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UNIVERSITY OF WASHINGTON

ABSTRACT

NITROGEN OXIDE EMISSIONS FROM A PILOT PLANT

SPREADER STOKER BARK FIRED BOILER

by Richard Allen Kester

Chairman of Supervisory Committee:
Professor Michael J. Pilat

Department of Civil Engineering

The emission of nitrogen oxides, both NO and NO2 were
measured from a pilot plant spreader stoker boiler using
Douglas Fir (Psuedotsuga menziesii) bark for fuel. The
boiler was fired under a wide range of fuel feed rates,
excess air rates, fuel sizes, fuel moisture contents, and
levels of underfire air. Ninety-seven complete data sets

were recorded.

A data base for nitric oxide emissions was developed.
Values ranged from 25 to 103 ppm on a dry basis, and cor-
rected to 12 percent carbon dioxide. The average for all

tests was 57 ppm and the geometric mean was 56 ppm.



An emission factor in terms of pounds of NOx (calculated
as NOZ) emitted per ton of wet bark burned was calculated
to be 1.1 pounds of NOx per ton of bark. This is substan-
tially lower than the current EPA emission standard of

10.0 pounds of NO2 per ton of wood waste burned.

A predictive model of NO emissions as a function of boiler
variables was developed using multiple linear regression
analysis techniques. The best fit equation is NO (ppm) =
0.0623 RATE + 0.0935 TEMP + 0.259 XAIR - 6.29 SIZE + 60.5
H20 + 0.678 UAIR - 145. The equation has a multiple cor-

relation coefficient of 0.86.
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INTRODUCTION

OBJECTIVES OF RESEARCH

A research project was conducted to investigate the

formation of nitrogen oxides (NOX) in a scale model

industrial type spreader stoker hog fuel boiler burn-

ing Douglas fir bark, operating over a wide range of

combustion variables commonly found in industrial ap-

plications. The objectives of the proposed research

were to:

1. Develop a data base of the emissions of NOX.

2. Develop an emission factor for use in estimating
current and future NOx emissions.

3. Develop a predictive model of NOx generation from
wood waste combustion based on boiler operating
parameters.

SIGNIFICANCE OF RESEARCH

There are currently no available data which can be
used to determine the emissions of nitrogen oxides
from hog fuel fired boilers under varying operating
conditions. At present very little published data
exist on nitrogen oxides from hog fuel fired boilers.

It is not known if hog fuel boilers are an important
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source of this pollutant, nor how much is being

emitted from existing ones.

Wood waste combustion will increase as an energy
Source as the price of fossil fuel increases, and new,
larger, higher temperature ang Pressure boilers re-
place older, less efficient units. New air pollution
regulations have been developed that require limits
on nitrogen oxides emissions from hog fuel boilers.

It is desirable to know how much nitrogen oxides are
being generated and what factors influence their gen-
eration in order to minimize nitrogen oxides if

necessary in the design of future combustors.,

The current Environmental Protection Agency (EPA) New
Source Performance Standard for nitrogen oxides emis-
sions from coal combustion is 0. 72 pound per 106 Btu,
and the EPA emission factor for nitrogen dioxide (NO )
from wood combustion converts to 1.1 pounds per 106 Btu.
Addltlonally, the EPA emission factor for coal combus-
tion in a Spreader stoker is 15 pounds per ton, and
wood is rated at 10 pounds per ton. While this indi-
cates that wood will pProduce somewhat less nitrogen
oxides pound for pound than coal, it must be remem-
bered that since wood has a lower Bty content per

pound, the total emission of nitrogen oxides from hog
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fuel will be greater for a given amount of energy,

according to the Epa emission factors.

Using EPA's emission factor, and comparing wood with
residual 0il, indicates that wood emits almost three
times the amount of NOx on a pound of NOx per Btu
basis (1.1 pounds per 106 Btu for woog versus 0.40
pound per 106 Btu for oil). Because of this, in an
area like the Northwest with a significant portion of
industrial énergy supplied by wood, and with wood
steadily replacing fossi] fuels, it seems necessary
to determine the exact nature and magnitude of nitro-
gen oxides generation from wood fuels. Table 1 shows

NOx emissions fronm industrial fuels in the Puget Soungd
Control Agency.

Table 1. INDUSTRIAL FUEL USE AND EMISSIONS TOTALS KING, PIERCE,
SNOHOMISH, AND KITSAP COUNTIES 1975 DATA

Fuel Type 0il Natural Gas Hog Fuel (wet)
Amount 6.83 x lOZ3ga1 2.28 x 10f3therms 2.85 x 1oi3lb
Btu (a) 1.02 x 10 2.33 x 10 1.28 x 10
Percent Bty 22 49.4 27.7
Percent NO

Emission¥ (b) 22 12.8 62.5

13 5
(a) Using 1.5 x 10 Btu/gal for oil, 1 x 10 Btu/therm for gas,
4.5 x 10" Btu/1b for wet hog fuel.
(b) Using EpA emission factors.

(c) Coal supplies the remaining Btu's ang NOx.
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A significant use of the results of this research will
be in having available an emission factor for the
amount of NO_ emitted per ton of hog fuel burned that
is based on actual data. In researching the current
EPA emission factor's development, it was learned that
the emission factor for hog fuel was assumed to be
similar to that for coal, pecause they were both solid
fuels. That level of accuracy may have sufficed dur-
ing the earlier days of air pollution control, but a
more accurate figure is needed now because of the great
importance of emission factors used in modeling studies

required for new source permits by EPA.

The 1977 Clean Air Act Amendments by Congress provides
air quality designations for the entire nation. These
are called class I, class II, and class JII areas.
Areas that have been designated class I include na-
tional parks and wilderness areas. It is desired to
maintain the existing high levels of pristine air
quality in these areas. The rest of the nation is

now classified as class II where some increases in

air pollution will be allowed. Areas could be desig-
nated as class III which now meet the ambient stand-
ards, and new growth would be welcomed. Air quality
would be allowed to deteriorate up to the level of the

secondary ambient standards in these areas.
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In these class I, II, and III areas, the EPA has de-
veloped increments of air quality degradation that
are allowable for a new source being built in the area.
For example, the class I increment for particulates
is 10 micrograms per cubic meter, class II is 37 micro-
grams per cubic meter, and class IITI is 75 micrograms
per cubic meter. These are all 24-hour averages. If
a4 new source is constructed in one of these areas,
the effect on the air quality must be less than this
increment, and certain other criteria must be met.
The effect of the proposed source on the allowable
increment is determined by the use of ambient air

guality models.

The general equation for ambient air contaminant con-
centration at the centerline of a plume is given as:

(Turner, 1967)

) 0 ) 2
X = Gy G (77 expl %[_;LZ] ]

Where: x amihient air contaminant concentration

emission rate

0
0y, 02 = values for dispersion in the

Y and z direction

V = wind speed
T = 3.1416
H = plume height
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It is obvious that the emission factor used to deter-
mine the emission rate (Q) can play a major role in
determining if EPA will grant approval for the location

of a new source in a specific area.

Another significant result of this research will be the
identification of which hog fuel boiler parameters are
most closely correlated with NOx emissions. This
should allow boiler operators to make changes in boiler

operation if desired, to reduce emissions of NOx.

RESEARCH APPROACH

The approach to the proposed research was experimental
in nature. The research objectives required that a
research facility be identified that had the following

characteristics:

1. Of a spreader stoker industrial design and oper-

ating exclusively on wood waste.

2. Of a size large enough to simulate industrial
boiler operation and small enough not to need
enormous quantities of fuel to operate. This
ruled out both bench scale operations and most

industrial boilers.
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3. Flexible enough in operation to be able to tol-
erate many startups, shutdowns, change in steam
rate, changes in fuel, and changes in scheduled
operation. This ruled out industrial boilers

tied to a process.

4. Located within a reasonable travel distance of

the University of Washington.

5. Instrumented or capable of being instrumented to

measure combustion parameters.

6. Manned with a crew capable of firing and main-

taining the boiler.

The chosen research location was the Fairplay Experi-
mental Wood Combustion Test Facility at Oregon State

University in Corvallis, Oregon.

In the summer of 1976, construction began on the wood
residue combustion test facility in Corvallis. Con-
struction continued until the end of January 1977,

at which time the facility underwent its initial
firing. Modifications followed for two months, and
initial testing began in April 1977. Those experi-

ments were on wood combustion and the effect of under
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and over fire air distribution on particulate emis-
sions by Junge (1977) and an investigation into wood
combustion occurring in the burning fuel bed by Tuttle
(1978). 1In the summer of 1978, the Weyerhaeuser
Company joined OSU in a joint research effort at the
facility to investigate improved combustion technol-
ogy. It was during these investigations that the
author was fortunate enough to use the facility in
conjunction with the Weyerhaeuser Company to investi-
gate the emissions of nitrogen oxides from wood

combustion.

The experimental boiler test was designed to provide
data on NOx emissions over three levels of total air-
to-fuel ratios, three levels of under fire air to fuel
ratios, a range of fuel moisture contents, fuel of

two different sizes, and a wide range of fuel feed
rates. Combustion temperature and NOx were measured
as dependent variables. Combustion air temperature
was held constant at 280 degrees F for each run, and
the fuel used is Douglas fir bark for all tests.

Table 2 summarizes the range of test parameters.
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Table 2. RANGE OF TEST PARAMETERS
vVariable Range
Fuel feed rate 450 to 750 dry pounds per hour
Excess air 30 to 80 percent
Fuel size 0.3 inch (fine), and 0.3 to 1.3
inches (coarse)

Fuel moisture 36.9 to 53.9 percent (wet basis)
Total under fire 0.9 to 6.5 pounds of air per

air pound of fuel

An important diffeience in this study from other
bench scale studies on emissions from wood combustion
(Prakash, 1972) is that this one was operated in a
steady state mode. This eliminated the influence of
end conditions on the test data due to cold startup
and incomplete total combustion, and should make the
results of the experiment more directly applicable to

industrial situations.

In order to develop an overall relationship between
the measured parameters and NO concentration, it is
possible to observe the relationship of individual
parameters aﬁd from these determine an overall form

of the relationship. However, because of the complex-
ity of deriving a general equation to cover all the
variables, a multiple linear regression analysis (Stat

Pack V4, Western Michigan University) was used, and



10
a linear equation predicting NO values based on the .

measured combustion parameters was developed.,



II.

