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EXCLUSION CRITERIA CHECKLIST

REFERENCE 52/ A 30/ -12 026 (ontnY Laphrnlale Bnossions
VUL Wood —fived Boilerw” (1971)

CRITERIA YES NO

1. Test series averages are
reported in units that can
be converted to the selected )K;
reporting units?

2. Test series respresent
compatible test methods?

3. In tests in which emission
control devices were used,
the control devices are fully
specified?

identified and described?

15. 1Is it'élear whether or not the
emicsions were controlled
(or not controlled)?

Form filled out by _@%ﬁ%&n&zﬁ/f

oate ____3/29/%2

X
X
4. Is the source process clearly ><

INDICATE WHETHER ANSWER IS YES OR NO WITH AN "X* 1IN APPROPRIATE
80X .

IF ALL ANSWERS ARE "YES® PROCEED TO METHODOLOGY/DETAIL CRITERIA
- CHECKLIST.
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1.0 INTRODUCTION

PURPOSE OF THIS REPORT

This report is intended primarily as a guide for con-
trol agency personnel and engineers who are not familiar
with wood-fired boilers. The presentation is thorough and
detailed; trade jargon has been avoided, and technical terms
are defined. A secondary purpose of this report is to
compile in a single document the latest available informa-
tion on air pollution control technology as it concerns
wood-fired boilers. This information includes descriptions
of control systems, emission sampling procedures, applicable
regulations, and costs of control..

The discussions of control technology concern particu-
late emissions only. Although wood-fired boilers also
produce gaseous pollutants such as carbon monoxide, oxides
of nitrogen, and unburned hydrocarbons, little accurate
jnformation is currently available about either the quality
or quantity of these emissions. This report therefore
considers gaseous emissions only with respect to their
possible effects on firing practices, particulate control

equipment, or safety.




Many of the figures and much of the text of certain
sections are taken from a publication titled "Boilers Fired
with Wood and Bark Residues" by Dr. David C. Junge of Oregon
State University.8 This bulletin is intended as a guide for
boiler operators and fireman and is recommended as a general
reference, _

SCOPE OF WORK

Wood~fired boilers are theoretically of any size or
configuration, rangihg from a simple o0il drum with a copper
coil, as used by the makers of "white lightening," to very
large, high—pressure high-temperature power boilers fully ,
computer-controlled. This report is concerned with wood-
fired boilers, regardless of size, that meet the following
criteria:

1. ~The boilers are fired mechanically. This criter-

- ion eliminates the moonshiner's boiler and also a -
great number of other small, hand-stoked boilers.
Most of these are designed for intermittent opera-
tion and they should each be considered on an
individual basis. ‘ ' :

2, The boilers are designed primarily for wood fuel.

Some paper mills operate large "bark-burning"
~boilers that produce 85 percent of their output
from combustion of hatural gas and only 15 percent

- from combustion of wood bark. These boilers are
designed and operated according to the principal
fuel and cannot be classed with wood-fired boilers
for comparison.

3. The boilers are furnace-boiler units, rather than

incinerators. FPFurnaces used as incinerators,’

either separately or ahead of other incineration
chambers, are usually governed by incineration

1-2




.regulatidhs.énd practices. JThiS criteria also
eliminates wigwam-type burners, fireplaces, wood
stoves, and open fires.

HISTORY OF WOOD AS FUEL

Wood was undoubtedly man's first fuel. In‘préhistoric
times it was used for heat, light, cobking, and_manﬁfactur—
ing. The use of wood as a fuel continued to increase through
recorded history as man's needs for energy increased. Use
of coal was intfoduced with the steam engine during the
industrial revolution. Even in industrialized nations the
use of wodd continued for firing of both stationary and
mobile boilers. The early steamships and ﬁany éarly loco-
motives were bperated on wood-fired boilers.

Logging ﬁas conducted exclusively with steam donkey -
engines, using one-pass fire tube boilers. The sawmill was
steam—pbwered, with bdth the carriage and the saws driven by
steam_generated in a stationary, wood—fired'boiier.

As electric power came.into wider use, electric motors
became more economical than individual steam engines.
Central utility'stations were cohstructed tb_generate elec-
tricity from steam engines or turbines. These stations
‘usually burned coal, although oil and then natural gas
became important fuels early in the twentieth centﬁry.

Gas and oil offered advantages over coal in that they

were cleaner, easie; to automate, easier to fire, and not

1-3




much more expensive; ‘The continﬁing demand for coal for
making steel kept its price.well above those of natural gas
and residual oil, which were considered almost as "waste
fuels." | |
With these developments the use of wood as fuel de-
clined. To generate the Ssame amount of energy from wood as
from coal, the user must burn about twice the wdod by weight
and ébout 3 times by volume. With 0il, the comparison is
even less favorable. One must burn about 4 poundé of wood
to provide the same energy as 1 pound of oil and, in terms
of volume, about 11 cubic feet of wood for the same energy
rélease as 1 cubic foot of.oil. For these reasons, the
operators of steamships and locomotives eventually switched
to coal and 0il as their fuels of choice over wood.
PRESENT USE OF WOOD AS FUEL
| Today, the domestic use of wood as a fuel is véstly
different from that 100 years ago. Wood is still burned as
fuel where it occurs as a by-product oﬁ a manufacturing
operation. |
1. Lumber and plywood manufacturing facilities can
use bark and other residues to fire a boiler for
energy. In some areas, the mill may generate an
excess of wood residue fuel and sell it to another
eénergy user, such as a utility or institution, or

possibly to another mill that does not produce
enough fuel.




