuel Type (ppm) (ppm) % {(ppm) %
Coal 100-562 290 8.7 225 6.7
(164-922) (475) (369)
No. 2 0il 36-101 67 5.5 59 4.0
(65-180) (120) (105)
No. 5 0il 112-347 le4 5.8 142 4.9
(PS 300) (200-619) (293) (254)
No. 6 0il 107-196 151 5.3 121 4.9
(190-350) (269) (21e6)
Natural Gas 26-191 71 4.8 57 5.0
(50~-375) (139) (111)

1.
2.
3.
4.
5.

6.

Eleven combustion modification techniques were used to reduce

Excess Combustion Air Reduction
Staged Air Addition

Burner Out Of Service

Burner Register Adjustment

Combustion Air Temperature
Reduction

Flue Gas Recirculation

7.
8.
9.
10.
11.

the emissions of the total nitrogen oxides. These techniques were:

Boiler Firing Rate Reduction
Fuel 0il Viscosity Variation
Burner Tune-up

Fuel Atomization Method Change

Fuel Atomization Pressure
Variation



While the principal objective of combustion modification was
to reduce the emissions of total nitrogen oxides, the effect of the
modifications on other emissions, such as hydrocarbons or the particulate
emissions, and on boiler efficiency were considered too. It was found
that the combustion modification did not increase the hydrocarbon
emissions to any extent, but it did have a significant effect on the

particulate emissions and on the boiler heat loss efficiency.

These effects are summarized for all of the combustion modifi-
cation methods in Figures 1-3 and 1-4. The effect on emissions and
boiler efficiency of each of the methods of combustion modification and
of each fuel type are discussed in detail in Section 5.0, Combustion

Modification Test Results.

The combustion modification effect graphs are divided into
quadrants. One is labeled "Best Quadrant" and a second "Worst Quadrant."
The criterion for the Best Quadrant with solid particulate emissions is
that the effect of the modification was to reduce the emissions of
both the total nitrogen oxides and the particulates. The Worst Quadrant

is when the effect was to increase both emissions.

In the case of boiler heat loss efficiency the Best Quadrant
is when the total nitrogen oxides emissions decreased, but the

efficiency increased.

Excess Combustion Air: The best combustion modification
method on the basis of ease of implementation, emission reduction, and
efficiency was to reduce the amount of excess air being fired. 1In
about 72% of the instances when the excess air level was reduced, the
nitrogen oxides emissions decreased and the boiler efficiency increased.
The nitrogen oxides decreased by up to 38% of the baseline level and

the efficiency increased by up to 3 percentage points.
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COMBUSTION MODIFICATION METHOD

A Flue Gas Recirc v Atomization Method
() Air Register Adj <> Reduced Excess Air
D\ 0il viscosity Q Overfire air

O Burner Tuneup O Reduced Air Preheat

Atomization Pressure Burner-Out-0Of-Service

Worst Quadrant

L. +50

+
]

__+2<>

“ CHANGE IN TOTAL NITROGEN OXIDES, %

- <+ CHANGE IN EFFICIENCY, % - -

Figure 1-3. Effect of combustion modification methods or. total nitrenen
oxides emissions and boiler efficiency.
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Figure 1-4.

COMBUSTION MODIFICATION METHOD

OAair Temp. Reduction () Staged Air
E]Reduced Firing Rate <> Burner Tuneup
() Burner-Out-0f-Service

AFlue Gas Recirc.
<>Reduced Excess Air

L +40

+30

Worst Quadrant

CHANGE IN TOTAL NITROGEN OXIDES, %

«

O

- <+ CHANGE IN PARTICULATES, % - +

Effect of combustion modification methods on total
nitrogen oxides and solid particulate emissions.
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The effect on the solid particulate emissions was to reduce
them by up to about 15% with coal fuel and up to about 30% with No. 6
oil fuel. 1In no case did the reduction of excess air cause less
complete combustion and an accompanying increase in particulate
emissions. The criterion for minimum excess air was when the carbon
monoxide emissions exceeded 100 ppm. Carbon monoxide usually appeared

in the flue gas before smoke did.

Staged Air: The second most effective combustion modification
was a form of staged combustion where the combustion air was added near
the end of the flame. The nitrogen oxides emissions were reduced by
up to 47% with this technique. Diverting some of the combustion air
from the initial combustion zone at the burner and injecting it into
the combustion zone further downflame caused the combustion to be more
fuel-rich. This slowed the combustion process and the products of
combustion then cooled below the nitrogen oxides formation temperature
of about 2000 K (3300°F) more quickly, thus inhibiting the formation

of nitrogen oxides.

In most cases, however, the boiler efficiency decreased by up
to one percentage point, with some instances of decreases of up to
three percentage points. The efficiency dropped because more air
was required overall through the combination of the burner and the
overfire ports than was required through the burner alone. This
resulted in more hot air being exhausted up the chimney, and a

corresponding decrease in the ASME heat loss efficiency.

Three of the staged air tests were made with No. 6 o0il fuel
and in all cases the particulates increased, by 12 to 68% (see
Fig. 1-4). Apparently, delaying complete combustion increased the

amount of unburned carbon in the flue gas.
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Burner Out Of Service: The form of staged combustion
that reduced the total nitrogen oxides emissions the most was operation
with one of the burners out of service. In this mode the fuel, but
not the air, to one of the burners was turned off. The total amount of
fuel being burned was held constant by increasing the fuel, but again
not the air, to the other burners. The result was that the other
burners were operating fuel-rich and complete combustion was delayed by

the éurplus of fuel and the paucity of air.

With a burner out of service the total nitrogen oxides emissions
were reduced from 9 to 54% (see Fig. 1-3). An advantage of this type of
combustion modification was that the boiler efficiency was relatively
unaffected and varied by only + 0.5 percentage points over nine runs.

A disadvantage was that the combustion Process was disturbed such that
the particulate emissions always increased. In one case the increase
was about 54% and in the second case the increase was about 95% for a

comparable drop in nitrogen oxides concentration.

Register Adjustment: Readjusting the burner air registers
succeeded in reducing the nitrogen oxides by 3 to 21%. The efficiency varied

from unchanged to 1% lower, and the particulate emissions were unchanged.

Combustion Air Temperature Reduction: Reducing the preheating
of the combustion air reduced the total nitrogen oxides by up to 32%.
The effect on boiler efficiency was to decrease it by 1% in one case
and to increase it by 3% in another case. In three other instances

the efficiency did not change.

In one test, No. 130-1, the combustion air temperature was
increased above the nominal, and the particulates decreased by 64%.
Probably the increased combustion air resulted in a better-mixed and
hotter flame and in increased burnout of the carbon in the fly ash.
No particulate emission measurements were made at low combustion air

temperatures.
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Flue Gas Recirculation: Flue gas recirculation was successful
in reducing the total nitrogen oxides concentration in the flue gases
by 10 to 40%, with one outstanding instance in natural gas fuel of a
reduction of 73%. The efficiency was unaffected if the work required
to operate the recirculation pump was neglected. There was an increase
in the solid particulate concentration of about 5%, due probably to
a slight increase in the unburned carbon in the less stable flame that

resulted when flue gas was recirculated.

Firing Rate Reduction: When the combustion was modified by
lowering the firing rate or steam output of a boiler the total nitrogen
oxides emissions decreased in 20 instances and increased in 16 instances
by up to about + 25%. The reason for the increase was that the
operational procedure in almost all boiler houses was to increase the
amount of excess air being fired at the lower firing rates, and an
increase in excess air often caused an increase in the total nitrogen

oxides emissions.

Watertube gas-fired boilers were relatively insensitive to
firing rate changes unless they had air preheaters. Then, reductions
in total nitrogen oxides of about 20% were realized as the firing
rate was dropped from 100% of name plate capacity to 50% of capacity.
Generally, coal fired watertube boilers showed an increase in nitrogen
oxides emissions when operating below 60% capacity. This increase
usually coincided with an increase in the excess air level. However,
the particulate emissions from the spreader stoker of Test No. 139
decreased by 44% below the baseline firing rate level. Watertube
oil-fired boilers showed little or no relationship between nitrogen

oxides emissions and firing rate.

Fuel Oil Viscosity: Tests were conducted with No. 6 oil over
an oil temperature range of 240 K to 400 K (158°F to 248°F). No

consistent relationship was observed, although in all cases the change

15



in the total nitrogen oxides emissions ranged between a reduction of
16% and an increase of 31% of the unmodified baseline emission level.

The boiler efficiency was increased from one to three percentage

points.

Burner Tuneup: At Locations 1 and 27 the field maintenance
technician of the burner manufacturer tuned the burner after the
baseline emissions measurements had been made. Tuneup consisted of
adjusting the excess air to the proper level for each load, adjusting
the burner registers to give a hard, bright flame and replacing worn

parts in the o0il gun tips.

In all cases there was a slight increase of up to one percent
in the boiler ASME heat loss efficiency. In one instance, Test No. 112,
the particulate emissions were unchanged, in another instance, Test
No. 108, they increased by 140%. This latter increase probably was
due to flame quenching caused by an increase in the impingement of
the flame on the water walls of the furnace. The oil spray angle of

the burner used with this boiler was unusually large.

Atomization Method: The total nitrogen oxides emissions were
found to be relatively independent of the fuel oil atomization method,
i.e., steam, air, pressure or rotary cup, and dependent upon the
characteristics of the individual burner. For a given oil burner the
0il atomization method that produced the lowest nitrogen oxides emissions,
also usually produced the highest particulate emissions of the test
series. The boiler efficiency was unaffected to any significant
degree by the type of atomization employed. In general the test
results were that a well-maintained oil burner operating near its
design point will produce about the same level of nitrogen oxides and

particulate emissions regardless of the atomization method used.

16



Atomization Pressure: When the atomization Pressure was
increased and the boiler was at 80% of capacity, the nitrogen oxides
emissions decreased by about 10% and the efficiency was unchanged.
The series of tests done by another KVB field ¢rew on a twin boiler
in the same boiler house achieved a reduction of about 50% in solid
particulates by increasing the oil pressure from 580 to 722 kPa (70
to 90 psig). The decrease was deemed to be due to the smaller oil

droplets that were formed when the atomization pressure was increased.

Conclusions
~zicrusions

On the basis of the results of the field measurements it appears
to be possible and practicable to reduce the total nitrogen oxides
emissions by up to 47% by six of the eleven combustion modification
methods. However, with only three of the methods is the boiler
efficiency unimpared: excess air reduction, staged combustion with a
burner—out-of—service, and flue gas recirculation. Of these three,
excess air reduction is the most attractive method because, while the
nitrogen oxides reduction is only about 35%, the particulate emissions
do not increase, as they do with most of the other reduction methods,
and the boiler efficiency is maintained or improved. Flue gas
recirculation is promising, since the increase in particulate was
only 5%. Staged air addition, as with burners-out-of-service also is
somewhat promising, but considerable work will be required in

distributing the air so the particulates do not increase.
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SECTION 2.0

TEST BOILER SELECTION

The findings of Phase I on the amount and potential reduction
of pollutant emissions from industrial boilers were used in the
selection of boilers for Phase II. Eighteen boilers that had the
capability of one or more combustion modification categories,
either as they stood or with structural modifications, were chosen

for testing during Phase II.

KVB, Inc. and others have established during testing of
utility boilers that certain modifications of the air-fuel mixture
ratio, flame enthalpy and/or firing inputs reduced the emissions
of the total nitrogen oxides significantly. During Phase I of
this program several industrial-sized boilers were tested that had
certain of these combustion modifications built in. Measurements
were made of the emissions from these boilers and were compared to
the emissions from similar boilers that did not have the combustion
modification. Examples are boilers with and without combustion air

preheaters and with single and dual air registers.

It was found that boilers with preheated combustion air, as
a group, had higher nitrogen oxides emissions than did those without
preheated air. It also was found that taking a burner out of service
on a multiple burner boiler reduced the nitrogen oxides emissions.

These findings were consistent with the findings for utility boilers.

It was not the purpose of the Phase I field measurements to
make an extensive evaluation of the promising combustion modifications.
This was, however, the purpose of Phase II. For Phase II, eleven
combustion modification methods were selected for investigation and
eighteen individual boilers were selected that were amenable to

combustion modification.

18



The combustion modification methods that were investigated
during both Phases I and II are listed in Table 5-1. The Phase IT
boilers are described in Table 7-1 of this report and the Phase I

boilers are described in Reference 1.

One combustion modification technique for which no existing
boiler could be found was flue gas recirculation. 1In this instance
a boiler at Location 19 was modifiegd by adding flue gas
recirculation (see Subsection 5.2.2). Also, no existing boilers
could be found where the location of the staged air injection
ports could be changed. Two boilers, the one at Location 19 ang one

at Location 38, were modified for this Purpose (see Subsection 5.1.2).

Four of the boilers tested during Phase I qualified for
testing in Phase IT. The other fifteen were recommended by members
of the boiler ang burner manufacturing industry as a result of a
brogram review meeting that was held in June 1974. At that time,
representatives of the major boiler and burner manufacturers were
told of the objectives of the combustion modifications pProject and

were asked to recommend candidate boilers for Phase II.

A total of nineteen different boilers at seventeen locations
were tested. Some were suitable for more than one combustion
modification method or fuel. For example, at Location No. 38 both
staged air and combustion air temperature with gas and oil fuels
were investigated using the same boiler. 1In all, forty-one
combinations of combustion modification methods and fuels were tested
on the nineteen boilers. 1In Phase I a total of Seventy-five sets
of test data on different boiler/burner/fuel combinations were
obtained, for a total for the two Phases of sixty-five boilers and

one hundred sixteen combinations.
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In Phase I the boilers were selected to reflect the
geographical distribution of boilers and fuels throughout the
continental United States. The preponderance of test boiler sites
was east of the Mississippi River. This criterion was used in Phase
II also, although not as rigorously, since certain specific types
of boilers were sought. This is illustrated in Figure 2-1 which
shows all of the sites for Phases I and II. Locations 1
through 26 were visited during Phase I and Nos. 27 through 39 during
Phase II. Location Nos. 1, 13, 19 and 20 were visited during both

phases.

Figure 2-1. Field test site locations. 6001~-43
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SECTION 3.0

INSTRUMENTATION AND TEST PROCEDURES

The emission measurements were made with instrumentation con-
tained in the 2.5 by 9 meter (8 by 27 ft) laboratory trailer of which
exterior and interior views are shown in Figure 3-1. The gaseous
emission measurements, except sulfur oxides, were made with analyzers
located in the measurement console in the trailer. The particulate
concentration, particulate size, and sulfur oxides concentration
measuremeﬁts were made with instrumentation prepared in the wet
chemistry area of the laboratory and taken to the sample port. The

weighing and titration were done in or near the laboratory.

The emission measurement instrumentation used for the
program was that shown in the table below. The operation of the

instrumentation is discussed in detail in Section 3.0 of Reference 1.

Table 3-1. EMISSION MEASUREMENT INSTRUMENTATION

Emission Symbol Measurement Method | Equipment Manufacturer
Nitric oxide NO Chemiluminescent Thermo Electron
Oxides of nitrogen NOx Chemiluminescent Thermo Electron
Carbon monoxide co Spectrometer Beckman
Carbon dioxide CO2 Spectrometer Beckman
Oxygen O2 Polarographic Teledyne
Hydrocarbons HC Flame ionization Beckman
Sulfur dioxide SOZ' Absorption/

and trioxide SO3 titration KVB Equipment Co.
Total particulate

matter PM EPA Std. Method 5 Joy Mfg. Co.
Particulate size - Cascade impactor Monsanto-Brink
Smoke spot K Reflection Research Appliance Co.
Opacity - EPA Std. Method 9 -

6001-43
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Gas Emission
Measurement
Console

Mobile Laboratory
Truck and Trailer

sulfur and Particulate
Measurement Area -
Wet Chemistry

Figure 3-1. Interior and exterior views of mobile laboratory.

6001-43
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3.1 PARTICULATE SIZE

The measurement of particulate size was added to the measure-
ments to be made during Phase II. A Brink Model "B" Cascade Impactor
was selected, because the grain loading of the coal-fueled boilers
was expected to be high. The nominal sample flow rate of 2.8 1/min
(liters per minute) was low enough that the impactor did not readily

overload. One stage of the cascade impactor is shown in Figure 3-2.

A Cahn Model G-2 Electro-balance was used to weigh the
collected sample. To improve the accuracy of the weighing, an
aluminum substrate was placed in each steel collection cup. The
particles were collected and weighed on these lightweight discs,
and the original steel collection cups were used only as a backing

for these substrates.

A common problem with impactors is that the particles do not
adhere to the stage surface, but strike it, rebound, and are reentrained

in the flow to the next stage.(G)

Reentrainment has not proved to be a
problem with the cascade impactor measurements KVB has made, however.
The flue gas flow rate was reduced from the nominal 2.8 1/min to 2.0
1/min or less, and visual examination of the collection stages by hand
lens found no evidence of scouring or reentrainment. One set of stages
was further examined under an electron microscope and there was no sign
of a significant number of particulates that were larger than the
aerodynamic diameter cut point of the preceding stage. There was,

however, a considerable amount of sponge-like material that appeared

to be an agglomeration of small particles.

Back-up filters were used as the final stage of the impactor
to collect the material that passed the last impaction stage.
Binderless, glass-fiber filter material, such as high-purity
Gelman Type A glass fiber filter was employed for this purpose.

The 25 mm diameter circular filters were placed under the spring

in the last stage of the impactor.
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The filter was protected from being cut by the spring by a
Teflon O-ring and a second filter disc and a wire mesh were placed

beneath the filter to act as a support.

For accurate weighing of collected material, a Cahn G-2
Electro-balance with a sensitivity of 0.05 micrograms was used.
This sensitivity was needed for the lower stage of the impactor

where the collected weight occasionally was less than 0.1 mg.

The flow rate and nozzle size were closely coupled, and
requirements for isokinetic or near-isokinetic nozzle flow sometimes
forced a compromise on nozzle selection. The general order of
priorities used by KVB to determine nozzle size in the field was
(1) nozzle diameter (minimum only), (2) last stage jet velocity,

(3) isokinetic flow rate required, and (4) nozzle diameter if
greater than 2.0 mm. The impactor nozzle diameter was selected
to provide as close to isokinetic collection as was practicable.
Very small bore nozzles were avoided to forestall nozzle plugging
by fly ash.

The impactor was placed inside the chimney and was heated
to flue gas temperature by the flue gas itself before the sample
collection was begqun. The inlet nozzle was pointed downstream of
the flow field during this heating phase to prevent the Premature

accumulation of particulates in the impactor.

The flow through the impactor was measured before each use
to determine the actual cut points of the individual stages. This
level then was maintained by monitoring the flow through the
impactor assembly with the bressure gauges on the EPA Method 5
control box. The pump on the control box was used to maintain
the flow. Attempts to modulate flow to compensate for changes
in the duct flow rate and to maintain isokinetic sampling exactly
would have destroyed the utility of the data by changing the cut

points of the individual stages. During data analysis the true
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cut points were calculated for the actual gas flow rate through

the impactor.

Measurements were made at a sufficient number of points
across the flue or smoke stack, as specified by EPA Method 5, to
make certain that a representative sample of particulates was

obtained.

When coal fuel was fired and sampling was done upstream of
the dust collector, the percentage (by weight) of material with
sizes larger than ten micrometers was appreciable. 1In such cases
the precutter cyclone shown in Figure 3-2 was used to prevent

overloading of the upper impactor stages.

In those instances where a precollector cyclone was used,
all material from the nozzle to the outlet of the cyclone was
included with the cyclone catch. All material between the cyclone
outlet and the second stage nozzle was included with material
collected on the first collection substrate. &all adjacent walls
were brushed off, as well as around the underside of the nozzle.
All material between the second stage nozzle and third stage
nozzle was included with that on the second collection substrate.

This process was continued down to the last collection substrate.

3.2 SMOKE SPOT

During Phase II the Bacharach smoke spot numbers were
measured according to ASTM Designation D 2156-65. Smoke spot
measurements were obtained by pulling a fixed volume of flue gas
through a standard filter paper. The color (or shade) of the
spots that were produced were matched visually with a standard
smoke spot scale. The result was a (Bacharach) "Smoke Number"

which was used to characterize the density of smoke in the flue gas.
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The sampling device is a hand pump similar to the one shown
in Figure 3-3. It is a commercially available item that can pass
36,900 + 1650 cubic centimeters of gas at 16°C and 1 atmosphere
pressure through an enclosed filter paper for each 6.5 square

centimeters effective surface area of the filter paper.

Sampling Tube

Filter Paper

Handle

Figure 3-3. Field Service Type Smoke Tester
6001-43

The standard smoke scale consists of a series of ten spots
numbered consecutively from 0 to 9, and ranging in equal photometric
steps from white through neutral shades of gray to black. The
standard spots are imprinted on white paper having an absolute
surface reflectance of between 82.5 and 87.5%, determined
photometrically. The smoke scale spot number is defined as the
reduction (due to smoke) in the amount of light reflected by a

spot divided by 10.

The smoke density is reported as the Smoke Spot Number of
the spot on the standard smoke scale that most closely corresponds
to the color of the soiled spot on the sample filter paper.
Differences between two standard Smoke Spot Numbers are interpolated

to the nearest half number.
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3.3 PLUME OPACITY

Smoke plume opacity readings were taken by a field crew member

who was a certificated graduate of a U. S. Environmental Protection Agency

approved "Smoke School." Observations were made at the same time
that particulate measurements are made and as often in addition as
deemed necessary to gather the maximum amount of information. The
procedures set forth in EPA Method 9, "Visual Determinations of the
Opacity of Emissions for Stationary Sources" were followed, except
that the duration of the observation period was only six minutes.
Opacity measurements were made and recorded every fifteen seconds
during an observation period. At least one six-minute opacity

observation was made every thirty minutes.
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SECTION 4.0

BASELINE TEST RESULTS

The emissions and efficiency of 47 boilers during Phase I and
19 boilers during Phase II were measured over a two year period. The
Phase I data were analyzed and discussed in detail in the Phase I Final
Report No. EPA-650/2-74-078-a (Ref. 1), and Phase II data and analysis
are presented in this report. This section contains graphs and tables
that summarize all of the data taken both at baseline and at low
nitrogen oxides emission settings of the boilers. The results of the
analysis of the baseline data are discussed in this section and the
results of the analysis of the low nitrogen oxides data are discussed

in the following section.

The total nitrogen oxides and solid (or filterable) particulate
emissions at baseline settings of the boilers are shown in Figures 4-1
and 4-2. Baseline is defined as the normal boiler settings for a load

of eighty percent of the nameplate capacity.

The primary categorization of boilers when the boilers were
originally selected was by capacity or size, because it wés expected
that the larger boilers would have the larger emissions. However, the
total nitrogen oxides emissions were found to be only slightly
dependent upon boiler size as is indicated by Figure 4-1. The nitrogen
oxides emissions, however, were very dependent upon the fuel being
fired. This dependénce is illustrated in the table of the range and
average concentration of nitrogen oxides that is in Subsection 1.2.

Coal fueled boilers were the greater emitters of total nitrogen oxides.

The particulate emissions were not at all dependent upon the
boiler size, but are strongly dependent upon the fuel type. Figure
4-2 shows this relationship. The particulate emissions from coal

fuel were ten times greater than from oil and one hundred times greater
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than from natural gas fuel. The solid particulate concentration
includes only the solid particulate that was caught by a filter and
not the gaseous that was condensed and scrubbed out by the water-filled
bubblers. The total particulate emissions, including both filterable

and condensable, are listed in Table 4-1.

Table 4-1 lists the Phase II emissions measurements made both
with the baseline boiler settings and with the combustion process
modified to achieve low nitrogen oxides emissions. A similar table

of Phase I measurements is contained in Section 2 of Reference 1.

The data in Table 4-1 are tabulated in order of Test Run
Numbers. The Test Run Number consists of two parts: the basic
test number designation which corresponds to a particular combina-
tion of boiler, fpel, and combustion modification to the left of
the dash and the run number within the given test to the right of
the dash. A typical test may have consisted of up to ten individual
measurement runs made with different settings of the boiler controls.
Some tests with the staged combustion modification were comprised

of as many as 50 individual runs.

The Location Number in the second column positions the test
site geographically on Figure 2-1. Locations distributed through-
out the continental United States were chosen to insure that a

variety of fuels would be tested.

The columns from Furnace Type through Test Load indicate
where the particular test falls among the principal test variables
developed during the initial test planning of Phase I. The columns
to the right of the one labeled Test Load are data taken during

the corresponding Test Run.
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For all boilers, twbvbasic types of measurements were

made:

1. Baseline: approximately eighty percent of rated capacity
and normal control settings.

2. Low Air: Minimum excess air level at baseline load at
which the boiler could be operated without smoke, excessive
carbon monoxide, or hydrocarbon emissions.

Test types which are the various combustion modification methods tested
are listed in the sixth column. The column titled Test Fuel indicates
the fuel being fired at the time of the test run. A brief explanation
of the abbreviations and symbols used follows the table, and a complete
glossary of terms used throughout the report is in Section 10. A list
of conversion factors for English and Systéme International d'Unités

(designated SI units in all languages) is contained in Section 11.

In the balance of this section, the baseline gaseous and
particulate emission measurements for coal, oil, natural gas,

refinery gas and mixed fuels are discussed in detail.
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GLOSSARY OF SYMBOLS USED IN TABLES 1-1 AND 4-1

Burner Type
Air Air Atomizer
ChGrt Chain Grate
Pulv. Pulverizer
Ring Natural Gas Ring
SpStk Spreader Stoker
Spud Natural Gas Gun
Steam Steam Atomizer
Test Fuel
Coal Coal
NG Natural Gas
Ref .Gas Refinery Gas
NG/#6 Mixture, Natural Gas and #6 oil
#2 No. 2 Grade Fuel 0il
#5 No. 5 Grade Fuel Oil
#6 No. 6 Grade Fuel 0Oil
PS300 Pacific Standard Fuel 0Oil No. 300
Test Type
AirReg Air Register Adjustment

Atom Press Burner Atomizing Pressure Adjustment

BOOS Burners Out of Service

Base Baseline Test Type - Continued

BrTune Boiler Tune-up SnglCyc Single Cycle
CombCyc Combined Cycle Steam Injec Steam Injection
Damper Air Damper Adjustment VPH Variable Combustion
HiAir High Excess Air Air Temperature
HiLoad High Load Viscosity Fuel 0il Viscosity
LowAir Low Excess Air

LowLoad Low Load

NrmlAir Normal Excess Air

SCA Staged Combustion Air
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4.1 NITROGEN OXIDES EMISSIONS
4.1.1 Coal Fuel

The analyses of the coals tested during Phase II are contained

in Section 6.0. The moisture content of the coals tested in Phases I
and II varied substantially, from less than 2% to greater than 10%. The
higher heating values varied significantly also, from 0.0254 GJ/kg to
0.0326 GJ/kg (10,950 Btu/lb to 14,000 Btu/lb). The average of the fuel
nitrogen of the coals burned was 1.4%. However two boilers were tested
with western coals which had nitrogen contents of 0.83% and 0.94%. The
baseline nitrogen oxide emissions for the coal tests are presented in
Figure 4-3 as a function of boiler test load. Although the data, as
shown, indicate that the baseline nitrogen oxides emissions increased
with increasing boiler size, other parameters besides test load were

contributing to this increase.

The lowest baseline nitrogen oxides emissions were measured on
a boiler equipped with a traveling chain grate burner. The baseline
nitrogen oxides was 100 ng/J (164 ppm) with an excess O2 of 9.5%. One
of the contributing factors to the low nitrogen oxides emissions was
believed to be poor combustion equipment conditions. Visual examination
of the furnace during the tests revealed low intensity combustion
flames of a very lazy and random nature. The excess air was extremely
high and the heat release rate per unit furnace volume was comparatively
low, 0.496 GJ-hr-l-‘m_3 (O.Ol3xlO6 Btu°hr_l-ft—3), considering the

rated capacity.

Boilers equipped with underfed stoker coal burning equipment
pProduced nitrogen oxides emissions ranging from 134 to 208 ng/J (220
to 340 ppm). These boiler designs were of a small capacity, less than
63 GJ/hr (50,000 l1b/hr steam flow) and had a low hear release per unit

furnace volume, 0.443 GJ-hr L.q (0.012x10° Btu‘hr_l-m-B).
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TOTAL NITROGEN OXIDES

Figure 4-3.

ng/Jd, as NO
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Spreader stoker fired boilers produced NOx emissions of 196
to 336 ng/J (320 to 550 ppm). The spreader stoker equipped boilers
were middle sized and all had higher heat release per unit volume

and higher NOx emissions.