BACKGROUND

WOOD WASTE AS A FUEL

The industrial use of wood as a fuel has been prac-
ticed for many decades in this country. In the early
part of the century, wood was a major source of energy
but was gradually replaced by coal and, later, by
petroleum resources. Today, wood fuel is limited
primarily to use in the forest products industries.
There, the residue from logging practices and from
wood processing operations is burned to supply process
steam and electricity. Wood residue is an important
fuel to this industry. Energy derived from wood
residue in industrial boilers in 1977 in Washington
State was equivalent to over 200 million gallons of
o0il according to the Washington Department of Ecology
(1977). There are approximately 1,000 industrial wood
residue fired boilers in operation in the Pacific

Northwest (Junge, 1977).

Wood residue which is burned in these industrial
boilers is usually reduced in size in a machine called
a "hog" before it is sent to the boilers. Because

the fuel is sent through a hog, it is generally re-

ferred to as "hogged fuel" or "hog fuel." It may
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consist of bark, planer shavings, sawdust, sander
dust, slabs, trim from plywood, particleboard, and
hardboard operations, and miscellaneous other wood
residue materials. In the Northwest, the fuel is
usually a mixture of bark and unusable white wood,
with the majority of the fuel being bark. Much of
the hog fuel is burned in the natural "wet" condition

and may contain 50 percent or more water by weight.

The boilers used to burn this hog fuel have seen a
gradual evolution from the original designs of the

late 19th century. 1In those early units, the fuel

was dropped in a large mound on the grates of a
refractory-lined chamber called a Dutch Oven as shown

in figure 1. Distillation of the water and volatiles
along with initial combustion took place in the Dutch
Oven. The completion of combustion took place in an
adjoining conventional boiler furnace. Steam-generating

boilers of this type are called Dutch Oven boilers.

In the late 1940's, the Dutch Oven design began to be
replaced by a combustion design called the spreader
stoker as shown in figure 2. In this design, the fuel

is spread across a conventional coal boiler-type grate
in a thin layer using a mechanical or pneumatic spreader,

and the Dutch Oven is eliminated. Spreader stoker
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boilers are usually equipped with water wall tubes
and have much less refractory than the Dutch Oven
boilers. They are more responsive to changes in
steam demand because of the smaller mass of fuel be-
ing burned at any instant and are less expensive to

construct and maintain.

A third type of combustion system is the suspension
burner in which the hog fuel is reduced to a small
size and burned in suspension rather than on top of a
grate. Fuel cells are commonly of the suspension
burning type. They include both vertical and hori-
zontal cylindrical combustion chambers. Combustion
temperatures in these units are generally the highest

of the three types of combustion systems.

At present, most hog fuel boilers are Dutch Oven or
spreader stoker types. Both have relatively low com-
bustion temperatures. With the increasing value of
wood for energy, larger and more efficient furnaces
are replacing existing units. There is also an in-
creasing interest in the use of suspension burning
combustors and precombustion fuel dryers. These new
boilers will supply more power than the old ones and
may operate at substantially higher combustion temper-

atures. Since nitrogen oxide formation is reported
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to be directly related to combustion temperature
(Zeldovich, 1946), the future emissions of nitrogen
oxides from wood combustion may be far in excess of

those encountered today.

PREVIOUS RESEARCH

Observing and reporting on nitrogen oxide formation
from fossil fuel combustion has become a popular
activity in recent years. It has been studied in
depth by many authors, and the proposed mechanisms
and rates of reactions of nitrogen oxide formation
have been reported for these fuels over a wide range
of variables (Bagwell, 1971; Engleman, 1973; Fenimore,
1971, 1972, 1976; Flagan, 1974; Kramlich, 1978; Malte,
1974, 1977, 1978; Wendt, 1977; Westernberg, 1971;
Zeldovich, 1946).

Wood combustion and air contaminant emissions have
also been studied (Boubel, 1958, 1965; Corder, 1965,
1970, 1973; Droege, 1965; Junge, 1977; Kester, 1972;
Kreisinger, 1939; Prakash, 1972), and similar types
of findings for combustion reaction rates and combus-
tion contaminants (other than nitrogen oxides) have
been reported. However, a review of the literature

has failed to produce articles on nitrogen oxides
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concentrations ip hog fuel boiler flue gas other than
brief remarks by Galeano (1973), Schmall (1978), ang
Hunter (1979).

burned with the hog fue] was very small. Schmall
reported a value of 55 ppm in @ paper on burning
chipped tires 4s a hog fue]l Supplement. Hunter re-
ported values of 138 to 395 Ppm NOx from two boilers

burning a mixture of hog fuel ang coal.

ranging from 4¢ to 75 ppm. The boilers tested burnegq
hog fuel of about 10 Percent ang 59 bercent moisture

content,
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The lower NOx concentration was measured in the boiler
burning the wetter fuel, and the higher concentrations
were measured with the drier fuel burned. It was not
determined if the difference in concentrations was
associated with fuel moisture content or other varia-

bles such as combustion temperature or fuel feed rate.

NITROGEN OXIDES

Nitrogen oxides are a primary pollutant that react
photochemically to form secondary pollutants. EPA is
focusing ever-increasing attention at the problem of
secondary reaction oxident contamination. The author
has recently been contacted by EPA regarding develop-
ing emission standards for new hog fuel boilers. EPA
is looking into this area and is trying to obtain data
on current or previous work on the subject. The EPA

ambient standard is 0.05 ppm NO, on an annual average.

2
California now has an ambient 1l-hour 0.25 ppm nitro-
gen oxides standard and EPA is considering adopting a

short-term 3-hour ambient nitrogen oxides standard.

EPA is also now looking into the area of fine atmo-

spheric particulates. 802 and NOx have been identi-

fied as important contributors to the fine particulate
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load through atmospheric gas to particle reactions

resulting in sulfates and nitrates (Waggoner, 1979).

The major component of worldwide atmospheric nitrogen
oxides is biologically produced nitric oxide (NO).
Natural sources produce about 50 x 107 tons of NO per
year; manmade sources, primarily fuel combustion, emit
5 x 107 tons per year of NOX, which include NO and
NOz.

Of the various oxides of nitrogen, the most important
as air pollutants are NO and NOZ. Other known oxides
of nitrogen include nitrous oxide (NZO)’ nitrogen ses-
guioxide (N203), nitrogen tetroxide (N204), and nitro-
gen pentoxide (N_O_); however, only N

275 2
in the atmosphere in appreciable concentrations.

O is present

Nitric oxide and a comparatively small amount of NO2
are formed under high-temperature conditions such as
those that accompany the burning of fossil fuels.

They are emitted to the atmosphere from automobile
exhausts, furnace stacks, incinerators, and vents from
certain industrial processes. Although vast quantities
are produced by natural biological reactions, the
resultant concentrations of atmospheric NOx are low

because these reactions take place over wide areas.
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Most of the NOx produced by man is in the form of NO,
which is subsequently oxidized in the atmosphere to
the more toxic and irritant N02. Normally, at low NO
concentrations of 1 ppm or less, the direct reaction
with oxygen of the air proceeds slowly. The oxida-
tion rate of NO to NO2 is increased by photochemical

processes involving reactive hydrocarbons.

The following describes the properties of the major oxides

of nitrogen:

Nitric Oxide (NO)

Nitric oxide is a colorless, odorless gas, slightly
soluble in water. It is the primary product formed
during high-temperature combustion processes when
atmospheric oxygen and nitrogen combine according to
the reactions described in Section III. When rapid
cooling follows combustion, time is inadequate for
equilibrium to develop, and NO persists in the flame

products,

Nitrogen Dioxide (NOE)

Nitrogen dioxide is a reddish-orange~brown gas with a

characteristic pungent odor. The threshold for odor
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perception of NO2 is about 0.12 ppm. Though its
boiling point is 70 degrees F, the low partial pres-
sure of NO2 in the atmosphere restricts it to the gas

phase at usual atmospheric temperatures. NO2 is cor-

rosive and highly oxidizing and may be physiologically

irritating and toxic. Although N02 reacts with water

to form nitric acid and either nitrous acid or NO,
the reaction of N02 with H20 has not been shown to

have any significance in polluted air (Leighton, 1961).

Although NO, exists in equilibrium with its dimer,

2

nitrogen tetroxide (N204), the fraction present in

dimer form is negligible at atmospheric concentra-

tions of NOZ'

Nitrous Oxide (N_O)

Nitrous oxide is a colorless and odorless gas used as
an anesthetic and is familiarly known as *laughing gas".
NZO is present in the atmosphere but is chemically
inert at usual atmospheric temperatures and is, there-
fore, not considered an air pollutant. Nzo may be a

minor product of the atmospheric interactions of NO2

in the presence of hydrocarbons and sunlight. Nitrous
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oxide is also a possible intermediate in thermal NO

formation.

Nitrogen Sesquioxide (N_O.)
L=

Nitrogen sesquioxide may be involved as an interme-
diate in atmospheric reactions. It is the anhydride
of nitrous acid and produces this acid when dissolved
in water. 1In the laboratory, it can be obtained as a
blue liquid by cooling a mixture of nitric oxide and

nitrogen dioxide.

Nitrogen Tetroxide {N,O,)
&~ T

Nitrogen tetroxide is the colorless dimer of nitrogen

dioxide. Its formation is favored by high NO. concen-

2
trations. At the dilute NO2 concentrations found in
ambient atmospheres, however, N204 cannot be present
in more than trace amounts and therefore is probably

of minor importance in atmospheric reactions.

Nitrogen Pentoxide (N.O_.)

Like N203, N205 may be an intermediate in atmospheric

reactions, NZOS is the anhydride of nitric acid and
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presumably reacts with atmospheric moisture to form

nitric acid.

Nitrogen Trioxide (NO.)

Nitrogen trioxide is thought to be an important inter-
mediate in atmospheric reactions, but equilibrium and
reaction kinetics factors do not favor accumulation
of significant (or measurable) levels. Both NO3 and

NO, have been suggested as intermediates during the

formation of NO2 when NO reacts with 02.

EFFECTS OF NITROGEN OXIDES

Visibility

Visibility reduction is one of the most common mani-
festations of urban air pollution. It is caused by
the scattering and absorption of light by particles
and gases in the atmosphere and depends on the con-
centration and properties of the gases and particles

present.

NO,, is intensely colored and absorbs light over the
entire visible spectrum, but primarily in the shorter
wavelengths, violet, blue, and green. In the atmo-

sphere it can reduce the brightness and contrast of
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distant objects and causes the horizon sky and white
objects to appear pale yellow to reddish~-brown. How-
ever, the primary cause of the characteristic brown
haze of typical urban air pollution is light scatter-

ing by aerosol particles, not NO,.