2. Paper mills use only the white wood for paper and
must dispose of the undesirable bark. This bark
can be burned in a power boiler to generate plant
steam. If not enough bark is readily available it
may be advantageous to purchase additional bark or
wood residue from a nearby lumber mill.

3. Particle board and hardboard manufacturing plants
must dispose of trim, surface material, or other
combustible wood waste. Most plants can convert
this dry, combustible fuel to energy much more
economically than they can burn oil or gas. The
steam generated by burning wood is needed to
produce the board product.

4, Furniture manufacturing facilities may generate
enough dry, waste wood that it can be used economi-
cally for process steam generation or sold to
another user for central station generation.

WORLDWIDE USE OF WOOD FUEL

The efficiency of converting solar energy, through
wood, to thermal energy from a boiler is approximately one-
half of one pefagpt. Although this is poor efficiency, the
process is still more efficient than some other suggested
methods of converting solar energy, such as in solar cells
and batteries.

Whereas we in the United States tend to think of wood
as a product source, many people of the world consider it as
an energy source.l Worldwide, energy production is by far
the greatest single use for bark and wood. Even as recently
as 1972, nearly half of the wood harvested was used directly
for fuel.2 More people are warmed by wood and bark than by

any other fuel. 1In some countries the demand for wood and



bark is éo great that wood is‘not even considered as a
building maﬁerial. Table 1‘gives information on the world-
wide use of wood and bark for fuei in 1972; the countries
listed are those with the greatest forest production, as
reported by £he United'Nations.zr The values are based on an
average factor of 0.13 as the ratio of bark to solid wood.
Although this factor may th be exact wérldwide,_;t does
represent a_reésonable estimate for bark'pfoduction.3
Tabie 1 uses the térﬁ."ﬁnit" as a measure of quantities of
wood. A unit is defined as 200 cubic feet of wood measured
in the containing thicle of transportétjoﬁ, wifhout pack—'
ing, at either the mill or delivery point, whichever is
specified in the fuel contract. Wood residue and bark are
usually sold on a volume basis because they are bulky, ldw
invcalorific value, and high in moisture'content.?4 |
USE OF WOOD AS FUEL IN THE UNITED STATES |
As shown in Table 1, the domestic*usé of wood aé fuéi
can be estimated at 2295 x 103 units 6f roundwood and 8122
uhifé of bark per yéar, if éll thé bérk is ﬁsed as fuel.
Figures for the State‘of Oregon (1972) indicate that 62
percent of the,bark_producéd was used as.fﬁel.._Apﬁifing
this factor to the data of Table 1 indicates an annyal fuel
use of 7331 x 103 units of wood and bark. A recent report5

estimates the annual use of wood for boiler fuel at indus-

trial and commercial/institutional facilities as 2782 x 104
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Table 1. USE OF ROUNDWOOD AND BARK FOR FUEL IN SELECTED.

COUNTRIES IN 19722

Roundwood
for fuelb Estimated total
‘Total 3 Percent _bark for
roundwooed, 10 of total additional fuel,
Country | 103 units@ | units2 | roundwood 103 units®
World 433,311 201,294 46.4 56{327
USSR 67,628 15,009 22,2 8,829
USA 62,860 2,295 3.6 - 8,122
China 31,607 23,661 74.9 . 4,061
Brazil 28,958 24,720 85.4 3,708
Indonesia 21,189 18,364 86.7 2,825
Canada 21,189 706 3.3 - 2,825
India 20,659 18,717 90.6 ' - 2,049
Nigeria 10,594 10,065 95,0 1,413
Sweden 10,241 530 5.2 1,413
Japan - 8,122 353 4.4 ' 1,059
Finland 7,593 1,236 16.3 1,059

a
b

One unit of wood or bark equals 200 ft3.
Includes roundwood used for charcoal.

C park estimated by multiplying roundwood production by a
factor of 0.13.




tons. At an average density of 2 tons per unit this would
be 14,391 x 103 units per year, or double the amount calcu-
lated earlier. Obviously it is difficult to estimate the
.exact consumptipn of wood and bafk_es fuel in.the:several
thousand wood-fired boilers in the United States.

On an energy-use basis, it is estimated that wood ard
bark contribute less than 1 percent of the total enerqgy
developed by boilers in the United States.5 Teble 2 indi-
cates the domestic consumption of various fuels burned in
boilers, es reported to the EPA.? Boilers fired with wood
and bark are not a major concern:beeause of their relative
importance based upon total energy generated. The'concern
with wood-fired boi;ers is because of the numbers ofiboiiers
rather than their average production. Most of these boilers
are small as compared Qith coal-fired boilers.

Table 3 lists the size and distribution'of'utility

boilers in the United States.5

Although the table shows no
wood-flred utlllty boilers, some utilities are c0n51der1ng
wood-fired units and one utility is currently burning wood
and bark. The Eugene (Oregon) Water and Electric Board
(EWEB), a relatively small public utility, has three boiiers
with capacities under 500 X 106 Btu/hr. These boilers

generate electr1c1ty from wood resmdue, which is prlmarlly

bark. 6 The average yearly fuel consumptlon of thls fa0111ty
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is approximately 320 x 106 Btu/hr. This plant produces
about 33.8 ﬁegawatts of electricity (about 10 pércent of all
the electricity consumed in the EWEB area) and 450,000
pounds of heating steam per hour. It consumes 240,050 tons
of wood and bark per year.