The largest capacity boilers tested were equipped with
pulverized or cyclone burners and produced the highest level of
nitrogen oxides emissions. Emissions ranged from 214 to 563 ng/J
(350 to 922 ppm) on the pulverized units. The highest emitter was
a four-burner, face-fired unit burning pulverized Wyoming coal
(Tests 131 and 169). Nitrogen oxides emissions at 50% of rated
capacity were 563 ng/J (922 ppm). The nitrogen content of the
Wyoming coal fuel was 0.83% which is the lowest of any coal tested
during the entire program. Thus, the uniquely high emissions were
not due to a high fuel nitrogen content. However, the coal oxygen

content was the highest at 12.5%.

Another pulverized unit (Test 156) with approximately the
same size burners fired a coal with only half the nitrogen content,
i.e., 1.5%,and 8.1% oxygen content and emissions were only 214 ng/J
(350 ppm). It is theorized that emissions were high with the Wyoming
coal because the high amount of fuel oxygen in intimate contact with
the fuel nitrogen enhanced the low temperature conversion of fuel

nitrogen to nitrogen cxides.

A spreader stoker equipped boiler fired a similar Wyoming
coal with 0.94% nitrogen and 11% oxygen (Test 134). In this case,
nitrogen oxides were 196ng/J (320 ppm) which was the lowest
level measured on a spreader stoker. The large differences in
emissions between this and the pulverizer burning Wyoming coal
may be related to the differences in combustion intensity of the

two. The pulverizer had efficiently mixed fuel and air along with
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530 K (500°F) combustion air temperature which resulted in a

high intensity flame. The stoker, on the other hand, used 93°C
(200°F) combustion air and the burning process was much slower

to accomodate the larger fuel particles. The flame zone gases were

cooler and less NOx was produced.

The other large coal fired boiler used cyclone type coal
combustors which have a reputation for being large NOx producers.
The unit had a large heat release rate and a very small heat
absorption volume and emitted 489 ng/J (800 ppm) of nitrogen oxides.
Here the furnace absorption volume was defined as the volume of the
cyclone combustor alone, since the combustion reactions were
mostly completed before the hot gases left the combustor and

entered the boiler for steam generation.

4.1.2 0il Fuel

The oil fuels tested during Phase I and Phase II included
Nos. 2, 5, and 6 type oils, the properties of which are summarized
in Section 6.0 for Phase II. The nitrogen content of the oils
varied from essentially zero to greater than 0.5%. Other properties,
such as API gravity, viscosity, heating value, and Conradson
carbon also varied over the normal ranges for oil fuels. The
burners tested in Phase I included steam, air, rotary cup and
pressure atomization. All Phase II testing was done on steam Or air

atomized burners.
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The baseline nitrogen oxides emissions from 0il fuel are
plotted in Figure 4-4 as a function of boiler test load. The fire-
tube boiler data, from Phase I, shown as a cross-hatched area due
to large number (14) of data points, were insensitive to boiler load,
combustion air temperature and excess oxygden level and were between
56 and 168 ng/J (100 and 300 ppm). The watertube boiler nitrogen
oxides emission data shown in Figure 4-4 did not vary significantly
with test load, but were dependent upon fuel nitrogen content, burner

size and excess oxygen level, as is discussed later in this report.

Nitrogen oxides emissions from No. 2 0il fueled watertube
boilers were typically about 56 ng/J (100 ppm). In two cases
emissions approached 112 ng/J (200 ppm) on a No. 2 oil fired
boiler. Emissions were found to be insensitive to excess oxygen

for both preheated and ambient-temperature combustion air.

Burner heat release rate and fuel nitrogen content were
found to influence NO’{emissions for No. 5 and 6 oil fueled boilers.
The larger burners, 85 to 130 GJ/hr (80 to 123 lO6 Btu/hr), had
nitrogen oxides emissions from 140 ng/J (250 ppm) to over 336 ng/J
(600 ppm). The smaller burners, 10 to 50 GJ/hr (9.5 to 47 106
Btu/hr), produced from 85 to 170 ng/J (150 to 300 ppm) of NO, .
Nitrogen oxides emissions from No. 5 and 6 oils were generally

affected by the excess O2 level as discussed in Section 5.1.1.

4.1.3 Natural Gas Fuel

The analyses of the natural gas fuels tested in Phase II
are contained in Section 6.0. The properties of all the natural
gases tested were similar. The methane contents varied from
88 to 97% and ethane proportions were between 1.8 and 5.8%. The
fuel heating values ranged from 0.0364 to 0.0391 cI/m’ (976 to
1050 Btu/ft3).
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The natural gas fired boilers tested in the pProgram were
nearly all equipped with ring type burners. The only exceptions
were the two corner-fired boilers used for Tests 75 and 77, that
had natural gas nozzles which could be tilted for steam
temperature control and the boiler used for Tests 153-155 that
utilized a single burner comprised of three multi-orifice gas
nozzles. The natural gas ring burners operated at various

pressure levels, depending upon gas Pressure available at the site

and burner design.

The NQ, emissions for natural gas-fired boilers were
found to be dependent in varying degrees ﬁpon furnace type,
excess oxygen level, combustion air preheat temperature, burner
size and firing rate. The baseline NOx emissions for large and
small size boilers are presented in Figure 4-5. A large number
of small firetube boilers, 7.4 to 21 GJ/hr (7 to 20 103 lbs/hr
steam flow), were tested in Phase I and each individual test point
could not be -shown on Figure 4-5, since many boilers had
practically the same concentration. These 10 tests are represented
by the cross-hatched area. No firetube boilers were tested during

Phase II.

The natural gas fired firetube boilers all had baseline
NO_ emissions between 25 and 50 ng/J (50 and 100 ppm) and showed
little dependence of nitrogen oxides on excess oxygen level (see
Section 5.1). The natural gas fired watertube boilers without
combustion air preheaters (indicated by simple squares) showed only
a slight dependence of nitrogen oxides on excess oxygen; while for
boilers with preheated air (shown by crossed squares) the influence
of excess O2 on NOx was significant. Natural gas fired watertube
boilers with ambient temperature combustion air had baseline
nitrogen oxides emissions of 36 to 57 ng/J (70 to 111 ppm).
These boilers were generally small, less than 95 GJ/hr capacity

(90,000 1b/hr steam flow). NOx emissions from natural gas
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fired boilers equipped with air preheaters were between 46 and 191
ng/J (90 and 375 ppm). Figure 4-5 indicates that nitrogen oxides

emissions increased with test load for the watertube boilers.

4.1.4 Mixed Fuels

An additional objective of the Phase I and Phase II field
measurements was to collect data on the level of nitrogen oxides
emitted when a mixture of fuels was burned. The properties of the
secondary fuel may materially affect NO}{emissions, especially since
waste material fuels sometimes are high in organic nitrogen content.

Six sets of measurements were made where a secondary fuel was burned

and the results are listed in Table 4-2.

In Test No. 23, the fuel was a mixture of No. 5 0il and a
small amount of refinery gas. The refinery gas contained about 25%
hydrogen and 30% methane. 1In Test No. 74 the proportion of refinery
gas was increased to 50%, and the nitrogen oxides emissions increased
by 26%, even though the excess oxygen was lower. This might have
been due to the refinery gas having a high nitrogen content that
varied with time, but unfortunately, it was impractical to obtain

for analysis a sample of the refinery gas.

When a quantity of wet tree bark, about 18 metric tons (20
English tons) per hour, was fired with No. 6 oil in Test No. 29-1,
the nitrogen oxides concentration increased by 6%, even though the

excess oxygen level had decreased.

In Test No. 32 burning pure coal produced nitrogen oxides
levels of about 485 ng/J (800 ppm). When a 70-30 combination of
coal and No. 6 oil was burned nitrogen oxides became very sensitive to

the excess oxygen level and varied between 423 and 513 ng/J (710 and
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Table 4-2.

NITROGEN OXIDES EMISSIONS FROM MIXED FUELS

o ]
Test
Test Load, Excess NOx
No. GJ/hr Mixed Fuel Type Burner Type 02, % ng/J | ppm
23-1 93 92% #5 0il & 8% Refinery Steam/Ring 8.0 96 172
Gas
74-1 93 50% #5 0il & 50% Refinery| Steam/Ring 6.5 116 217
Gas
29-5 422 #6 0il Steam 9.5 224 400
29-1 422 #6 0il & Wet Bark Steam 9.0 238 425
32-4 338 Coal Cyclone 3.4 489 800
32-2 424 Coal Cyclone 3.2 483 790
72-3 431 70% Coal & 30% #6 0il Cyclone/ 3.6 513 860
Steam
72-4 338 70% Coal & 30% #6 0il Cyclone/ 3.4 423 710
Steam
71-1 422 50% Coal & 50% #6 0Oil Cyclone/ 3.7 468 797
Steam
156-2 422 Coal Pulv. 8.6 216 353
159-6 443 50% Coal & 50% #6 0il Pulv./Steam . 177 302
190-3 14 Natural Gas Ring 3.2 29 56
200-3 15 #6 0il Air 2.9 9l 162
204-1 16 50% #6 0Oil & 50% Air/Ring 3.3 59 111
Natural Gas
207-1 169 Natural Gas & Refinery Spud 3.7 97 192
Gas
6001-43
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860 ppm). A 50-50 mixture of coal and No. 6 oil resulted in a
slight reduction of 3.5% in nitrogen oxides emissions below those
from pure coal, however, there was insufficient testing time
remaining to investigate how sensitive this particular fuel mixture

was to the excess oxygen level.

A 50-50 mixture of coal and No. 6 0il in Test No. 159
resulted in 14% lower nitrogen oxides emissions than with coal
alone as in Test No. 156. This reduction was probably due to
the lower overall nitrogen content of the fuel mixture. The coal
was analyzed to be 1.5% nitrogen and the o0il was found to contain

0.33% nitrogen.

Tests 190, 200, and 204 were conducted on natural gas,
No. 6 o0il, and a 50-50 mixture of the two. Natural gas firing
resulted in 30 ng/J (59 ppm) of nitrogen oxides. 0il firing
gave 91 ng/J (162 ppm). Emissions from the fuel mixture were an

average of the two levels at 59 ng/J (111 ppm).

For Test No. 207 the fuel was a mixture of natural and
refinery gases. The fuel ccmposition averaged 48% methane, 36%
hydrogen, and 11% ethane. Baseline NOx emissions were 97 ng/J
(192 ppm). Unfortunately, this was the only fuel burned in the

boiler so no comparisons can be made.

The limited amount of mixed fuels testing does not allow a
firm conclusion to be drawn. However, it does appear that nitrogen
oxides emissions may decrease when the total amount of nitrogen
contained in the composite fuel is reduced by mixing fuels

having a high and a low nitrogen content.

53



4.2 PARTICULATE EMISSIONS

The baseline solid (filterable) particulate emissions from the
0il- and coal-fired boilers that were tested during Phases I and II are
discussed in the following sections. The solid particulate emissions and
the total particulate emissions (including both the solid particulates
and the condensed vapors) from coal and oil fuels tested in Phase II are

listed in Table 4-1.

4.2.1 Coal Fuel

For many of the coal burning boilers particulate measure-
ments were made downstream of a dust collector, because upstream
sampling was not possible due to the absence of satisfactory
sampling stations. Test numbers 32, 131, 134, and 169
were conducted upstream of dust collectors and are indicated as

such in Figure 4-6 by the shaded data points. When comparing

particulate emissions from coal fuel, one should be aware of

whether the measurements were made downstream or upstream of a

dust collector.

Figure 4-6 illustrates solid particulate emissions as a
function of boiler load for coal fuel. As the data indicate, the
particulate emissions are not dependent significantly upon boiler load.
The highest particulate emissions were measured during Test 31, 4300 ng/J
(10 lb/lO6 Btu). The boiler can burn tree bark as a supplement fuel to
pulverized coal. The high particulate level was measured during Phase I
immediately following a period of bark burning. Emissions were
high due to either residual bark particles in the flue gas or to
the extremely high ash content of the coal fuel. An ultimate
analysis of the coal revealed it was over 17% ash and had a low
heating value. The same boiler was tested during Phase II
{Test 156), this time with a coal of approximately 15% ash but

with a higher heat content. Particulate emissions were significantly
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Figure 4-6. Baseline solid particulate emissions, coal fuel.
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lower at 1120 ng/J (2.6 lb/lO6 Btu). The boiler had not been fired
with any appreciable amount of tree bark prior to this second set

of measurements, and the particulates could have been lower because

of the absence of residual bark fly ash, as well as from firing a lower

ash content coal.

Particulate levels for other pulverized coal fired boilers

ranged between 430 and 3000 ng/J (1.0 and 7.0 1b/10° Btu).

Spreader stoker fired boilers had a large range of
particulate emissions levels. Test 20 had the lowest emissions
of the group of 82 ng/J (0.19 lb/lO6 Btu), and Test 18 had the
highest emissions of 1250 ng/J (2.9 1b/10° Btu). Test 134 on a
spreader stoker had even higher particulates, but these data were

taken upstream of the dust collector.

The boiler equipped with the chain grate burner, Test 165,
had relatively low particulates of 133 ng/J (0.31 lb/lO6 Btu). This

boiler was operating with a very high excess 02.

Test No. 32 was on a cyclone-fired unit for which the
particulates were measured before the dust collectors, rather
than after. The level of 516 ng/J (1.2 lbs/lO6 Btu) was no
higher than that of the other units that were measured after

a dust collector.

Generally, baseline particulate emission levels from coal
fired boilers were found to be independent of the boiler size
and dependent upon the fuel ash content. To a lesser extent,
particulates were also dependent upon burner design. The correl&tion

between particulates and fuel ash content is further discussed in

Section 6.0.
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4.2.2 0il Fuel

Figure 4-7 presents solid particulate emissions plotted
versus boiler load. The particulates generally increased in going
from light to heavy oils, but were independent of boiler size and
burner type. Particulates from No. 2 oil-fired boilers were between
4.3 and 14.6 ng/J (0.01 and 0.034 lb/lO6 Btu). The levels from
No. 5 oils were 10.3 and 36.6 ng/J (0.024 to 0.085 1b/10° Btu).

No. 6 fuel oil fired boilers produced the highest particulate
emissions; 16.8 to 155 ng/J (0.039 to 0.36 1b/10° Btu).

The total particulate loading was found to be highly
dependent upon the fuel ash content. This correlation is

discussed in Section 6.0.

4.2.3 Gaseous Fuel

Gas fired boilers very seldom operate with luminous flames
where the combustion of elemental carbon is occurring and soot
or coke particles are formed by incomplete combustion. The
particulate emissions data taken during Phase I for natural gas
fired boilers and shown on Figure 4-8 were low, typically between
1.7 and 3.0 ng/J (0.004 and 0.007 lbs/lO6 Btu) as would be expected
from non-luminous gas flames. No particulate testing was conducted

on gas fired boilers during Phase II.
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4.3 PARTICULATE SIZE

The particulate sizing portion of the field test included
thirty runs on ten different boilers with and without combustion
modification. Sixteen of the runs also involved the measurement of
the toxic element content of the flue gas and fly ash. Sixteen of the
measurements were with oil fuel and fourteen with coal fuel. The
particulate sizing was done on the basis of aerodynamic diameter, as
is explained in Subsection 3.2. (In Phase I the sizing was done on
the basis of optical size using an electron microscope. The Phase I

results are discussed in Subsection 4.7 of Reference 1.)

A low speed flow type of cascade impactor that is described in
Subsection 3.5 was used to measure particulate aerodynamic diameters.
It consisted of five stages having nominal cut points at diameters of
2.5, 1.5, 1.0, 0.5, and 0.25 um, and a final filter to catch particulates
that passed through the stages. The aerodynamic diameter discussed
here is the diameter of a spherical particle of unit density that is
collected with 50% efficiency by the impactor stage. The symbol used
for this diameter is DSO' A cyclone was added upstream of the first
stage of the impactor to collect particulate larger than 2.5 pm when

coal was the test fuel.

In order to forestall particulate rebound and reentrainment,
the flue gas flow speed through the impactor was reduced to about
two-thirds nominal, and this reduced flow increased the aerodynamic
diameters of the stages.(6) The points plotted on the graphs in this
section are the aerodynamic diameter cut points of the stages that

actually existed during the test.

The proportion of particulates in three size categories for
the toxic tests with o0il and coal fuels are listed in Table 4-3. The
size category of five-tenths of a micrometer or less was selected
because of what is shown about particle size on Figure 4-9. Particles

that are less than 0.5 um in size tend to be inahled and then exhaled,
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Table 4-3. DISTRIBUTION OF PARTICULATE SIZE WITH BASELINE CONDITIONS

QIL FUEL
Proportion of Totual Weight of Catch
farticles Particles
Particles In The Reducing
Inhaled "Fine" Visibility
Test Then Particulate by Mie
Load Burner | Exhaled Size Range Scattering
GJ./ hr or 0il i <0.5 .m <3 um 0.4-0.7 um Soot
Na. Location (1031b ’hr) Type % % % Included | Test Conditions
111 27 90 (85) PS300 60 81 10 No Baseline
121-9 29 76 (72) No. & 10 68 8 Yes Baseline with
light soot
121-10 76 {72) No. 6 15 70 19 Yes Baseline with
light soot
121-11 76 (72) No. 6 3 30 3 Yes Baseline with
l: heavy soot
130 28 32 (30) No. 6 7 49 6 No Baseline
162-36 36 65 (62) No. ¢ 1 26 1 No Bascline
171-6A 20 53 (50) No. 6 40 73 2 Yes Baseline
171-6B 53 (50) Ne. 6 37 67 2 Yes Baseline
171-8 54 (51) No. 6 35 65 2 Yes Baseline
170-5 68 (64) No. 6 32 62 3 No Higher Load
176-5 37 34 (32) No. 6 32 58 1 No Baseline
COAL FUEL
139-5 30 87 (82) SpsStk 0.7 8 <1 No Baseline, Upstrearn
of Cyclone
156-2 13 422 (400) Pulv. 2 30 3 No Baseline, Down-
stream of Cyclone
166-3 35 116 (110) ChGrt 11 24 6 No Baseline, Down-
166-5 111 (105) 46 65 13 Yes strcam of Dust
166-6 111 (105} 25 33 3 Yes Collector
166-7 110 (1l1e) 6 30 2 Yes
166-9 106 (100) 5 22 2 Yes
166-10 116 (110) S 25 4 Yes
169-1 31 148 (140} Pulv. 3 30 1 Yes Baseline, Up-
R stream of Dust
Collector
169-2 148 (140) 1 30 <1 Yes Baselire, Down-
stream of Dust
Collector
169-3 148 (140) 1 11 3 Yes Baseline, Up-
stream of Dust
Collector
169-4 148 (140) 1 31 2 Yes Baseline, Down-
stream of Dust
Collector
169-6 148 (140) <1 17 <1 Yes Baseline, Down-
stream of Dust
Collector
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INORGANIC PARTICULATES
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Figure 4-9. Schematic presentation of the biological fate and effects
of inhaled inorganic particulates.
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rather than deposited in the alveoli. They do not build up readily
in the airways and possibly are not a serious health hazard. Figure
4-9 also sh6WS that particulates between 0.5 um and 50 um in diameter
are inhaled and either filtered out in the airways, deposited in the
alveoli or exhaled in various amounts. In this size range particles

3 Um or less are the most hazardous.(7'8)

When analyzing the impactor data it is assumed that all of
the mass caught upon an impaction stage consists of material having
aerodynamic diameters equal to or greater than the D50 for that stage,
and less than the D50 for the next higher stage. For the first stage,
Oor the precutter cyclone when one is employed, it is assumed that all
of the captured particulate have aerodynamic diameters greater than,
Or equal to the D50 for that stage or cyclone, but less than an

arbitrarily large diameter of 50 Hm for oil fuel and 100 um for coal

fuel.

The combustion of o0il fuel produced a larger proportion of
particulates having an aerodynamic diameter less than 3 um than did
coal fuel. Thus, more of the particulate emissions from oil is
inhaled and then exhaled (24%), retained in the respiratory passages
(67%), and involved in reduced Visibility (7%) than from coal. Coal

fly ash generally was larger in size than was oil fly ash.

The chain grate type of coal burner at Location No. 35 produced
more fine particulate (about 36%), than did the pulverizer at Location
No. 31 (about 24%). The greater proportion of fine particulate being
from the chain grate, rather than the pulverizer was unexpected. The
difference in particulate size between the chain grate and pulverizer
is not explained easily by the difference in the size of the coal
fired. One would expect that the larger size crushed coal that was

fired on the chain grate would yield the larger particulate, but this

was not so.
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At 10 um diameter and less the order was reversed. The
pulverizer produced a greater amount of particulate having a diameter
less than 10 um (50%) than did the chain grate (35%). These data are
similar to those reported in Reference 9 where 30% of the particulate
from a pulverizer was under 10 um while only 10% from a spreader stoker
was under 10 um in diameter. At 10 Mm the pulverized coal produced
a greater proportion of smaller size particulate than did the crushed

coal.

There was little difference in the proximate analyses of the
two coals burned at Location 31, Test 169 and Location 35, Test 166.

The averages of the three proximate analyses of the coals was as

follows:
Coal Bottom Ash
Location No. 35 31 35 31
Test No. 166 169 166 169
Inerts, % 13 11 49 95
Volatile Matter, % 38 39 4 5
Fixed Carbon, % 44 44 45 <1l
Heat of Combustion, J/qg 26,835 25,576 -- -

However, the proximate analyses of the two ashes were far
different. The inerts content of the bottom ash from Test 169 was
much higher than that from Test 166, while the carbon content was
practically zero. The pulverizer burner completely burned out the
carbon leaving both a bottom ash and fly ash that was almost entirely
uncombustible mineral. This type of ash remained or agglomerated
into larger size particulates than did the ash from the chain grate

that was 45% carbon.

The smallest proportion of fine Particulate was 8% from a
spreader stoker tested as part of the combustion modification task.
There was no ash analysis nor was the soot blown during this test,

so there can be no direct comparison, as in Tests 166 and 169 above.
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It was not surprising, however, that a spreader stoker that burned
crushed coal partly in suspension, as did the pulverizer, and partly
on a grate, as did the chain grate, would produce relatively few fine

particulates and many large particulates.

When the test was run to measure the toxic elements content
of the flue gas, e.g., trace metals and polyorganic material, the soot
was collected. Just prior to the start of this latter type of test
the soot blowers were operated to clean the boiler. Then, just before
the end of the particulate collection the soot blowers were operated
again to dislodge the soot that had been deposited during the test.

The results of the toxic element testing are discussed in Reference 5.

Test No. 121 at Location 29 illustrate a size effect of
soot blowing during a test. For test runs 121-9 and 121-10 the
soot blowing was timed so only the soot deposited during the run
was caught by the impactor. For run 121-11, an operational problem
caused about 18 hours of soot accumulation to be caught, rather
than the 4 hour accumulation of runs 121-9 and 121-10. The result
was that the submicron particulates constituted only 3% of the total
catch, and a great many more large-size particulates were caught.
Apparently there was a significant growth in the size of soot

particles by agglomeration over a period of time.

The cascade impactor data are listed in Table 4-4. The data
points and the distribution of aerodynamic diameter for the baseline
type tests are discussed in this subsection and the data from the
combustion modification tests are discussed in Subsection 5.4.2.

When reducing the particulate size data the convention was employed
that assumes that the largest particulate present in the flue gas from

(6)

0il fuel was 50 um and from coal fuel was 100 pm. Thus, a cumulative

)

proportion of 100% was deemed to occur at an aerodynamic diameter (D5

of 50 or 100 um.

0
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The size distribution from all of the baseline o0il fuel tests
are shown in Figure 4-10. Test No. 121 is not included, because it
was primarily a toxic element test and soot was blown on all three
runs. In general the heavy oils, No. 6 and PS 300, had the greatest
proportion of particulates in the fine particulate size range below
3 um, and the No. 2 fuel the least proportion. Typically two-thirds
of the particulates from the residual type oils were 3 Um oOr smaller
in size while only about 30% of the particulates from Test No. 162
with No. 2 oil were below 3 um. The light o0il also had a lower total
concentration of particulates. As is shown in Figure 4-7, the concen-
tration of No. 2 oil particulate was about 15 ng/J, while the concen-

tration of No. 6 oil particulates was about 390 ng/J.

The five individual runs on chain grate-fired coal that were
made on successive days at Location No. 35 are depicted on Figure 4-1l.
All of the measurements were made downstream of the dust collector,
since the dust collector was built into the back-pass of the boiler

and the flue gas up stream of the collector was not accessible.

There were two types of distribution. One distribution was
convex with the proportion increasing rapidly up to 1 or 2 um and
then tending to level out. The other was an s-shaped distribution,
where the proportion increased rapidly between 2 and 3 um and then

leveled out.

The baseline data from Test No. 169 on a pulverized coal-fired
boiler at Location 31, are entered on Figure 4-12. The triangles with
the base down and connected by the solid curve are data points taken
upstream of the cyclone dust collector. The inverted triangles and
dashed curves are data taken downstream of the dust collector. The
striking feature compared to Figure 4-11 is the much smaller proportion

of fine particulate.
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The proportion of fine particulate downstream of the dust
collector, on the average, was larger than the proportion upstream,
being 26% and 21% respectively. The difference was caused, no doubt,
by the dust collector removing more of the larger particulate than
the smaller. The amount of particulates in the 0.5 Um diameter or
less was much smaller across the board than the amount from the chain
grate and from oil fuel. The entire particulate size spectrum

definitely was weighted toward the larger particulate sizes.

As with Test No. 166 there were two types of distribution:
one convex with a rapid increase in the cumulative proportion up to
about 2 um and the other s-shaped. The distribution type was not
unique to whether the sample was collected upstream or downstream;

both locations had both types of distribution.

The findings of the size measurements for Tests 121 and 170
with No. 6 oil fuel are plotted on Figures 4-13 and 4-14. It is
assumed arbitrarily that 100% of the impactor catch was 50 um or
smaller in diameter; although the largest cut point of the impactor
was about 4 pum. The significant difference between these 0il data
and the coal data shown in the two preceeding figures was that the
proportion of submicron and fine particulate from oil burning was

greater than that from coal by a factor of about 10.

Test No. 121 in Figure 4-13 illustrates the size effect of
soot blowing during a test. For test runs 121-9 and 121-10 the soot
blowing was timed so only the soot deposited during the run was
caught by the impactor. For run 121-11, an opefational problem
caused about 18 hours of soot accumulation to be caught, rather than
the 4 hour accumulation of runs 121-9 and 121-10, and the total catch
shown in Table 4~4 was 18.99 mg. The result was that the submicron
particulates constituted only 3% of the total catch, and a great many
more large-size particulates were caught. Apparently there was a
significant growth in the size of soot particles by agglomeration over

a period of time.
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The proportion of the submicron size particulate 0.5 um or
less in diameter and of the fine particulate 3.0 um or less were
about the same from the two runs with light soot. At a diameter of
1.0 pm there was considerable difference in the proportion, but this

difference did not persist beyond 2.0 um.

During Tests 170 through 175 shown on Figure 4-14, the fine
particulate proportion ranged only from 25% to 33%, with the exception
of Run No. 5A. At 0.5 um diameter there was moderate scatter of the
data. The relatively large proportion of the total mass on the filter
stage of Run 175-5B that is shown in Table 4-4 may be due to
particulate rebound and reentrainment. The data are typical of what
would happen if some of the larger particles that belonged on the
second through the fourth stages had rebounded and ended up on the
filter stage at the outlet end of the impactor. There is no ready
explanation of the relatively large total catch of Run No. 175-5B
nor of the small filter catch of Run No. 170-5A.

Figure 4-15 illustrates the effectiveness of a dust collector
in removing the larger particles from the flue gas. The two curves are
the size distribution before a mechanical dust collector and the size
distribution after it. After the dust collector approximately 30% of
the particulates were less than 3.0 microns whereas only 11% were less
than three microns before the dust collector. Sixty percent of the
catch was less than 100 microns after the dust collector compared to

18% before the dust collector.