The additional presence of particulate matter tends

to mask the coloration effect of Noz, but the two
combined markedly reduce the visibility, contrast,

and brightness of distant objects. Particulate matter
and aerosols are present in the atmosphere as primary
contaminants from urban sources such as industrial
combustion and vehicular transportation and from
natural sources such as sea salt, dust, and fog. They
are also formed through photochemical reactions and
are considered to be the major cause of the reduced

visibility associated with photochemical smog.

The photochemical reactions involves NO_ and hydro-
carbons under the influence of sunlight. The ultra-
violet sunlight has the energy to break an O atom from

a NO. molecule. The O then combines with 0, forming

2
ozone, which can oxidize the hydrocarbons present,
resulting in the formation of visibility reducing
aerosols. Light scattering associated with the pre-

sence of aerosols is the primary cause of visibility
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reduction in photochemical smog. Absorption of light

by NO, makes a minor contribution (Charlson, 1972).

Concentrations

Air quality standards limiting amounts of NO, are pri-
marily aimed at limiting the amount of photochemical
smog, as measured as ozone, produced. Both NO and

NO, concentrations display distinct diurnal variations
dependent on both the intensity of the solar ultra-
violet energy and the amount of atmospheric mixing.

In many sampling areas, these variations are also

associated with the traffic patterns.

The effect of meteorological parameters on NO and NO,
concentrations has been reasonably well documented.
As might be expected, periods of stagnation and high
traffic volume in urban areas have resulted in high

peak levels of NO,, as much as 3 ppm as a peak in

Los Angeles for example.

Continuous measurement has indicated that peak values

of NO above 1 ppm are widespread, but NO. concentra-

2
tions have rarely been measured at this level. Peak
concentrations of NO2 in urban areas rarely exceed

0.5 ppm.
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Vegetation

In terms of direct effects on growing vegetation, the
major sources of high levels of nitrogen dioxide are
localized, accidental releases which cause relatively
short periods of exposure. These high concentration
exposures produce necrotic lesions and excessive de-
foliation. Such lesions are usually characteristic
for each plant, but their nonspecific character in
relation to other toxicants renders the symptoms of
little value in diagnosing No2 damage in the field.
There is, however, no direct relationship between
time of exposure and concentration, except within
vVeéry narrow ranges. The concentration of nitrogen
dioxide influences the extent of injury more than the

duration of exposure.

Materials

Significant effects of NOx have been observed and
studied on three classes of materials: textile dyes
and additives, natural and synthetic textile fibers,
and metals. The most pronounced problem is associated
with textile dyes and additives. Fading and loss of

color are the primary problem in textile fibers, while
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particulate nitrates and humidities above 50 percent

lead to stress corrosion in metals.

Health

Both of the prominent oxides of nitrogen present in
ambient air are potential health hazards. At ambient
concentrations, NO presents no direct threat to gen-

eral health; however, NO., does. Nitric oxide is not

2
an irritant and is not considered to have adverse
health effects at concentrations found in the atmo-
sphere. Its greatest toxic potential at ambient con-
centrations is related to its tendency to undergo
oxidation to NO,. NO, exerts its primary toxic
effect on the lungs. High concentrations, greater

than 100 ppm, are lethal to most animal species; 90

percent of the deaths are caused by pulmonary edema.

Since certain pathological changes seen in animals
after experimental NO, exposure are similar to
changes that occur in man, it is suggested that
long-term low-level exposures to NO2 may play a
significant role in the development of chronic lung

disease. However, the small amount of information



available concerning the toxicological effects of the

Oxides of nitrogen in man pertain to levels higher

than those found in ambient air (Barth, 1970)



III. FORMATION OF NITROGEN OXIDES IN FLAMES

WOOD COMBUSTION

The proximate and ultimate analysis of the Douglas fir
bark used in this study is given table 3 below (Tuttle,

1978).

Table 3. ANALYSIS OF DOUGLAS FIR BARK

Percent by Weight
(dry basis)

Proximate Analysis

Volatile matter 71.0
Fixed Carbon 28.0
Ash 1.0

Ultimate Analysis

Hydrogen 6.1
Carbon 54.1
Nitrogen 0.17
Oxygen 38.8
Sulfur 0.0
Ash 1.0

Wood normally contains some moisture. Kiln dried wood con-
tains about 8 percent; air dried wood contains 15 to 25
percent; green wood contains approximately 30 to 60 percent;
and wet bark may contain up to 75 percent water by weight.
These values and all others expressed in this work are on

a "wet" basis, that is, pounds of moisture per pound of

wet wood. Therefore, a piece of wood that was half water
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and half wood would have a moisture content of 50 percent.
Typical caloric values are 8,000 to 9,000 Btu per pound
for dry wood and 9,000 to 9,300 Btu per pound for dry bark.

The Douglas fir bark used in this experiment has a higher

heating value of 9,290 Btu per bone dry pound.

The pyrolytic decomposition and combustion of wood are a
series of complex and not universally agreed upon physical-
chemical reactions that occur primarily in the gaseous
phase. However, in a simplistic way, the combustion can

be described in four basic steps (Corder, 1965; Junge, 1975;
Kreisinger, 1939). As fresh wood enters the furnace,
moisture is first driven off in an endothermic reaction.
Secondly, the combustible volatiles are then distilled

from the wood. This is also an endothermic reaction
requiring heat, but these volatiles are then available to
burn in an exothermic reaction providing heat to both the
boiler and the fuel pile in the third step. Finally, after
the moisture and volatiles have been driven from the wood,
the fixed carbon remains. In this fourth step, this carbon
is also oxidized in an exothermic reaction, similar to burn-

ing charcoal briquets in a home barbecue.

Approximately 70 to 80 percent of the heating value of the
wood is contained in the distillates and the remaining 20

to 30 percent in the fixed carbon. Since the predominant
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elements in wood are carbon, hydrogen, and oxygen, the
complete combustion products are almost entirely carbon

dioxide and water,

NITROGEN OXIDE FORMATION

The reaction of atmospheric oxygen and nitrogen to form NO
is associated Principally with the high temperature, fuel
lean conditions in industrial boiler combustion chambers.
Normal operation of a typical hog fuel boiler is in this

fuel lean mode.

In most high temperature combustion processes, the forma-
tion of NO from the dissociation of atmospheric nitrogen
is considered to be primarily due to the Zeldovich (1946)

mechanism, equations (a) and (b).

(a) O + N2 —_—= NC + N

(b) N+ O, — NO+ 0

NO2 is formed by the further oxidation of No, mostly after
the combustion gases have left the furnace; this process
is known as the fixation of atmospheric nitrogen. The NO,
produced via the mechanism is termed "thermal Nox" due to

its exponential temperature dependence.
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At lower combustion temperatures, the Zeldovich mechanism
predicts low NOx values compared to actual data. Mech-
anisms which would account for such discrepancies (Malte,

1977) are ones in which N_O forms first by the reaction

2

N2 + O+ M —sz O + M and acts as a precursor to NO forma-

tion via the reaction NZO + O - 2NO. Another mechanism
which may be active at moderate combustion temperatures is
the "prompt NO" mechanisms (Fenimore, 1971). The initiat-
ing reaction for prompt NO generation is thought to be

N2 + CH —NCH + N. Further oxidation of the products of
this reaction yields NO.

Additionally, at moderate combustion temperatures, the
Zeldovich mechanism may still contribute to NOx formation.
This is because combustion in an industrial boiler furnace
is turbulent. Although the first Zeldovich reaction has
an extremely high activation energy and the average gas
temperatures in an industrial boiler are low, there will
be areas of higher temperatures due to the turbulent
nature of the combustion. This will extend the effect of
the Zeldovich mechanism to lower average furnace temper-

atures (Malte, 1978).

Higher local temperatures may also be reached in the fixed
carbon (char) bed on the grates of the furnace. Tempera-

tures greatly in excess of the gas temperature have been
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Meéasured in the char bed during other experiments in thig

combustor, (Tuttle 1979).

An assumption in thisg study was that Nox mechanisms of all
types present are independent amg additive. 1t ig because
of the complex nature of NOx formation, the complex nature
of wood combustion, and the complex nature of industrial
hog fuel boiler Operation that an experimental approach,
rather than an attempt at a rigorous combustion reaction

investigation, was undertaken for this study.

Engleman (1973) discusses the difficulty of a rigorous ap-
proach to investigating NOx emissions from complex fuels
in which he shows that actual NOx formation follows theory
well for a hydrogen/air flame, nearly as well for a carbon
monoxide/air flame, and not well at all for a Propane/air
flame. Hog fuel/air is éxpected to be more complex than

any of the above. He states:

"Reactions which have little significance in the
over-all combustion scheme may be of importance in NoO

formation under specific conditions, The evaluation

of gross combustion phenomena is a formidable task by

itself. The humerous additional reactions, which may
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be significant under specific conditions for the for-
mation of parts per million of nitric oxide, present

even more difficult problems."

As the kinetic mechanisms become more complex, as they
would in a bark/air combustion scheme, critical evaluation
of the component reactions becomes increasingly important.
The coupling of kinetic modeling with sophisticated fluid
mechanics and heat transfer modeling would be ultimately
required for application to NO,, formation in actual com-
bustion systems. Such a study is beyond the scope of this

work.

Another source of NO,, is oxidation of nitrogen bound in
the fuel. Wide ranges of fuel nitrogen to NO conversion
have been reported for fossil fuels (Malte, 1978), but
there have been no reported studies of fuel nitrogen con-
version in hog fuel fired boilers. 1In this study, however,
the fuel nitrogen content was quite low and constant at
0.17 percent. The variability of NO concentration with
fuel nitrogen was not considered in this experiment. It
has been shown by Fenimore (1971) and others that fuel
bound nitrogen in various fossil fuels is converted to NO.
It is assumed, but has not been shown, that the same
phenomenon occurs during wood combustion. Because of the

low concentration of nitrogen in bole wood and bark,



centrated in the living cellsg of the trees, especially the
leaves ang small branches (Dice, 1970). Therefore, when
these whole trees are cut for fuel, the nitrogen content

of the whole~tree fuel will pe considerably higher than
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that of conventional hog fuel. These higher levels of fuel

nitrogen may lead to higher nitrogen oxide emissions.



Iv.

EXPERIMENTAL TEST FACILITY

PILOT BOILER

Data collected during the course of the experiments

were obtained from the operation of a Pilot scale

Spreader stoker boiler and combustion test facility,

The boiler and test facility, shown in figure 3, is

described as follows:

A dual screw conveyor system to control and

meter the fuel flow.