Table 4 indicates the magnitude of emissions of particu-
late matter from domestic industrial boilers.5 Note that
wood-fired boilers are credited with emitting over 10 per-
cent of the particulafe matter generated by industrial
boilers.

Table 5 gives information on particulate emisgions from
commercial/institutidnal boilers in the United States.
 Wood-fired boilers are charged with about 1.4 percent of the
total particulate emissions, a value mbre consistent with
the energy ﬁroduction figures previously cited.

IMPORTANT PROPERTIES OF WOOD FUEL | |

wWood and bark are of particular interest because they
are "renewable" fuels. The production of a growing forest
can be optimized, for each species of tree, for harvest as
raw material for paper mills, lumber or plywood manufacture,
particle or fiber materials, or fuel. 1If, for example, fuel
is to be the ultimate use, a forest should be harvested
before the incremental growth rate declines to below the

incremental growth rate of the young trees.
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.Cﬁrrent eétimates3 indicate that reserves of readily
collectable and usable wood residue_and bark, near present
utilization facilities but not now used, are approximately 5
million tons per year in the United States. The total
domestic resource generated by all logging and wood usage is
estimated at 55 million tons for 1971 and is predicted to be
59 million tons by 1980. These statistics indicate that
much potential energy is not being utilized. A large amount
iz left at the site of harvesting.

| Another estimate5 predicts thét the grpwth of wood- .
fired energy sources during the period 1973 to 1985 will be
on the order of 60 peréent while the overall enefgy increase
fbf thé'éntire nation will be 27 pe:cent} A 60 percent
increase over the current estimated usage of 28.3 million
tons per year would yield a 1985 usage of 46 million tons
per year, an indication that not .ruch unused woqd or_bark\is
expected by 1985. |

- Certain properties of wood and bark as fuel must be
considered by the user. The mix of wood residue and bark
that is currently fired in boilers is difficult to store,
handle, and fire.6 The following properties are undesirable:

1. It is bulky, requiring large storage areas.

2. It lacks uniformity in particle size, in portions
of bark and wood, and in species.

1-14
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Its moisture content is high; some woods cannot
support combustion.

Tt deteriorates rapidly.

It can undergo spontaneous ignition.

 Steep flow angle (60 to 70°).

It packs and mats in storage.

It generates dust when dry.

The advantages offered by wood and bark fuel should be

considered also:

l.
2.

3'

4. ,.

It is often available near the utilization facility.
It is relatively inexpensive.

Tts sulfur content is low, and its ash content 1is
low relative to that of coal and residual oils.

It is a clean fuel in terms of pollutant emissions
and is relatively clean to handle and process.

The wood residue fuel currently used in the Pacific

Northwest is markedly different from that burned earlier in

this century. It is less uniform, and probably wetter. The

Eugene Water and Electric Board lists the following proper-

ties of an average unit (200 £t3) of fuel delivered to the

EWER outddor storage p:i.l_e:6

l.
-2..

3.

Weight: 3600 pounds (1.8 tons), 18 1b/£t3.

Species: primarily Douglas £fir, some hemlock and
cedar. : :

Composition: 70 percent bark and 30 percent wood

residue, by weight including moisture.

Moisture content: 40 percent by weight.
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5. Dry weight: 2160 pounds}
The average analy51s by dry weight is as follows-

1. Heating Value (hlgher). 9840 Btu/1lb or 21,524,400
Btu per unit. - : '

2. Ash content: 1.88 percent.

3. Sulfur contenﬁ: 0.080 percent.

Because of their relatively small usage compated with.
that of coal, gas, and oil, wood and bark as fuels have been
largely ignhored nationwide, as the following items indicate:

1. . Even though wood is found in more states than
coal, no "wood fuel" lobby is operative in Washing-
; ' ton, D.C. ;

2.  The ASTM methods developed for testlng of solid
fuels were developed for coal rather than wood.
When these methods are adopted for testing of wood
and bark fuels, results may be unreliable. (Some
of the problems are discussed later.)

3. Most published literature dealing with solid fuel
- mentions only coal. Design of furnaces and boilers
for wood fuel combustion is not 1ncluded in solid
fuel technology.

4. Many boilers that have been s0ld for combustion of
wood and bark fuels are not designed for wood fuel
firing. Rather, they are designs for coal firing
with a few minor modifications in the fuel-feeding
systems. As one example, consider a wood-fired
boiler installed at Oregon State University in
about 1950. - The system included an ash pit sized
for coal with 15 percent ash, even though the wood

- residue being burned at the time contained less
than 1 percent ash, most of which was emitted
through the stack. After a few years, the ash pit
was covered because no ashes had ever been removed
from the furnace to the ash pit. :
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5. Methods for testing of stationary combustion
sources, such as boilers, are designed for units
firing the fossil fuels, oil and coal. As dis-
cussed more fully later, some of the character-
istics of wood-fired boilers are not amenable to
these source testing methods.

USERS OF WOOD-FIRED BOILERS

Utilities burning wood and bark as a fuel are nearly
nonexistent today. Until about 10 years ago, several wood-
fired boilers in the Pacific Northwest generated electricity
and steam for district heating. One large central station
in Portland, Oregon operated several different sized steam-
_generating units, the largest of which could generate 360,000
pounds of steam per hour with Douglas fir as fuel.4 This
station supplied'heafing steam to a large section of down-
town Portland, Oregon. In the mid-1960's this boiler con-
verted to oil as the primary fuel and has not burned wood
since. The current escalating costs of oil have led to
discussions regarding the feasibility of reconverting this
plant to wood residue fuel.