The method in which the coal was fed into a furnace was found
to have an effect on the particulate size. The size distribution for
a given type of coal feed was similar from furnace to furnace. This
similarity is illustrated in Figure 4-16. The upper two solid curves
are for Locations 13 and 31, both of which fired pulverized coal from
different sections of the country but the size distributions were

similar.
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The lower solid curve is from a spreader stoker at Location 30
that burned crushed, rather than pulverized, coal. The crushed coal
fly ash had a much smaller proportion of fine particulate. For example,
with the pulverized coal about 30% of the fly ash was less than 3 um
in diameter, while with the crushed coal only about 5% was less than

3 um in diameter.

This finding that the coal feed method had an effect on the
fly ash size is consistent with data published in Reference 9. These
data are plotted on Figure 4-16 too and are connected with dashed
lines. The absolute level of the proportions differ in some respects,
but the spreader stoker data also showed a lesser proportion of small-

sized particulate than did the data for the pulverized coal.

4.4 HYDROCARBON EMISSIONS

Hydrocarbon (HC) emissions measured as methane (CHy) at
baseline conditions with both natural gas and oil fuels are listed
in Table 4-1 and were generally in the zero to 14 ng/J (0 to 75 ppm)
range. The two highest baseline values measured were 35.4 and
101.8 ng/J (200 and 575 ppm), and both of these were natural gas
fueled firetube boilers. Ideally, the hydrocarbon ;;I;;I;;;—;;;;id
be nea;~;;;;7§;;EIg;Z;gg that no unburned fuel is being lost up the

smoke stack.

The single highest baseline hydrocarbons emissions measure-
ment with oil fuel was 14.6 ng/J (75 ppm) from a firetube boiler.
The highest hydrocarbon emissions from an oil fuel fired watertube

boiler were 6.8 ng/J (35 ppm).

The test data indicated that natural-gas-fired firetube
boilers tended to emit a greater concentration of hydrocarbon than
did watertube furnace type boilers burning natural gas, oil, or
coal. This higher concentration may be caused by the rapid quenching
of the products of combustion by the relatively cool walls of the

furnace tube.
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4.5 CARBON MONOXIDE EMISSIONS

The carbon monoxide (CO) emissions for industrial boilers were
normally near zero although in a few test cases the emissions reached
significant levels. The presence of over 100 ppm carbon monoxide in
the flue gas indicates either low overall excess oxygen, air/fuel

maldistribution, or burner problems.

Oil-fueled boilers typically had no carbon monoxide emissions,
because o0il fuels generally are fired with higher excess air or
oxygen to avoid smoke emissions. One exception was the boiler used
for Test 107. Baseline CO emissions were 139 ng/J ( 407 ppm).
Carbon monoxide emissions were reduced to 38 ng/J (110 ppm) via
adjustments made by the boiler manufacturer, but the CO emissions could
not be eliminated entirely. The air to fuel ratio was set by adjusting the
air bias control by positiéﬁzgg_ihe damper on the inlet to the
forced draft fans according to a curve issued by the boiler manufacturer.
Carbon monoxide was present at all damper adjustments, even when the
forced draft fan dampers were fully open. Observation of the oil
flame during the tests showed that it was very bright and that it
impinged upon the relatively cold water walls of the furnace. The
completion of oxidation of carbon monoxide may have been hindered
by the quenching effect of the cold walls or, the impact of the burning
combustion gases with the walls may have prevented thorough fuel and
air mixing. After the test, the oil burner tip was carefully in-
spected and no sign of wear or orifice restriction was seen. It was
noted that the brick work between the furnace and backpass had holes

in it. Possibly the incompletely burned gases escaped through these

holes.
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Carbon monoxide emissions from coal fired boilers were
generally found to be less than 74 ng/J (200 ppm). The units
that did produce CO were equipped with spreader stoker, underfed
stoker, and chain grate type coal burners. Pulverized and cyclone

coal burners produced no CO at baseline conditions.

Baseline carbon monoxide emissions from natural gas fired
boilers were typically 62 ng/J (200 ppm) or less. In a few cases,
emissions exceeded this level. 1In one instance during Phase I
testing, a firetube boiler emitted greater than 620 ng/J (2000 ppm)
Co.

4.6 SULFUR OXIDES EMISSIONS

Total sulfur oxides emissions for coal- and oil-fired boilers
ranged from near zero to as high as 1530 ng/J (1800 ppm) . The level
of sulfur oxides emission was dependent solely upon the sulfur
content of the fuel. A sulfur content of 1.0% in an oil fuel
resulted in approximately 390 ng/J (500 ppm) of sulfur oxides emission.
For coal, 1.0% sulfur in the fuel gave about 765 ng/J (900 ppm) of
the pollutant. The relationship between fuel sulfur content and

sulfur oxides emissions is further discussed in Section 6.0.
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4.7 BOILER EFFICIENCY

Boiler thermal efficiencies were determined by the ASME Heat
Loss Method using on-site measurements of the fuel and flue gas
compositions.(lo) The efficiency of steam generating equipment
determined within the scope of the ASME Code is the gross efficiency
and is defined as the ratic of the heat absorbed by the working fluid
to the heat input. This definition disregards the equivalent heat in
the power required by the auxiliary apparatus external to the envelop.

The abbreviated efficiency calculation considers only the major heat

losses and only the chemical heat in the fuel as the input.

Baseline efficiencies for coal-fired boilers ranged from 72 to
88% and average 81%. The oil-fired boilers exhibited efficiencies
between 72 and 88% and average 83%. Gas fueled boilers had efficiencies
from 70 to 85% with an average of 81%. One of the major factors
affecting the efficiency of individual boilers was the excess oxygen
level. A reduction of one percentage point in excess O2 {about a 5%
reduction in excess air) generally improved efficiency by about one-

half a percentage point.

Baseline efficiencies were also dependent upon the type
of boiler equipment. Older boilers were generally in poorer
physical condition and lacked efficiency-enhancing design features,
such as economizers and air preheaters. Hence, the older boilers
exhibited lower efficiency levels. The larger capacity boilers
were more efficient than smaller units probably due to design
factors. The type of burner had an influence on efficiency, especially
in the case of coal-fired units. Cyclone and pulverizer units had

much higher efficiency levels than the chain grate and underfed

stokers.
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The effect on boiler efficiency of combustion modifications
is shown in Figure 1-3 and it was determined primarily by the level
of excess air required. If the amount of combustion air could be
lowered along with changing burner registers or taking burners out
of service, the efficiency was improved. 1If an operational change
resulted in a higher excess air requirement, efficiency was degraded.
In either case, the magnitude of the change was typically in the 1
to 3% range. The effects of combustion modifications on efficiency

are discussed further in Section 5.5.

4.8 PLUME OPACITY

In addition to measuring the concentration of solid and
condensible particulates in the flue gas, the opacity of the smoke
Plume was observed. The opacity measurement was made using the EPA

Method 9.

The data taken during three of the observations are tabulated
in Tables 4-4 through 4-6. Starting at Location No. 37 the observations
were made at fifteen second intervals for a six minute long portion
of the baseline total particulate measurement period. The data in
Tables 4-4 and 4-6 were taken at fifteen second intervals. Prior
to Location 37 the observation was made at five minute intervals over
4 two or three hour period of emission testing. Table 4-7 is a

sample of the data from this prior type of observation.

An attempt was made to correlate the opacity measurements
with the concurrent particulate concentration measurements. This
correlation was unsuccessful, and a reason is that the fifteen-
second observation interval was started too late in the program to

get sufficient data to make a meaningful correlation.
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Table 4-5. PLUME OPACITY OBSERVATIONS

Test No. 188-1 Location No. 38 Fuel Type No. 6 0il

Test Load 38 GJ/hr, 36 103 1lb/hr Sun Position Southeast

Solid Particulate Concentration 55.0 ng/J, _0.128 lb/lO6 Btu

Total Particulate Concentration 58.5 ng/J, 0.136 lb/lO6 Btu

pac Wind OpacH Wind

Obs. ity |Speed|Direc-| Sky Obs. ity | Speed|Direc-| Sky

No. [Time % m/s tion Con.|| No. | Time % m/s tion Con.
1 jil:21:09 10 2-3 SE PCldyl| 25 [11:27:00f 5 2-3 SE PCldy
2 J11:21:19 10 | 2-3 | s |pclayl| 26 |11:27:15| 10 | 3-5 | sE [|pciay
3 [11:21:30 10 1-2 SE PClaylf 27 (11:27:30| 10 2-3 SE PCldy
4 |11:21:45 5 2-3 SE PCldyll 28 11:27:45] 5 3-5 SE PCldy
5 J11:22:04 10 2-3 SE PClayl| 29 |11:28:00f{ 5 2-3 SE PCldy
6 |11:22:19 20 2| SE PClady
7 |11:22:3d 10 | 1-2 | s [pclay Average Opacity = Li%
8 |11:22:49 10 1-2 SE PCldy
9 $11:23:0Q¢ 15 2-3 SE PCldy

10 {11:23:19 15 | 2-3 | sE PCldy

11 }11:23:3¢ S 2-3 SE PClady

12 |11:23:49 10 | 2-3 | SE PC1dy

13 |11:24:04 10 | 4-5 | SE  |pclay

14 111:24:15 10 2-3 SE PClay

15 ]11:24:3( 5 2-3 SE PCldy

16 }11:24:49 5 | 2-3 | SE PClay

17 }J11:25:049 15 1-2 SE PCldy

18 |11:25:14 20 | 3-5 | SE PClay

19 ]111:25:3Q 20 3-5 SE PCldy

20 |11:25:49 10 3-5 SE PC1lady

21 }11:26:0 15 3-5 SE PCldy

22 111:26:19 20 2-3 SE PCldy

23 J11:26:3Q 10 2-3 SE PClay

24 [11:26:49 5| 5-6 | SE PC1ay

PCldy = Partly Cloudy 6001-43
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Table 4-6. PLUME OPACITY OBSERVATIONS

Test No. 203-7 Location No. 19 Fuel Type No. 6 0il
Test Ioad 15 GJ/hr, 14 103 1b/hr Sun Position Southwest
Solid Particulate Concentration 18.1 ng/J, .042 lb/lO6 Btu
Total Particulate Concentration 20.2 ng/J, .047 lb/lO6 Btu
pac- Wind Opac Wind
Obs. ity |[Speed]|Direc— Sky Obs. ity | Speed|[Direc- Sky
No. |Time % m/s tion Con.|{ No. | Time % m/s tion Con.
1 13:30:00{ s 0 - HSun 1 (4:31:00( 5 0-1 W Clear
2 13:30:15] 5 0 - HSun 2 14:31:15 | 5 1-2 W Clear
3 [3:30:30] 5 0-1 E HSun 3 14:31:30 1} 5 1-2 W Clear
4 13:30:45] 5 0-1 SE |HSun 4 14:31:45 | 5 0-1 W Clear
5 §3:31:00} 5 0-1 E HSun 5 14:32:00 | 5 1-2 SW Clear
6 13:31:15{ 5 o-1 E HSun 6 14:32:15 | 5 1-2 Sw Clear
7 13:31:30{10 0-1 E HSun 7 14:32:30 | 5 1-2 SwW Clear
8 [3:31:45)] 5 0-1 E HSun 8 14:32:45 |10 1-2 SW [Clear
9 $3:32:00] 5 1 01 E HSun 9 14:33:00 | 5 1-2 Sw Clear
10 }3:32:15(10 0-1 SE |{HSun 10 4:33:15 | 5 1-2 SW |Clear
11 ]3:32:30] 5 0-1 E HSun 11 ]4:33:30§ 5 1-2 SW |Clear
12 [3:32:45] 5 0-1 E HSun 12 14:33:45 | 5 1-2 Sw Clear
13 13:33:00{ 5 0-1 E HSun 13 14:34:00{ 5 1-2 SW Clear
14 [3:33:15{ 5 0-1 E HSun 14 |4:34:15| 5 1-2 SW |Clear
15 }3:33:30(| 5 0 - HSun 15 [4:34:30| 5 1-2 SW Clear
16 13:33:45] 5 0 - HSun 16 J4:34:45( 5 1-2 SW |[Clear
17 |3:34:00{ 5 0] - HSun 17 14:35:00{ 5 1-2 SwW Clear
18 [3:34:15| 5 0-1 E HSun 18 |4:35:15] 5 1-2 SW |Clear
19 }13:34:30{10 0-1 E HSun 19 14:35:30| 5 1-2 SW |Clear
20 13:34:45] 5 0-1 E HSun 20 14:35:45{ 5 0-1 Sw Clear
21 {3:35:00| 5 0-1 E HSun 21 14:36:00 {10 0-1 SW Clear
22 13:35:15{ 5 0-1 E HSun 22 14:36:15 |10 0-1 SwW Clear
23 13:35:30{10 0-1 E HSun 2314:36:30 |10 0 - Clear
24 |3:35:45] s 0-1 E HSun 24 14:36:45( 5 |o0-1 SW | Clear
Avejage ipacityl= 6%

HSun = Hazy Sunshine
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Table 4-7. PLUME OPACITY OBSERVATIONS

Test No. 179-4 Location No. 37 Fuel Type No. 6 0il

Test Load 34 GJ/hr, 32 lO3 ib/hr Sun Position Southwest

Solid Particulate Concentration 34.8 ng/J, 0.081 1b/106 Btu

Total Particulate Concentration 41.3 ng/J, 0.096 1b/106 Btu

Opac Wind Opac Wind

Obs. ity |Speed{Direc— Sky Obs. ity | Speed|Direc- Sky

No. |Time % m/s tion con.|| No. | Time % m/s tion Con.
1 j1500 5 2-3 SE Cleari| 27 1725 5 1-2 NW Ccldy
2 11505 5 2-3 SE Clear]|| 28 1730 5 1-2 1% Cldy
3 11510 5 4-5 SE Clear|| 29 1735 5 1-2 1) Cldy
4 11515 5 4-5 SE Clear|] 30 1740 5 1-2 w Cldy
S |1520 5 4-5 SE Clear|| 31 1745 5 0-1 W Cldy
6 |1525 5 4-5 SE Clear]| 32 1750 5 0-1 w Cldy
7 11530 5 5-6 SE Clearj| 33 1755 5 2-3 SW PCldy
8 |1535 5 4-5 SE Clear|| 34 1800 5 1-2 SW PCldy
g 11540 5 5-6 SE Clear]

10 |1545 s |s-6 | sE [|pclay ‘Average Opacity = >%

11 } 1550 5 5-6 SE PC1ady]

12 | 1555 5 4-5 SE PC1ldy

13 | 1600 5 4-5 SE PCldy

14 11605 5 4-5 SE PC1ldy]

15 | 1610 5 |4-5 SE |pclay]

16 | 1615 5 4-5 SE PCldy]

17 {1620 5 4-5 1 Cldy

18 | 1625 5 4-5 W Ccldy

19 | 1630 5 | 4-5 W |ciay

20 | 1650 5 4-5 W Ccldy

21 | 1655 10 4-5 W Cldy

29 1700 |10 |45 | w |clay

23 1705 5 | 4-5 nw |ciay

24 | 1710 5 |a-5 | w |cidy

25 | 1715 5 | 2-3 W cidy

26 | 1720 s |1-2 | w [ciay

Ccldy = Cloudy PCldy = Partly Cloudy 6001-43
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4.9 NITROGEN DIOXIDE EMISSIONS

About one hundred measurements of the ratio of nitrogen
dioxide (NOZ) to total nitrogen oxides (NOX) at base load were made
and many of them are plotted in Figure 4-17. Nitrogen dioxide
percentages for oil fuel were typically about 1% to 5% of the total
nitrogen oxides with an average percentage of about 2%. Typical
nitrogen dioxide percentages for coal were about 1% to 6% with an
average value of 2.8%. For gas fuel the typical percentages were 3%
to 13%, and the average of 4.5% was the highest of the three fuels.
A commonly accepted ratio heretofore has been 5%, but this value

would appear to be too high for coal and oil fuels.

The amount of nitrogen dioxide was determined by taking the
difference between a measurement of the total nitrogen oxides and
the nitric oxide concentrations. In several instances the measured
percentages of nitric oxide were zero, €.9g. Tests 27 and 190, or
abnormally high, e.g., Tests 38 and 122. There is no rationalization
based on the mechanism of nitrogen oxides formation to explain these

extreme values.

The cause could have been differing operating conditions.
A likely cause was a combination of instrumentation error and readout
error. The uniformity of the temperature of the heated sample line, the
stability of the nitrogen oxides analyzer and the objectivity of
the crewman in estimating a representative value from a constantly-
changing trace on a pen recorder tape all affect the magnitude of
the small difference between the nitric oxide and‘total nitrogen
oxides measurements. For gas testing where the total nitrogen
oxides concentrations frequently are less than 30 ng/J (100 ppm),

there is a very small absolute difference.
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SECTION 5.0

COMBUSTION MODIFICATION TEST RESULTS

The overall objective of the program was to determine the
effectiveness of known combustion modification methods in reducing
the nitrogen oxides emissions from industrial boilers. Phase I of
the program primarily concerned the emissions of boilers operating
normally; although some testing of simple combustion modifications
was done. The findings of Phase I were analyzed and the results
used a guide in selecting the types of combustion modification to

be used in Phase II.

During Phase II three major categories of combustion
modification were investigated. These categories were the
following and the methods of combustion modification that were
used in each category are listed in Table 5-1.

1. Mixture Ratio Variation: (1) Vary the overall fuel/

air mixture ratio (e.g., reduce average excess air

level); (2) vary the local fuel/air mixture ratio in
the furnace.

2. Enthalpy Variation: Reduce the level and/or duration
of the peak gas temperatures in order to reduce the
pollutant formation rates.

3. Input Variation: Limit the input of the chemical
source from which the pollutant is derived in the
boiler.

The postulated effect of the combustion modification technique that

causes the lower nitrogen oxides emissions is tabulated in the right-

hand column of the table.
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Table 5-1. COMBUSTION MODIFICATION METHODS AND EFFECTS

CATEGORY AND METHOD EFFECT
1. Mixture Ratio Variation
o Excess air level o Varies the overall fuel/air
mixture ratio
0 Staged combustion air o Creates local fuel/air ratio
stratification by bypassing air
and delays complete combustion
o Burners-out-of-service o Creates local fuel/air ratio
stratification by bypassing air
and delays complete combustion
o Burner register adjustment{o Controls swirl level and the
local rate of fuel/air mixing
2. Enthalpy Variation
o Combustion air temperature|o Influences peak gas temperature
level and duration
o Flue gas recirculation o Reduces peak gas temperature
level and duration
o Firing rate o Affects fuel heat release rate
per unit volume, and gas heat
loss rate
3. Input Variation
o Fuel oil temperature/ o Controls atomization character-
viscosity istics, e.g., drop size and
vaporization rate
o Fuel type switching o Reduces sulfur and/or nitrogen
oxides emissions from the fuel
0 Burner tune-up o Assures performance according
to design specifications
o Fuel oil atomization o Control local fuel/air mixing
method and pressure rates by varying drop size
distribution and overall fuel
spray shape
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During Phase I and II fifty-four individual tests were run
on the effectiveness of combustion modification. The tests are
listed in Table 5-2. As the table indicates, tests were run using

coal, oil, natural gas and mixed fuels.

In order to find the combustion modification capabilities
that were needed it was necessary to include boilers located at
widely separated sites within the continental United States, as is
shown in Figure 2-1. This dispersal of test boilers had the added
advantage that the effect of the geographical variation in fuel
properties could be included in the testing. The boiler capacities
ran from a minimum of 18 GJ/hr (17xlO3 1b/hr) of equivalent
saturated steam to a maximum of 580 GJ/hr (550x103 1b/hr).

The measurements that were made are listed by test number
in Tables 1-1 and 4-1. In the balance of this section the results
of the analysis of the measurements are discussed. Not every
combustion modification test listed on Tables 1-1, 4-1, and 5-2
is discussed individually in this section. Those where the test
results followed the general trend usually are not discussed
specifically. The practice is to select one or two tests that illustrated

the trend, or deviated from the trend, and discuss these.
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Table 5-2.

COMBUSTION MODIFICATION TEST SUMMARY,
PHASE I AND PHASE II TESTS

Combustion Test Test Test Boiler Capacity
Modification Numbe location Fuel Type GJ/hr (1031 hr)

Staged Air 136 30 Coal 132 {120

lel 36 No. 2 0il 211 {(200)

168 35 Coal 227 {215%)

183 38 Natural Gas 47 {45)

188 38 No. € 0il 47 (45)

193 19 Natural Gas 18 7

198,203 19 No. 6 0il 1B (17)

Burners Out [} 7 No. 5 0il 90 (85)

Of Service 9 18 No. & 0il 95 90

15 9 Natural Gas 63 {60)

21 i8 No. 6 0Oil 110 {105)

22 18 No. 6 Oil 169 (160)

— 30 9 Natural Gas 316 {3007

63 2 PS 300 Oil 62 (59}

68 2 PS 300 0Oil 69 (65)

119 29 No. 6 Oil 158 {15C)

124 28 Natural Gas 74 (70)

128 28 No. & Oil 74 (70)

133 31 Coal 274 (260)

147 32 Natural Gas 127 (120)

151 33 Refinery Gas 580 (550}

159 13 Coal & No. © 528 (500)

0il

Burner 7 17 No. 2 0il 116 {110)

Register 10 16 No. 6 0il 69 (65)

Readjustment 26 12 Coal 237 (225)

30 9 Natural Gas 317 {300)

70 2 PS 300 0il 132 (12%)

77 12 Natural Gas 338 (320)

78 12 Coal 338 (3207

141 32 Natural Gas 137 (130)

148 32 Natural Gas 133 (120)

154 34 Natural Gas 264 {250)

174 20 No. 6 0il 84 {80)

Varijable 115 29 Natural Gas 158 {150)

Combustion 118 29 No. 6 0il 158 {150}

Air 125 28 Natural Gas 74 (70)

Temperature 130 28 No. 6 0il 74 (70)

142 32 Natural Gas 137 {130}

144 32 Natural Gas 127 (120)

155 34 Natural Gas 264 (250)

177 37 No. 6 0il 42 {40)

182 38 Natural Gas 47 {45}

189 38 No. 6 0il 47 {45)

Flue Gas 192 19 Natural Gas 18 (17}

Recirculation | 197,202 19 No. 6 0il 18 (17)

Fuel Oil 120 29 No. & 0il 158 (150)

Viscosity 129 28 No. 6 Oil 74 {70}

173 20 No. 6 0il 84 (80}

178 37 No. 6 Oil 42 (40)

Burner 106 1 Natural Gas 31 (29)

Tune-up 108 1 No. 2 0il 31 {29}

110 27 Natural Gas 106 (100}

112 27 PS 300 Oil 106 (100}

Fuel 2 19 No. 6 01l 14 {17y

Atomization 44 19 No. 6 Oil 18 (17)

52 19 No. 2 0il 18 amn

163 36 No. 2 Oil 21 (200)
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5.1 MIXTURE RATIO MODIFICATION

5.1.1 Excess Oxygen or Air

One form of combustion modification that was applied to almost
all boilers measured in both Phases I and II was the reduction of the
amount of excess air or oxygen that was being fired. It was found
that, in general, industrial boilers were being fired with more than
adequate excess air in order to assure complete combustion and pro-
vide a margin of safety to the Operator. Utility boilers, on the
other hana, typically are fired with a smaller margin of excess air,
but they are more closely monitored by the operating personnel and
do not suffer the wide variations in demand that industrial boilers

do.

This form of combustion modification was found to be most
effective for coal-fueled boilers and slightly less effective for oil
and natural gas-fueled boilers. This is illustrated in Figure 5-1
which shows the reduction in the nitrogen oxides emissions that were
obtained during several of the tests by reducing the amount of excess
oxygen being fired. As the amount of excess oxygen was lowered, the
nitrogen oxides level fell most steeply and consistently when the
fuel was coal. The amount of excess oxygen fired on the average also
is indicated on the figure for each of the three fuels, arnd the
average for coal of 8.7% is a good deal higher than for oil or

natural gas.

5.1.1.1 Coal Fuel -

The effects of the level of excess oxygen on the total
nitrogen oxides emissions for coal fuel are depicted in Figures 5-1
and 5-2. Figure 5-1 illustrates the absolute nitrogen oxides
levels as a function of excess oxygen, while Figure 5-2 shows the
nitrogen oxides reduction factor plotted versus the reduction in

excess oxygen from the highest oxygen level at which NOx was measured.
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Figure 5-1 shows that the effect of reducing the excess oxygen
was relatively large, running approximately at 31 ng/J (60 ppm) change
in nitrogen oxides emissions for each one percent change in excess oxygen.
The normalized curves of Figure 5-2 summarizes the reductions in emissions
brought about by reducing excess oxygen. The effect was similar whether
or not the combustion air was preheated. A decrease in excess oxygen/air

always resulted in a steady decrease in nitrogen oxides emissions.

The highest level of excess OoxXygen that is referred to in
the abscissa title is the level to which the excess was raised at
the start of the test. For example the small graph labeled "coal"
in Figure 5-1 indicates that in one test the excess oxygen was raised

to almost 13% and then reduced to about 9%.

This consistent decrease in the nitrogen oxides emissions
during all tests was unique to coal, since the nitrogen oxides
emissions occasionally increased with a decrease in excess oxygen
with o0il and gas fuels. A very effective form of combustion modi fi-

cation would be to fire coal-fueled boilers with less excess air.

5.1.1.2 0il Fuel -

Figures 5-1 and 5-3 illustrate the effect of changes in the
level of excess air, expressed as excess oxygen, on the total nitrogen
oxides emissions from oil fuel firing. The daﬁa for both heated
combustion air and ambient temperature combustion air indicated that
the total nitrogen oxides emissions for No. 2 oil were less affected by
excess oxygen level and averaged about 6 ng/J (10 ppm) change for
each one percent change of excess oxygen. The type of oil burned is
listed in Table 4-1 and in Table 7-1. The data for the Nos. 5 and 6
fuel oils with both preheated and ambient air showed a greater
influence of excess Ooxygen on nitrogen oxides emissions than did the

data for No. 2 oil.
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An average change in nitrogen oxides emissions of about

11 ng/J (20 ppm) for each one percent change of excess oxygen level
was observed for watertube boilers during both Phase I and Phase II.
The change for firetube boilers measured in Phase I and shown on the
figure as a shaded area averaged about 3 ng/J (6 ppm) for each one
bercent change of excess oxygen.(4) Generally, when the absolute
level of the total nitrogen oxides was less than 100 ng/J (200 ppm),
the sensitivity of the nitrogen oxides to excess oxygen change was

very small.

In most instances the nitrogen oxides decreased steadily as
the excess oxygen was reduced. However, in two cases in Phase I and
two more in Phase II, nitrogen oxide emissions first increased, then
peaked and finally decreased as the €Xcess oxygen was lowered.
Examples of this behavior shown in Figure 5-3 are Test No. 1 (with
No. 6 o0il), Test No. 111 (with PS 300 0il) and Test No. 65 (with No.
2 o0il).

This behavior is typical of a burner where the fuel and air
are well mixed prior to ignition. The nitrogen oxides emissions
from a "pre-mixed" burner first increase then decrease when the level

of excess air or oxygen is reduced.

5.1.1.3 Natural Gas Fuel -~

The influence of the excess air/oxygen level on natural gas-
fueled boilers is illustrated in Figure Nos. 5-1 and 5-4. Both the
Phase I and Phase II measurements with ambient temperature combustion
air showed that the effect of excess oxygen changes on nitrogen
oxides was varied. However, the preheated combustion air data
evidenced a stronger effect of excess oxygen level on nitrogen
oxides emissions than did the data for the unheated combustion air.
The change in nitrogen oxides concentration with excess oxygen varied

from about 3 to 20 ng/J (5 to 70 ppm) change for each one percent
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change in excess oxygen level. The variations in dependency were
brought about by physical differences between boilers. The heat
absorbing characteristics of the furnace, slight differences in
burner design, and burner air register position could have all

combined to produce the inconsistent excess air effect.

As with oil fuel, in most instances the nitrogen oxides
emissions decreased steadily as the excess oxygen level was decreased.
In four instances, Tests 14 and 109 with ambient temperature
combustion air and Tests 24 and 114 with heated combustion air,
however, the nitrogen oxides emission levels increased as the

€Xxcess oxygen was decreased.