A mechanical flinger roll (spreader stoker) to

distribute fue] uniformly across the gate.

A water wall lined combustion chamber with a

fixed, Pinhole grate,

A fin tube, forced air cooled, jacketed duct to
carry combustion exhaust gases from the combus-

tion zone to an air preheater,

A plate type, counter flow, triple pass air

Preheater.
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1) Conveyor System

2) Spreader Stoker

3) Combustion Chamber
4) Air Cooled Duct

5) Heat Exchanger

6) Cyclone

7) Forced Draft Fan

8) Venturi Flowmeters
9) Air Flow Valves
10) Gas Sample Port

(4)
BER
(<))
0 1
2 (2) NWW 81,/
o= )9 \

Wood Combustion Test Facility FIGURE 3
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A cyclone separator downstream from the air pre-
heater to remove entrained particulate matter

from the exhaust gas stream.

A forced draft fan to provide combustion air to

.

the test facility.

A system of venturi orifice flowmeters to meas-
ure the amount of air distributed above and below

the grate,

A system of gate valves to control the flow of

air above and below the grate.

Instrumentation to measure independent and de-

pendent variables of the test facility.

The boiler was designed to combust fuel samples with

heat release rates of up to 10 x 106 Btu's per hour.

Typical tests are carried out with heat release rates

in the range of 6 x 106 Btu's per hour. The area of

the grate is 10 square feet. The combustion zone ex-

tends approximately 11 feet above the grate. Steam

is generated at atmospheric pressure with natural re-

circulation in the water walls (Junge, 1977).
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Typical tests were carried out in the 4.2 and 7.0
million Btu/hr range. This resulted in heat release
rates of 23,300 to 38,800 Btu per cubic foot per hour.
The pilot plant was operated in the steady state in
essentially the same manner as full-scale industrial

hog fuel boilers.

Figure 4 is a view of the combustion chamber taken in
vertical cross section. A rotating, mechanical
spreader distributes the fuel evenly across the grate.
The water wall construction begins above the spreader
stoker and continues up to the top of the furnace.

The ash removal doors are below the spreader stroker.
Ten pounds of charcoal can be inserted through the
ash door for light off. Under fire air passes up
through the pinholes in the grate. Over fire air
enters through 1%-inch diameter nozzles, between the
nonpressurized water tubes, 42 inches above the grate.
The over fire air ports are directed slightly down-
ward, approximately 12 degrees. The flow rates of
air, both under and over fire are controlled by
dampers in the supply lines at the entrance to the
plenum chambers. Combustion chamber temperatures are
indicated by single radiation-shielded thermocouples
inserted between water tubes at levels above the grate

of 20 and 63 inches. Above the combustion chamber,
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an air cooled duct leads approximately 14 feet to the

plate type, counter flow, air preheater.

Figure 5 shows the lower part of the combustion chamber
in horizontal cross section. The 16.4 square feet of
combustion chamber area are reduced to 10.0 square

feet at the grate by a 4%-inch-wide, 13-inch-high fire
brick lining. The grate has quarter-inch pinholes on
1.25-inch centers in quarter-inch stainless steel plate.
The arrangements of the square steel water wall tubes
and steel outer casing are shown in figures 4 and 5

with dimensions.

MEASUREMENT METHODS AND PROCEDURES

The following section describes the measurement meth-
ods and procedures for the study. A more detailed
description of those measurements and procedures that
relate to a major potential for error in the data is

presented in Section VI D, "Experimental Errors.”

1. Nitric Oxide (NO)

The nitric oxide was measured with a Lear Siegler

model SM 1000 ultraviolet analyzer. This
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instrument was calibrated using a 50 ppm NO
sealed internal span cell and 100 ppm NO labora-

tory span gas.

The gas sample was withdrawn at a flow rate of

1 cfm upstream of the air preheater through the
gas sample port. The NO sampling train, shown
schematically in figure 6, consisted of a stain-
ljess steel probe, followed by an ice bath, a
coarse filter (sintered bronze), a water trap
equipped with a peristaltic water pump to drain
the trap, a diaphragm gas pump, a heated copper
tube (heat tape wrapped to raise the gas tempera-
ture to 80 degrees to 100 degrees F), a fine fil-
ter (cotton in a 2-inch-diameter glass tube 12
inches in length), and on to the NO analyzer.

The gas sampling line was 3/8-inch-diameter
stainless steel tubing up to the water trap and
1/4-inch copper tubing from the water trap to

the NO analyser. There was a bypass for the gas
sample flow rate in excess of the 400cc/min

needed by the NO analyzer.

Fuel Feed Rate

The fuel feed rate was measured by weighing the

bark fuel delivered by the screw conveyers for a
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measured period of time. The fuel feed rate was

measured at various speeds of each screw conveyer
in order to calibrate the variac and ammeters on

the variable speed electric motor. Fuel samples

were dried and moisture contents measured so that
fuel feed rates in bone dry pounds per hour were

known. Fuel feed rates varied from 450 to 750

pounds per hour (bone dry).

Excess Air

The total flow (under fire plus over fire) to
the combustion chamber was controlled using
damper valves with venturi flowmeters and

Magnahelic pressure differential gauges,

The desired amount of combustion air flow was
calculated for each given percent excess air by
stoichiometric combustion calculations. The
combustion air flow rate varied from about 1,100
to 2,600 acfm at about 280 degrees F. The com-
bustion air flow rate was set to operate at 30,
50, and 80 percent excess air for the various

fuel rates.
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Gas Temperature

The combustion gas temperature was measured with
a shielded platinum-rhodium thermocouple located

63 inches above the grate.
Fuel Size

The fuel was prescreened into two size fractions.
The coarse fuel ranged from 0.3 to 1.3 inches

diameter; the fine fuel was 0.3 inch and under.
Fuel Moisture Content

The fuel moisture content was measured by weigh-
ing a fuel sample before and after drying to

constant weight at 219 degrees F.
Under Fire Air Flow Rate

The under fire air flow rate waé measured using
a venturi flowmeter and differential pressure
gauge (Magnahelic). The desired under fire air
flow rate was reported in 1b air/1lb bone dry fuel
and ranged from 1.5 to 6.5 pounds of air per

pound bone dry fuel. With the percentages of
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carbon, hydrogen, and oxygen given in table 1
for the Douglas fir bark fuel, stoichiometric
combustion calculations show that 6.7 pounds of

air are required for complete combustion of the

fuel.



EXPERIMENTAL RESULTS

NITROGEN OXIDE DATA BASE

A data base was developed showing the effects of the
fuel feed rate, combustion temperature, excess air
ratio, fuel size, fuel moisture content, and under-
grate air flow upon NOx concentrations. Thisg data
base and the relationships are shown graphically in

figures 7 through 13.

1. NO Concentrations

The NO concentrations were recorded at various
fuel feed rates, percent éxcess air, various fuel
feed rates, percent éxcess air, under fire air
flow rates, fuel size, and moisture coﬁtent.
The 97 NO values, corrected to 12 percent CO2 and
on a dry basis, range from 25 to 103 ppm with an

average of 57 ppm, as shown in figure 7.
2. Effect of Fuel Feed Rate (RATE)

The effect of fuel feeg rate on the NO concentra-~-

tion is shown in figure 8. The NO concentration
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increases with increasing fuel feed rate. The

coefficient of correlation is 0.645.

Effect of Combustion Temperature (TEMP)

The effect of combustion temperature on the NO

concentration is shown in figure 9. The NO con-
centration increases with increasing combustion
temperature. The coefficient of correlation is

0.549.

Effect of Excess Air (XAIR)

The effect of excess air on the NO concentration
is shown in figure 10. The NO concentration in-
creases slightly with increasing excess air.

The coefficient of correlation is 0.340.

Effect of Fuel Size (SIZE)

The effect of fuel size on the NO concentration
is shown in figure 11. There appears to be a
slight decrease in the NO concentration with
increasing fuel size. The coefficient of corre-

lation is -0.199.
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Effect of Fuel Moisture Content (H20)

The effect of fuel moisture content on the NO
concentration is shown in figure 12. There
appears to be a very slight decrease in NO con-
Ccentration with an increase in fuel moisture
content. The coefficient of correlation is

-0.0656.

Effect of Undergrate aAir Flow Rate (UAIR)

The effect of the undergrate air flow rate on
the NO concentration is shown in figure 13,
There appears to be a very slight increase in
the NO concentration with increasing undergrate
air flow rate. The coefficient of correlation

is 0.021s.
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experimental projects, other errors did occur. How-
ever, they are considered to be of relatively minor

significance in the overall results of this study.

1. Errors in Measurement of Temperature

The temperature meéasurements inside the combus-
tion chamber were subject to significant errors.
The design of the thermocouple protective hous-

ing or shield was such as to allow radiation
losses of large magnitude to the cold walls of

the water wall lined combustion chamber. Thus,
while heat énergy was input to the temperature
probe through convention and radiation from the
combustion area, heat losses by radiation from

the thermocouple to the cold walls of the combus-
tion chamber reduced the indicated temperatures
substantially. The higher the actual temperatures
of the exhaust gases, the greater were the losses
due to radiation away from the temperature probe.
It is possible that when the probe indicated
temperatures in the range of 900 to 1100 degrees F,
the actual temperatures were in a range of 1500 to
2000 degrees F. This is substantiateqd by the

fact that theoretical temperatures for wood combus-

tion range up to 3300 degrees F for dry wood at
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volume of 237 acf (350 degree F) per 1.885 1b
wet bark at 47 percent water content (1 1b dry
bark plus .885 1b water). The stack gas contains

20 percent HZO by volume at this temperature.

5. The exhaust gas volume corrected to 12 percent
C02 and 70 degrees F is 168 scf per 1.885 1lb wet
bark or 71.3 standard dry cubic feet per pound

of wet bark (dry gas basis).

6. One pound mole of gas occupies 387 scf volume at

70 degrees F and 1 atmosphere.

NO emission factor =

(57 ppm)(71.3 sdcf/1b) (30 1b NO/1b mole NO) (2,000 1b/T)

(10° parts) (387 scf/1b mole gas)

= 0.63 1b NO/ton wet bark

During the design of the experiment, it was expected
that virtually all of the total nitrogen oxides gen-
erated from wood combustion would be in the form of
NO. According to Monitor (1976), 95 percent of the
NO, is NO by thermal equilibrium at 1,340 degrees F.

However, it was not known exactly how much NO2 would
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be generated in the bark fired boiler or if some NO2
would be lost in the sampling train due to the con-
densation of water from the combustion gases. Malte
(1978) warns of this potential in his recent work,
although Kramlich (1978) states that no variation in
the concentration of NO2 or NO was noted as water con-
densed on the inside walls of his sample line in an

ice bath trap sampling train similar to the one used

in this study.