The EWEB operates a public utility steam plant in
Eugene, Ofegon, described as follows in the abstract from
.reference 6:
| "Using a solid waste as an energy source is not new to

the Eugene Water and Electric Board. The primary fuel

used in our steam-electric generation plant is wood-
waste from lumber mills in the surrounding area. The

plant provides steam for a growing steam heat utility
and electric power generation. By using the waste, the

municipal utility has contributed significantly to the
reduction of local air pollution and solid waste dis-

posal problems..."
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In 1972—73 EWEB paid an average cost of $2;46‘per unit
for wood-waste fuel, equivalent to $0.12 per million Btu.
After storage, handling, and some water removal the cost at
the boiler was $0.23 per mllllon Btu. The net steam pro-
duction costs averaged $0.56 per iOOO pounds of steam, and
net éost‘of electrical power generation was 6.8 mills per
kWh.6 With oil as fuel, the costs would have been approxi-
mately 5 times greater and with coal, about 3 £imes greater.
Today, all of these costs have approximatelf‘dOubled.
| In 1973, EWEB conducted an extenéive engineeriné and
economic survey regarding the'feésibility of a héw; largér
‘plant that could use both wood residue and muﬁiciﬁal waste
as fuels.7 The schematic flow diagram of the proposed plant
;is shown.iniFigure 1. The proposed plant would opérate four
boilers each rated at 405)500'pounds of steam per hour and
would consume 1700 units per ‘day of wood waste along with
approximately 1000 tons.per day of cdmbustible municipal
refuse. Because of.uncertainties regarding costs and fuel
supplies, the plant has.not yet been éohstructed.

Coﬁmercial and institutional'use of wood and bark as
fuels is limited. Ah'example of a practical application is
the University of Oregon at Eugene, which operateé‘a wood-
fired stéam plant that‘generétes much of the campus éléc-

trical load and all of the campus heating load through back-
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préssure steam turbines. This facility, in operation for
several years, is currently heating the Unitersity-df Oregon
for a net fuel cost that is much, lower than that at Oregon
State University, 40 miles away and of similar size. 1In the
1960's Oregon .State converted their heating system from
firing of wood with oil standby to firing of interrupted
natural gas with o0il standby. ;

By far the greatest fuel use of wood residue and bark
is by the industries that‘génerate the fuels: lumber and
plywood mills, paper mills, and particle board and hardboard
mills. These industries originally burned wood residue as a
fuel out of necessity. Today they are in an advantageous .
position as the country works toward the goal of energy -
independence. These industries can use a relatively  low-
cost fuel to generate electricity and process steam. . In
some .cases, they can generate a surplus of electricity for
sale to an electric utility or for use in the electric
system of the "company town." In the Pacific Northwest and
other areas the forest products industry has been rapidly
installing new wood-burning boilers to replace those that
burn oil and gas. In the few years since the fuel "crigis”
of ‘1974 oil prices have tripled, and wood fuel has become so
desirable that these wood products industries are saving it

for their own use rather than selling it on the open market.




One of the reasons that EWEB had to forego the utility
expansion is that local wood product industries, in a period
of about a year, completely reevaluated the wood fuel situa-
tion and chose to use this fuel themselves rather than sell
it.

Figure 2 summarizes the basic ways of using wood fuels
directly for energy generation in the form of electricity,
process steam, or hot gases. The uses for process steam are
summarized in Table 6.

' Hot flue gases can be used directly for drying of wood,
veneer, or particles. The hot gas may be generated directly
by a wood-fired furnace without a boiler, or the boiler flue
'gas can be used instead of exhausting it through a stack.
DISTRIBUTION OF WOOD-FIRED BOILERS IN THE UNITED STATES

Because wood-fired boilers are traditionally located
near the fuel source, most are in the states with large
forest products industries. Figure 3 indicates the number
of boilers and weight of wood residue -consumed in those
boilers in each state. The data for Figure 3 were obtained
in a mail survey of State air pollution control agencies.
For States not replying, the number of boilers was estimated
by a linear regression equation based on replies received
and on wood usage as reported by Supernant.5 The data are

given as Appendix A. In spite of discrepancies in the data,
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Table 6. USES OF PROCESS STEAM IN FOREST PRODUCT

MANUFACTURING PLANTS®

Type of plant
or operation Use of steam from wood-fired boilers

Dimension lumber | Kilns for drying lumber
: "Shotgun Carriage” (old but still used)

Plywood mill Veneer dryers and hot press
Particle board gteam-heated particle dryers

" and hardboard Hot press
Paper mill Digesters and paper machine dryers
Furniture Hot presses and wood steaming systems
manufacture
a

Heating and hot water for plant and office use assumed
for all facilities.
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they are probably as reliable as any that can be obtained.
For example, although reference 5 states that no wood is
burned industrially or commercially in Arizona or Michigan,
Arizona reports 14 wood-fired boilers and Michigan lists 27.
If the predicted trend occurs and conversion of wood
residue to energy increases by 60 percent by 1985, most of
the growth probably will occur in a few statés; These are
‘states having wood resources that are not utilized today.,
such as Oregon, washington, Idaho, and northern California.
‘Some of the other states may increase the use of wood for
fuel but they do not have enough unused resources to show a

doubling in 10 years.
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2.0 COMBUSTION OF WOOD

PROPERTIES OF WOOD AS FUEL

The various types of coal and oil have been classified
and graded by government agencies, trade organizations, and
technical societies. The wood fuels, however, have not been
so classified, even though they also exhibit a wide range of
combustion properties. For example, stringy cedar bark in
large chunks differs greatly from dry, resinous pine sand-
erdust in the size range of 20 to 40 microns. To assume
that the same fuel handling and burning system can be used
for both of these fuels is as unrealistic as assuming that
the same systems could efficiently burn both lignite and
anthracite coal.