5.1.1.4 Firetube Boilers -

The test results showed that the nitrogen oxides emissions
from firetube boilers was less sensitive to the excess oxXygen level
than it was from watertube boilers. Figure 5-5 presents the firetube
boiler data that were taken during Phase I (no firetube boilers were
measured during Phase II). The change in emissions for firetube
boilers averaged about 3 ng/J (6 ppm) for each one percent change
of excess oxygen.(4) Generally, when the absolute level of the total
nitrogen oxides was less than 110 ng/J (200 ppm), the nitrogen oxides
emissions were insensitive to a change in excess oxygen. Test No.

34 conducted with No. 6 oil fuel did show some dependency of nitrogen
oxides emissions on excess oxXygen. However, the test results may

not be typical, because the No. 6 oil was run as a special test fuel
for this program using a boiler and atomizer that actually were

designed for a lighter oil.
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5.1.2 Staged Combustion

Three different methods of staging the combustion air were
investigated during the program. The term “staged combustion" denotes
a method of modifying the combustion whereby the air is injected into
the combustion zone in stages, rather than all of it entering with the
fuel through the burner. Wwhen a portion of the air is injected through
ports located above the burners, it commonly is called "overfire air."
When the fuel to one of the burners is turned off and only air is
injected through the burner, it is called "burners-out-of-gervice."
When the air is staged through ports located in the furnace walls
downstream of the burner, it will be called "sidefire air." Front

or side-mounted ports often are called "NOx Ports."

In addition to limiting the formation of thermally generated
nitrogen oxides, staged combustion also limits the conversion of fuel-
bound nitrogen to nitrogen oxides. The mechanism for the fuel-bound
nitrogen conversion is not highly temperature sensitive, so a
combustion modification which reduces only the bulk gas temperature
will not greatly limit the conversion. Staged firing, however, also
reduces the available oxygen in the combustion zone near the burner,
and thus it is effective in limiting the conversion of fuel-bound
nitrogen. This effect is illustrated by Figure 5-6 from the work
of Turner, et al.(ll)showing the theoretical nitric oxide emissions
as a function of the percentage of stoichiometric air at the burner
throat. The parameter that is used in discussions of staged combustion
is the "theoretical air at the burner" defined in percent of the

stoichiometric ratio of fuel to air as follows:

Theoretical Air (Fuel/Air) .. .
stoichiometric
at Burner, % = (Fael/Aiz) x 100
of Stoichiometric actual
(Alr/Fuel)actual
= (air/Fuel) x 100
stoichiometric

100
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The data in Figure 5-6 indicate a sharp decrease in nitrogen
oxides emissions for fuel-rich combustion, and this reduction has
been achieved with industrial boilers during the current series of
tests. The objective of the staged combustion air tests was to operate
the bumer in a fuel-rich, rather than an air-rich mode, i.e., the
left side of the 100% theoretical air point. However attaining fuel-
rich operation in actual practice sometimes was difficult, because

if the combustion became too fuel-rich, the carbon monoxide and/or

smoke emissions increased.

5.1.2.1 Sidefire Air -

During Phase II two boilers were modified to allow the addition
of air in stages downstream of the burner and two units were tested
which had been manufactured with sidefire air capability. The first
unit to be modified was a 47 GJ/hr (45,000 1b/hr of saturated steam
flow) vertical type watertube boiler at Location 38 for Tests 183 and
188. It had a single Peabody brand oil and gas burner that fired
either natural gas or No. 6 oil. In addition the unit was equipped
with an air preheater which preheated the combustion air to a

temperature of 450 X (350°F) .

The sidefire installation is pictured in Figure 5-7. A 36
centimeter diameter manifold pipe was run along each side of the
boiler and was connected to a fan mounted on the floor at the left
rear of the boiler. The manifold is pointed out in the picture in
the center photograph of Figure 5-7 and a schematic diagram is shown
in Figure 5-8. Four flexible fabric Pipes were connected to each
manifold and these could be connected to the five overfire air ports
that had been cut into the furnace side walls on each side. Two of
these downcomers also are shown attached to the manifold and to the

ports in the center photograph.
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Two of the ten ports cut into the boiler wall are seen in
the photograph in the upper left of Figure 5-7. The first one has
the sidefire air nozzle installed. The second port has a plug inserted
to close it off while it is not being used. The third and fourth ports
have downcomers attached. The details of the attachment of the down-

comers to the sidefire air nozzles is depicted in the lower photograph.

The amount of sidefire air going to each downcomer was
controlled by butterfly valves installed in each of the two legs of

the manifold and in the upper section of each downcomer.

Staged combustion air tests were conducted on this unit with

both natural gas and No. 6 oil firing.

At the baseline load setting of 42.7 GJ/hr (40,500 lbs/hr
steam flow) while firing natural gas the unit operated with 1.9%
excess oxygen and emitted 112 ng/J (220 ppm, dry @ 3% 02) of nitrogen
oxides. The carbon monoxide emission levels were zero. During the
staged air tests the amount and location of the injection of the
sidefire air addition was systematically varied while the total amount
of combustion air was held constant. Due to process demands it was
not possible to hold the load constant and it varied as follows:
Tests 180 and 183, 88% of capacity; Test No. 184, 96%, and Test No.
185, 71%. The test results are presented in Figures 5-9, 5-10, and
5-11.

For comparison, the effect of burner stoichiometry on nitrogen
oxides emissions with no staged air also is plotted with dotted circle
symbols in Figure 5-9 for a load of 88% of capacity. The staged air
port numbers and locations are shown in Figure 5-8. The data in

Figure 5-9 indicate the following:

(1) except for the ports located above the burner axis
(ports 14 and 15) the nitrogen oxides emissions
exhibited little sensitivity to the location of the
sidefire air addition,
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(2) the sidefire air ports 14 and 15 located above the
burner axis were the most effective in reducing
nitrogen oxides,

(3) the nitrogen oxides reduction with sidefire air

addition was a strong function of the theoretical

air at the burner, i.e., the percentage of the

required stoichiometric air.
The nitrogen oxides emissions were reduced cn the average of 32%
when sufficient air was staged to create a theoretical air ratio of
98% at the burner (an increase in the burner equivalence ratio 98%
to 108%). The carbon monoxide emissions were generally under 30
ng/J (100 ppm) except when ports 14 and 15 were used. In this case

carbon monoxide levels were frequently in the range of 80-300 ng/J

(250-950 ppm) when the burner air ratio was less than unity.

Similar results were obtained at a lower load setting of
71% of capacity or 34 GJ3/hr (32,000 1b/hr steam flow), and they are
plotted in Figure 5-10. The nitrogen oxides reduction achieved
was somewhat less, being 43% for a load of 71% of capacity
compared to a reduction of 54% for the baseline load of 88% of

capacity.

The relative insensitivity of the nitrogen oxides emissions
from natural gas to the location of the staged air addition except
for the extreme upper rear was somewhat surprising. It was suspected
that there was insufficient momentum in the sidefire air jet to
cause complete mixing of the staged air with the primary combustion
products. To further investigate this, all of the staged air was
added through only one port rather than two opposed ports, in order
to increase the sidefire air penetration. As the solid symbols
in Figure 5-9 show, when port 14 or 15 alone was used no discernible

differences in nitrogen oxides emissions were observed.
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Test 185
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Further tests were conducted at a high load of 96% of capacity
where the staged air was added through four side ports in order to
increase the total amount of staged air, thus operating with a lower

level of theoretical air at the burner.

The results of the test series are summarized below:

Lowest Reduction
Test Fig. Test Load Number of Theoretical in NO, Below
No. No. % of Capacity Ports Open Air at Burner Baseline Level
% % %
180, 183 5-9 88 2 93 54
185 5-10 71 2 98 43
184 5-11 96 4 30 49

In Test No. 184 with four ports open it was possible to reduce
the theoretical air at the burner to 90%, i.e., to 90% of the stoichio-
metric amount, and to achieve a nitrogen oxides reduction of 49%. The
fact that the greatest nitrogen oxides reduction were achieved at the
lowest levels of theoretical air was deemed to support the conclusion
that, with natural gas firing in this unit, the nitrogen oxides reduc-
tions were determined primarily by the burner equivalence ratio rather

than by the location at which the staged air was added.

The results of the staged air tests with oil firing at
Location 38 are shown in Figure 5-12. While firing No. 6 o0il, the
baseline emissions from the boiler at Location 38 were 183 ng/J (326 ppm)
of nitrogen oxides and zero carbon monoxide at an excess oxyden level
of 3%. The total particulate emissions were 45.6 ng/J (0.106 lb/lO6
Btu) at this baseline condition. As had been found with gas firing,
the theoretical air at the burner was an important factor in
correlating the nitrogen oxides emission. Nitrogen oxides reduc-
tions on the order of 50% of the baseline level were achieved

when the theoretical air at the burner was reduced to 100%.
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As with natural gas, the curve of nitrogen oxides emissions with
staged air that is shown in Figure 5-12 was essentially an extension
of that obtained merely by reducing the overall excess air with no
staged air ports open. The main effect of the staged air appeared

to be the suppression of the carbon monoxide and smoke while allowing

operation of the burner in a fuel-rich mode.

Although the proportion of the stoichiometric air that was
injected through the burner was a major parameter, there was a definite
effect of the location of the sidefire air addition on the nitrogen
oxides emissions with oil firing. The testing showed that the nitrogen
oxides reductions increased as the point of staged air addition was
moved farther away from the burner. This can be explained in that
moving the injection point away from the burner provided a more
gradual heat release and a longer residence time of the products of
combustion in a fuel-rich region. The delayed heat release rate
resulted in overall lower temperature levels and a reduction in the
Production of thermal nitrogen oxides. The longer residence time
under fuel-rich conditions allowed a greater fraction of the fuel
nitrogen compounds to be reduced to molecular nitrogen rather than
oxidized to nitrogen oxides and, thus, reduced the conversion of
fuel-bound nitrogen to nitrogen oxides. In fact, the insensitivity
of the nitrogen oxides reductions to the location of the staged air
addition with natural gas firing, suggests that the major effect of
staged firing with oil in this unit was to suppress the conversion
of fuel bound nitrogen, rather than to Suppress the formation of

thermal nitrogen oxides.

During all the sidefire air tests with No. 6 oil firing,
the carbon monoxide emissions were less than 7 ng/J (20 ppm), with
the exception of one test run No. 188-10 where the carbon monoxide

emissions reached a level of 74 ng/J (218 ppm).
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The effect of sidefire air on particulate emissions was also
investigated. A relatively large decrease in nitrogen oxides was
achieved with only a moderate increase in particulates. The baseline
Test 186-1 (no sidefire air) had total particulate emissions of
45.6 ng/J (0.106 lb/lO6 Btu). With sidefire air addition through
ports 14 and 15, such that the theoretical air at the burner was
99% (overall excess oxygen level held constant at about 3%), the
total particulate emissions increased by 28% to 58.5 ng/J (0.136
lb/lO6 Btu). The nitrogen oxides emissions were reduced by 50% from

the baseline value of 183 ng/J (326 ppm).

The second boiler modified for sidefire air was a D-type
watertube unit rated at 18.5 GJ/hr (17,500 lb/hr steam flow) at
Location 19. Tests were conducted with both natural gas and No. 6

oil firing during Tests 193, 198, and 203.

The furnace walls were of tangent-tube construction so it
was not practicable to install sidefire ports in the wall of the
furnace. The staged air was introduced into the furnace by four
steel tubes that were pushed through holes cut into each of the four
corners of the front face of the windbox. Flexible fabric ducts were
attached to the end of each steel tube to supply air from the staged
air manifold to each tube. The manifold was attached to an staged
air fan mounted beside the boiler on the floor of the boiler house.
The four tubes are shown in the retracted position in the picture

in the lower left of Figure 5-13.

The photographs in the upper left and center are side and
ffont views of the windbox with the tubes fully inserted. The vertical,
rectangular structure at the right shoulder of the engineer in the
center picture is the flue gas recirculation duct. With this arrange-
ment the effect of simultaneous staged air and flue gas recirculation

could be determined.
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Each of the four air sidefire air tubes could be inserted
to a depth of up to 122 cm (4 ft) into the furnace. The ends of the
tubes were constructed such that the staged air was injected into
the flame from the side. When air was not being blown through a tube
it was fully retracted to prevent its being melted by the nearby
flame. The gquantity of air being staged was controlled by a butterfly

valve in the manifold.

A pitot tube was positioned in the staged air duct to determine
the quantity of sidefire air that was passing though it. The load and
overall excess oxygen level were held constant and the amount and the
point at which the staged air was added were varied. 1In addition, the

No. 6 0il tests were conducted with both steam and air atomization.

Figure 5-14 illustrates the effect of staged air in terms of
the theoretical air at the burner on nitrogen oxides emission levels
for natural gas fuel at Location 19. The shaded data points on the
right are the tests with no staging of the air. Without staged air
the minimum nitrogen oxides level was 28 ng/J (54 ppm) at an theoretical
air of 109%. Adding the air in stages allowed the burner to be
operated fuel rich with a theoretical air of between 67% and 77%.
With the sidefire air tubes inserted 30 cm from the burner nitrogen
oxides emissions were 33 to 39 ng/J (65 to 77 ppm), which is a
significant increase above baseline levels. As the sidefire air tubes
were moved further downstream from the burner the nitrogen oxides
emissions decreased. The reason that nitrogen oxides emissions first
increased above the baseline with sidefire air appears to be that the
sidefire air was introduced too near the burner and, thus, the air
was not in fact added in stages. The lowest level of nitrogen oxides
emissions attained with staged air was achieved with the tubes 122 cm
into the furnace; the nitrogen oxides was 27 ng/J (53 ppm). This was
an insignificant reduction from baseline conditions. Further reductions
may have been possible if the air could have been introduced further

downstream of the burner.
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The effect of sidefire air on nitrogen oxides emissions for
No. 6 fuel oil firing at Location 19 is presented in Figures 5-15 and
5-16 for air and steam atomization respectively. Again the nitrogen
oxides data grouping at the left is from baseline and excess oxygen
variations alone. The lowest nitrogen oxides emission level without
staged combustion air was 77.4 and 69.6 ng/J (138 and 124 ppm) for
air and steam atomization at burner air levels of 103% to 110%
respectively. With sidefire air the burner was operated with fuel-
rich burner air levels between 77% and 86%. As with gas fuel the
effect of the sidefire air was dependent upon the position of the
tubes within the furnace. 1Inserting the tubes 122 cm into the furnace
resulted in the lowest nitrogen oxides emissions of 73 and 61 ng/J
(120 and 108 ppm) for air and steam atomization, respectively. These
levels represent a reduction of 13% from baseline conditions without
staged air for both the air and steam atomizing techniques. For air
atomization the effect of the sidefire air tube position on nitrogen
oxides emissions was less pronounced than for steam atomization. With
air atomization, emissions varied within a range of about 8 ng/J (15
ppm) as the tubes were moved from the minimum to the maximum insertion.
When the fuel was atomized with steam the nitrogen oxides emissions
changed by about 17 ng/J (30 ppm) as the air insertion point was
changed.

Staged air was more effective with No. 6 oil than natural
gas (recall that for natural gas the nitrogen oxides emissions were
essentially the same or increased above the baseline values). This

indicates that:

(1) the fuel/air mixing characteristics for this burner may
by different for natural gas and No. 6 oil with effective
staging being obtained 122 cm from the burner with oil
firing or

(2) the differences in fuel/air mixing were such that the
fuel bound nitrogen conversion to NO was suppressed with
little effect on the thermal NO formation.
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Using staged air with steam atomization resulted in lower
total particulate emissions. The baseline level was 13.3 ng/J
(0.031 lb/lO6 Btu) and the particulates with the staged air tubes
122 cm into the furnace were 11.6 ng/J (0.027 lb/lO6 Btu). The
reverse occurred with air atomization. Baseline particulates were
13.3 ng/J (0.031 lb/lO6 Btu) while the concentration with sidefire
air was 20.2 ng/J (0.047 lb/lO6 Btu). It is not certain why the

trends were different with steam and air atomization.

Two boilers at Locations 39 and 36, which were manufactured
with staged air capabilities, also were tested. The unit at Location
39 was a new watertube boiler rated at 211 GJ/hr (200,000 lb/hr steam
flow). The boiler utilized a single gas spud burner and was fired
with a mixture of natural gas and refinery gas. A single forced
draft fan supplied both the burner and the sidefire air duct. The
staged air was supplied from one side of the furnace through two
ports located approximately one-fourth of the furnace length from

the burner.

The effect of burner equivalence ratio on nitrogen oxides
emissions at 80% and 48% rated load are presented in Figure 5-17.
As in the previous graphs the shaded symbols are nitrogen oxides
data obtained by varying the excess oxygen level without staging
the combustion air and the open symbols represent staged air tests.
It should be noted that during these staged air tests it was not
possible to hold the overall excess air level constant while varying
the burner theoretical air. At a load of 80% of capacity the nitrogen
oxides emissions were 83 ng/J (164 ppm) at an air-rich burner air of
128%. As the excess oxygen was decreased, nitrogen oxides emissions
increased and peaked at a burner air level of about 110%. Fuel-rich
firing conditions (burner air levels less than 100%) were reached
with staged air and nitrogen oxides emissions reached the lowest level
of 58 ng/J (114 ppm) at an air level of 82%. (This represents a
reduction on the order of 40%.) Carbon monoxide emissions were high,

between 93 and 620 ng/J (300 and 2000 ppm) at low burner air levels.
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Figure 5-17. Reduction in total nitrogen oxides due to staged
combustion air, mixture natural and refinery gas.
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At a test load of 48% of capacity, i.e., 100 GJ/hr (95,000
lb/hr steam flow) nitrogen oxides emissions increased as conditions
became less air-rich when the theoretical air at the burner was
lowered from 164%. Nitrogen oxides emissions were a maximum 85 ng/J
(166 ppm) at a burner air level of about 118% and then decreased as
the combustion approached fuel-rich conditions. The nitrogen oxides
emissions with staged air were lowered to 106 ppm at a burner air
level of 86%; however, the carbon monoxide emissions were greater

than 620 ng/J (2000 ppm} which is unacceptably high.

The effectiveness of staging the air for reducing nitrogen
oxides was not as great as simply firing air-rich. The lowest
nitrogen oxides level of 44 ng/J (86 ppm) was achieved with zero
staged air and a burner air level of 164%. Operating with fuel-rich
staged air conditions, however, was better in terms of the boiler
efficiency than with high excess oxygen. For example, the boiler
efficiency was about 83% when staged air was used to obtain burner
air levels of 90% and nitrogen oxides levels in the 56 to 61 ng/J
(110 to 120 ppm) range. On the other hand, operating with burner
air levels of 164% and a nitrogen oxides emissions of 44 ng/J

(86 ppm), resulted in an 81% efficiency.

The effectiveness of staged air in reducing nitrogen oxides
emissions from this boiler is further illustrated in Figure 5-18
which shows the reduction of nitrogen oxides that was achieved in
terms of the excess oxXygen, rather than theoretical air parameter.
This figure indicates that at overall excess oxygen levels less
than 5.5%, the staged air addition was effective in reducing the
nitrogen oxides emissions below that obtained without staged air.
When the overall excess level is below 5.5%, the burner is operating
with a theoretical burner air level greater than 100%, i.e., fuel
rich. When the overall excess oxygen level is greater than 5.5%

the use of staged air increases the nitrogen oxides emissions. This
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Test No. 212 3
Test Load: 100 GJ/hr (95x10” 1b/hr)
Fuel: Natural gas and refinery gas mixture
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Figure 5-18. Effect of excess oxygen on total nitrogen oxides emissions
with and without staged air.
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may be caused by increased fuel and air mixing due to the proximity

of the sidefire air port to the burner.

The 211 GJ/hr (200,000 lb/hr steam flow) watertube boiler
at Location 36 also had staged air capabilities. The unit had a
single steam atomized burner with a 96.5 cm (38 inch) diameter throat
and fired.No. 2 fuel oil. The sidefire air port was located
approximately 3.6l meters (12 feet) downstream of the burner {furnace

length was 10.5 meters (34.5 feet)].

Staged air tests were conducted at three different loads, 38,
63, and 80 GJ/hr (36xlO3, 6Ox103, and 76xlO3 lb/hr steam flow). During
each of these test series the overall excess oxygen level was held
constant and the amount of air supplied to the burner varied by changing
the sidefire air damper position. With the sidefire air damper open

100% the nitrogen oxides emissions were reduced by 10%.

The effect of the amount of staged air on nitrogen oxides
is shown in Figure 5-19 in terms of the degree of being open of the
sidefire air port. The data are plotted as a function of damper
Position as sufficient instrumentation was not available to determine
the theoretical burner air level. However, approximate calculations
based on the static pressure in the ducts and the duct areas indicate
that the theoretical air level at the burner with the sidefire air

damper 100% open was on the order of 72%.

The reason that only a 10% reduction in nitrogen oxides
emissions was realized with substantial amounts of staged air at
Location 36 probably was that the test loads were low. At the low-
load settings the fuel and air mixing is reduced due to the decreased
pressure drop across the burner. This reduced mixing has the effect
of naturally "staging" the combustion. The effectiveness of staging
the combustion additionally with sidefire air then would be expected
to be diminished at low loads. Additionally, the burner heat release
rate per unit heat absorption area is reduced at low loads, and this
reduction tends to decrease the flame temperature which also causes

lower nitrogen oxides emissions.
123



120

60 A
-—— ﬁ
(V]
(@]
z
5 80
)
>
g 404 ™~
- © Test No. 161, Location 36
8 & 60 Rated Capacity: 211 GJ/hr
= © (200x103 1b/hr)
5 o Fuel: No. 2 0il
~
E’JZD o}
3 g
& 8 40
2 20 L
2
&
g Load Excess
20 Symbol GJ/hr (103 1b/hr) o, %
O so (76) 2.5
O &3 (60) 5.5
VAT (36) 9.0
0 J- 0 1 1 J
0 20 40 60 80 100

Figure 5-19.

Effect of staged air on

SIDEFIRE AIR PORT, % OF FULLY OPEN

total nitrogen oxides emissions.

6001-43

124



5.1.2.2 Overfire Air -

On stoker fired coal units, air ports are conventionally
located over the coal injection ports and inject air into the flame
zone above the grate. The purpose of this overfire air is to promote
turbulence in the vicinity of the flame zone to assist in obtaining
complete carbon burnout within the furnace. During the program varying
this overfire air was investigated as a nitrogen oxides control
technique. 1In addition, three of the stoker fired units had the
equivalent of overfire air ports in the form of auxiliary oil or gas
burners located above the grate. The effectiveness of using these

auxiliary burners as overfire air ports was also investigated.

The boiler at Location 30 was a spreader stoker rated at
132 GI/hr (125,000 1bs/hr steam flow). Overfire air injection ports
were located at two different heights on the furnace front and back
walls. The lower air ports were always open and the air flow to the
upper ports could be controlled. A single natural gas burner was
also located on the right hand side of the furnace and had a separate
windbox with damper controls such that a portion of the coal fuel

combustion air could be diverted to the gas burner port.

The baseline nitrogen oxides emissions at the normal excess
oxygen level of 6.2% are 196 ng/J (320 ppm dry corrected to 3% oxygen).
The overfire air injection ports in combination with the gas burner
port were used to successfully reduce the baseline nitrogen oxides
emissions by 26%. The overfire air injection ports alone reduced
the nitrogen oxides emissions by only 8%. Either these ports were
located too far from the primary flame zone or, they did not have
sufficient air flow capacity to change the fuel-air ratio of the

primary flame.
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The 227 GJ/hr (215,000 1b/hr steam flow) unit at Location 35
was.coal fired with a traveling chain grate type stoker with forty-
six overfire air nozzles mounted above the chain grate. Air was
supplied to these nozzles by a separate overfire air fan. Also, four
Peabody oil burners were installed in a single horizontal row on the
boiler front wall. Primary combustion air was supplied under the
grate and to the o0il burner windbox by a forced draft fan. Increasing
the overfire air flow on this unit increased the nitrogen oxides

emissions on the order of 10%.

However, in comparison to other coal fired stoker units, the
nitrogen oxides emissions from this boiler were unusually lew with
baseline emissions of 100 ng/J (164 ppm, dry at 3% 02) at 60% load
and an excess oxygen level of 9.5%. Visual examination of the furnace
during the tests revealed low intensity combustion flames of a very
lazy and random nature at these low loads where testing had to be
conducted. The combination of the lazy flames, low load, and a large
furnace could result in low nitrogen oxides emissions, with an increase
in nitrogen oxides as the turbulence and mixing is enhanced with the

addition of overfire air.

During Test No. 28 of Phase I a spreader stoker coal fired
unit was tested that had the equivalent of overfire air in the form
of auxiliary oil burner throats. When these were used as overfire
air ports, nitrogen oxides reduction of 20-25% were obtained with

satisfactory boiler operation (see Ref. 4, Subsection 4.1.1).

5.1.2.3 Burners-Out-Of-Service -

The third form of staged combustion achieved by adding the
combustion air to the flame zone in stages involved taking one or more

burners out of service.
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The burner-out-of-service modification on multiple burner
boilers entails terminating the fuel flow, but not the air flow, to
one or more of the burners while maintaining the same overall fuel

flow by increasing the fuel flow at the other burners.

During Phase I, the eight burner-out-of-service tests which
were conducted focused primarily on determining the most effective
burner pattern to be implemented. These results showed that:

- A square burner pattern (rows and columns) is more
effective than a staggered pattern. This is probably
a result of better mixing between burners in the
regqular pattern than in the staggered arrangement.
This allows in-service burners to be operated more fuel
rich with subsequent mixing of the remaining combustion
air from the out-of-service burner.

- Removing a burner in the top row from service is more
effective than removing a bottom row burner.

- Removing inner rather than outer burners is more
effective. Operation at lower excess oxygen levels
is possible due to better mixing of the air from the
burner out of service with the combustion products
from the operating burners.

Seven additional burner-out-of-service tests were conducted
on six multiple burner boilers during Phase II. Burner register
changes were investigated to optimize burner-out-of-service perfor-
mance during these tests. 1In addition, the effect of burner
equivalence ratio on emissions and performance was investigated.

The results of these tests are summarized in Table 5-3.

The Phase II burner-out-of-service tests showed that nitrogen
oxides reductions on the order of 25-40% could be attained with gas
or oil fuels, with no change in efficiency and minor increases in
carbon monoxide levels. However, on the o0il fired units where
Particulate data were obtained, the particulate emissions increased

substantially (65-100% on tests during Phase I and 170% for series
119).