Cato (1974) also mentions that, since Noz is soluble
in water, it may be lost in a "wet" sample train. It
was assumed that, since NO is much less soluble than

NOZ' much less NO would be lost than NO. in the train.

2
However, although Cato postulates reactions in which
up to one mole of NO per mole of NO2 may be lost to
the water, his actual data do not indicate that a
significant quantity of NO is, in fact, lost in this
type of sample train. He reports that simultaneous
measurements were made of 168 sample runs of NO from
boilers with cold (wet) and hot (dry) sample lines,
and the results were that cold line measurements were

2 percent lower than hot line readings. The estimated

error was %3 ppm.
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To verify the concentration of NO, NOZ’ and NOX, meas-
urements were made using a Monitor Labs Model 8440CE
chemiluminescence analyzer modified to read stack con-
centrations. The instrument was modified using special
instructions and flow regulators supplied by the
instrument manufacturer (Williams, 1978). During a
separate portion of the pilot plant experimental runs,

NO. concentrations averaging 10 percent of the NO con-

2
centration were measured over a wide range of combus-

tion variables, similar to those used in this study.

This finding is supported by the author (1976), when
grab samples from hog fuel boilers held in glass
flasks, aluminized mylar, the Tedlar bags at ambient
temperatures for 30 to 40 minutes and analyzed with a
University of Washington TECO chemiluminescence NO
analyzer showed an NO2 concentration of 17 percent of
the total NO, concentration. It is assumed that oxi-
dation of NO to NO, in the containers accounted for
the higher NO, concentrations. This is further sup-
ported by EPA (1977) in which they state that 90 per-
cent of the NO emitted from an industrial boiler is
in the form of NO, the remaining 10 percent being NO, .
Cato (1974) indicates that 5 percent of the NOx is

NO., from some fifty boilers tested.

2
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The EPA (1977) emission factor for NOX emitted from

wood combustion is given as 10 pounds NO, for each

2
ton of wood (wet basis) burned. In order to compare
the measurements of NOx made during this study, the
value of 0.63 pound of NO per ton of wet bark fuel
burned can be converted to 1.1 pounds of Nox per ton
of wet fuel burned. This figure incorporates the
measurements that show the NO2 concentration was 10

' percent of the measured NO cohcentration, and the

reporting of the NO concentration as NO, on a mass

2
basis.

The conversion calculation is as follows:
NOx emission factor =

0.63 1b NO 1 mole NO|| 1.1 moles NO, || 46 _1b NO,

ton wet bark 30 1b NO mole NO mole NO

2

NOx Emission Factor = 1.1 1b NO, as NO2 per ton of

wet bark burned.
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EMISSION FACTOR USAGE

This work suggests that hog fuel fired boilers are

not a great a source of nitrogen oxides as previously
supposed. As a result of the work done to date on

NOx emission and wood combustion, the author has been
contacted by EPA and asked to provide data for use in
modifying the existing EPA emission factor of 10
pouhds of NOx per ton of wood waste burned for hog
fuel boilers. The author has received inquiries from
both Region X (Seattle) and Region IV (Atlanta) re-
garding this work. Based on the data gathered to date,
both regional offices of EPA are now using an emission

factor of 1.5 pounds of NOx per ton of hog fuel burned.

DEVELOPMENT OF NO PREDICTIVE MODEL

In most research problems where regression analysis

is applied, more than one independent variable is
needed in the regression model. The complexity of
most scientific mechanisms is such that, in order to
be able to predict an important response, a multiple
regression model is needed. When the model coeffi-
cients are linear, it is called a multiple linear
regression model (Walpole, 1972). The use of multiple

linear regression techniques is well suited to analyze
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data as collected in this experiment. This technique
determines the coefficients of a linear equation of

the form:

+ b Xg o o o ¥ b_x

where x X x_ are the n independent variables,

1’ 72 ° ° * “n

y is the dependent variable and bo' bl .« o e bn are
constant coefficients. The calculated y values approx-
imate the measured NO concentrations in the best least

squares fit and an overall multiple correlation coef-

ficient can be calculated.

The general method of solution of the coefficients is
stepwise. At each step one variable is added to the
regression equation. The variable added is the one
which makes the greatest reduction in the error sum
of squares, and it is the variable which has the high-
est partial correlation with the dependent variable.
As each variable is analyzed for addition to the equa-
tion, its significance is determined, and the most
significant variables are processed first. With the
use of this technique, it is possible to arrange the
measured test parameters to give a prediction of

nitrogen oxide concentrations. The significance of
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the variables is in the same order as their appear-

ance in the equation.

The best linear equation of the NO concentrations can

be shown as:

NO ppm =

0.0623 RATE + 0.0935 TEMP + 0.259 XAIR -

6.29 SIZE + 60.5 HZO + 0.678 UAIR - 145

Where:

RATE

XAIR

TEMP

UAIR

H,O

SIZE

rate of fuel feed in pounds per hour

total air to fuel ratio in percent excess
air

maximum combustion temperature in degrees F
Undergrate air in pounds of air per pound
of fuel

percent moisture in the fuel (wet basis)

size of fuel burned (1 = fine, 2 = coarse)

The equation has a multiple correlation coefficient

of 0.861.

This means that 74.1 percent of the varia-

tion in NO concentration can be explained by the linear

regression model. The increase in correlation

coefficient falls off rapidly after the first three
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variables are evaluated., The calculated versus meas-

ured NO concentrations are shown in figure 14.

In reviewing the literature, the author was able to
find only one other use of this technique in predict-
ing NOx emissions from combustion parameters for any
fuel. The reported instance was for NOX emissions

from coal combustion (Cato, 1976), and the NOx emis-
sions were calculated as a function of three variables:
fuel nitrogen content, fraction of theoretical air,

and heat release per unit heat/absorption area.

EXPERIMENTAL ERRORS

The errors involved in any measurement are usually of
two types, random or reading errors and biased or
equipment errors. Random errors depend on the sensi-
tivity of the instruments ang may be minimized by
careful reading of the scales. Biased errors usually
shift the experimental result in magnitude with
respect to the real value and may be reduced by care-

ful calibrations and experimental procedure.

Each potential major source of error in this experi-

ment is discussed in this section. As with all
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experimental projects, other errors did occur. How-
ever, they are considered to be of relatively minor

significance in the overall results of this study.

1. Errors in Measurement of Temperature

The temperature meéasurements inside the combus-
tion chamber were subject to significant errors.
The design of the thermocouple protective hous-

ing or shield was such as to allow radiation
losses of large magnitude to the cold walls of

the water wall lined combustion chamber. Thus,
while heat énergy was input to the temperature
probe through convention and radiation from the
combustion area, heat losses by radiation from

the thermocouple to the cold walls of the combus-
tion chamber reduced the indicated temperatures
substantially. The higher the actual temperatures
of the exhaust gases, the greater were the losses
due to radiation away from the temperature probe.
It is possible that when the probe indicated
temperatures in the range of 900 to 1100 degrees F,
the actual temperatures were in a range of 1500 to
2000 degrees F. This is substantiateqd by the

fact that theoretical temperatures for wood combus-

tion range up to 3300 degrees F for dry wood at
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20 percent excess air, and are about 2100 degrees F
for 50 percent moisture content wood (wet basis)

fired at 50 percent exess air (Miller, 1951).

While it may seem relatively simple to construct
or purchase an adequately shielded thermocouple
to solve these measurement problems, in actual
practice such a device is not available in the
marketplace and is extremely difficult to con-

struct (Tuttle, 1979, and Schubert, 1973).

Errors in Measurement of Gas Flow Rate

Two distinct methods were used to determine gas
flow rates in the test facility. The first was
to use calibrated venturi flowmeters and differ-
ential pressure gages coupled with temperature
indicators to determine the flow rates of air
input to the system. The venturis were cali-
brated using a standard Pitot tube and crossed
diameter traverses. Errors in flow measurement
using these procedures are likely to be less than

5 percent.

The second method of determining gas flow rates

was to determine the levels of excess air entering
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the combustion chamber pased on flue gas analyses
for oxygen determination. Knowing the level of
oxygen in the flue gas allows a direct calcula-
tion of the excess air based on the amount of
dry fuel being burned at any time. Calculation
of total gases entering the combustion chamber
is then possible provided that an accurate meas-
ure of the incoming dry fuel feed rate is

available.

Errors arise in carrying out these calculations.
The rate of fuel feed, while it was reasonably
constant over a time duration of 5 minutes, did
experience fluctuations of small time duration
(30 - 45 seconds). These fluctuations ih fuel
feed rate resulted in fluctuation in the amount
of oxygen present in the flue gases. The use of
a continuous oxygen analyser tended to damp out
these fluctuations and provide data for a calcu-
lation based on average levels much longer than
the fuel feed fluctuations. It is expected that
the average levels of excess air were determined
with a level of accuracy estimated to be within

5 percent (Junge, 1977} .
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Errors in Measurement of Fuel Flow Rates

The rate of fuel input to the system was meas-
ured in terms of dry pounds of fuel input per
hour. To achieve this, the fuel density, mois-
ture content, and feed rate in terms of cubic

feet per hour on a wet basis were determined.

Fuel density was determined by measuring the time
required to collect one full office type waste
paper can. The volume of the can was easily
established by geometry. The time required to
fill the can from the screw feed conveyor was
measured at least three times. It is felt that
accuracy to within 1 percent was achieved in

this process.

Fuel moisture content was determined by small
grab samples analyzed in the laboratory by the
use of a drying oven and standard laboratory
scales. Weighing and drying procedures are well
standardized and relatively accurate (within 1
percent). The errors which may occur will stem
principally from the difficulties of obtaining
representative samples of the fuel. The samples

were all chosen at random from the fuel pile,
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but a question remains as to their degree of be-
ing truly representative. It is estimated that
fuel moisture determinations are likely to be

within 2 percent of actual values.

Fuel feed rate was determined by calibrating the
feed rate of the screw conveyor prior to the actual
experiment and then carrying out calibration checks
during the experiment. Appropriate replications

of the calibration method were used to ensure
statistical accuracy; however, the time framework
for the tests was relatively short (1-2 minutes)
per check. In carrying out the experimental test
runs, the time length of each test varied from

10 to 40 minutes. It was assumed that the flow
rate through the screw conveyor remained constant
during this time. It is likely that errors in

fuel feed rate of up to 2 percent are possible.