Wood is essentially cellulose and hemicellulose bound
with lignen. The cellulose is a natural polymer composed of
49.4 percent carbon, 6.2 percent hydrogen, and 44.4 percent
oxygen. In addition to the cellulose and lignen, the wood

residue and bark fuels contain resins, inorganics, traces of

One micron, or micrometer, M, is a standard metric unit of
cize. It is 10-6 meter and is equivalent to 0.039 x 10-3
inch.
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sulfur, and bound and free water. To evaluate the use of
wood as fuel, it is'hélpful to ﬁnderét&nd some important
properties.

Sgecieé'

Although nost species of Wdod can be used as fue1, éome
species are‘poberﬁéls because df-problems with handling and
poor combustién efficiency. Anfexample.is‘wet cedar bark,
which is stringy and difficult to reduce in size. By com-
parison, dry Doﬁglés fir bark is conéidered a vefy‘desirable
fuel.J The variability among species ig pronounced,; even
though many species, such as the cedar and Douglas fir, grow
together in a naturally mixed forest.

Fuel:Size‘w |

The size of the individual pieces of wood residue and
bark often cannot be controlled by the user. TFuel purchased
on the open market can be a mixture of many sizes of bark,
coarse wood residues (slabs, trimmings, and endpieces),
pPlaner shavings, sawdust, and sanderdust. If éll of the
fuel is from a ‘single facility or pProcess, it will be rela-
tively more uniform. ~Table 7 indicates the size ranges of

several wood fuels.




Table 7. APPROXIMATE SIZE RANGE OF TYPICAL

COMPONENTS OF WOOD FUEL

Component Size range, in.
Bark 1/32-4
Coarse wood residues _ - 1/32-4
Planer shavings ' 1/32-1/2
Sawdust _ _ _ ~1/32-3/8
Sanderdust o © 2u@=1/32
Reject "mat finish" . - lopd-1/4

3 gmall end of the range is measured in microns.

If the delivered wood or bark is too large for effec-
tive firing, the size must be reduced. The usual way to
reduce the size of wood and large chunks of bark is with a
"hog," a machine designed to reduce large pieces of wood to
a fairly uniform size. Originally all wood fuel for mechani-
cal firing was run through the hog; the terms . "hogged wood, "
"hqg wood," and "hog fuel" denote material delivered to the
boiler. Figure 4 shows a cross section of a typical hogging
machine."

If the material must be reducedlto a size smalier_than
the hog provides, it is usually hammermilled for size reduc-
tion. Hammermills are often used for treating dry residue

(such as plywood trim) or bark directly after the barker.

The moisture content of fuel is commonly considered on

the wet or "as is" basis, and the dry basis. the moisture

2=3
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oontent on. a dry basis is usually expressed as a percentage.

$he calculatlon formula is:

(weight of moisture % 100)
weight of dry fuel

Percent m01sture content (dry) =

The wet basis is the more common measure of moisture con-
'tent. For wet—ba51s determlnatlons, the welght of the
:m01sture in fuel 1s d1v1ded by the total weight of fuel plus
1m01sture, and is expressed as a percentage. Therefore,
7percent molsture content (wet ba51s) is equal to (welght of
“moisture_x 100)/ (weight of dry fuel_plus weight of mois-
iture) |

The relatlon between m01sture contents (MC) expressed
ﬁon a wet and a dry ba51s is shown in the following equatlons'

MC (wet) = 100 x MC (dry)/[100 + MC (dry)] (1)

MC (dry) = 100 x MC (wet)/[100 - MC (wet)]  (2)
iwhere moisture content'is expressed as a percentage on
%elther a wet or dry basls. The wet basis is used in this
_freport. -

Morsture content’ is 91gn1f1cant in combustion for two
greasons. First, because it varies over‘a w1de range of .
l?values,‘ making control of the combustlon process dlfflcult.
For example, cons1der MC of the dlfferent components of
hogged fuel. The MC values of_bark, coarse wood residue,

and sawdust normally range from 30 to 65 percent, averaging

about 45 percent. The MC depends, however, on time of year,

2-5
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type of wood (spécies), and millingrprocess. In contrast,
the MC values of kiandried planer shavings; sanderdust, and
some rejected particle board materialé ﬁsually range from 4
to 16 percent.

The second significant féature of moisture content isu
its negative heating value; that is,_héat muét be consumed
to evaporate moisture within the furnace. 1In some modern.
combustion systemstthe fuel is dried outside‘the fﬁrnaée to
gain greater heat release in the furnace.

Ultimate Analysis

Ultimate analyses determine the chemical composition of
fuels. An analysis of the primary components of hogged fuel
is shown in Table 8. Ultimate analyses poinﬁ out three
significant features of hogged fuel. First, the constitu-
ents vary only slightly from sample to sample. This is
important in calculating and controlling excess air for
combustion.

Second, the oxygen content of hogged fuel is high.

This is significant because the combustion process-thus
requires little supplemental oxygen from air..