127



£€P~-T009

€°Z°T UT P3ITJ TTO 9'G'P UT POAT "D des
€°T/T UT PaxY3 TT0 ‘6‘8‘L UT Paxy3 - d,

1T0 € T
-= -- - (zZog) LY - 68 (oov)zze | 9°ON .s6°87L 0 0 0 9-65T

+ 3 S v
e - - (L5E) 602 - Z°6 (OT¥)EEY |*O°a s93°G‘Y 0 0 0 1-6S1

6 8 (L
- -- - (€SE) 912 ~-- 98 (oov)zzy | -o°a (00S) 8Z¢$ suon 0O 0o o Z-951
6t 18 (819) 800 [0 4 S°L (€9)99 “5'a (09Z)¥iz ve 2o 10 €€
- sebupyd xa3sTbax oN 18 (1101)899 L9°0 Z°L (99} 0L 8uoN vy o £ 0 TEE€Y
ot - (06) £°25 06°0 €°L (otv)cer [ 284 vy €tz 1 S-1s1
L1 - (€ZTIS°TL 80 v'9 (LZy}osy | sed (0s%)0BS z 0 0 0 0 v-157
- - (SpT) E-V8 6L°0 L'y (087)90S |38y JuoN g L 9 s Z-151
-- sabueys 12381531 oN - (6¥1)9°98 9L 0 S'S (95¥) 18% suoN 0 0 0 0 T-151
L4 S0Z O3 pPRSOID b ‘g - (ga1)08 Zret LA 4 (19} ¥9 vt B-(bT
6T M0C O3 PISOIS v4 ‘té - 9rr)vL (A0S ve (z9)s9 vt L=Lol
[¢ 80T 93 p3SOID pi b (981)s6 0°1 92 (29)s9 v 4 1 9-Lt1
14 V07 O p3ISOTO py -- (861) TOT 00°1 [ (29)59 sed 0z L2t v 0 0 S=Lp1
(1+) $0Z O3 DPISOTO by -~ {60Z)L01 $6°0 [0 4 (29159 “3eN 14 b-LvT
(v z+) *0€ 03 pIsSOI2 ¢4 - (¢1z)801 96°0 228 4 (19)¥9 € 14 £ €Lyl
8 V0t O3 PIsold gy - {061)¢(6 £0°T1 Z°t (€9)99 € [+] 1] T-Lv1
50 t0€ 03 pIsoTd gy - (902) 501 6670 o'y (€£9)99 £ T-Lv1
- %09 %09/%09 80§  :[PWION - (Loz) 901 £€8°0 (¢4 (19) 9 BUON 1-9v1
uado %05 Z# - (862)L91 16°0 6°S (6z)1¢ z £-971
uado ag, z4 - (FvT)LeT 90°1 S€°9 (6Z)1¢ 4 9-821
T3aa1 uado 001 - (PLz)vst $6°0 L9 (82)0¢ Z T-821
uabAxo ssooxa uado 4007 98 (#8T)S0T 911 8°r (og)ree 10 (082) b2 4 € Z 1 5-821
03 ATtaewrad uado 4001 - (ogz) ezt Ti°1 LS (srog)ee 9 OoN z 0 0 0 v-221
20D suorjonpay uado %001 98 [{X4411A1 011 6°S {62)1¢ [4 1-821
-~ uado 3001 L8 (081} 10T 8L°0 6°Y (8Z)ot QUON £-Let
-- uado 3001 - (8vZ)6€1 69°0 SLT9 (og)ee duoN Z-Let
(19 uado s, z# 3:] (96) 6% S0° 1T £°s (og) ze Z S-¥71
St uado 0§ z# - (BT 0L 16°0 S°s (8Z) 0t seo z £ 1 E-%Z1
4] uado w05 Z# £8 (zzr)z9 2670 ¥°s {6Z)1¢ -3en (0L) vL 4 0 0 0 T-vz1
- usdo voot S8 (991)58 ¥8°0 L€ (62)1¢€ auoN T-€Z1
-- uado 4001 €8 (112)801 bL*O L's (6z) 1€ 2UON T-2z1
114 $S6/4001 ©3 pauado 98 (981} bOT Zs°1 L AR (oLIve z 9-6T1
1€ 12387631 7y rauing - (1L1)96 (4 84 1L (0L} bL 4 T0 S~611
6T - (LLTIE 66 [ A § 09 (oL)ve 110 (0sT) 85T z r-611
tZ uodo egg/0¢  :z - (161)c0T L1 89 (9t 9°ON 4 zo £-611
- uado s§5/0¢ 1 - (8SZ)SPT 9.°0 z°s (oL)ve auoyn Z-611
-- suot3Tsod TewIoN L8 (8vz)eel SL°0 s$°S (8 69) €L duoN 1-611
uoyIanpay g (uado §) % (wdd)p/Bu Toyawy-Atnbg % 20 (34/q1:01) 19ng (I4/Q1c0T) | Touang w51AI35 | uia33vd Jouing 1 ON ISTL

SUOYITEOd I931s8¥boy ayv | Aouetdyzza 0%t @ Tauing | E8adxX7 /09 /o ~3o-ano
Axp xON - xoaxddy pROT 3S3L Katoeden

AIVWWNS FDIAYIS~J0-LNO-SYINING

“€-S ¥Tqel

128



The results obtained during test series 119 shown in Figure
5-20 are typical of the results obtained during Phase II. These tests
were conducted on a 158 GJ/hr (150,000 1b/hr) watertube boiler fired
by No. 6 oil through two burners in a vertical arrangement. During
these tests the fuel flow to the top burner was terminated and the
theoretical air level of the in~service burner varied by controlling
the total air flow and/or the register setting of the out-of-service
burner. The maximum load obtainable with the top burner out of service
was 74 GJ/hr (70,000 lb/hr steam flow). These tests resulted in
nitrogen oxides reductions of 29-31% with the top burner out of service.
Adjusting the out-of-service burner register had little effect on the
results. Opening the top burner register which increased the burner
air level of the in-service burner required the excess oxygen level
to be raised to 7.1% in order to prevent smoking. Also, the particulate
emissions were 2.7 times higher with the top burner out of service and

the boiler heat loss efficiency dropped from 87% to 86%.

A three burner boiler with a horizontal burner pattern was
tested with natural gas during test series 124. The middle burner
was taken out-of-service and the middle register used along with the
total air flow to control the level of the air at the burner of the
in-service burners, with the overall excess oxygen held constant at
5.5%. The nitrogen oxides emissions were reduced by 55% with this con-
figuration as seen in Figure 5-21. The efficiency remained at 83%
with burners out of service and the carbon monoxide emissions only
increased to 16 ng/J (50 ppm) at the maximum nitrogen oxides reduction

condition.

If the fuel and air going through a burner are well mixed,
one expects the level of the theoretical air at the operating burners
to be the controlling parameter for nitrogen oxides formation. This

control is apparent for the multi-jet ring burner of test series 124
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the results of which are plotted on Figure 5-21. Figure 5-21 also
shows a good correlation of the natural gas nitrogen oxides emissions
data with the burner theoretical air level whether the theoretical
air level is obtained by low—excess—air—firing of all the burners or

by taking a burner out-of-service.

The same three burner unit discussed above also was fired with
No. 6 oil with the center burner out of service during test series
127. As is illustrated in Figure 5-20, the nitrogen oxides was not
reduced during this test series with oil fuel as it had been with
natural gas fuel. The nitrogen oxides emissions were not a strong
function of the in-service burner theoretical air level but rather
of the overall excess air in the boiler. This dependence would occur
if the fuel and air mixing did not occur in a short distance from the
burner, but actually on a length scale comparable to the burner spacing
or furnace length. For this case, removing a burner from service
would not have grossly altered the fuel and air mixing process in the
furnace, and the nitrogen oxides emissions would have been primarily
dependent on the overall excess air level in the boiler (e.g. the

burner was naturally staged).

A four burner boiler with a square burner pattern, two rows
and two columns, was tested in series 133 with pulverized coal fuel.
As indicated in Table 5-3, a 40% reduction in nitrogen
Oxides emissions from 618 to 378 ng/J (1011 and 618 ppm) was achieved
by removing the top two coal burners from service and using the burner
ports for air injection. The carbon monoxide emissions were zero for
all tests and boiler efficiency did not change from the baseline

condition of 81% when the top burners were taken out of service.

A smaller unit with a square burner pattern was tested with
natural gas in series 147. Wwith either one of the top burners out of
service, nitrogen oxides emissions were reduced to about 100 ng/J or

at most 10%. This change appeared to be due to a reduction in overall
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excess air level and not necessarily to a change in the burner
theoretical air level due to removing a burner from service. When
the top two burners, numbers 3 and 4, were removed from service, the
reduction in burner theoretical air was a dominant factor and the
nitrogen oxides emissions were reduced to about 75 ng/J or by 25%

with little change in carbon monoxide emissions.

During test series 151, burners were removed from service
from an eight burner boiler firing refinery gas. Removing a bottom
center burner (#2) from service resulted in 17% reductions in nitrogen
oxides emissions with no increase in carbon monoxide levels. When
an additional bottom burner was removed (#4), a 40% reduction in
nitrogen oxides was realized; although there was an increase in the

carbon monoxide levels from less than 35 ng/J to 139 ng/Jd.

Since modifications to the fuel delivery systems were not
possible, this limited the scope of testing during Phase II to low
load setting on the units. Testing at these low loads can limit
the effectiveness of "burners-out-of-service" in the following ways:

1. The air pressure drop across the burner is reduced

which can result in reduced fuel/air mixing rates
in the near-burner region.

2. Mixing between in-service and out-of-service burners
will be reduced due to the decreased momentum. This
can result in too much heat transfer from the fuel-
rich region precluding CO and smoke burn-out upon mixing
with the air from the out-of-service burner.

On existing units without modifications to the fuel delivery
system, operation with burner out of service requires that the unit
be derated. The load limit is determined by the number of burners
removed from service. If actually applied as a nitrogen oxides
control technique, modification to the fuel delivery systems of the

in-service burners would be required to allow operation at full load,

such as increasing the o0il burner tip orfice and fuel line sizes.
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5.1.2.4 Other Staged Air Test Results -

The staged air results obtained from the oil and gas fired
units can be compared to previous studies of "staged combustion" in
single burner commercial and industrial type boilers that have been
conducted. The application of staged combustion to an 883 kw (90
boiler horsepower) firetube-type combustor was studied by Muzio, et al.512)
and Turner and Siegmund(ll)applied staged combustion to a 490 kw (50 boiler

horsepower) Cleaver Brooks firetube boiler.

In the studies conducted by Muzio, et al., the "staged" air was
injected downstream of the burner through sidefire ports located along
the sides of the combustor or through a water-cooled rear boom. The
results of this study indicated that:

1. Staged combustion resulted in 20% to 25% reductions in
nitrogen oxides while firing No. 6 oil. (The burner was
operated with a theoretical burner air level of 93% and
17% overall excess air.)

2. Downstream air injection increased nitric oxide unless
it was injected at least 1.5 combustor diameters down-
stream from the oil nozzle. This result indicates that
for the particular burner studied, the near-burner flame
was effectively "naturally staged" without any deliberate
method of staging the combustion. [The same appears to
have been true of the unit at Location 19 that was
investigated during test series 190 to 206 of Phase II.]

In the studies by Turner and Siegmund, the staged air was added
~0 the combustion gases through a rear injector. The location at which
the air was added was fixed. The length of the combustion section was
-ncreased by 0.9 meters (3 feet) and provision was made to vary the
imount of cooling of the burner combustion products prior to adding
cthe air. With the 490 kw (50 boiler horsepower) unit fired with
‘csidual oil, their results showed:

1. Nitrogen oxides reductions on the order of 33% were
achieved.

2. The amount that the combustion products were cooled prior
to adding the staged air did not significantly affect the
level of nitrogen oxides reduction.
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3. The nitrogen oxides reductions were obtained without

smoke emissions becoming a problem.
The differences in the results of these studies further
indicates the variability between boilers and the influence that

this can have on the successful application of a nitrogen oxides

reduction technique.

5.1.3 Air Register Adjustments

During Phase I and Phase II the local air/fuel mixture ratio
was controlled by varying the burner air register settings. Air
registers on face-fired boilers typically consist of a group of inter-
connected vanes oriented so that they all move simultaneously. This
movement varies the area and angle through which the air enters the
burner, providing control of the air flow rate and degree of swirl.
The area and direction are usually changed simultaneously by a lever
mechanism, so that a decreasing flow area is accompanied by in-
creased air speed and swirl. On most of the small single burner
boilers tested, the vanes on the register were bolted or tack-
welded in a fixed position, thus the effect of swirl could not be
investigated. On the large single burner or multiple burner boilers
a single adjustable register usually was utilized. The boilers at
Locations 32, 36, 29 utilized a single burner with dual registers
which could be manually adjusted to control the flow rate and swirl

of the secondary and tertiary air.

Experience with multi-burner boilers has shown the most
important effect of air register adjustments to be the altering of
the air flow distribution between the burners. The swirl effect on the
NOx production of an individual burner usually appeared to be
relatively small. At constant air flow, closing an air register
should increase the swirl, resulting in increased mixing and a
shorter, more intense flame. However, this increased swirl had

less effect on NOx production than did the change in air flow rate.
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Table 5-4 summarizes the results of tests run on face-fired
boilers where the excess air and load were held practically constant,
while the air register settings were changed. The column entitled
"Burner Pattern" shows the number and arrangement of the burners and

registers.

The data for face-fired boilers pPresented in Table 5-4
incorporate two effects: (1) effect of swirl, (2) effect of air
distribution among the burners in multiple burner units. The effect
of swirl on nitrogen oxides emissions can be seen in the data from
tests 30, 70, and 10. Opening the registers (e.g., reducing the
swirl level) for both Tests 30 and 70 resulted in slight increases in
nitrogen oxides emissions. For Test 10 opening the registers from the
©65/65 position to the 100/100 position also caused the nitrogen oxides
emissions to increase, although a portion of the increase was due to

an inadvertent increase in the excess oxygen level.

The effect of swirl can be explained by considering the general

flow patterns of a swirling flame as shown in Figure 5-22.
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Figure 5-22. 1Idealized flame flowfield.
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At a fixed air flow, as the registers are closed the level of swirl
increases. This increased swirl will cause increased mixing between
the burning gases of both the external recirculating flow and the
internal recirculating flow. The gases comprising the external
recirculation zone are bulk gases at the relatively low bulk gas
temperatures, having had heat removed by radiation to the cooler water
walls; whereas, the gases in the central recirculation zone are combus-
tion products near their adiabatic flame temperature. Thus if the
state of the swirling flow is such that an increase in swirl predom-
inantly increases the mixing between the burning gases and gases from
the external recirculation zone, the nitrogen oxides emissions would
be expected to decrease due to the guenching effect of the cooler
external bulk gases. In a flow regime where increased swirl primarily
effects the mixing of the internal recirculation zone one would expect
increasing nitrogen oxides emissions with increased swirl. It appears
that the burners tested during Phase I and Phase II were operating in
a region where opening the registers (decreasing swirl) primarily
increased the mixing with the internally recirculating gases thus

causing an increase in nitrogen oxides emissions.

On multiburner units changing air register settings on
individual burners not only changed the swirl at the burner but also,
and most important, changed the air distribution between the burners.
On a unit with two rows of burners, top and bottom, closing the bottom
row will reduce the air flow to the bottom (while increasing its
swirl) and increase the flow to the top row. This will have the
following effect on the nitrogen oxides formation:

The bottom rows will tend to produce less nitrogen oxides
per burner due to the reduction in the local excess air
level at the burner.

. The increased swirl at the bottom burners will also tend
to reduce nitrogen oxides formation; based on the Phase 1
and Phase II data.
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The nitrogen oxides formation in the top burners will
tend to increase due to the increased local oxygen
levels at the top burners.

For Test No. 7 it appears that the increase in oxygen level
at the top burner was the Predominant effect resulting in an overall
slight increase (1.7%) in nitrogen oxides emissions. For Tests 143
and 148 the opposite was found. Initially, as the registers were
closed the nitrogen oxides emissions decreased indicating that the
increased swirl and decreased local Ooxygen levels at the bottom row
were the predominant factors. However.a point was reached where
further closing of the bottom registers (Test 148-4) resulted in an
increase in nitrogen oxides emissions from 107 to 122 ng/J (190 to
218 ppm). Presumable this was due to the increased oxygen levels

at the top burners becoming the more important factor.

Particularly interesting results were obtained from tests
conducted on a dual register (Peabody type HT) burner with an 84 cm
(33 inch) diameter throat Operating on natural gas. The dual air
register design consisting of conical registers at the rear of the
burner which determine the amount and swirl of the center air
(secondary) and cylindrical registers Just upstream of the burner
throat which determine the amount and swirl of the outer (tertiary)
air. The ring burner injects gas radially into the swirling air

streams. Figure 5-23 shows a diagramatic sketch of the burner.

The dual fegister design allows extreme flexibility in
tailoring flame shape to a particular furnace geometry. Test series
140 and 141 involved adjusting the registers to reduce the flow
resistance to the center air passage relative to the outer air
passage. The normal register settings had both the secondary (center)
and tertiary (outer) air registers set at the sixth notch out of a
total of 13 notches (13 is full open). Table 5-5 summarizes the
effect of these air register adjustments on nitrogen oxides and carbon
monoxide emissions and the differential pressure, AP, between the

windbox and furnace.
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Figure 5-23. Peabody HT dual register burner

Table 5-5. EFFECT OF DUAL REGISTER ADJUSTMENTS ON NOXx AND CO EMISSIONS

Register NOx Cco

Load Excess Setting ng/J ng/J Ap

GJ/hr 0] secondary/ % (ppm @ {(ppm @ kPa
Test (1031b/hr) % tertiary* Change 3% 02) 3% 02) (IWG)
140-2 81 7.1 6/6 - 83 70 1.69

(77) (163) (227) (6.8)
141-5 85 6.7 7/6 +20 100 0 2.32

(81) (196) (0) (9.3)
141-6 84 6.7 7/5 +43.5 119 18 2.86

(80) (234) (58) (11.5)

* a setting of 13 is fully open (radial flow)

6001-43
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One would expect that opening the secondary register, with
all other variables fixed, would result in a decrease in the differ-
ential pressure between the windbox and furnace. As is apparent from
Table 5-5 this was not found to be the case and the differential
pressures increased. This can be explained as follows: As more air
is diverted to the center passage (secondary air) the relative velocity
between the natural gas jets and the tertiary air decreases. The gas
jets will not be deflected downstream as much by the tertiary air,
thus penetrating closer to the center line of the burner. The flame
will then be moved closer to the burner throat, and the density change
and its effect on the central recirculation zone will increase the
flow resistance through the throat. This change in flame location
also results in a more intense flame with increased nitrogen oxides

production.

The effect of air register adjustments on emissions is bPresented
in Figures 5-24 and 5-25. The registers are adjustable in a range of
z2ero to 100%, with a setting of zero corresponding to fully-closed
while 100% is fully-open with the register vanes radial to the burner
center. 1In Figure 5-24 the tertiary air register setting is constant
at 70% and emissions vary as the secondary air register is adjusted.
Emissions increase from 250 ppm to a maximum of approximately 265 ppm
as the secondary setting is increased from 50 to 70%. Then emissions
drop sharply to 236 ppm as the secondary setting is further increased
to 90%. Figure 5-25 shows that emissions increase as the tertiary
register is moved from 60 to 85% with a secondary setting of either
55 or 70%. The highest total nitrogen oxides reading of 292 ppm was
obtained with secondary and tertiary air register settings of 70 and

85%, respectively.
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The effect of secondary damper position on NOx emissions

and smoke levels is shown by the results of testing done at Location
No. 36 and presented in Figure 5-26. In addition to the secondary
damper percentage open, an approximate ratio of secondary to primary
air flow is noted on the ordinate. Opening the secondary damper to
its 100% open position decreased the amount of primary air, resulting
in decreased fuel air mixing rates near the burner and a 22%
reduction in nitrogen oxides emissions. However, the reduction in
nitrogen oxides was obtained through a tradeoff in smoke level. The

smoke level increased by three Bacharach smoke numbers.

A couple of tests were performed to investigate the effect
of secondary register position (swirl) on the NOx emissions from the
unit. Due to the low air velocities through the burner at low loads,
at which the test series was conducted, register setting (or swirl)

had no effect on the emissions.

In general the tests involving air register adjustments on
these face-fired boilers have shown the following:

. Decreasing swirl (opening registers) on single register
burners tended to increase NOx emissions by 3 to 20%.

. The major effect on NOy of register adjustments on
multiple burner units is due to an alteration of the
air distribution between the individual burners, and
not to changes in swirl.

. On dual register burners the major effect of register
adjustment on NOyx emissions appears to be the redistri-
bution of air between the secondary and tertiary air
passages with swirl playing a minor role.
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5.2 ENTHALPY MODIFICATION

5.2.1 Combustion Air Temperature

Boilers that have combustion air preheat are usually found in
sizes above 53 GJ/hr (50,000 lbs steam/hr) and preheat air temperatures
typically are in the range of 400 K to 600 K (250° to 650°F). The
level of combustion air preheat has a direct effect on the temperatures
in the combustion zone. For example a 50 K decrease in air temperature
results in approximately a 25 K reduction in the adiabatic combustion
temperature which can have a direct impact on the formation of thermal
nitrogen oxides. Figure 5-27 (from Ref. 13) shows a prediction of the
kinetic effect of the combustion air temperature on nitrogen oxides
formation. The calculations predict a reduction in thermal nitrogen
oxides formation of 0.5% per 1 K (27% per 100°F) decrease in
air preheat. Since the air preheat temperature primarily affects the
thermal nitrogen oxides formation it is expected that preheat will
have its greatest effect, in terms of percent change, on fuels with

low fuel nitrogen contents (e.g. natural gas and distillate oils).

During Phase II, combustion air temperature was varied on
six separate units. However at three locations, Nos. 28, 29, 32,
the air temperature only could be increased by a maximum of 8 K
due to the nature of the air preheater system. When this was done
the nitrogen oxides increased. The other three units had capabilities
for varying the combustion air temperature on the order of 100 K
(150°F). The results for the latter three boilers are presented
in Figure 5-28 for both natural gas and oil fuels together with
the results from Test No. 177 where the temperature was varied by
only 50 K. The shaded points in Figure 5-28 represent the normal
air temperatures for the units. Except for the test series 177,
nitrogen oxides emissions decreased by about 22 ng/J (45 ppm) per

50 K decrease in combustion air temperature.
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Test series 155 was performed on a 264 GJ/hr (250,000 1b
steam/hr) gas-fired, watertube unit. The test conditions were 211
GJ/hr (200,000 1lb/hr steam flow) and 2.6% excess oxygen. Reducing
the combustion air temperature from the normal 389 K (240°F) to
300 K (80°F) dropped the NO emissions by 25% or by 14 ng/J (29 ppm)
per 50 K change in preheat temperature.

During test series 182 the combustion air temperature was
varied over the range of 550 K to 480 K (167°F to 408°F) on a gas-
fired watertube boiler rated at 47 GJ/hr (45,000 lb/hr steam flow).
The NO emissions were quite sensitive to air temperature over this
range exhibiting an increase of 26 ng/J (50 ppm) per 50 K (90°F)

increase in combustion air temperature.

The effect of combustion air temperature with No. 6 oil firing
was also investigated on the same 47 GJ/hr watertube boiler during
test series 189. The nitrogen oxides emission decreased by 20 ng/J
(66 ppm) (20%) as the combustion air temperature was reduced from
about 430 K to 350K (320°F to 175°F). This corresponded to a
sensitivity of 23 ng/J (41 ppm) increase in nitrogen oxides per 50 K
(90°F) increase in air preheat temperature which was similar
that observed while firing natural gas. A similar effect was not
expected since changes in air preheat primarily effect the thermal
nitrogen oxides formation and the nitrogen oxides emissions from
No. 6 oil are due in a large part to the conversion of the fuel

nitrogen to nitrogen oxides.

Nitrogen oxides emissions varied by only 3.7 ng/J (6 ppm) per
50 K increase in the 42 GJ/hr (40,000 1b/hr) unit tested during series
177. The unit was firing No. 6 oil at a load of 34 GJ/hr (32,000 1b/hr
Steam flow) with a normal air pPreheat temperature of about 95 K (200°F).
It appeared that the thermal nitrogen oxides emissions, as opposed to
the fuel nitrogen NOx emissions, were initially low for this test and
that changes in air preheat temperature had a small effect on the

overall nitrogen oxides formation.
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Reducing the air preheat temperatures as a means of reducing
nitrogen oxides emissions will result in a decrease in the boiler
efficiency of about 2.5% per 50 K increase in stack temperature. Thus,
it will be necessary to increase the effectiveness of the boiler heat
exchange components, e.g., increase economizer area, in order to maintain
overall boiler efficiency if this is used as an nitrogen oxides control

technique.

5.2.2 Flue Gas Recirculation

Testing of utility size boilers has established that the
recirculation of flue gas into the combustion air reduces flame
temperatures in the furnace and is similar in concept to other low
enthalpy firing techniques, such as reduced combustion air preheat.
The effectiveness of flue gas recirculation on utility boilers in
reducing the thermal nitrogen oxides emissions is dependent upon
burner heat release rate and the type of fuel being fired. Generally
nitrogen oxide emissions from gas fuels are more affected by recircu-
lation than are the emissions from oil or coal fuels. The reason is
deemed to be that with oil and coal fuels the nitrogen oxides formation
resulting from the conversion of fuel nitrogen to nitrogen oxides are

significant, and they are influenced but little by flue gas recirculation.

For the flue gas recirculation investigation the watertube
furnace boiler at Location No. 19 was modified following the Phase I
testing. The flue gas recirculation tests achieved reductions in
nitrogen oxides of 73% and 36% with natural gas and No. 6 fuel oil
firing, respectively. Reductions typically had not been so large

in utility boilers.

The boiler was the watertube furnace design with a rated
capacity of 18.5 GJ/hr (17,500 1lb/hr steam flow), and the majority
of testing was done at a load of approximately 15 GJ/hr. Ambient
temperature combustion air was fed to a single burner by a forced

draft fan. Natural gas fuel was injected through a ring type burner.
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The No. 6 0il fuel at an approximate temperature of 375 K (200°F) could
be atomized by either air or steam. Saturated steam at a pressure of

1. l4xlO Pa (150 psig) was generated and the stack gas temperature was
approximately 530 K (500°F) .

The flue gas recirculation installation is pictured in
Figure 5-29, The flue gas was drawn from the bottom of the smoke
stack by a flue gas recirculation fan as indicated in the rhotograph.
The flue gas was pumped through the recirculation duct and up into
the right hand side of the windbox through a windbox addition that
had been fabricated.

The windbox had been lengthened to accommodate the flue gas
inlet and an additional set of registers was installed within the
lengthened section to give the flue gas swirl before it mixed with
the combustion air. The combustion air came in through the top of
the windbox and through the original burner registers. The amount
of flue gas being recirculated was controlled by a butterfly valve

located in the recirculation duct.

Tests 192, 197, and 202 were conducted with natural gas,
steam-atomized No. 6 oil, and air-atomized No. 6 oil fuels. Test
206 was also run in which the fuel was a 50/50 combination of

natural gas and air atomized No. 6 oil fuel.

The results for the gas fuel tests (Test 192) are presented
in Figure 5-30 wherein nitrogen oxides emissions are Plotted as
a function of the percentage of the flue gas recirculation. The
percentage of the recirculation is defined here as the mass of the
recirculated flue gas divided by the sum of the mass of the
recirculated gas and the mass of the combustion air. Baseline total
nitrogen oxides emissions were 31 ng/J (60 ppm) with no
recirculation. Adding approximately 20% flue gas recirculation

reduced emissions by 50%, down to 15 ng/J (30 ppm). Emissions
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were lowered to a minimum of 8 ng/J (16 ppm), for a total
nitrogen oxides reduction of 73%, by introducing 33% flue gas
recirculation. Variations in the excess air level effected NOx

emissions only slightly.

The effects of flue gas recirculation on nitrogen oxides
emissions from No. 6 fuel oil firing are illustrated in Figure 5-31.
Test 197 was conducted with steam atomization and Test 202 with
air atomization. Baseline nitrogen oxides emissions with steam
atomization were 95 ng/J (170 ppm} at the nominal excess oxygen
of 3%. Adding 20% flue gas recirculation lowered steam atomized
No. 6 oil nitrogen oxides emissions by 15% to 81 ng/J (145 ppm) .

By reducing the excess oxygen to 2%, the nitrogen oxides emissions
with 20% recirculation were dropped to a minimum of 74 ng/J (132 ppm),

representing a total reduction of 50% for steam atomization.

The effects of flue gas recirculation on the total nitrogen
oxides emissions from air atomized No. 6 0il with the nominal excess
oxygen level were not quite as pronounced. Baseline emissions with
3% excess oxygen were 90 ng/J (162 ppm). Using 20% flue gas
recirculation reduced the nitrogen oxides by 8% to 83 ng/J
(148 ppm). Using 25% recirculation resulted in a further drop to
80 ng/J (142 ppm), a total reduction of 11%. With the lower
excess oxygen of 2%, the nitrogen oxides emissions were reduced
further. At 18% recirculation the nitrogen oxides emissions were
71 ng/J (126 ppm). At 27.5% recirculation, emissions were lower
at 65 ng/J (1lie ppm). By cutting the excess oxygen still further
to 1.3% and running with approximately 24% flue gas recirculation
the emissions were a minimum of 58 ng/J (104 ppm), representing
a total reduction of 35% from baseline conditions for air
atomization. For oil firing, flue gas recirculation rates greater
than 27% caused flame instability and blow-out. No test data

was obtained with higher recirculation rates.
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The results of flue gas recirculation on dual fuel firing
are shown in Figure 5-32. Natural gas and No. 6 fuel o0il were
combined at a 50/50 ratio, based on fuel heat content, and fired
simultaneously. Baseline nitrogen oxides emissions with the nominal
eéxcess oxygen of 3% were 69.7 ng/J (130 ppm). Using 20%
recirculation at excess oxygen levels of 1.6%, 3.0%, and 3.3%
reduced emissions by about 27% to 51 ng/J (95 ppm). Increasing the
flue gas recirculation rate to as high as 35% resulted in no

further significant reduction in nitrogen oxides emissions.