In combining the sources of all errors in meas-
urement of the flow rate of dry fuel to the com-
bustion test facility, it appears that signif-
jcant errors were likely to occur and that these
combined errors may be as much as 5 percent from
the true values of fuel flow rates in dry pounds

per hour (Junge, 1977).
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Errors in Measurement of NO.

Many compounds, both gases and liquids, absorb
light. Generally a compound will absorb light
of a particular wavelength and not light of some
other wavelength. For instance, nitrogen diox-
ide gas absorbs visible light in the blue region
(4000 to 5000 angstroms) but not in the yellow
and red regions (5000 to 7000 A). For this

reason the gas appears yellow-brown.

The absorbing power of a particular gas is de-
fined through a physical constant called the
absorption coefficient, a()) which is a function
of wavelengths where the gas does not abéorb and
becomes greater than zero at wavelengths that

absorption occurs.

Light of intensity Io of a particular wavelength
A can be directed through a cell of length b.
Gas, inside the cell, at concentration ¢ absorbs
some of the light, and that not absorbed exits

at intensity I. This exiting intensity is
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predictable using the following formula, known
as Beer's Law:

I (A) = Io (r) e"@(A)be

Where:
Io = Incident Intensity
I = Exiting Intensity
¢ = Concentration of Absorbing Gas

b = Pathlength through the Gas

~a(x) Absorption Coefficient of the Gas

If the absorption coefficient a()\) is known, the
concentration c of the gas in the cell can be
determined just by measuring the incident and

exiting intensities. That is:

c = 1 in 0
a(i)b I

This characteristic of absorbing radiation is a
function of wavelength, as a particular gas will

absorb only radiation of particular wavelengths.
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There are two deficiencies in using a radiation
absorption sensing System as a gas analyzer.
Sensitivity is often limited, and such a gas
analyzer is open to interference by a gas other
than that being measured. If another gas is
present in the sample cell which absorbs light
at the wavelength themeasured gas does, it is
impossible to determine which is being

detected and measured.

Many compounds absorb just over narrow intervals
of wavelengths. These absorption bands can be
relatively narrow, about 10 to 30 angstroms wide.
The locations of these absorption bands are
intimately tied to the geometry of the molecule.
Therefore, no two molecules exhibit the same
pattern of absorption bands. The fact that a
compound exhibits a narrow absorption band at a
particular wavelength is, therefore, a unique
physical property of that compound. This
property is more than the fact that it absorbs
radiation at that wavelength for it requires that
it does not absorb as much as 10 angstroms to
either side of this wavelength. Second Deriva-
tive Spectroscopy is a method for detecting this

property of narrow band absorption.



77

The Lear Siegler SM 1000 analyzer is a second
derivative analyzer, that is, it measures the
dZ(I/Io)/dA2 of the absorption of NO. Derivative
spectroscopy is concerned with the shape charac-
teristics, rather than with the basic intensity
changes, of a spectral absorption distribution.
The slope and curvature characteristics are often
guite large, very specific, and largely indepen-
dent of intensity. Because these shape character-
istics are large, yet specific to individual
compounds, extremely complex separations of com-
ponent gases are possible, while the sensitivity
over conventional spectrometric techniques is
increased by several decades. The manufacturer's
specifications indicate that it should be accurate

to within 5 percent of full scale.

A potential problem exists in the use of the
sampling train that condensed water from the
stack gases, thereby providing for a possible
reaction of NO and NO2 with the water which would
lower the recorded NOx values. However, Cato
(1974) and Kramlich (1978) found no variation in
NO or NO2 in work with a similar sampling train
(see section IV B). Additionally, the train was

designed to provide a much higher flowrate than
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was needed by the NO analyzer through the use of
a bypass, and the water condensed was continually
removed by a peristaltic pump. However, it is
expected that the NO measurements may be biased
slightly on the low side because of possible
sample loss through combination with water in

the sample train, approximately 2 percent.
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CONCLUSIONS

NOx emissions from Douglas fir bark combustion are
primarily related to rate of fuel feed, combustion
temperature, and total air to fuel ratio. To a much
lesser degree, there is a slight increase in NOx
emissions with increasing undergrate air flow rate,
and slight decrease in NOx emissions with increasing
fuel size. There appears to be little correlation of

NOx emissions with fuel moisture content.

NOx emissions from the combustor are primarily NO.
NO2 values are about 10 percent of the measured NO

concentrations.

An emission factor of 1.1 pounds of NOx per ton of
wet hog fuel burned was developed. The current EPA
emission factor for wood waste fired boilers is about

nine times as high as the one developed by this study.

A predictive model was developed which calculates
values of NO as a function of boiler operating para-
meters. This model may be used to estimate NO emis-
sions from other similar boilers under varying

operating conditions.
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TABLE 4
Under Percent

Test Fuel Fuel Fuel Grate Excess Max. NO ppm NO ppm

" No. Size Rate Z Qag_ Air Air Temp. @12% cogr RAW
1 coarse 450 494 6.5 80 1,320 41 38
2 coarse 500 - 494 6.5 80 1,320 58 53
3 coarse 550 494 6.5 80 1,380 55 50
4 coarse 500 494 6.5 80 1,400 53 49
5 coarse 450 494 6.5 80 1,310 41 38
6 coarse 475 494 1.5 30 1,320 27 35
7 coarsge 500 494 1.5 30 1,320 25 32
8 coarse 525 .494 1.5 30 1,340 40 51
9 coarse 500 494 1.5 30 1,300 38 48
10 coarse 495 494 6,5 30 1,340 36 46
11 coarse 500 494 6.5 30 1,340 36 46
12 coarse 505 494 6.5 30 1,340 34 43
13 coarse 500 494 6.5 30 1,320 35 44
14 coarse 575 494 4.0 55 1,300 43 43
15 coarse 600 494 4.0 55 1,300 49 52
16 coarse 625 494 4.0 55 1,360 57 60
17 coarse 600 494 4,0 55 1,360 43 45
18 coarse 595 494 4.0 55 1,315 43 45
19 coarse 600 494 4.0 55 1,330 44 46
20 coarse 605 494 4.0 55 1,350 49 52
21 coarse 600 494 4.0 55 1,360 47 50
22 coarse 650 494 6.5 30 1,400 71 91
23 coarse 700 494 6.5 30 1,420 75 95
24 coarse 750 494 6.5 30 1,460 75 95
25 coarse 700 494 6.5 30 1,420 75 95
26 coarse 650 494 1.5 80 1,480 65 60
27 coarse 700 494 1.5 80 1,500 82 75
28 coarse 750 494 1.5 80 1,555 98 90
29 coarse 700 494 1.5 80 1,530 93 85
30 coarse 605 494 4.0 55 1,355 50 53
31 coarse 600 494 4.0 55 1,330 51 54
32 coarse 595 494 4.0 55 1,340 55 58
33 coarse 575 494 4.0 55 1,410 57 60
34 coarse 600 494 4.0 55 1,430 57 60
35 coarse 625 494 4.0 55 1,345 55 58
36 fine 650 .539 1.5 30 1,385 65 83
37 fine 700 .539 1.5 30 1,430 71 90
38 fine 750 .539 1.5 30 1,480 76 97
39 fine 700 .539 1.5 30 1,380 69 88
40 fine 675 .539 6.5 30 1,250 59 75
41 fine 700 .539 6.5 30 1,220 58 74
42 fine 725 .539 6.5 30 1,260 53 67
43 fine 700 539 6.5 30 1,270 51 65
44 fine 695 .539 6.5 80 1,160 46 42

45 fine 700 .539 6.5 80 1,040 49 45
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Under Percent

Test Fuel Fuel Fuel Grate Excess Max. NO ppm NO ppm
No. Size Rate % HEQ— Air Air Temp. @12% Co, RAW
46 fine 705 .539 6.5 80 1,020 49 45
47 fine 700 .539 6.5 80 1,110 51 47
48 fine 550 .539 6.5 30 1,340 56 72
49 fine 500 .539 6.5 30 1,270 51 65
50 fine 450 539 6.5 30 1,240 41 57
51 fine 500 .539 6.5 30 1,240 43 55
52 fine 550 .539 1.5 80 1,260 71 65
53 fine 500 .539 1.5 80 1,250 55 50
54 fine 450 .539 1.5 80 1,240 37 34
56 coarse 550 .369 4.0 55 1,500 49 52
57 coarse 500 369 4.0 55 1,380 47 50
58 coarse 450 .369 4.0 55 1,400 35 37
59 coarse 450 .369 6.5 30 1,420 35 48
60 coarse 500 .369 6.5 30 1,440 41 52
61 coarse 550 .369 6.5 30 1,480 47 60
62 coarse 500 .369 6.5 30 1,470 47 60
63 coarse 495 .369 1.5 80 1,350 49 48
64  coarse 500 .369 1.5 80 1,360 55 50
65 coarse 505 .369 1.5 80 1,370 55 50
66 coarse 500 .369 1.5 80 1,340 51 47
71  coarse 695 .369 6.5 80 1,580 83 76
72 coarse 700 .369 6.5 80 1,580 82 75
73  coarse 705 .369 6.5 80 1,580 82 75
74 coarse 700 .369 6.5 80 1,580 81 74
75 fine 695 -.463 6.5 30 1,440 39 50
76 fine 700 463 6.5 30 1,510 78 100
79 fine 695 .463 1.5 80 1,190 57 52
80 fine 700 .463 1.5 80 1,420 59 54
81 fine 705 463 1.5 80 1,400 61 56
82 fine 700 .463 1.5 80 1,420 59 54
83 fine 650 463 1.5 30 1,440 56 72
84 fine 700 463 1.5 30 1,460 57 73
85 fine 750 463 1.5 30 1,440 59 75
86 fine 700 .463 1.5 30 1,440 66 84
87 fine 650 463 6.5 80 1,390 55 50
88 fine 700 463 6.5 80 1,450 77 70
89 fine 750 463 6.5 80 1,510 88 80
90 fine 700 .463 6.5 80 1,500 103 94
91 fine 650 463 4.0 55 1,450 66 70
92 fine 600 463 4.0 55 1,440 72 76
93 fine 550 463 4.0 55 1,320 68 72
95 fine 505 463 1.5 30 1,370 45 58
96 fine 500 463 1.5 30 1,380 46 59
97 fine 495 .463 1.5 30 1,400 44 57
98 fine 500 463 1.5 30 1,400 50 64
99 fine 550 463 6.5 80 1,440 69 63
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Under Percent