Third, the sulfur content of hogged fuel is so low that
combustion of hogged fuel generates relatively little sulfur
dioxide, whereas combustion of sulfur-bearing coal or oil

causes significant emissions of sulfur dioxide.




Table 8. TYPICAL ULTIMATE ANALYSES OF MOISTURE-FREE

SAMPLES OF HOGGED FUEL BARKS

(Values in Percent)

. Douglas Western Avg. of 22
Component fir hemlock samples
Hydrogen ' 6.2 5.8 6.1
Carbon - 53.0 51.2 51.6
Oxygen 39.3 39.2 41.6
Nitrogen 0.0 0.1 0.1
Ash (inorganics) 1.5 3.7 0.6

The proximate analysis (ASTM Test D-271) gives weight
percentages of moisture, volatile matter, fixed carbon, and
ash. Because the ASTM D-271 test was originally intended
for analysis of coal, certain deviations in test procedure
are in order when the method is applied to the more volatile
organic materials. Mingle and Boubel-9 have recommended
deviations from ASTM procedures in sample preparation and in
the times for conducting the individual operations.

Table 9 gives typical values for proximate analysis of
different.materials. Note the consistently lower volatile
content of bark as compared with that of sawdust, regardless
of species except for cedar. In general, the volatile

content of bark is 10 percent lower,



Table 9. TYPICAL PROXIMATE ANALYSES OF MOISTURE-FREE

WOOD FUELS 8

(Values in Pércent)

Volatile

Species matter Charcoal Ash
Bark 74.3 24.0 1.7
Hemlock 74.3 24.0 1.7
Douglas fir, old growth 70.6 27.2 2.2
Douglas fir, young growth 73.0 25.8 1.2
Grand fir 74.9 22.6 2.5
White fir 73.4 24.0 2.6
Ponderosa pine 73.4 25.9 0.7
Alder 74.3 23.3 2.4
Redwood : _ 71.3 27.9 0.8
Cedar bark 86.7 - 13.1 0.2
Sawdust :
Hemlock 84.8 15.0 0.2
Douglas fir 86.2 13.7 0.1
White fir 84.4 15.1 0.5
Ponderosa pine - 87.0 12.8 0.2
Redwood 83.5 16.1 0.4
Cedar , 77.0 21.0 2.0

The ash content of wood residues is generally low, but
still is significant when iarge quantities are bdrned. The‘
ash content of bark usually is greater thah that of Qood
-because handling and harvesﬁing of logs frequently causés
dirt and sand to cling to the bark. Saltwater storage and
transport of 1ogs also can add to the ash conﬁent by deposi-
tion of sea salt in the wood or bark. | |

Heating Value

The heating value of a solid fuel is expressed in Btu

per pound of fuel on as-received, dry, or moisture- and ash-
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free basis. The ASTM D-240 test is used to detérmine the
heating value by a bomb calorimeter. As stated previously,
the standard solid fuel tests are designed for coal. This
test is no exception in that it calls for about 1 gram of
fuel. The calorimeter is designed for 1 gram of coal; a
gram of wood, even though it is bulkier than a gram‘of coal,
will yield only about half the energy upon combustion. Wood
may be blown from the fuel pan because of the bulk and
lightness of the sample and the increase in water tempera-
ture may be only about half of that produced by coal.

Heating values as determined in calorimeters are termed
higher or gross heating values. They include the latent
heat of the water vapor in the products of combustion. In
actual operatlon of boilers, however, the water vapor in the
waste gas is not cooled below its dewpoint and this latent
heat is not available for making steam. The value of latent
heat is sometimes subtracted from the higher, or gross,
heating value to give the lower, or net, heating value.
Lower heating values are standard in European practice, and
higher heating values are standard in Ameriéan practice.

The heating value of hogged fuel depends on two compo-
nents, fiber and resin.3 The heat value of wood fiber is
about 8,300 Btu per pound, and of resin, about 16,900 Btu

per pound. The heating value of woods with more resin,
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therefore, is higher than that of those with low resin
contents.

Bark generally contains more resin than wood, and
softwood bark contains more than hardwood bark. Some typi-

cal heating values are shown in Table 10.

Table 10. TYPICAL HEATING VALUES OF

MOISTURE-FREE BARK AND WOOD9

(Vaiues in Btu per pound)

Heating value

Species Wood - Bark
Douglas fir : 9,200 = 10,100
bouglas fir 8,800 10,100
Western hemlock 8,500 ' 9,800
Ponderosa pine 9,100
Western red cedar 9,700 ! 8,700
Red alder 8,000 8,410

The properties of wood_residﬁes and bark fuels can vary
SO greatiy that a standard specification is not possible.
The differences should be recognized and accounted for in
the engineering-ahd operation of wood=-fueled systems. Table
11 summarizes the analyses for several properties of selected
wood species. Appendix B gives detailed information on
ultimate analfses, proximate analyses, and heating values

for most bark species used as fuels.