The results of all the testing are summarized in Figure 5-33.
The nitrogen oxides reduction is plotted versus the flue gas
recirculation rate. Recirculation was most effective in reducing
nitrogen oxides emissions from natural gas fuel firing. This can be
expected because gas nitrogen oxides emissions occur solely from the
thermal fixation of atmospheric nitrogen at elevated temperatures.
The flame temperature reducing potential of the recirculated combustion

products is fully realized.

The effectiveness of flue gas recirculation is not as great
for No. 6 fuel oil firing. The reason is that a significant
fraction of the total nitrogen oxides emissions is due to the low
temperature conversion of fuel nitrogen. In addition, oil fuel
combustion is slower in relation to the intense burning of natural
gas from a highly mixed ring type burner. The oil fuel goes through
three major processes before it is burned, i.e., atomization,
vaporization, and mixing. In the course of these processes a
significant amount of natural recirculation of combustion products
within the flame zone occurs and the flame is self-cooled. The
effect of flue gas recirculation on the gas and oil fuel mixture is

less than for gas alone, yet greater than for oil alone.
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Testing was done to evaluate the effect of flue gas
recirculation on particulate emissions. Baseline solid particulates
for steam atomized No. 6 fuel oil were 8.6 ng/J (0.020 1b/MBtu).
Operating with 16.5% flue gas recirculation on steam atomized No. 6
0il resulted in a particulate level of 9.5 ng/J (0.022 1lb/MBtu).
With air atomization, the baseline solid particulates were 10.8
ng/J (0.025 1b/MBtu). No particulate tests were conducted while

firing with air atomization and flue gas recirculation.

The boiler used for Tests 149 through 152 was a combined
cycle unit consisting of a natural gas-fired turbine and a supplementary
fired watertube boiler. The boiler could use as an oxidant either the
gas turbine exhaust containing approximately 17% oxygen by volume at
630 K (680°F) or slightly heated atmospheric air at approximately
340 K (150°F). Using turbine exhaust was a form of flue gas recircu-
lation. Refinery gas was used as the boiler fuel, and the specifica-

tions of this fuel are listed on Table 6-1.

With air as the boiler fuel oxidizer, baseline nitrogen oxides
emissions were 76.0 ng/J (149 ppm) at an excess oxygen of 5.5%. Base-
line nitrogen oxides emissions with turbine exhaust as the oxidizer
were 74 ng/J (146 ppm) at an excess oxygen of 5.1%. The boiler
emissions with turbine exhaust were not as low as might be expected;
since this type of firing is very similar to flue gas recirculation,
and flue gas recirculation has proved to be effective in reducing
nitrogen oxides emissions. An uncertain factor was that there was a
significant amount of nitrogen oxides produced by the gas turbine that

entered the boiler with the turbine exhaust.

In order to assess the effect that the nitrogen oxides in the
turbine exhaust had on the stack emissions from the boiler, the mass
flowrate of nitrogen oxides into the boiler and out of the stack has
to be determined. However, previous studies(ll)have shown that the

nitrogen oxides entering with the turbine exhaust often is decomposed
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to free nitrogen by the combustion process, rather than passing through
the boiler as nitrogen oxides. Therefore, it is not possible to directly
assess this inlet nitrogen oxides effect for these tests, since it was
not possible during the testing to determine the degree to which the
nitrogen oxides in the turbine exhaust was decomposed. Using the
emissions data taken while operating the boiler with air, the effect was
approximated, and the results of this approximation are shown in

FPigure 5-34.

At a nominal baseload of 485 GJ/hr (460,000 1lb/hr steam
flow) the nitrogen oxides emissions measured in the boiler exhaust
were 59.9 kg/hr (132 1b/hr). The nitrogen oxides emissions measured
in the boiler intake (turbine exhaust) were 24.5 kg/hr (54 1lb/hr).
By difference, the nitrogen oxides produced by the boiler fuel
combustion were approximately 35.4 kg/hr (78 1lb/hr). The
baseline boiler nitrogen oxides emissions with air as the oxidizer
were 76 ng/J, which is equivalent to approximately 52.2 kqg/hr
(115 1b/hr). The resulting reduction in nitrogen oxides emissions
in going from air as an oxidant to turbine exhaust as an oxidant was

16.8 kg/hr (37 1lb/hr), a reduction of 32.2%.

5.2.3 FHMgmm

The KVB field crew found that it is common in industry to have
additional boiler Capacity that is not used in the day-to-day production.
Sometimes these boilers are used for standby in case of breakdown and
sometimes they are installed to provide for an occasional high demand
and/or future growth. When there is additional capacity available,
the use of a reduced firing rate to lower the nitrogen oxides emissions

from a boiler is a possible control strategy for some boilers.

The effect of firing rate on the level of nitrogen oxides
emissions was investigated in Phases I and II by raising and lowering

the boiler load from the base load point of 80% of nameplate capacity.
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The boiler control settings, including the level of excess oxygen fired,
were normal for each load. 1In general, changing the firing rate did

not have a strong effect on nitrogen oxides emissions, however. Usually
the NOx reduction effect of lowering the load was nullified by the
increase in excess air at the reduced load that was called for by the
boiler firing procedure. The net result was that the nitrogen oxides
emissions either did not change significantly or even increased at the

lower firing rate.

Watertube gas-fired boilers were relatively insensitive to
load changes unless they had air preheaters. The measurements from
Tests Nos. 15, 25, 77, 146, 154, and 180 that are plotted on Figure 5-35
are the data collected from boilers with preheated combustion air.

The nitrogen oxides dropped about 26 ng/J (50 ppm) as the firing rate
dropped from 85% of capacity to 60% of capacity for Tests 15, 25, and
77. For Tests 146, 154, and 180 the reduction was not quite as great,
only a 5 ng/J (10 ppm) reduction in going from 85% to 60% of capacity.
A combination of lower air preheat temperatures, poorer fuel-air
mixing, reduced heat release per unit heat transfer area, and the
resulting lower temperature of the combustion products probably caused

these decreases in total nitrogen oxides production.

Generally, coal fired watertube boilers showed an increase in
nitrogen oxides emissions when operating below 60% capacity. This increase
usually coincided with an increase in the excess air level.

Oil-fired boilers showed little or no relationship between nitrogen

oxides emissions and firing rate.
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5.3 INPUT MODIFICATION

5.3.1 Fuel Properties

5.3.1.1 Fuel Nitrogen Content -

There are two important mechanisms for the formation of
nitrogen oxides. One is thermal fixation of atmospheric nitrogen,
and the other is conversion of nitrogen compounds in the fuel.

The magnitude of the potential fuel nitrogen effect is about 7320

ng/J (1300 ppm) of nitrogen oxides for complete conversion of 1%
nitrogen (by weight) in a typical oil. For coal, the fuel nitrogen
per volume of flue gas at a given oxygen content is greater, and

the corresponding figure is about 1200 ng/J (1900 ppm) of NO, per

1% nitrogen in the coal. Actually, only partial conversion of the
fuel nitrogen occurs and the percent conversion depends on the fuel
nitrogen content and the availability of oxygen. The percentage
conversion is high for low nitrogen oil and decreases with increasing

nitrogen content.(l4)

The fuel nitrogen content of residual oils used in industrial
and utility boilers ranges from 0.1 to 1.0% by weight. Distillate
Ooils are less than 0.2% in nitrogen content. Crude 0ils, which contain
distillate and residual fractions, are intermediate. Shale oils have
nitrogen contents as high as 2.5%, and pyrolytic oils made from waste
materials could conceivably contain 5% or more of nitrogen. The
nitrogen content of bituminous coals can'vary from as low as 0.8% up
to 3.5%. The oils tested during this program varied in nitrogen content
from 0.002 to 0.77% by weight. The nitrogen contents for the No. 2
0ils were from 0.006 to 0.045%, the No. 5 oils were from 0.10 to 0.52%,
and the No. 6 oils were from 0.26 to 0.46%. One o0il which is designated
by the refiner as PS 300 had a fuel nitrogen of 0.77%. This oil has
other properties similar to a No. 5 oil. The nitrogen contents of the
majority of coal fuels tested during this program varied from 1.29 to

1.80% by weight as fired. Two coals had fuel nitrogens of 0.83 and 0.94%.
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The baseline nitrogen oxides emissions as a function of fuel
nitrogen content are plotted as circles connected by a solid line in
Figure 5-36. Not all data points were included since a lot of the
data were nearly identical and would lie on the top of the points
shown. The o0il fuel Tests 63 and 68, which are inconsistent with the
remaining data, are PS 300 oil tests conducted with nearly ambient
temperature fuel oil at the burner instead of the 71 to 82°C (160 to
180°F) typical for No. 5 oils. The dashed curve is a fit to empirical
data from an in-house KVB, Inc. laboratory investigation of the
influence of o0il fuel nitrogen on NO emissions.(l4) The KVB laboratory
curve is nitric oxide concentration measurements versus fuel nitrogen
content for 130% of theoretical air at the burner. The percent
theoretical air for the measurements of this study are written beside
each data point. The Phase I and II data are slightly above the KVB
laboratory curve. The intercept at zero fuel nitrogen content is the
thermal NO contribution, and the slope of the curve is the contribution
of converted fuel nitrogen. This interpretation leads to the conclusion
that for normal operating conditions with oil fuel the thermal NO for
the tests shown was in the 34 to 110 ng/J (60 to 200 ppm) range and the

fuel nitrogen conversion averaged 46%.

The thermal NO and fuel nitrogen conversion in the field-tested
boilers were similar to the laboratory burner used for the subscale
study. This further indicates a lack of nitrogen oxides variation
with unit size for oil fuel. Other investigators have reported
similar values of fuel nitrogen conversion.(15'16) Sufficient data
were not collected to allow evaluation of fuel nitrogen conversion
under off-stoichiometric conditions; however, the KVB laboratory tests
discussed above showed a reduction in fuel nitrogen conversion to

about 20% for fuel rich combustion.

165



1000

153
900 @\
2
0
800
700
& s
£ 600 £ 186
o EPA Phase I and II 46% Fuel 205
: : 198 §
Nitrogen Conversions + 105 ppm
,E / Thermal NOx
. 500 3 s ———— 160
g g 137
8: / M Sottex:14 & &
. ! 130% Theoretical air
4 / -
a 400 } < 148
g | d
° [ 4 168
143 Kl
= 413
i 132(6 ) WA
25
g 300 145
& 8 244
Z
3 186
§ 172
FUEL 7YPE
0i1 ZCS Coal
Numerals within Symbols are
Baseline Test Numbers. Numerals
132 Above Symbols are Theoretical
| Air in Percent. One Hundred
Percent Theoretical Air is Zero
Excess Alr.
0 ] 1 |
o] .4 .6 .8 1.0 1.2 1.4 1.6 1.8

Figure 5-36.

Effect of fuel nitrogen content

FUEL NITROGEN CONTENT, %

oxides emissions.

166

on total nitrogen

6001-43




During Phase I, fuel oils of varying nitrogen contents were
burned in the same type boiler at four test locations. Table 5-6
summarizes these data. At Location 19 changing from No. 2 o0il with
0.006% nitrogen to No. 6 o0il with 0.44% nitrogen resulted in a 43%
conversion of the fuel nitrogen to nitrogen oxides for air-atomized
tests and 51% conversion for Steam-atomized tests. Tests conducted
at Location 23 with air-atomized No. 5 and 6 oils with fuel nitrogen
contents of 0.28 and 0.27%, respectively, resulted in 44% conversion
of the fuel nitrogen to nitrogen oxides for the No. 5 oil and 52% con-
version for the No. 6 o0il. Similar air atomized tests conducted at
Location 24 on No. 5 oil with 0.20% fuel nitrogen resulted in 41%
conversion of the fuel nitrogen to nitrogen oxides. The test
series conducted at Location 26 when No. 2 o0il with 0.02% fuel nitrogen
and No. 5 o0il with 0.1% fuel nitrogen were burned both with air and
steam atomizers resulted in 60% and 56% fuel nitrogen conversion to
nitrogen oxides, respectively. The average for these tests is 50%
fuel nitrogen conversion which agrees quite well with the average

of 46% for all the Phase I and Phase II data.

Figure 5-38also presents nitrogen oxides emissions Plotted
versus fuel nitrogen content for the coal fuel tests. The data
indicate that no dependence of NOx emissions upon coal fuel nitrogen,
per se, exists. Other factors including furnace geometry, excess
air, firing rate, burner type and possibly additional fuel pbroperties

are all contributing to the variations in nitrogen oxides production.

The majority of coals exhibited fuel nitrogen contents of
between 1.29 and 1.80% and the NOx emissions ranged from 122 to
490 ng/J (200 to 800 ppm). When a western coal with 0.83% nitrogen
was fired in a pulverizer unit for Test 131, nitrogen oxides

emissions were higher than any other coal test; 563 ng/J (922 ppm) .
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Table 5-6. EFFECT OF FUEL OIL GRADE ON TOTAL NITROGEN OXIDES EMISSIONS
AND. CONVERSION OF FUEL NITROGEN TO TOTAL NITROGEN OXIDES EMISSIONS

NOx dry | Excess Fuel Nitrogen
Location| Test Burner @ 3% O2 O2 dry, | Content, Conversion,
Number No. Fuel Type ppm % Wt., % %
19 1 #6 0il | steam 350 3.6 0.44 51
19 2 #6 oil | Air 334 4.4 0.44 43
19 52 #2 o0il | Steam 65 3.6 0.006 100*
19 53 [#2 oil| Air 97 3.0 0.006 100*
19 54 #2 0il | Pressure 80 4.3 0.006 100*
23 64 #2 oil | Air 127 6.8 0.015 100*
23 51 #5 oil | Air 275 6.3 0.28 44
23 34 #6 oil | Air 298 5.4 0.27 52
24 73 #2 oil | Air 84 3.1 0.014 100%*
24 46 #5 oil | Air 186 3.2 0.20 41
26 56 #2 oil | Air 116 8.0 0.020 100%*
26 57 #2 0il | Steam 118 8.0 0.020 100%
26 44 #5 oil| Air 173 7.3 0.10 60
26 45 #5 o0il | Steam 16l 6.7 0.10 56

*Fuel nitrogen content was too low to determine a realistic conversion
bercentage. The conversion was near 100%.

6001-43
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The western coal differed significantly from the other coals not only

in nitrogen content, but in oxygen content. This western coal contained
12.5% oxygen while the other coals averaged about 7%. It is theorized
that the high Oxygen content in intimate contact with the fuel nitrogen
enhanced the low temperature conversion of fuel nitrogen to nitrogen
oxides and contributed significantly to the overall high nitrogen

oxides level.

For Test 165 the nitrogen oxides emissions were the lowest of
any coal-~fired boiler; 100 ng/J (164 ppm). The fuel averaged about
0.94% nitrogen and the fuel Oxygen was 9.9%. It is believed that the
low nitrogen oxides emissions are related to the furnace geometry and
the nature of the combustion process. The boiler was equipped with a
traveling stoker chain grate burner which combusts large coal particles
at a relatively slow rate. The combustion equipment was in poor
condition. Visual examination of the furnace during the tests revealed
low intensity combustion flames of a very lazy and random nature. The
addition of overfire air actually improved the mixing of fuel and air
and resulted in an increase of nitrogen oxides. The excess air was
extremely high and the heat release rate per unit volume was comparatively
low, 0.496 [GJ-hr“l~m—3 (O.Ol3x106 Btu-hr_l'ft-3)], considering the

rated boiler capacity.

5.3.1.2 TemEgrature -

The effect of oil temperature, or viscosity, on nitrogen oxides
emissions was investigated at five locations during the course of the
program. In all cases the tests were conducted with steam atomized
No. 6 fuel oils over a temperature range of 69°C to 121°C (157°F to
250°F). As seen in Figure 5-37 no consistent trend was observed,
although in all cases the changes in nitrogen oxides emissions were

less than 10%.
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The main property change due to increasing the oil temperature
is the reduction of the viscosity; for a typical No. 6 ©il the viscosity
will drop from 400 SSU to 110 SSU as the temperatures is increased from
240 K to 365 K (150°F to 200°F). Number 5 and 6 oils are normally
atomized in the viscosity range of 150 to 300 ssu. Fundamentally, as
the temperature decreases and the viscosity increases the energy required
to overcome viscous effects increases, and this detracts from the energy
available for droplet breakup resulting in coarser atomization. This ig
minimized somewhat in steam or air atomizers which produce much smaller
drop sizes than their mechanical counterparts since the energy contained
in the atomizing gas stream can be independent of the quantity of liquid
being atomized. Thus, one would not expect nitrogen oxides emissions to
be greatly dependent on oil temperature or viscosity for air or steam

atomized systems.

Another field test crew from KVB, Inc. tested a twin boiler at
Location 38 for the effect of fuel oil temperature on particulate
emissions.(ls) They found that the particulate emissions as indicated
by the mass monitor showed a 57% decrease with increasing oil
temperature as shown in Figure 5-38 and a further decrease with increase

oil atomization Pressure.

5.3.2 Burner Characteristics

5.3.2.1 Burner Tune-up -

The effect on total nitrogen oxides emissions of tuning the
burner was determined by first measuring the emissions from a boiler
that had not been tuned for a yYear or so. The local serviceman for
the burner manufacturer then was brought in and he tuned the boiler
to the manufacturer's specifications. Tuning involved examining the
nozzle for worn tips, adjusting the Spray angle to make sure unburned
fuel did not strike the side or rear walls of the furnace and adjusting
the flame length so it did not wash the side or rear walls. Much of
this is done by means of adjusting the amount and swirl of the combustion
air.
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Qil Fuel: The chief effect of burner tune-up was a reduction
in carbon monoxide emissions rather than a significant reduction of
nitrogen oxides emissions. During Test 108 at Location 1, the carbon
monoxide from oil fuel was reduced from 139 to 38 ng/J (407 to 110 ppm)
and during Test 112 at Location 27, from 40 to zero ng/J (116 to zero
ppm). During Test 108 this was accomplished by raising the excess
oxygen from 2.7 to 3.8%. The increase in excess air and stack tempera-
ture compensated for the decrease in carbon monoxide in the stack gases
and the heat loss efficiency did not change. After the tune-up during
Test 112, it was possible to operate at a lower level of excess oxygen
than originally without any carbon monoxide in the stack gases and the

efficiency increased by 1% from 81 to 82%.

There was a 13% reduction in the nitrogen oxides emissions from
cil fuel during Test 112 at Location 27 after tune-up, but no reduction

during Test 108 at Location 1.

At Location 27 the particulates were relatively unaf fected,
increasing by about 5%. At Location 1, however, the particulate
emissions increased substantially, i.e., doubled, after tune-up. This
increase may have been due to the impingement of the flame on the water
walls of this particular boiler. Even after tune-up there was a
substantial amount of impingement and the relatively cold water walls
may have quenched the flame and increased the creation of unburned
carbon particles. The spray angle was very large and there was not
time during the test for the burner manufacturer to secure and install

a smaller angle burner tip for test purposes.

However, at both locations the total particulate emission was
well below the Environmental Protection Agency limit for new units

of 43 ng/J (0.1 lb/MBtu) for solid particulate alone.
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Natural Gas Fuel: With natural gas fuel, tuning the burner

resulted in an increase in nitrogen oxides at both locations. When
the excess oxygen was increased sufficiently during Test 106 at
Location 1 to eliminate the carbon monoxide, the efficiency decreased
due to the larger amount of excess air. For Test 110 at Location 27,
however, it was possible to decrease the excess oxygen and not incur
an increase in the carbon monoxide above ng/J (10 ppm) and the

efficiency increased slightly.

Summary: Thus for both o0il and gas fuels, if the burner was
tuned to reduce the carbon monoxide to near zero and/or to improve
the flame texture and color, the nitrogen oxides emissions either
were unchanged or increased. Tune-up universally was successful in
reducing carbon monoxide, however. Reducing carbon monoxide to near
zero generally increased the heat input efficiency: e.g., 0.6 to 1.0%,
because the decrease in combustibles was slightly greater than the

corresponding increase in heated air exhausted up the stack.

In both instances when the fuel was oil and the particulates
were measured before and after tune-up, the particulate increased

rather than decreased when the burner was tuned.

It appears that the most effective way to reduce nitrogen
oxides emission by burner tuning is simply to reduce the excess oxygen
and accept some carbon monoxide, perhaps up to 35 ng/J (100 ppm). The
remaining combustibles in the exhaust gases are offset by the decrease
in excess air exhausted up the chimney and the heat loss efficiency is

not affected significantly.
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5.3.2.2 Coal Burners -

The data shown in Figure 4-3 have been analyzed to determine
if certain types of coal burners as a class, such as underfed stokers,
Spreader stokers and pulverizers, emit less nitrogen oxides than other
types. It was found that boilers equipped with spreader stokers and
pulverizer type burners had the highest nitrogen oxides emissions.
Chain grate andg underfed stokers had the lowest emissions. The chain
grate and underfed stokers had less intense flames and larger furnaces
than the others, and thig combination of less intense combustion and

large furnace bProduced a lower level of nitrogen oxides emissions,

levels, as Figure 4-3 indicates. Nitrogen oxides were 100 ng/J (164
Ppm) and particulates were 175 ng/J (0.41 1b/MBtu). The emissions from
underfed stokers were the next lowest, 134 to 208 ng/J (220 to 340 Ppm)
nitrogen oxides, but all boilers with this type of firing were small,
less than 63 GJ/hr capacity. Spreader stokers produced nitrogen

oxides emissions of 220 to 336 ng/J (360 to 550 ppm). Particulates
from spreader stokers ranged from 103 to 1300 ng/J (0.24 to 3.05
1b/MBtu), depending on whether the samples were taken before or after
the dust collector.

The cyclone burner of Test 32 was a high emitter of nitrogen
and a low emitter of particulate. These emissions were what one would
expect from the very small volume furnace and a very intense flame of

this type of burner.

The highest nitrogen oxides emissions were from the pulverizer
at Location 31, Tests 131 and 169. The reason for these high emissions
is not known. Originally measurement error was Suspected, and the
field crew returned two months later and repeated the test. The results
of Test 169 duplicated those of Test 131, so the high emissions appear
to be real.
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Particulate emissions from coal burning boilers were slightly
dependent on burner type. Pulverized coal burners generally produced
more particulates than stoker equipped boilers, as is discussed in

Subsections 4.2 and 5.4.
5.3.2.3 0il Burners -

The types of oil atomizers evaluated during the program were
steam, air, pressure - mechanical, and rotary cup. The No. 2 oil
burners were evenly divided between steam and air atomized, with one
test conducted using a pressure-mechanical atomizer. The No. 5 oil
burners were divided into about one-fourth steam-atomized, one-half
air-atomized, and the remainder rotary cup-atomized. The majority of
the No. 6 o0il tests were with steam-atomized oil guns, the remainder
being air-atomized. All No. 2 oil atomizers operated with ambient
temperature oil at the burner. The oil and steam/air pressures at
the burner varied from unit to unit; but typically, steam/air pressure
was about 0.446 MPa (50 psig), and oil pressure was about 0.377 MPa
(40 psig) at top load. The No. 5 oils were normally fired at from
545 to 355 K (160 to 180°F) at the burner with steam/air and oil
pressures similar to the No. 2 oil atomizers. The No. 6 oils were
normally fired at approximately 365 K (200°F) at the burner, and the
steam/air and oil pressures at the burner were similar to No. 2 and

5 o0il atomizers.

A special series of tests, Tests 1, 2, 52, 53, 54, 195, 196,
200, and 201 were run at Location 19 to investigate the effect of the
oil atomization method and oil grade on the total nitrogen oxides and
particulate concentrations. The boiler used was a Keeler Company
packaged steam generator rated at 18.5 GJ/hr (17,500 lbs/hr steam flow)
and was installed in 1970. The furnace ceiling and side walls consisted
of tangent-wall tubes with a tile floor and burner wall. This saturated
steam boiler operated at a nominal steam pressure of 1.14 MPa {150 psig).

During this test series, both No. 6 and No. 2 fuel 0ils were tested with
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steam and air atomizing oil guns, and No. 2 fuel o0il was also

tested with a mechanical~pressure atomizing oil gun. Ambient
temperature combustion air was used in all tests. The measurements
are summarized in Table 5-7 and Figure 5-39. 7Tt should be noted that
the No. 2 and No. 6 oils (Tests 1 and 2) used for these tests were the
extremes in API gravity, carbon residue, ash, nitrogen, and sulfur
(see Table 6-1). As a result, relatively high nitrogen oxides and
Particulate values were measured for Tests 1 and 2 with No. 6 oil

and low values were measured for No. 2 oil.

The field test measurements from Tests 1, 2, 44, 45, 52, 53,
54, 56, and 57, which were done during Phase I are summarized in
Table 5-8. This table is an eéxcerpt of Table 4-1 of the Phase I
Final Report, Reference 4.

Test No. 1: Steam-Atomized No. ¢ Fuel 0il. The steam-atomized
0il burner used for this test operated at the baseline load with oil
bressure and temperature at the burner of 0.62 Mpa (75 psig) and 93°C
(200°F). The o0il was atomized by steam impingement within the atomizing
tip and injected into the furnace through burner tip orifices, which
were similar to the common B&W Y-jet atomizer design. These tests were
repeated during Tests 200 and 201 with g different shipment of No. ¢

fuel oil.

As shown in Figure 5-39, the nitrogen oxideg emissions increased
with increasing excess OXygen up to about 5% excess OXygen where a
maximum nitrogen oxides value of 213 ng/J (380 ppm) was reached and
beyond this oxydgen level the nitrogen oxides emissions decreased with
increasing excess oxygen. The minimum excess oxygen level, below which
incomplete combustion occurred, as evidenced by excessive CO emissions
and a visible smoke Plume, for this test was 1.6%. Particulate emissions
of 65.5 ng/J (0.1524 lbs/lO6 Btu) were measured for the low air Test
Run No. 1-11, which is one of the higher emission levels recorded for

Steam-atomized No. 6 fuel oil.
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Table 5-7. EFFECT OF OIL ATOMIZATION METHOD ON TOTAL NITROGEN OXIDES,
PARTICULATE EMISSIONS AND BOILER EFFICIENCY

Test Normal! Solid
Fuel Atomiza- Load Excess |NO2 Particulates Boiler
Test 0il Nitrogen| tion GJ/hr Oxygen ng?J ng/J6 Efficiency
No. | Grade (%) Method (103 1b/hr) | (v) {ppm) | (1b/10° Btu) (%)
1% | No. 6 0.44 Steam 15 3.6 196 62.1 85
(14) (350} (0.1447)
2 No. 6 0.44 Air 16 4.4 187 125 85
(15) (334) (0.2818)
195" | No. & 0.14 Steam 15 3.1 95 8.60 84
(14) (169) (0.020)
200 No. 6 0.14 Air 15 2.9 9l 10.8 83
(14) (162) {0.025)
198 No. 6 0.14 Steam 15.1 3.1 75 9.90 82
(14.3) (133) (0.023)
203 No. 6 0.14 Air 14.8 2.9 73 18.1 83
(14.0) (131) (0.042)
44 No. 5 0.10 Air 18.6 7.2 99 17.5 86
(17.6) (177) (0.0448)
45 No. 5 0.10 Steam 18.3 6.7 S0 32.0 86
(17.3) (161) (0.0779)
52 No. 2 0.006 Steam 15 3.6 36 14.6 85
(14) (65} (0.0339)
53%| No. 2 0.006 | Air 15 3.0 54 5.01 8s
(14) (97) (0.0163)
54 No. 2 0.006 Mech. 13 4.3 45 4.96 85
(12) (80) (0.0151)
56 No. 2 0.02 Air 16.8 8.0 65 — 85
(15.9) (116) -
57 No. 2 0.02 Steam 16.6 8.0 66 - 86
(15.7) (118) -

Normal operating 02 level defined by burner manufacturer.
ppm is measured value corrected to 3% excess 02 dry.

Particulate data for Test No. 1 were taken for low air run
(2.3% oxygen).

A different shipment of No. 6 o0il was used for Test 195, 200
than for Tests 1, 2.

Particulate data for Test 53 were taken for high air run (4.3% oxygen).