Test Fuel Fuel Fuel Grate Excess Max. NO ppm NO ppm
No. Size Rate 2 H,O Alr Air Temp. @122 CO, RAW
100 fine 500 463 6.5 80 1,400 65 60
101 fine 450 463 6.5 80 1,350 62 57
102 fine 500 463 6.5 80 1,280 65 60
103 fine 550 463 4.0 55 1,360 64 68
104 fine 600 463 4.0 55 1,400 66 70
105 fine 650 .463 4.0 55 1,460 73 77
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TABLE 5

Actual Predicted

NO Value NO Value No.
25 36 50
27 34 51
34 41 52
35 39 53
35 41 54
35 38 55
36 41 56
36 41 57
37 47 58
38 34 59
39 67 60
40 39 61
41 49 62
41 48 63
41 37 64
41 43 65
43 47 66
43 54 67
43 49 68
43 41 69
44 51 70
44 47 71
45 45 72
46 58 73
46 46 74
47 54 75
47 42 76
47 50 77
47 46 78
49 48 79
49 53 80
49 47 81
49 46 82
49 56 83
49 44 84
50 54 85
50 48 86
51 51 87
51 56 88
51 54 89
51 43 90
51 43 91
53 60 92
53 56 93
55 61 94
55 52 95
55 54 96
55 51 97
55 45

Actual Predicted
NO Value NO Value
55 46
55 12
56 53
56 61
57 55
57 57
57 60
57 53
57 66
58 52
58 51
59 52
59 75
59 75
59 67
61 73
62 56
64 55
65 73
65 60
65 64
65 53
66 64
66 70
66 62
68 51
69 63
69 71
71 56
71 67
71 55
72 66
73 71
75 61
75 68
75 61
76 75
77 81
74 74
81 81
82 78
82 81
82 82
83 81
88 90
93 81
98 86
103 86



APPENDIX C

COMPUTER DATA ANALYSIS



94

ON dW3l HIvX dqivn 0¢cH 1oy 3z1s

0000°*'1 B8Bv5°0 B6£L°0 PIC0°0 9590°0~ 8Yv?*'0 886T°0- ON
00001 ¥£00°'0~- TS60°0~ 1L¥5°0- BELE*0 98BEC*O dW3l

0000°'T ¢£00°'0 ££8T°0~ 5690°0 08¥0°0 NIVX

0000°T £L¥00*0 9v00°0- T£90°0 qIvA

0000 T TZ8T1°0 &L448°0- OcH

0000°*'T 945E°0- 319N

0000°T JzZ1s

- 111

HKHOKOK X1LHMLIYW NOLLYTANNMOD kKKK

CLEYSG LT = A 40 MOMM3 dMYINYLS
ANFINALST S1 ON 13MHVINUA ¢STTHVINUA £

XXX NOISSINOEM MYINITT F14ILTINK KKKk

SISXTIVUNY YIVA JILNdROD °D



95

LO-3E9456E100 615590140 J1vN
*44300 40 MOMMY g1s INIIIT44300 3GV INYA

19£6°9~  INYISNOD
LVI8SIv 0 = NOILOUNIWNALAT 40 IN3IIJT44300 NI ASY3ININI
?2L8bbY 0 = NUISSINGAY 31411710 40 AN3IJI44300
£EP185160 0 = NUOLLYNIWM313] 40 IN3IIJI44300
F18s6 11 41YWILSH 40 NONM3 JYWINYLS
0000°0  *HOMA HLIM 15619 ¢9 13Nn31-4

A1YN 137HeINen ONIMNILNT

T °*ON 4318



926

LE8YEYT O
41

‘

10-34£585801°0 T0-305100£9°0 dW3l
TO0-30vL6L1L°0 10-30£82868° 0 Jivy
*44400 40 MOYM3 1S IN3IJI44300 J Y INUN

8C0*cB- LNVLSNOD
= NOLLONIWNMALAT 40 INIIIIA44303 NI 3SYIYINI

L1940 = NOLSSIMY4Y FN4IL7INKW 40 LN3ITIII144300
BO66EHLL°0 = NOLLYNTIWMILIT 40 IN3III44300
L2108 01 AI9HILIST 40 NMOYNI JMUINVLS

0000°0 *d0Md HLIM cL8ES° 9L 13031-4

dW3Ll $3THYINYA ONINMILNG
€ ‘ON 431S



97

CO~-3LBOLL06°0 10-388£441£9°0 JW3l

10-396641E¥ 0 1£8541C°0 yIvX
10-38¥6E10T°0 10~-31££8658°0 31wy
*44300 40 MOMM3I d1Ss AN3I3I44307 JHYINUN
86T°€6- LINVLISNOD
10-346C86586°0 = NOLILYNIWMILAT 40 INIIIT44309 NI 3SY3ININI
F00£0EB°0 = NOLISSHNIINM I14ILNW 40 INIIITA430D

IE£68CL9°0 = NOTLYUNIWMILIT 40 INIIIIA4430D
[£8Ev0* 6 JIVYWILST 40 MOMM3I (IMVINYLS
00000 *HOMA HLINM 85609°9¢ 13037-4
MIVX 3GV INVA ONINILING
£ °*ON d3is



98

c0-31984906°0 T0-380585££°0 dW3l

[0-3£¥ 606650 000064EC40 JIvX
TO-3££8510T° 0 10-358EVLEL0 JivN
0166681 P8LVEL 9~ AZ1s

*44400 40 MOMM3I uUiS IN3IIJI44300 ATHYINYN

CL5°06—- INYISNOD

10-3¥0F0L6£°0 = NOILYNIWMALII 40 INIIII44300 NI 3ISYININI
LLT6EYPB°0 = NUISSAN94N I14IL70W 40 IN3IIJI 44300

LL6TICTL0 = NOILYNIWMALIT 40 IN3IOI44300

0606E5°8 ALYWILST 40 HOMMI INVINYLS

9000°0  *HOMA HLIM P0v95CT 130377-4

AZIS 13MHYINYA ONIMILINI

¥  °*ON 4318



99

T0-3£89£601°0 10-3984£606°0 dW3lL

10-35L8£C6T0V 0 L5v8482°0 NIUX
58060°¢cE 0654285 OcH
10-351¢£501°0 [0-3v9vL5E£9°0 319y
05£¢98° 1 F068L6° 5~ 3ZIS
*344303 40 NMOMMI d18 AN3IJ144300 374V INYA

£9°B£T- LINYLISNOD

TO-3EP9PV0C'0 = NOILYNIWMALAN 40 INIFIIDIA4300 NI 3ISYININI

IPv6558°0 = NOISSAM93IM F14I10NW 40 IN3IDI4430D
LEVPCEL'0 = NOLLYNIWMILAT 40 IN3IOZI44300
£85592°°8 ALYWILSE 40 MOMM3 AMVINYLS

8600°0 *HOMJ HLIM - PIv656°9 13n3n-4

OCH 13THYINYA ONIMIINT
5 ‘*ON 4318



100

?¢5°'8 STL98E9°0 T0-39601°0 T10-3E586°0 dW3l
YA SR 4 v8rLS9£°0 10-3946%£°0 v652°0 yIVX
LALAN 10-305065v6°0 ?88%°0 GLL9°0 AIVA
£9L°C S8rEL0C 0 88°1c v 09 0cH
Iv6's 109894£°0 10-38¥01°0 10-34EE9°0 31vy
L6 L~ P6L6E0C° 0~ IS8°1 68 9~ 3Z1S
nwvn-1 AN3AIJI443030 *44303 40 ) * 44300 379V INVA
I3ZTINVUNVLS *MMI LS
TO*S¥T- LINVISNOD
C0-J69ESELB°0 = NOILYNIWMALAT 40 IN3IIII44300 NI 3ISVININI
LEFOTY6*0 = NUOISSIN93N ITN4ILINW 40 IN3IIII44300
064£TYL0 = NOILYNIWMIL3d 40 IN3IIOJI44300
(YA 224 0S- JLIYWILS3 40 HMOMM3I dMNVUNVLS
9v80°'0 *HOMd HLIM 048620°L 13An3-4d

MIVA (379VINYA ONINILINI

9

*ON- 43196



APPENDIX D

PUBLICATION OF RESEARCH



102

Nitrogen oxide emissions from a

pilot plant

bark-fired boiler

ABSTRACTY

spreader-stoker

The nitrogen oxide concentration in the gases exhausted from a pilot plant spreader-
stoker bark-fired boiler was measured as a function of fuel feed rate, excess air,
combustion temperature, fuel size, underfire air, and fuel moisture content. The

nitrogen oxide concentration was measure
average concentration, corrected to 12% co

d with an ultraviolet analyzer. The
» was 57 ppm. An NO, emission factor

of 1.1 Ib of NO, per ton of wet bark burned was calculated for the Douglas fir bark

fuel.

Richard A. Kester and Michael J. Pilat

Dept. of Civil Engineering, University of Washington, Seattle, Wash. 98115

TAPP! EDITORIAL DEPARTMENT

1 DUNWOODY PARK, ATLANTA, GA. 30341

Wood has been used as an industrial
fuel for many decades in the United
States. In the early part of this century,
wood was a major energy source but was
gradually replaced by coal and later by
petroleum. However, wood is now being
reevaluated as an energy source in view
of the price and availability of fossil
fuels. In order to gain regulatory ap-
proval to install new wood-fired boilers,
it is necessary to show by computer
modeling analysis that the air con-
taminant emissions will not violate air
quality standards. Reliable emission
factors for emissions from wood com-
bustion are necessary as inputs to the
air quality models.

The objectives of this study were to
investigate nitrogen emitted from a
pilot plant spreader-stoker bark-fired
boiler and to develop a nitrogen oxide
and NO, (nitrogen oxide plus nitrogen
dioxide) emission factor for Douglas fir
bark combustion. The approach used in
this study was to measure the nitro
concentration in the gases exhausted
from a pilot plant spreader-stoker boiler
which burns up to 750 1b (340 kg) of bark
per hr.

Received for review May 2, 1879.
Accepted Sept. 10, 1979,

Proposed mechanisms and reaction
rates for NO, formation in fossil fuel
combustion have been reported by a
number of authors, including Feni-
more (1) and Malte (2). Wood combus-
tion reaction rates and combustion
products other than NO, have also been
reported by Kreisinger 3), Prakash (4),
Kester (5), and Junge (6). Galeano (7)
reported an NO, emission concentra-
tion of 123 ppm for a hog fuel boiler
burning a small amount of natural gas
at a kraft pulp mill. Schmall 8) re-
ported a 50—54 ppm NO, concentration
in the emissions from a boiler burning
hog fuel and a chipped tires and hog
fuel mix. Kester (9) tested three hog
fuel boilers using grab sampling tech-
niques and reported NO, concentra-
tions ranging from 40 to 75 ppm.