Table 11, ANALYSES OF SOME SELECTED WOOD REFUSE BURNED AS ]:"UELa"9

: Western
Item Jack pine Birch Maple hemlock
Proximate analysis, percent
Ash ‘ 2.1 2.0 4.3 2.5
Volatile 74.3 78.5 76.1 72.0
Fixed carbon 23.6 19.2 19.6 25.5
Ultimate analysis, percent
Carbon . 53.4 57.4 50.4 53.6
Hydrogen 5.9 6.7 5.9 5.8
Sulfur . -0 0 0 0
Nitrogen 0.1 0.3 0.5 0.2
Ash 2.0 1.8 4.1 2.5
Oxygen (by difference) 38.6 33.8 39.1 37.9
Heat value, Btu/lb (bone dry) 8930 8870 B190 8885
Ash analysis, ppm
510, : ~16.0 3.0 9.9 10.0
Al,0, 6.3 0 3.8 2.1
Fe203 5.0 2.9 1.7 1.3
Ca0o 51.6 58.2 55.5 53.6
CaCO3 4.9 13.0 1.4 9.7
MgO ) . 5.5 4.2 19.4 13.1
Mno 1.6 4.6 1.0 1.2
P205 - 2.8 ) 2.9 1.1, 2.1
KZO 4.1 6.6 5.8 4.6
Mn20 = -3.1 1.3 2.2 . 1.1
‘I‘io2 0.2 Trace Trace Trace
SO3 2.6 3.2 1.4 1.4
Fusion peint of ash, F
Initial . 2450 2710 2650 2760
Softening 2750 2720 2820 2770
Fluid 2760 2730 2830 2780
Weight, 1b/ft3 (bone dry) 29 37=-44 31-42 26=29

a Average moisture of about 50 percent as received at firing eguipment.
Adapted from information compiled by the Steam Power Committee of the
Canadian Pulp and Paper Association.



THEbRY-OF WOOD : COMBUSTION

In simplified terms, combustion is a process in which |
the components of a. fuel containing hydrogen and carbon are.
chemically combined with oxygen in air to form combustion
products and release heat energy. If combustion is complete,
hydrogen combines with oxygen to form water vapor and carbon
combines with oxygen to form carbon dioxide. 1In practice)
small amounts of carbon monoxide, hydrocarbons, and other
gases are usually formed. The noncombustibles form an, ash,
which must be removed from the combustion chamber and some-
times from the product gases.

The combustion of all solid fuels is a three-step .
process. First, the free water is-evaporated, a process
that requires heat (endothermic process).

Next, the volatile component of the fuel is vaporized,
or destructively distilled; this process also requires heat
(endothermic) and as these vaporized gases combiné with
oxygen heat is released (exothermic). The term "vaporized".
does not accurately describe what occurs during this process.
The atoms and radicals are separated from the carbon rings,
then the atoms and radicals are reformed to stable elements
and compounds. These cracked and reformed elements and
compounds undergo complete or partiai oxidation in space
above the original material, if oxygen and sufficient igni-

tion energy are present.
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In the third combustion step, the remaining carbon -
called fixed carbon, charcoal, or char - undergoes partial
.or complete oxidation at high temperatures, forming carbon
monoxide or carbon dioxide when oxygen is supplied under
proper conditions. The carbon oxidizes directly from the
solid state rather than changing to a vapor and then oxidiz-
ing, as in the second step. The third step is exothermic,
since heat is released in the process.

The principal characteristics of wood fuels are high
" contents of moisture (usually), volatile matter, and oxygen.
About four-fifths of the fuel on dry basis comes off as
- volatile matter athmust be burned in the furnace space
 above the grates. Only one-fifth is fixed carbon, which
‘must be burned on the grate. |

The material remaining after combustion is ash, a
;jnoncombustible material that must be disposed of. Some of
it collects in the furnace, while the remainder leaves, as
solid particulate, with the flue gas.

PRACTICAL ASPECTS OF WOOD COMBUSTION

Combustion theory is extremely complex; moreover, the
combustion of wood in a furnace does not always follow
theory. Practical usage requires the addition of some
empirical constant to the theoretical equations. Much

practical information concerning operation of wood-fired
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furnace-boiler systems can be obtained from firemen who may
not know the theory of wobd combustion.

An example of this is the use of excess air as én aid-
to combustion. Excess air is defined as that air exceeding
the theorétical;ambunt necessary.. Uﬁless about 50 percent
excess air is provided for_combustioh“of wood or bark fuels,
the bdilér may emit black émoke, an indication of unburned
carboh frbm incomplete‘éombustion. Provision of too much
excesé air causés the‘furnace to cool and perhaps to emit
smoke. Thus, theuprdpér amount of excess air is important.
Although.é manufacturer may suggest a level of excess air
for operation of a new boiler, the operator should experi-
ment at levels around the suggested value to obtain optimum
combustion. |

The amount of excess air is usually determined by
analyziné the flue gases with an Orsat flue gas analyzer or
similér device,_ A graph, as shown in Figure 5, is then used
to determine the percentage of excess air. |

Another value thétfmust be considered‘ih operation of a
wood-fired boiler system is the "turndown," which is defined
as the ratio of the rated capacity of the boiler to the
minimum load that can be car#ied'without losing the fire.
If, for example; fhe maximum rating of a boiler if 60,000

pounds of steam per hour and the minimum load that can be
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maintained is 15,000 pounds of steam per hour, the turndown
is 4/1. A variety of factors such as fuel type, fuel mois-
ture, and altitude can affect the turndown ratio.

Moisture

Addition of an overly moist fuel will extinguish a
fire. Lesser amounts of moisture may still allow combustion
but at reduced boiler efficiency. Figure 6 illustrates the
loss of heat energy with increasing fuel moisture.