6001-43
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Test No. 2: Air-Atomized No. 6 Fuel Oil. At the baseline
load of 15.0 GJ/hr (14,200 lbs/hr) the oil pPressure and temperature
at the burner were 0.36 MpPa (37 psig) and 101°C (214° F) and the atomizing
air pressure at the burner was 0.31 MPa (30 psig). The nitrogen oxides
emissions increased by 6.6% with increasing excess oXygen over the range
investigated. The flame appearance changed with excess oxygen, and the
best flame characteristics occurred at the lower oxygen levels.
Particulate emissions of 125 ng/J3 (0.2910 lbs/lO6 Btu) were measured
for Test Run No. 2-6, which was substantially greater than the values

obtained with steam atomization on Test No. 1.

Test No. 52: Steam-Atomized No. 2 Fuel 0il. The Steam-atomized
0il burner used for this test at a steam flow of 14.8 GJ/hr (14,000
lbs/hr) operated with 0.55 MPa (65 psig) pressure, ambient temperature
©0il and the steam pressure at the burner of 0.60 MPa (73 psig). The
nitrogen oxides emissions increased with increasing excess oxygen up
to about 4%, and between €xXcess oxygen levels of 4 and 5%, the nitrogen
oxides emissions appear to reach a maximum value. A visible haze from
the smoke stack occurred at the lowest level of excess oxygen of 2.6%.
The baseline total particulate emissions of 16. 25 ng/J (0.0378 lbs/lO
Btu) were measured for this test at an excess oxygen level of 3.6%,

which is about average for steam-atomized No. 2 fuel oil.

Tests 195, 196, 200, 201. The tests were repeated with another
shipment of No. 6 oil and during tests 195, 196, 200, and 201 and the
results are tabulatedbin Table 5-7 and trends in nitrogen oxides with
€xcess oxygen are shown in Figure 5-41. The trends obtained with this
series of tests were similar to those obtained during Tests 1 and 2 with
steam atomization producing about 10% more nitrogen oxides than air
atomization. The difference in the absolute levels of the nitrogen
oxides emission is attributable to the nitrogen content of the two
different No. 6 oils. The 0il of Tests 1 and 2 had a nitrogen content of

0.44% and for Tests 195, 196, 200, and 201 it was 0.14%.
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Test No. 53: Air-Atomized No. 2 Fuel 0il. At the
baseline steam flow of 14.8 GJ/hr the oil burner operated with 0.29
MPa (27 psig) oil pressure, ambient oil temperature and 0.26 MPa
(23 psig) atomizing air pressure. The NOx emissions increased
with increasing excess O2 up to about 4.0% O2 beyond which the
NOx was relatively constant at 101 ppm. Particulate emissions
were 56.7 ng/J (0.0164 1bs/10° Btu), which is one of the lower

values for air-atomized No. 2 fuel oil.

Test No. 54: Mechanically-Atomized No. 2 Fuel 0il. The
mechanically-atomized o0il burner used for this test operated with
ambient temperature fuel oil at a burner pressure of 2.03 MPa
(280 psig) for a boiler load of 12.1 GJ/hr (11,500 1lbs/hr). The
NOx values did not vary significantly over the excess O2 range
investigated of 3.7 to 6.6%. Particulate emissions of 8.34 ng/J
(0.0194 lbs/lo6 Btu) were measured, which is one of the lower

values measured for No. 2 fuel oil.

The No. 6 oil data presented in Figure 5-40 show
steam atomized fuel o0il burners to have slightly higher NOx
emissions than air atomized burners for normal operating excess
oxygen levels. As the excess O2 level is increased, both of the
NOx emissions increase until, at 5% excess 02, the NOx emissions

for steam atomization are less than for air atomization.

The NOx emissions with No. 2 fuel o0il were not very
sensitive to excess oxygen. Air atomization resulted in the
highest NOx emissions [56 ng/J (100 ppm)] with steam atomization
being the lowest NOx producer [39 ng/J (70 ppm)]. The mechanically
atomized No. 2 fuel oil tests were conducted at a reduced load
and yielded NOx emissions greater than the steam, but less than

the air~atomized data.
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The boiler efficiency did not vary measurably due to use of

different o0il and atomizers.

The particulate emissions for both the No. 6 and No. 2 fuel
0il tests were inversely related to the nitrogen oxides emissions. For
No. 6 fuel o0il, atomization resulted in the lowest nitrogen oxides
emissions at the normal operation oxygen level, but yielded substantially
greater particulate emissions than did steam atomization. For the No. 2
fuel o0il tests, steam atomization resulted in the lowest nitrogen oxides
emissions and yielded the greatest particulate emissions. The air
atomization test had the greatest nitrogen oxides emissions and yielded
lower particulate emissions than the steam atomized test with No. 2 oil.
Mechanically-atomized No. 2 fuel oil nitrogen oxides and particulate

emissions were in between the air and steam results.

A second special series of tests, Tests 44, 45, 48, 56, and 47,
was run at Location 26 with No. 2 and No. 5 oils with both steam and air
atomization. 1In Tests 56 and 57 with No. 2 oil, the nitrogen oxides
emissions listed in Table 5-7 for air and steam atomization were the
same, whereas for Test 52, steam atomization produced significantly
less nitrogen oxides emissions._ With No. 5 0il in Tests 44 and 45, the
emissions with air atomization were greater than with steam, rather than

less, as for Tests 1 and 2 with No. 6 oil.

Tests 3 and 36 were run on a rotary cup type atomizer firing
No. 5 and NSF oil, respectively. Although rotary cup oil burners once
were commonplace, now they are becoming rare. The total nitrogen oxides
concentrations were somewhat high for oil-fueled boilers of this small
size, but not seriously so. The particulate emissions were slightly

less than those of boilers burning No. 6 fuel oil.
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5.3.2.4 0il Atomization Pressure -

During three test series data were collected to determine the
effect on nitrogen oxides emissions of changes in the pressure of the
atomizing fluid. The results were that when the fuel and/or atomization
pressure was increased the nitrogen oxides increased too. In the one
instance where the effect on particulate emissions was measured, they

decreased.

At Location 36 the pressure of the atomizing steam was varied
to determine the effect of atomization pressure on the nitrogen oxide
emissions. These tests were carried out in a steam-atomized watertube
boiler firing No. 2 fuel o0il. At a steam rate of 55 GJ/hr (52,000 1b/hr)
and an excess oxygen level of 5.9%, the steam atomization pressure was
varied from 340 kPa to 670 kPa (35 psig to 83 psig). The normal pressure
setting at this load was 590 kPa (59 psig). The effect of nitrogen
oxide emissions and smoke are shown in Figure 5-40. As the steam
atomization pressure was increased over the bPressure range, the nitrogen
oxides emissions increased by 6% and the smoke levels decreased by two

Bacharach smoke numbers.

Although the changes in the total nitrogen oxides emissions
were small in these tests, the trend was consistent with that obtained
previously.(4) The results of Test 2 of Phase I were that when the
pressure of the atomizing air was reduced the nitrogen oxides emissions

decreased.

The ASME heat loss boiler efficiency was not significantly
affected by this combustion modifications, remaining at 85% throughout

the tests at Location 36.

The effect of atomization pressure on nitrogen oxides and
particulate emissions was investigated at length by Laurendeau, et al.(l7)
They tested a boiler at Location 38 that was a twin to the one tested

under this program. One set of runs consisted of raising the fuel
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and steam atomizing pressure while maintaining a 140 kPa (20 psig)
spread between them. Raising the pressures caused the particulate
emissions to decrease as is shown in Figure 5-38 when the atomizing
bressure was raised from 585 to 722 kPa (70 to 90 psig). However,
raising the pressure also caused the nitrogen oxides emissions |

to increase. At fuel and atomizing steam pressures of 515 kPa and

650 kPa (60 and 80 psig) the nitrogen oxide emissions were about 140
ng/J (250 ppm). When the pressures were raised to 700 kPa and 825 kPa
(87 and 105 ppm) the NO emissions rose to about 163 ng/J (290 ppm).

5.3.2.5 Natural Gas Burners -

The majority of the industrial-sized boilers tested in Phases
I and II were equipped with multijet ring type natural gas burners.
This type of burner injects the gas jets radially inward (toward the
burner center axis) into a swirling air stream. The ring burner produces
good fuel and air mixing and the combustion starts in the fuel-rich
combustion zone near the injection orifices and continues downstream
of the burner throat. Ring burners have generally been found to be
low nitrogen oxides producers and have the capability of operating

fuel-rich over a large range of fuel flow rates with a stable flame.

Two boilers, used for Tests 75 and 77 had corner-fired furnaces
which use multijet gas nozzles where the gas and air streams are

injected into the boiler in parallel directions.

The boiler used for Tests 153-155 utilized a single burner
comprised of three multi-orifice gas nozzles. Combustion air is

supplied through primary and secondary air registers. The gas gqguns
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are located within the primary (inner) air Passage and inject fuel

outward into the swirling air stream at an angle of approximatley 45°
from the center axis. The boilers used for Tests 149-152 and 207-212
were also fitted with gun type burners, however refinery gas was the

fuel.

Because of the lack of variation in gas burner designs, no
concrete conclusions could be drawn on the effect of burner design on
emissions. Emissions from the boilers equipped with nozzle type
burners were similar to those from boilers fitted with ring burners.
Generally, nitrogen oxide emissions from natural gas fired boilers
were found to be more dependent upon firing parameters, such as

burner heat release rate, excess air, and combustion ailr temperature.
5.3.2.6 Burner Size -
ZnlEr olze

The total nitrogen oxides emissions measured during the program
were found to be larger when the burner size in terms of heat release
level in joules per hour was large. The relationship differed for each
of the three fuels, but in general it was found that the larger the
burner the larger the nitrogen oxides emissions. This relationship
Suggests that an effective form of combustion modification would be to
use two smaller burners rather than one larger one. It is recognized
that coal fuel burning equipment sometimes can not be defined simply
in terms of individual burners size; however, pulverized coal burners
and cyclone furnaces are similar to oil and natural gas burners in that
a certain portion of the fuel and air enters the furnace through a

burner port.

The relationship between the nitrogen oxides emissions and the
burner heat release rate or size for the natural gas and coal-fired

boilers is depicted in Figure 5-41. The coal fuel data on Figure 5-41
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show a strong dependence of nitrogen oxides emissions on burner heat
release level. The natural gas burner data, however, show a somewhat
lower dependence of nitrogen oxides emissions on burner size than
does the coal burner data.

4 . . .
The Phase I data( ) had been interpreted as indicating that

the dependence of emissions on burner size was stronger when the
combustion air was preheated than when it was not. However, during
Phase II the measurements made for Tests 140 and 165 on boilers that had
preheated combustion air were the same level as those taken previously
for unheated combustion air. It now appears that the degree of
sensitivity of nitrogen oxides emissions to burner size depends more
upon the characteristics of the individual boiler than upon whether or

not the combustion air is preheated.

Figure 5-42 presents the effect of burner heat release level
on the total nitrogen oxides emissions for all of the oil-fired boilers
tested. The two data points for No. 5 oils which have nitrogen oxides
emission levels greater than 225 ng/J (400 ppm) are from tests where
the fuel o0il was not heated, but was near outside air temperature.
Atomization was poor, and they are not considered to be representative

data points.

The effect of burner heat release rate on nitrogen oxides
emissions from o0il fuels was not as great as previously discussed for
coal fuel, but was greater than for natural gas burners with or without
preheated combustion air. The type of oil atomizer did not seem to
affect this relationship. The No. 2 oil burners were smaller, all
being below 53 GJ/hr (50xlO6 Btu/hr), and defined the lower region of
the cil data. The No. 5 and No. 6 oil burners included the complete
range of burner size investigated from the smallest up to 131 GJ/hr

(125x106 Btu/hr).
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5.3.3 Boiler Furnace Characteristics

5.3.3.1 Firetube Boilers -

A large number of firetube furnace boilers in addition to
watertube furnace boilers was tested during Phase I, and the results
are discussed in Subsection 5.1.1.4. Comparison of the test results
showed that the emissions of nitrogen oxides from firetube boilers
was less sensitive to changes in the excess air level than they were
from watertube boilers when burning the same fuel.(4) The Phase II

testing concentrated on watertube boilers only.

5.3.3.2 Furnace Volume and Area -

Nitrogen oxides are formed at high temperature by the combina-
tion of oxygen and nitrogen, and the length of time that the products
remain at high temperature is critical to the formation of nitrogen
oxides. Consequently, the furnace heat absorption volume and area
were evaluated as design parameters which could influence the time/
temperature history. The furnace heat absorption volume parameter
was defined as the products of the furnace heat release per hour
divided by the furnace volume from the burner face to the end of the
furnace. The furnace heat absorption area parameter was defined as the
ratio of the furnace heat release per hour to the projected wall, floor
and ceiling areas of the furnace. The furnace heat absorption parameters
are listed in Table 7-1 of Section 7, Test Boiler Design Characteristics,

for each boiler tested in Phase II.

The heat absorption parameter data are discussed in Subsection
7.2.2 of the Phase I report,(4) and the conclusion drawn from these
data was that the nitrogen oxides emissions were not dependent upon
furnace heat absorption area or volume. Phase II test results support

this conclusion.
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5.4 PARTICULATE EMISSIONS

5.4.1 Particulate Concentration

Figure 5-43 compares the change from the baseline value in
solid or filterable particulate emissions and the corresponding change
in the total nitrogen oxides emissions when the different combustion
modification techniques were applied. Data from both Phase I and Phase
ITI are included. The figure is divided into quadrants. One is labeled
"Best Quadrant" and a second "Worst Quadrant." The criterion for the
Best Quadrant with solid particulate emissions is that the effect of
the modification was to reduce the emissions of both the total nitrogen
oxides and the particulates. The Worst Quadrant is when the effect was

to increase both emissions.

The effect of the various combustion modification methods was
as follows:
1. Reduced excess air: This was the best method because the
particulate emissions decreased by as much as 30% in four out of the

six tests.

2. Staged combustion air: The change in particulates was measured
in three of the six staged combustion air tests. In all three instances

it increased by 20 to 48% of the baseline level.

3. Burners-out-of-service: This method had the advantage that the
nitrogen oxides emissions always decreased and the boiler efficiency was
maintained. However, the particulate emissions always increased by from

25 to 95% of the baseline level.

4. Burner register adjustment: Readjusting the burner registers

had no significant effect on the particulate emissions.

5. Reduced combustion air temperature: Only one test was run and
the air temperature was increased by 11 K. The particulate emissions
decreased by 53%. However, a measurement of the particulate emissions

change with an air temperature reduction of 100 K was made on the boiler
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at Location 38 as part of the work reported in Reference 17. The
results were reported in a private communication and were that no

change in particulate emissions occurred.

6. Flue gas recirculation: Recirculating 25% of the flue gas
resulted in a nitrogen oxides reduction of about 12% and a particulate

emission increase of about 15% of the baseline levels.

7. Reduced firing rate: In the one instance where the particulates
emission change was determined, the nitrogen oxides emission increased
by 10% and the particulate emission decreased by 45%. This was one of

the largest particulate emission decreases that was encountered.

8. Fuel oil viscosity: Another KVB, Inc. field test crew measured
the particulate emissions change as the 0il temperature of a twin boiler
at Location 38 was increased from 351 K to 388 K. The particulate

a7)

emissions "showed a pronounced decrease with increasing oil temperature."

9. Burner tune-up: Tuning the burner reduced the nitrogen oxides
emissions and had no effect on the particulates in Test 112. During
Test 108 the emissions rose by 150%, because the tune-up resulted in
increased flame impingement and quenching on the water walls. The
results of Test 112 are deemed to be the more representative, since
tuning the burmer resulted primarily in reducing the carbon moneoxide for
a given level of excess air. Reducing the carbon monoxide emissions

should reduce, or at the worst not affect, the particulate emissions.

iO. Fuel oil atomization method: No generalized conclusions can be
drawn from the five test sets that are listed in Table 5-9. There were
four instances where the atomization method of a given burner was changed
from steam to air. When the oil was No. 6 the particulate emissions
increased by from 26 to 101% of the baseline level. For the one case

when the o0il was No. 2 the emissions decreased by 69%.
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Table 5-9,

PARTICULATE EMISSION LEVELS

EFFECT OF ATOMIZATION METHOD ON THE

Change in

Test Solid Part. Particulate
Run 0il Atom. ng/J Emission
No. Test Type Grade Method (1b/106 Btu) %
1-11 Baseline No. 6 Steam 62.1
(0.1447)
2-6 Changed No. 6 Air 125 +101
Atomization (0.2818)
195-1 Baseline No. 6 Steam 8.60
(0.020)
200-3 Changed No. 6 Air 10.8 +26
Atomization (0.025)
198-12 Baseline No. 6 Steam 3.90
(0.023)
203-7 Changed No. 6 Air 18.1 +83
Atomization (0.042)
44-4 Baseline No. 5 Air 17.5
(0.0448)
45-7 Changed No. 5 Steam 32.0 +83
Atomization (0.0779)
52-5 Baseline No. 2 Steam 14.6
(0.0339)
53-6 Changed No. 2 Air 5.01 -69
Atomization (0.0163)
54-5 Changed No. 2 Mech. 4.96 -69
Atomization (0.0151)
6001-43
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When the change was made from air to steam atomization on
another burner, rather than from steam to air, the particulate emissions
did not decrease as would have been expected from the ‘results of Tests
1 and 2, 195 and 200, and 198 and 203. 1Instead the emissions from
Tests 44 and 45 increased by 83s%.

Apparently, the effect of atomization method on the particulate
emissions is unique to each fuel-burner-boiler combination and it cannot

be generalized.

12. Fuel oil atomization pressure: The results of one set of tests
that are discussed in Subsection 5.3.2.3 were that an increase in the
atomization pressure of 23% reduced the particulate emissions by 75%.
Although this was only one test set, extensive data were taken carefully,
and one can conclude that it is possible to reduce the particulate

emissions by increasing the atomization Pressure.

5.4.2 Particulate Size

The effect of some of the forms of combustion modification on
the particulate size distribution also was determined and is discussed
in this section. Table 510 lists the combustion modification methods

that were investigated and the corresponding size distribution results.

Figure 5-44 shows the effect of the particulate size distribu~
tion of modifying the combustion of o0il fuel by reducing the amount of
excess ajr/oxygen. Test 176 was run with the baseline amount of
€Xcess oxygen of 4.3%, while Test 179 was run with 4.0% excess oxygen.
Reducing the excess oxygen from 4.3% to 4.0% reduced the proportion
of fine particulates from about 58% to about 50%. (The total nitrogen
oxides concentration dropped from 195 ppm to 174 ppm.) Apparently the
modified combustion resulted in a decrease in the proportion of the

smaller and an increase in the proportion of the larger size particulates.
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Table 5-10. PARTICULATE SIZE DISTRIBUTION WITH COMBUSTION

MODIFICATIONS
OIL FUEL
Proportion of Total Weight of Catch
Particles Particles
Particles In The Reducing
Inhaled "Fine" Visibility
Test Then Particulate by Mie
Load Burner | Exhaled Size Range Scattering
GJ/hr or Oil | <0.5 um <3 um 0.4-0.7 um | Soot Combustion
No. Location | (1031b/hr) | Type % % % Included | Modification
111 27 90 (8S) PS300 60 81 10 No None (Baseline)
112 90(85) PS300 - . 97 - No After Tuneup
162-36 36 65(62) No. 2 1 26 0.8 No None (Baseline)
162-11 63(60) No. 2 3 40 0.9 No Low Excess Air and
Registers Reset
162-5 93(88) No. 2 0.3 5 0.1 No Registers Reset
176 37 34 (32) No. 6 3 60 1 No None (Baseline)
179 34(32) No. 6 27 50 1 No Low Excess Air
166-3 35 116(110) Chain 11 24 5 No None (Baseline)
Grate
166-8 116(110) [Chain 18 40 13 No Low Excess Air
Grate
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Also shown in Figure 5-44 is the effect on the particulate size
distribution of modifying the fuel and air mixing by resetting the
burner registers. The test fuel here was No. 2 0il, and the testing
was done at a very low firing rate, i.e., 33% of capacity. The upper
curve for Test 162 was drawn from data taken after the registers had
been reset. The most striking effect was that the proportion of fine

particulate rose from a baseline value of about 26% to about 40%.

When the fuel was coal burned on a chain grate the effect of
reducing the excess air was different. The reduction in the percentage
of excess air was 0.4. This is illustrated on Figure 5-45. Reducing
the excess air raised all of the pProportions of the total weight of

the catch, rather than reducing them as with oil fuel.

When the firing rate of the boiler used for Test 162 was
raised from a level of 65 GJ/hr that was 33% of capacity to 93 GJ/hr
(47% of capacity) and the registers reset for the lowest nitrogen oxides
emissions the proportion of fine particulate decreased from about 26%
to about 5%.

The effect of modifying combustion by tuning the burner is
illustrated in Figqure 5-46. The data for the upper curve were taken
before the o0il burner at Location 27 was tuned and those for the lower
curve were taken after. After tuning there was a larger proportion of
the fine particulate. No data were available below on aerodynamic size
of about 0.5 um because the back-up filter was damaged and could not

be reweighed.
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5.5 BOILER EFFICIENCY

The effect of the various techniques used to reduce nitrogen
oxide emissions on boiler thermal efficiency have been evaluated and
are discussed in this section. The test data are from Phase II in
which the nitrogen oxides reducing techniques of low excess oxygen,
overfire air, burners out of service, reduced combustion air preheat,
and flue gas recirculation were investigated. The data are presented
in graphs wherein the percentage change of nitrogen oxides (the change
in NOx resulting from a particular combustion modification divided by
the baseline NOx level) is plotted versus the corresponding change

in boiler efficiency.

In general, the nitrogen oxide reduction techniques of low
excess oxygen firing, burners out of service, and flue gas recirculation
resulted in boiler efficiencies equal to or better than baseline
levels. Staged air and reduced combustion air preheat produced a

degradation of efficiency.

5.5.1 Effect of Excess Air

The effect of low excess air firing on boiler efficiency is
illustrated in Figure 5-47. The majority of the data points are located
in the best quadrant, i.e., where a reduction in emissions is accompanied
by an increase in efficiency. Efficiency was bettered by as much as 2.5%
in two cases. On a coal-fired boiler reducing excess oxygen resulted in
a 44% reduction in nitrogen oxide emissions along with a 2.0% increase
of boiler efficiency. 1In three cases with gas fuel, lowering the excess
oxygen resulted in an increase in emissions at a higher efficiency.

This behavior of increasing nitrogen oxides with decreased oXygen is
unusual and is discussed in Section 5.1.1. 1In two instances, lowering
excess oxygen resulted in a decrease of efficiency; however, the
magnitude of the changes were insignificant compared to the accuracy of

the procedure used to determine them.
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As a whole, the efficiency of the boilers tested during Phase
IT responded as expected to the effects of reduced excess oxygen. In
agreement with Phase I results, the degree of efficiency increase

averaged to be 0.5% for each 1.0% decrease in excess oxygen.

5.5.2 Effect of Staged Air

The effect of staged combustion air on boiler efficiency is
illustrated in Figure 5-48. Generally, the reduction of nitrogen oxide
emissions by using staged air had a negative affect on efficiency.

This behavior was to be expected since staged air normally requires
that the level of excess oxygen be maintained at higher than baseline
levels to assure complete combustion. This greater guantity of heated
air being exhausted through the stack contributes significantly to the
negative influence on efficiency. A few boilers exhibited increases
in efficiency (best quadrant) when staged air was used. These boilers
had staged air ports which were part of the original boiler design and

were therefore more carefully sized and located.

5.5.3 Effect of Burners Out of Service

Figure 5-49 presents the effect of burners out of service on
boiler efficiency. The efficiency changes were generally small, 0.6%
or less, but were mostly in the positive direction. One would expect
the effect of burners out of service to be similar to staged air since
both techniques involve staging combustion. The quantity of test data
from burners out of service is small, making it difficult to draw any

concrete conclusions.

5.5.4 Effect of Combustion Air Temperature

The effect of varying the combustion air preheat temperature is
shown in Figure 5-50. As expected, lowering the temperature to reduce
emissions resulted in a degradation of boiler efficiency, because a
reduction in air preheat was accompanied by an increase of flue gas

temperature. The five instances where the efficiency increased were
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tests where the air temperature was raised, rather than lowered,

e.g., Runs 130-1, 142-1, 118-1. Efficiency losses were as high as

3.3% with a 32% reduction of nitrogen oxides emissions from a coal-
fired boiler where the air temperature was reduced from 365 K to 355 K
by opening a by-pass duct (Test 138-2). If reduced air preheat is to

be adopted as a permanent nitrogen oxide emissions reduction technique
for a particular boiler, the stack losses can be recouped by redesigning
the steam side of the boiler for more heat absorption. An example of

this would be the installation or enlargement of an economizer.

5.5.5 Effect of Flue Gas Recirculation

The effects of flue gas recirculation on boiler efficiency
are shown in Figure 5-51. Also illustrated are the effects of flue
gas recirculation combined with staged air. Flue gas recirculation,
per se, had only small effects on efficiency. The changes were 0.6%
or less and varied from positive to negative. However, when sidefire
air was added, efficiency dropped by about 1.5% as would be expected

due to the necessary increase in excess oxygen for complete combustion.

5.6 GENERAL NITROGEN OXIDES EMISSIONS CORRELATION

A general correlation of nitrogen oxide emissions from
industrial boilers was developed using the test data from Phase I and
Phase II. The correlation relates nitrogen oxides emissions to three
boiler operational factors. These factors are (1) the excess air level,
(2) a term describing the rate of heat input, and (3) the nitrogen
content of the fuel. The correlation holds for all combination of
boilers and fuels tested during the program. To the knowledge of the
authors of this report, this is the first of any such general correlation

and is believed to be of major significance.
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An overall review of nitrogen oxide emissions test data from
Phase I and Phase II revealed that there was no single design or opera-
tion factor that could provide an acceptable correlation for the levels
of emissions from industrial boilers. Nitrogen oxide emissions were
dependent in varying degrees upon fuel properties, excess air, boiler
design, boiler firing rate, combustion air temperature, etc. The
effects of these factors on emissions are discussed individually
earlier in this section of the report, but no one factor correlated

with all of the emission trends that were encountered.

For the majority of test cases it was found that nitrogen oxide
emissions consistently increased along with an increase in two factors:
excess air and a factor describing the rate of heat release. This
second factor was more specifically defined as the ratio of total heat
release per unit furnace-heat-absorbing-area. A third factor was the
fuel nitrogen content. For coal and, especially, oil fuels, nitrogen

oxide emissions increased as the fuel nitrogen content became greater.

It was found that by using the rate of heat release as the
basic parameter and then correcting for the excess air level and fuel
nitrogen, a reasonable correlation of all the data could be achieved.
The correlation parameter was formulated as the produce of the three

individual factors and was as follows:

NO_ = (L + 46N) (TA) (Q/A)
where N = fuel nitrogen content, % by weight
TA = fraction of theoretical air

Q/A

The nitrogen factor of (1 + 46N) was developed from the field

heat release per unit heat absorption area, joules-hour_l-meter-

2

test finding that the proportion of conversion of fuel nitrogen to nitrogen

oxides was 46%. This conversion factor is discussed in Sections 5.3 and

6.0. The unity portion of the term was included in the nitrogen factor

to account for nitrogen oxide emissions resulting solely from the thermal
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fixation of atmospheric nitrogen (for example, when the fuel burned

contained no bound nitrogen, as with natural gas fuel).

The fraction of theoretical air provides for the excess air
effect on nitrogen oxides. One hundred percent of theoretical air is
the stoichiometric air required for complete combustion under perfect
conditions. Anything greater than 100% is excess air. For example,
when a boiler is operated with 55% excess air the "Ta" factor would
be 1.55.

As mentioned above, the heat release factor is the ratio of
the heat released by combustion to the furnace heat transfer area.
It is the product of the full load fuel flow, fuel heating value,
and the fraction of the boiler load for the test divided by the area
of the furnace heat transfer surfaces surrounding the flame. This
area factor is very difficult to evaluate, since a boiler furnace
usually has an odd shape and a variety of waterwall tube sizes and
spacings. A significant amount of scatter in the correlation data

is caused by this uncertainty in the actual heat absorbing area.