Results

The NO concentrations were recorded
at various fuel feed rates, percent ex-
cess air, underfire air flow rates, fuel
size, and moisture content. The NO
concentrations, corrected to 12% CO,,
range from 25 to 103 ppm with the aver-



age at 57 ppm and the geometric mean
at 56 ppm, as shown in Fig. 1.

NO emission factor

An No emission factor (Ib of NO emis-
sions per ton of wood bark burned) was
developed using the NO concentrations
in the exhaust gases, the exhaust gas
flow rate, the rate of bark burned, and
stoichiometric combustion calculations.
The calculations include:

1. The average NO concentration
{(from Fig. 1) was 57 ppm, corrected to
12% CO, and on a dry gas basis.

2. The weighted average water con-
tent of the bark fuel for all the tests
was 47% (wet basis).

3. At 50% excess air, bark combus-
tion provides exhaust gases with 13%
CO, (dry gas basis).

4. Stoichiometric combustion cal-
culations at 50% excess air, 13% CO,,
and with 47% water content bark pro-
vide an exhaust gas volume of 237
actual ft3 (6.71 actual m?) at 350°F
(177°C) per 1.885 Ib (0.856kg) of wet
bark at 47% water content (wet basis).
The stack gas contains 20% H,0 by
volume.

5. The exhaust gas volume corrected
to 12% CO, and 70°F (21°C) is 168 std.
ft? (4.75 std. m®) per 1.885 Ib (0.856 kg)
wet bark or 71.3 std. dry ft? (2.02 std.
dry m?) per b (0.454 kg) of wet bark
(dry gas basis).

6. One pound (0.454 kg) mole of gas
occupies 387 std. ft3 (11.0 0 std. m?)
volume at standard conditions.

The NO emission factor equals 57
ppm NO times 71.3 std. ft* of wet bark
times 30 1b of NO/Ib mole NO times
2000 lb/ton, divided by 387 std. ft¥/1b
mole gas times and divided by 10° parts,
or, 0.63 1b of NO/ton of wet bark (0.32
of NO/kg of wet bark).

During the design of the experiment,
it was expected that virtually all of the
total nitrogen oxides generated from
wood combustion would be in the form
of NO. However, it was not known
exactly how much NO, would be gener-
ated in the bark-fired boiler, or if some
NO, would be lost in the sampling train
due to the condensation of water from
the combustion gases. Malte (10) warns
of this potential in his recent work,
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although Kramlich (11) states that no
variation in the concentration of NO;
or NO was noted as water condensed on
the inside walls of his sample line in an
jce bath trap sampling train similar to
the one used in this study.

To verify the concentrations of NO,
NO,, and NO,, measurements were
made using a Monitor Labs Model
8440E chemilum inescense analyzer,
modified to read stack concentrations,
and calibrated with 100 and 200 ppm
span gas. During a separate portion of
the pilot plant spreader stoker experi-
mental runs, NO, concentrations aver-
aging 10% of the NO concentration
were measured over a wide range of
combustion variables. This finding is
supported by the author’s earlier work,
when grab samples held in glass flasks,
aluminized mylar, and Tedlar bags at
ambient temperatures for 30—40 min
and analyzed with a TECO chemilumi-
nescence NO, analyzer showed an NO,
concentration of 17% of the total NO,
concentration. It is assumed that oxida-
tion of NO to NO, in the bag accounted
for the higher NO, concentrations.

The EPA (12) emiesion factor for
NO, emitted from wood combustion is
given as 10 1b of NO, for each ton of
wood (wet) burned (5 g of NO, per kg of
wet wood). In order to compare the
measurements of NO, made during
this study, the value of 0.63 1b of NO per
ton of wet bark fuel burned can be con-
verted to 1.1 1b of NO, per ton of wet
fuel burned (0.55 g of NO, per kg of
wet wood). This figure incorporates the
measurements that show that the NO,
concentration was 10% of the measured
NO concentration and the reporting of
the NO concentration as NO, on a mass
basis.

The conversion calculation is as
follows: NO, emission factor = (0.63 b
NO/ton of wet bark) x (1 mole of NO/30
1b of NO) x (1.1 moles of NO,/mole of
NO) x (46 b of NO,/mole NO,) = 1.11b
NO, as NO, per ton of wet bark burned
(0.55 g of NO, per kg wet bark burned)

Summary

This study of the emission of NO from
the experimental spreader-stoker
boiler burning wet Douglas fir bark led
to several conclusions:



1. Values of 25 to 103 ppm, with an
average of 57 ppm NO, on a dry gas
basis corrected to 12% CO, were
recorded, shown in Fig. 1.

2. The NO, was emitted primarily as
NO, with about 10% being NO,.

3. NO emissions increased with
increasing fuel feed rates, as shown in
Fig. 2.

4. NO emissions increased with
increasing combustion temperatures,
as shown in Fig. 3.

5. NO emissions increased with
increasing excess air, as shownin Fig.4.

6. NO emissions decreased slightly
with increasing fuel size, as shown in
Fig. 5.

7. NO emissions showed little effect
of changes in moisture content or rate
gf underfire air, as shown in Figs. 6 and

8. An emission factor of 1.1 lb of
NO, per ton (0.55 g per kg) of wet fuel
burned was developed.

Experimental
Test facilities

In this experiment, the NO concentra-
tions were measured in the flue gases
exhausting from a pilot plant spreader-
stoker hog fuel boiler operating at 450 -
7501b (240-340 kg) of bark per hr (bone
dry weight). This wood waste combus-
tion facility is schematically shown in
Fig. 8.

The pilot plant boiler has a grate
area of 10 ft2 (0.92 m?). The combustion
zone extends some 11 ft (3.4 m) above
the grate. The pilot plant is designed to
operate at up to 10 million Btwhr (2.9 x
10® W) combustion rates. Typical tests
were carried out in the 4.2 to 7.0 million
Btu/hr (1.2 x 10¢ to 2.1 x 10¢ W) range.
This resulted in heat release rates of
25,000 to 41,000 Btuw/ft? (9.3 x 10® to
1.5 x 10° J/m3/hr. The pilot plant was
operated in the steady state in essen-
tially the same manner as full-scale
industrial hog fuel boilers.

The fuel used during this study was
Douglas fir bark with analysis as shown
in Table 1.

Measurement methods

Nitric’ oxide. The nitrogen oxide was
measured with a Lear Seigler model
SM 200 ultraviolet analyzer. The gas
sample was withdrawn at a flow rate of
1 ft¥/min (1.7 m3hr) upstream of the air
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preheater through the gas sample port,
as shown in Fig. 8.

The NO sampling train consisted of
a stainless steel probe followed by an
ice bath, a coarse filter, a water trap
equipped with a peristaltic water pump
to drain the trap, a diaphragm gas
pump, a sample line heater to raise the
gas temperature 80° to 100°F (27° to
37°C), a fine filter, and on to the NO
analyzer. There was a bypass for the gas
sample flow rate in excess of the 400
cm?¥min needed by the NO analyzer.

Fuel feed rate. The fuel feed rate was
measured by weighing the bark fuel
delivered by the screw conveyors for a
measured period of time. The fuel feed
rate was measured at various speeds of
each screw conveyor in order to cali-
brate the variac and ammeters on the
variable-speed electric motor. Fuel
samples were dried and moisture con-
tents mesured so that fuel feed rates
on a bone dry basis were known,

Excess air. The total flow (underfire
plus overfire) to the combustion cham-
ber was controlled using damper valves
with venturi flowmeters and Magna-
helix pressure differential gauges. The
desired amount of combustion air flow
was calculated for each given percent
excess air by stoichiometric combustion
calculations. The combustion air
temperature was held constant at about
280°F (138°C).

The combustion air flow rate was set
to run at 30, 50, and 80% excess air
for the various fuel rates.

Gas tempersture. The combustion
gas temperature was measured with a
shielded thermocouple (single shield)
located 63 in. (163 cm) above the grate.

Fuel size. The fuel was prescreened
into two size fractions. The coarse fuel
ranged from 0.3 to 1.3 in. (8 to 32 mm)
diameter, whereas the fine fuel was 0.3
in. (8 mm) and under.

Fuel! moisture content. The fuel mois-
ture content was measured by weighing
a fuel sample before and after drying to
constant weight at 219°F (104°C).

Underfire alr flow rate. The underfire
air flow rate was measured using a
venturi flowmeter and differential
pressure gauge. The desired under-
fire air flow rate was reported in 1b of
air per 1b of bone dry fuel and ranged
from 1.5 to 6.5. With the percentages
of carbon, hydrogen, and oxygen given
in Table I for the Douglas fir bark fuel,
stoichiometric combustion calculations



show that 6.7 lb (3 kg) of air are re-
quired for complete combustion of 1 1b
(0.454 kg) of fuel.
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1. Analysis of Douglas fir bark

Waeight (dry basis) %
Proximate analysis

Volatile matter 71.0
Fixed carbon 28.0
Ash 1.0
Ultimate analysis
Hydrogen 6.1
Carbon 54.1
Nitrogen 0.2
Oxygen 38.8
Sulfur 0.0
Ash 1.0

1. Distribution of measured nitric oxide
concentrations.
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2. NO concentration as a function of fuel
feed rate.
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3. NO concentration as a function of com-

bustion temperature.
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4. NO concentration as a function of

excess air.
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5. NO concentration as a function of tuel

size.
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6. NO concentration as a function of fue!

moisture content.
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7. NO concentration as a function of
undergrate air.
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8. Wood combustion test facility.
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{2)  Spreader stoker

{3} Combustion chamber
(4)  Aircooled duct

{5)  Heat exchanger

{6) ~ Cycione
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In 1963, he graduated from Everett Junior College with an
A.A. degree. He then entered the University of Washington
and graduated with a B.S. degree in Civil Engineering in
March of 1966. Mr. Kester then served 2 years with the
U.S. Public Health Service, National Center for Air Pollu-
tion Control. He then spent over 10 years with the Puget
Sound Air Pollution Control Agency before joining CH2M HILL.
During this time, he entered graduate school at the Univer-
sity of Washington and earned an M.S. degree in Civil
Enginéering in March of 1972. 1In April 1975, he began his
studies toward a Ph.D. in the Water and Air Resources Divi-
sion, Department of Civil Engineering. On August 26, 1966,
Mr. Kester married the former Diane Patricia Winter of

Auburn, Washington. They have two children, Jason and Lisa.