The results of the correlation are presented in Figures 5-52
and 5-53, wherein the nitrogen oxide emissions level is plotted versus
the correlation parameter. One variable that affects nitrogen oxides,
but was not taken into consideration for the correlation, was the
temperature of the combustion air. For this Yeason, two plots were
made, one for boilers with ambient temperature combustion air and one
for preheated air. The plot for preheated air has more scatter than the
ambient air plot. This is because the amount of preheat temperature
varied significantly and the variation in ambient temperatures was
quite small. Additional scatter in the data bands may be due to
different burner designs and fuel oil atomization schemes, fuel oil

temperature, and coal particle size.
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Curves have been drawn through the data points by eye and
the curves behave according to the following equations:

0.362

A =1.518B for ambient air
and
A =9.21 BO'242 for preheated air
where
A = nitrogen oxides emissions in ppm, dry @ 3% O

2

(1 + 46N) (TA) (Q/A).
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SECTION 6.0

FUEL PROPERTIES

The physical form and chemical composition of the fuel have
a strong effect on pollutant emissions and emission levels can be
reduced readily by shifting to a different fuel. For example, oil-
fueled boilers generally have lower nitrogen oxides emissions than
do coal-fired boilers. A shift from residual oil to distillate oil
would result in lower nitrogen oxides emissions because the fuel-

bound nitrogen content of the lighter oil is less.

Gas fuel presents the simplest situation, since only gas-
gas mixing is involved. Natural gas fuel is mostly methane with
minor amounts of ethane and heavier constituents. Natural gas is
relatively consistent and already in a state allowing easy mixing
and combustion. The properties do not materially affect the
emissions. An exception to this generalization may exist for
process waste from chemical plants or refineries where gas streams
high in organic nitrogen may be burned, or with future fuels, such

as low Btu gas derived from coal.

Combustion of o0il fuel is significantly more complex. It
must be atomized and vaporized to burn properly; so fuel properties
such as viscosity, specific gravity, volatility, ash, Conradson
carbon, and heating value become important parameters. Atomization
can be accomplished in different ways and can significantly affect

emissions.

In evaluating the effects of oil parameters on emissions, the
degree of sameness and difference from one oil to another should be
considered. All oils were formed by the same basic mechanism, so
crude oils have a great deal of similarity. At the same time,

location-to~location differences in temperature, pressure, and raw
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material cause variations in chemical composition and characteristics.
Typically, crude oil is further processed and segregated into fractions,
classified for commercial purposes as No. 1 through No. 6, where each
o0il designation has a specific allowable range of properties. The
result is that a given grade of o0il from two sources will typically be
very similar in chemical and physical properties and in nitrogen oxides
emission characteristics. Variation will exist due to location differ-
ences, and these variations may sometimes be magnified by blending
procedures which can result in unusual characteristics. One effect of
this situation is that correlations of emissions with a particular oil
property become somewhat questionable. It is not clear whether emissions
and API gravity have a causal relationship or whether gravity indicates
a particular oil which has a certain typical fuel nitrogen content

and consequently a characteristic level of nitrogen oxides emissions.
Fuel nitrogen content is known to be very important and is discussed

in detail, and other properties such as ash and sulfur content are
discussed because of their effect on particulates and sulfur oxide

emissions.

Coal presents even more problems, since it is mined as solid
material, contains more impurities, is highly variable, and must be
crushed or pulverized for burning on grates or in air suspension.
The difficulties of coal handling, grinding, feeding, slagging,
and flyash collection can easily become the predominant design and

operating problems.

6.1 NATURAL GAS

Table 6-1 lists the properties of the gaseous fuels which
were tested in Phase II. Natural gas comprised the majority of
the gaseous fuels. Refinery gas was tested on one boiler and a

mixture of natural and refinery gas was tested in another instance.
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The natural gases were composed mostly of methane with small
amounts of ethane and traces of heavier hydrocarbon gases. The
methane contents varied from 88 to 97% and the ethane proportions
were between 1.8 and 5.8%. The nitrogen contents of natural gases
varied significantly, from zero to as high as 6.6%. Nitrogen in
natural gas does not add significantly to the production of nitrogen
oxides as with liquid or solid fuels. The reason is that the
nitrogen is in its molecular form (N2) as in the combustion air.
Nitrogen contained in liquid or solid fuel is released in its atomic
form (N) and reacts at relatively low temperatures with oxygen to
form the pollutant. The heating values of the natural gases varied

from 0.0364 to 0.0391 GJ/m3 (976 to 1050 Btu/ft3).

The refinery gas used for Tests 149 through 152 was composed
of 76% methane, approximately 5% each of ethanes and propanes,
and 8.8% hydrogen. The heating value was comparable to natural

gas at 0.0391 GJ/m3 (1050 Btu/ft3).

For Tests 207-212 a mixture of natural and refinery gas was
fired. The proportion of methane was comparatively low at 48%.
The ethane of about 11% and 36% of the gas was hydrogen. The gas
had a heating value of 0.0310 GJ/m3 (831 Btu/ft3).

6.2 COAL AND OIL

Coal and oil fuel properties are discussed together in this
section since their characteristics influence emissions similarly.
The properties of the coals and oils tested in Phase II are
summarized in Table 6-2. The effects of the individual fuel

properties are discussed in the following subsections.
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6.3 FUEL SULFUR CONTENT

The results of the measurements of total sulfur oxides in
the flue gas are shown in Figure 6-1. The curve shows sulfur
oxides concentration emitted as a function of the sulfur content
of the fuel and compares it with calculated values assuming 100%
conversion of fuel sulfur to sulfur oxides (S04). The measurements
of which these data are a part indicate that the sulfur emissions

were dependent almost solely upon the sulfur content of the fuel.

It is apparent that for oil fuel, practically all of the
sulfur is emitted as gaseous products of combustion and an
insignificant amount is contained in the fly ash or other
particulates. The coal fuel data are not as consistent as the oil
data, and this may indicate that the higher sulfur coals (greater
than 3%, dry) have inorganic sulfate which does not convert to

gaseous sulfur oxides but, rather, contributes to the particulate

emissions.

Figure 6-2 shows that the ratio of sulfur trioxide (SO ) to
total sulfur oxides (SO ) is typically 1% to 2%, except when the
sulfur oxides concentratlon dropped below about 400 ng/J (500 ppm).
The steep rise below 400 ng/J is deemed to be due to the measurement
method itself, since the standard Shell-Emeryville method always
yields relatively high sulfur trioxide ratios when the total sulfur
oxides concentrations are below 400 ng/J. The instant of the color
change when titrating is difficult to determine precisely, and only
one drop of titrating solution can have a large effect on the calculated

concentration of SO3 when the absolute concentration of SO3 is low.
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There appears to be no strong effect of fuel type other than
its sulfur content. For example, No. 6 oil data are shown between
400 and 1200 ng/J (500 and 1500 ppm) and the SO3/SOx decreases
with total sulfur oxides just as with the other fuels. For coal
the type of coal burner has no significant effect on the SO3/SOx

ratio in the exhaust gas.
6.4 FUEL ASH CONTENT

A coal and o0il fuel pProperty that correlates reasonably well
to solid particulate emissions is the fuel ash content. Figure 6-3
illustrates baseline solid particulates as a function of fuel ash
content for coal and Nos. 2, 5, and 6 fuel oil testing from Phase I and
II. Particulates were the lowest for the relatively ash-free No. 2 oils,
then increased as the oils became heavier and higher in ash content,

as with the No. 5 and 6 oils. Particulates were the highest with

coal.

Figure 6-3 also shows a line of equality corresponding to the
mass of solid particulate matter contained in the combustion produce
gases being equal to the mass of fuel ash input. The data do not lie
on this line. For oil fuels more solid particulate matter was emitted
than ash input. For coal the particulates were less than the ash
input. The coal data are easily explained; a significant amount of
the fuel ash drops out in the furnace bottom as dry ash or slag and
does not appear as part of the particulate measurement. For oils the
answer is slightly more complex. When the ash content of a fuel is
determined by an ultimate analysis all combustible materials including
sulfur are eliminated from the fuel sample prior to the determination
of ash content. However, the combustion process occurring in the
boiler is incomplete, resulting in carbon particles being present in
the combustion gases. 1In addition, a very small amount of sulfur may

combine with other materials to form solid sulfate compounds. The
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carbon and sulfate particles are combined with the fuel ash and

the sum can be larger than the amount of ash in the original oil.

A limited number of particulate tests were conducted on
natural gas fired boilers in Phase I. The particulate levels were
very low, nevertheless, they were significant. This suggests that
airborne dust particles may contribute to particulate emissions

since natural gas contains no ash.

The amount of wvolatile substances, such as unburned
sulfur or carbon, contained in the fly ash from six coal fuels and
one No. 6 o0il fuel burned at baseline conditions was determined
during Phase I and Phase II. A quantity of fly ash was placed in a
crucible, weighed, baked in a furnace and then reweighed. The results

are tabulated below:
Fuel Content Ash Volatile

Loc. Test Load Carbon Sulfur Ash Content
Test No. No. Burner Type GJ/hr % % % %
19-6 21 SpStk 42 76 0.76 6.8 74
20-6 21 Spstk 66 76 1.6 6.9 29
32-4 20 Cyclone 338 77 2.9 7.8 12
134-2 30 SpStk 87 68 1.2 9.7 20
156-2 13 Pulv. 422 70 1.4 14 89
165-1 35 ChéGrt 110 63 3.0 14 73
Ref. 17 38 Steam Atom. 47 85 2.0 0.05 2

The ash from the cyclone burner was the lowest in volatile
content of the coal fuel tests. This low residual volatile content
is not surprising, because the combustion zone temperature of a cyclone
burner is very high and nearly all of the volatile substances in the

coal should be driven off.

The fly ash that had the highest volatile content
was from a pulverizer. This was expected, since other information had

indicated that the carbon content of the particulate from spreader
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stokers should have been the highest.(s) However, the sulfur content

of the coal was 1.4%, and the presence of sulfur and sulfates in the
fly ash could account for the high volatile content. An analysis
of No. 6 oil fuel fly ash that is reported in Reference 17 found that
71% of the fly ash was sulfur and sulfates and only 8% was carbon.

The volatile content of the fly ash from a spreader stoker
found in Test 19-6 was relatively high, but the contents from Tests 20-6
and 134-2 using spreader stokers were not. The volatile content of
the chain grate fly ash was high, which is consistent with the
contention that the larger the size of the coal as fired, the larger
is the carbon content of the fly ash. It is likely that sul fates also
are a significant factor, since the sulfur content of the coal was a
high 3.0%. The grouping of variations in volatile content is deemed
to be due to the characteristics of the combustion process as well as
the coal feeding method, because there appears to be no fuel property,
such as sulfur content, that would cause certain test results to
belong to one group or another. This contention can be verified by
referring to Table 6-1 of this report for the properties of the coal
burned during Phase II and to Table 6-1 of Reference 1 for the Phase
I coal properties. Phase I tests were numbers 19-6, 20-6, and 32-4.

6.5 API GRAVITY

An oil fuel property which correlates with nitrogen oxide
and particulate emissions is the API gravity measured at 20°C.
This is not a unigque correlation, since fuel nitrogen and ash
contents decrease in going from heavy to light oils or as the

gravity increases.

The nitrogen oxides and solid particulates are shown as a
function of API gravity in Figure 6-4. The measured NO fell into

two groups: (1) where the fuel oil gravity matched the API gravity
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specification for diesel or No. 2 0il the nitrogen oxides was

between 56 and 110 ng/J (100 and 200 ppm), and (2) where the fuel

oil gravity matched No. 5 or 6 0il and the nitrogen oxides was
between 95 and 350 ng/J (170 and 620 ppm). The fuel burned for Tests
63, 68, and 70 was designated as PS 300 which when analyzed was found

to have properties much like No. § oil.

It should be noted that the data might be correlated as well
by fuel grade number, as indicated at the top of the figqure. While
fuel grade number could in no way be considered a natural property,
it does reflect a grouping of properties and reflects the similarity

between different oils as previously discussed.
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SECTION 7.0

BOILER DESIGN CHARACTERISTICS

7.1 FURNACE AND BURNER CHARACTERISTICS

Although the design of existing boilers cannot be adjusted day
to day, the influence of boiler and burner design on emissions is of
interest in terms of new unit design and potential modification of
existing units. The major influences are expected to be in burner
design (degree of mixing, ingestion of recirculated gases, atomization,
etc.) and the rate of heat loss from the flame (burner face cooling,
burner spacing, furnace area, furnace volume, etc.). The specifications

of the boilers tested in Phase II are listed in Table 7-1.
7.2 COST OF MODIFICATION

Four methods of combustion modification that required modifi-
cation of the boiler were investigated during Phase II. These were:

Staged combustion air

Variable combustion air temperature

Flue gas recirculation

An 18.5 GJ/hr (l7.5x103 1lb/hr) D-type boiler at Location 19 was
modified to add a staged air and flue gas recirculation capability.
The installation is discussed and pictured in Subsection 5.2.2. The
cost of modifying this boiler was estimated at about $5,000. The

current cost of a new boiler of this type is about $60,000.

The cost of a similar modification on other modern D~type
boilers could run asg high as $7,500 if the existing burner registers
could not be used. at Location 19 the windbox depth was increased
and a second set of registers to control the flue gas being recirculated

was installed within the extension.

229



£V-T009

*® IT® UOTIINGEO 03 stqyesod jou sea 37 3ng ‘3veyaxd ayw swy ITw,
toee) | toos) -1 (o6 | (90) (aL) to610°) | (9vc0° Kooset(oser) (se-1z-12) (092)
991 0oz - 1'86 €61 a6t| » 2O |"AT0g | teod| gOL* Lys" _ zsqy 09V | ZI-v-9-p°9] L1 i {724 €967 joyx3 | o 1e Atuo g9r1
“(o62) | (sz2) qury rs) he - (EETO") | (00507 )pSZITIKZ8TY)| (EV-LZ-PT) [ ¢4
€T Lot quy 9 - - 14 3D RIOYD JTPCD | 969" 895° 094] 86t | €1-z'8-€°v| L& M Lze 0967 [3¥a3 [ 9 SE 89T-591
(06¢€) qury - (orz) - - (0860°) (681" X(OSPZ)KO9ZT) (OT-L=-SE) (002)
661 quy - €se - - 1 MY uealg { z§ s9°¢ ST°Z] v°69 | LTT 0°€~T'Zz-TT| L LM 112 TL6T | m%a | 9 9 »91-~097
Apoq
(ozv) 1 (ozv) omL (€°€8g) (99) (zL) €] -®ad pwa3s | 170 |(€v10°) | (0890°)M0o6ve)f09eL)] (0z-0z-98) (00s)
912 9tz | 9°s9 6°(8 891 €8T] 9 M3 |°ATnd [TROD} €£S° L 886 | ¥89 1 T1°9-1°9-9Z| 1L M 8zs L96T | My | 2 €T 65T-95T
(o1L) | (oez) - (osz) - - (5L507) (LPT" R(SSEPH0OLTH (8-ZT-9¥) (0s2)
LLe ort - »9Z - - 1 3| pnds | ON [ A4 LO°T €ZT| oST| v Zz-L'e-p1| 1 £ ¥92 L6t |z ve SST-€ST
(240
(ove) | (0eg)| Mv| (0°96) - - 8D [(z810°) | (501" )0vzoE)|(oszs)| (Lz~zE-5E) (0ss) o))
1LY (444 v 10T - - T M3d | pnds | gou 8L9" 6T°T| 9581 88y 8-0T-11| M 08s S961 Mg | oze €e TST-69Y
(ozg) . - (0°ev) [{:1)) (ze) (2L20°) ) (v6L0* §(05Z9)](0ST1Z)f (62-€T-LT) (oz1)
091 . - 114 (443 [3:1¢ | o7rd| buyy | ON T0°1 z06° LLT ] 00Z | 8°8-0"p-2'G| I i Let €961 |a133 | 1 143 8ri-tvl
(0oe) | (oeg) - [{:14] - - Apoq (STPO°) | (9260° F(OPERI (6061 (BT-L-PE) (0ET)
(13 661 - 061 - - T| -wag | buyd | oN [T ha ¢ SO'T} €21 | t8t ks-T°z-v o1 iI M LeT 6961 XI1410 | ¥ 43 ZrT-ort
{(oze) | (002) - (0-zy) - 65 ns (pSZ0°) | (0zB0" ) (00L9)|(080Z)| (EE-HT-LT) (szT1)
09T | £°¢€6 - [ 3 4 - oSt v 38g yasds {teod| ove- 1€6° O6T | €6T) OT-£°p-2°S| Iu 1M et €961 |9Y13 | @ ot 6ET-PET
(ogg) | toos) = (0°t6) (9L) (8L) (0610°) | (9pL0° MoOSETI(0SE6R)| (6E-TZ-12) {092)
991 092 - 1°86 €61 861 14 oD |*ATNg [Te0D| 80L" Lv8” 2551 o9 ZT-¢°9-¢'9] &L i vLe €967 | 9123 | ¢ T€ EET-TET
(sLz) | (ove)} (T02) (€°€2) - (9€) . (6520°) | (0190" §(00LTI[(STIT)| (OZ-pT-6) (o)
SE1 wt 6°€6 9°vz - v 16 €] PPOL Meals | of §96° €69° | S$°9¢L POT | T°9-€°b-L"C2] ¥ M | 23 LS6T |@t23 | T :14 O£ T-921
(092) | (ske) - €-ez) - (9€) (6520°) | (0190 J(oocz)jstIt) (0Z-PT-6) . (o)
(249 891 - 9°vT - v 16 €| ppoL| buty | on §96° €69° ] S°9L | YOT | 1°9-€'b-L°Z| Iy LM L LS6T [31I3 | 1 8 sTr-IeY
(ote) | (see)] (sv2) (o°s0) (99} - (5L20°) [ (e€80° J(0spS))is6LT) (6T~TT-82) (0sT)
st z0z 811 1°6L 891 - T | ua0D uwa3ls | 94 z0°1 96’ ST} (9T [8°S-b°E-5'8] &L M e8s1 TLet fota | 5 6Z TZT-911
(062) | (08¢€) - {o°s0) (99) - (5£20°) | (€€80° J(OSPSINS6LTI} (61-TT-8T) (os1)
(324 €61 - 1°6L 891 - z| usod| bury | oSN 01 96" PST) £9T)8°S-be-58] Il LM st TL6T foTTu | g (14 STT-€TT
(ree) Quy (091) (oot) - - 00€ |(s880°) (SET Y (PETT)] (BEL) (6-9-12) (oo1)
891 Y Tu 901 - - 1 uao) edls | sd ot°t €S°1 T°2619°89 1 L7Z-8°T-F"9} daM LM 90T L96T | M | 1 Lz TIT-TTT
(ove) qury - (0Q1) - - (5880°) (SET"N(vETT)] (BEL) (6~9-12) (oor)
wy qury - 901 - - T| usod] buyy | on ot°¢ €S°T 1°2ef 989 L°Z-8°T-p*9| aM £ 901 L96T | M39 | T L oTT-601
(oLy) quiy quy (0°62) - - (sepr) | (95507 ¥ (sse)] (s€8) (L-9-€7) (62)
(% 24 qury quy 9°0¢t - - 1 ng peasys |z Z9°1 T1€9° vIgLcev 1 1°z-8°1-0"v] au LM 1€ Po61 | M8 T T 801-L0T
(09$) quy - {(0°62) - - (5ev0°) | (9550° ) (ssu)f (s£9) (L-9-£T) (62)
€62 Qury - 9°0t - - 1 neg | bury | oN T9°1 Te9° vrgiev]rz-str-ocv| 1w M 1€ PI6T | Mg | 1 1 901-p01
(0%s) qury Qv (07 62) - - (sev0°) | (9550 (sse)| (ses) (L-9-€T) (62)
882 quy Quy 9°0¢ - - 1 MYg ueg |z 79°1 €9 PTIYg L6V | TTT-8°T-0"¥| Iu LM 1€ PI6T | M3 | 2 T E€0T~-ZOT
(s15) Quy - (0°62) - - (s€p0°) | (9550 ¥ (ssu)] (ses) (L-9-€T) (62)
897 Qv - 9°0€ - - T M3 | burd | on 29°1 1€9° v'rgiev}rz-e t-ote| I LM 1€ ¥961 | mva z 1 Atuo 101
(o) | (de) | tde) [ ruzasnan| cur) | (cup) [ gof 6w | sdAr | rena Amuu A uuv (€231(33) 1 (3993) Isuod adAl(ry/qr_ot) | sava {-B3W [-on | ron [riuriwoza
Je 2. e ‘uig - w  joN Isar] \CREW .mnz. P ul aomW Tiem ay/ TIO0T | CoN 383y
dusp | dway [fuig 9| YUY |-3sya | ‘asyq " _zu_| ‘10a) waav| H-m-1 dep
Pe3s| ary| *daag PeOT 3394 | -=yaoH WS /o azt1g
wyig 190y cuxg ‘(oA ey
ONIOVAS ¥aning udung ..oh.”ﬂ:%ﬂc oming ¥aioe

SOILSTYALOWEVHD NOISEQ ¥WATION ISHL

*T-L 9TqeL

230



£V-T009

“sInywreduey xyw uoy Qo> eimswew 03 sTqYseod Jou swA 3T Ing ‘Iweysad ITe sey Iyun, .

(oce) qury - (002) - - S®D |(L8LO") Kzezo*) |(zvse) fez98) (0T-L-5€) (o02)

99T qury - e - - 1 L pods |- 3o t6-2 £92C° 0°ZL B 10§ 0°€-1°Z-Z1 P21 M T PLET MY g0t 6t TIT-L0Z
(06%) quy | (00Z) {e:L1) - - (9%20°) Kses0*) | (zeg) |(cze) (8-9~6) (s-L1)

[ 414 quy €6 $°81 - - T { xeqeg Ity 9% 99°1 { 5L09" TIL P 0E| v°Z-8"1-L"C L IM S 81 OL6T potaa] 1t 61 €0Z-007
(06%) aquy | (00Z) (s-L1) - - (9¥90°) Kseso*) | (zee) J(Lze) (8-9-6) (s°L1)

1114 Q[ €6 5°81 - - T | roqey | weays| oy 99°1 | 6209° T'TTjr o€ | » 2-8°T-L"C L | I $°8T oL6T pataam] 1 61 661-S6T
(06¥) quy - (s-¢1) - - (9%v0°) Kses0°) | (zee) [(Lze) (8-9-6) (L1

1 114 qury - 5$°81 - - T | 29qeq buyy DN 99°1T | SL09" T'IT | og | pr2-g 1-L°2 L M 81 OL6T potam) T 61 retT-0€t
(oov) | (020)] (se2) (0°59) - - Apoq (Lzz0°) {(S290°) |(086T) {6°99) {(ST-21-11) (sp)

»0Z 091 [ R84 S*Ly - - 1 -ea3d | weadis 9% 9ve " oL 1°9567°9-] 9*v~L-e-b ¢ ie g 1M 124 1561 Df T 8¢ 681-98T
e} | (osg) - (0°se) - - Apoq (£ZT0") |(s290°) f(o861) (oze ) (ST-2T-11) (s¥)

(%44 o - Sty - - 1 ~eaq buty ON 9v8 " ot T°9616°99} 9°b=L €c-p ¢ pA im (44 1567 o] I 4 At SRT-NAT
(szv) | (s82)] (ve1) (0*02) - (vy) Apoq (8LZ0°) [(9080°) J(ovvT) |(re6v (eZT1~-21-01) (ov)

atz i 1006 1 8 £ - {341 2| -vod |wedys| gy Yo T | s16° 8OV 29V | L E-L"E-0"¢C | oam t414 SS61 voxyvim| Z 43 6LT-9L1
(0€9) quy | (0ST) {s11) - - (18207) | (6ST") ftoLvT) {(OgL (0T-L-¥Z) (o)

TEe Qv 1 9°69 11 - - 1 uao) | weaas 9% 1672 81 9'Ip B L9| 0°E-1"2-€"¢L Il b amM 8 9961 PRl Yy oz SLT-0LT
4,1 ] (1) (2,) | "vwrg/naun| (*uy) (*ur) 3ol *byw | odAy | tonu ¢33 :v (g3} 273) (303) AEuO) R lAy(2/q1.01) | aca [hiw {-on B LI T AT AT O

De Ja Do ‘uag wo wd *ON Isary \THiW .m,n.nu P Zul xo3an Tlem u:\.,m ‘do07 “ON 1833
duwayl | duey cuig g b ywges *3s1qQ ‘3Is1a u .H.ml "IOA |vaavw H-M-T de)

yeis ary | cduag, proq Ta0a | ravaoqm ﬂ_l\.m_w.. B R 341

wurag 1ang *uig *T0A vaay
ONIDVIS ¥ANNNG ¥ININ] zon.._n..ﬂ“-n_vma< FOVIING NTITNR

psnuI3uc) ‘-, eTqes

231



During discussions with a manufacturer of boilers in the
320 GJ/hr (300x103 1b/hr}) and one million dollar size and cost range
it was estimated that a staged air installation in general would add
two to foﬁr percent to the cost of the boiler. For A-type boilers the
additional cost would be about two percent and for D-type boilers about
three percent. If another booster air fan were required the cost would

be increased by about an additional one percent.
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SECTION 8.0

FUTURE RESEARCH

Staged combustion air, variable combustion air temperature and flue
gas recirculation were very effective in reducing the emissions of nitrogen
oxides. But before the advantages of incorporating these forms of
combustion modification into current boiler designs can be determined,

a large body of parametric data is needed.

In the past it was not practicable to gather good design data
on these combustion modification methods. Laboratory research suffered
from scaling inconsistencies. Research with full-size boilers in the
field was limited, because it was difficult to reproduce prior conditions
exactly, and process needs frequently interrupted testing. But most
serious was the complete lack of flexibility. For example, industrial
boilers with staged combustion air ports are in service, but the
port location is fixed and the effect of port number and location

cannot be investigated.

Two boilers now exist at Locations 19 and 38, where controlled
research over a wide range of combustion parameters can be done readily.
It is recommended that a field research brogram be initiated to
investigate one or all of the staged combustion air, variable combustion
air temperature and flue gas recirculation combustion modification

methods.

The measurement of emissions and the effect on emissions of
combustion modifications should be extended to industrial combustion
equipment. Industrial combustion equipment includes waste-product-
fueled boilers, kilns, glass melting furnaces, steel furnaces,

incinerators, etec.

Industrial combustion devices contribute a large fraction of
the total air pollution from stationary sources. Recent studies have

shown as much as 40% of the stationary source nitrogen oxides emissions
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originate from industrial devices. A similar figure was obtained for
oxides of sulfur, while particulate emissions from stationary industrial
sources account for more than 80% of the total.(l'2'3) Combustion
modifications for industrial boilers have been demonstrated in this
report which can reduce emissions of nitrogen oxides, carbon monoxide,
and hydrocarbons while improving boiler efficiency. Application of
these modifications to industrial combustion devices, if successful,
could have a profound impact on air quality and energy conservation.

In order to apply these modifications, baseline emissions and efficiency
from industrial combustion devices must be determined. Then, applica-
tion of combustion modification techniques under controlled conditions

can be performed to determine efficiency and emission trends.
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APPENDIX A
—_—e A n

BOILER EMISSION MEASUREMENTS OF PHASE 1

when operated at hormal settings and at low total nitrogen oxides
emissions settings are summarized in the following tablef4)The data are
tabulated in order of Test Run Numbers. The Test Run Number consists
of two parts: the basic test designation which corresponds to a
particular boiler-fuel combination to the ieft of the dash and the run
number within the given test to the right of the dash. A typical test
consisted of six to ten individual measurement runs made with different

settings of the boiler controls.

The Location Number in the second column positions the test site
geographically on Figure 2-1. fThe columns from Boiler Number through

Capacity indicate where the particular test falls among the principal

test variables.

The columns to the right of the one labeled "Test Loag" are

data taken during the corresponding Test Run.

For almost all boilers four basic types of measurements were
made :
1. Baseline: Ag0sg of rated capacity and normal control settings.

2. High Load: Highest load Obtainable at the time on the unit
under test.

3. Low Load: Minimum load at which unit normally is operated.

4. Low Air: Minimum excess air level at baseline load at which

the boiler could be Operated without smoke, excessive

carbon monoxide, or hydrocarbon emissions.

When a boiler had two or more burners, often a test was run with
the fuel to one of the burners turned off and only air passing through
the burner and into the furnace. The air-only burner then was acting

like an overfire air port. This type of test was designated by "BOOS"
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for burners-out-of-service. The test type designation "Register"
indicates a test that investigated the effect on the emissions of
increasing or decreasing the air swirl by changing the register

setting.

The column titled Test Fuel indicates the fuel being fired at
the time of the test run. When more than one fuel type was being

burned, e.g., Test run 23, the entry so indicates.
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