Figure 7 illustrates a drop in steam produétion‘with
increased moisture until the fire is extinguished at about
68 percent moisture (about 2 pounds of water per pound of
dry fuel). |

" The water-vapor content measured in flue gases from
hogged fuel boilers ranges from about 6 to 32 pércenf by
volume. In burnihg of hogged fuel with an average moisture
content of 45 to 50 percent by weight, the water-vapor
“content of the flue gas in the stack will be about 20 per-
cent by volume. This value varies with moisture content in
the fuel, relative humidity of the air, and percentage
excess air. If these variables can be measured, the per-
centage of moisture in the flue gas can be calculated rather
than measured (obtaining values for relative or specific

humidity is difficult at 400°F). -
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Water is not measured by an Orsat gas analyses, even
though it is a normal component of flue gas. The Orsat
instrumentlpasses the gas through a water bottle at embient
temperatufe,.and the moisture in the flue_geslis condensed.

Ash Composition

Table 11; listing the ash compositions of jack pine,
birch, maple, and eastern hemlock as reported by the Canadian
Pulp and Paper Association, shows ash concentrations ranging
from 2.0 to 4.3 percent. Table 9, reporting ash concentra-
tions of western woods and bark, shows ash in eandust rang—
ing from'O.i percent to 2.0 percent and ash in bark fanging
from 0.2'percent to 2.5 percent. Apparently the western
fuels contain less ash than the Canadian fuels. |

Brcwn6 reports the ash concentration of the average:
fuel burned-in the EWEB boilers as 1.88 percent. Table 12
lists the ‘analysis of the EWEB ash. The composifion of the
ash'ehown in Table 12 is all inorganic materials, although.
in practice, it is usual to £ind 10 percent to 50 percent
organic, combustible material in fly ash and in ash removed
from the cfates. .The dispceition of these combustibles in
the ash is discussed in Section 4.

Table lz_ehcws that the ash contains calcium, sodium,
magnesium, and potassium. These metals may be combined with

chlorine in the form of the salts or they may occur in their
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Table 12. ANALYSIS OF ASH FROM HOGGED WOOD-WASTE FUEL6

Spectrographic analysis ' Concentration, ppm
Silicon (Si) 19.6
Aluminum (Al)" 3.6
Calcium (Ca) _ 2.9
Sodium (Na) 2.1
Magnesium (Mg) 0.8
Potassium (K) 0.3
Titanium (Ti) _ 0.1
Manganese (Mn) 0.016
Zirconium (2Zn) 0.006
Lead (Pb) 0.003
Barium (Ba) 0.010
Strontium (Sr) | 0.002
Boron (B) ' - 0.003
Chromium (Cr) Less than 0.001
Vanadium (V) Less than 0.001
Copper (Cu) Less than 0.001
Nickel (Ni) Less than 0.001
Mercury (Hg) _ . - Nil
Radiocactivity - Nil
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oxidized form. The salt content of the fuel, and hence of
the ash, is primarily a function of whether the'fuel‘is from
logs stored in salt water. Combustion Engineering reports
problems associated with storage of salt water. ?
In some instances, water-borne logs are formed into
large ocean=-going rafts and towed to mills located
along the coast. En route they pick up considerable
quantities of salt, barnacles, and other marine growths.
The character of the foreign matter, and the extent to
which it is present in the wood-fuel will have consider-
able bearing on the design of furnace, as well as on
the arrangement of heat-absorbing surfaces. Thus, it
is of utmost importance to know whether the fuel comes
from salt-water or fresh-water logs because plants
burning the former are limited in the capacity at which
the boilers can be operated, owing to:
a. Salt that is contained with salt-water logs.

b. Shells that are calcined to calcium oxide and act
as a flux on the boiler brickwork.

c. Low-fusion-point and ceméntlng properties of ash
- that plugs gas passages,. partlcularly when tubes
are closely spaced.

Burning of salt-water logs generates emissions of
highly_visible particulate with the flue gas. The salt
particles:do not burn and are small enough (0.5 to 1.0 u) to
eséape the boiler and form a high-opacity plume.

Among the other inorganic materiéls_in the boiler ash
reported in Tablés 11 and 12 only lead, at less than 0.003

ppm would be considered toxic. This is in sharp contrast to

coal ash, which contains several toxic components.




COMBUSTION OF WOOD WITH AUXILIARY FUELS

Approximatley half of the wood-fired boilers in the
United States incorporate no provision for auxiliary fuels.
These boilers are totally dependent on wood for maintaining
steam output. If the flow of wood is interrupted or the
fuel is too wet to sustain combustion, the fire will cease
and the system must be shut down. Most of these systems
operate satisfactorily under these constraints.

The other half of the wood-fired boilers depénd on one
or more auxiliary fuels for continued operation. Auxiliary
fuels are used for four principal reasons.

1. The furnace~boiler system may be unable to produce
the required energy on wood alone. In these cases
auxiliary fuel may be used to support combustion.

2. The supply of wood may be limited or may be inter-
rupted; for example, a failure of the conveying or
firing system may require us of an auxiliary fuel
while repairs are completed. (Repair of a broken
conveyor belt in a bucket elevator may require as
long as 24 hours.) Burning an auxiliary fuel
permits continuous steam generation during repairs.

3. Occasionally wood fuel may be so wet that an
auxiliary fuel is required to support combustion
and maintain boiler pressure. A furnace such as
that in Figure 7 would need an auxiliary fuel if
the fuel moisture reached 68 percent. At 50
percent moisture it would need an auxiliary fuel
to produce more than 80 percent of its rated
capacity of 120,000 pounds of steam per hour.

4. A large boiler may have steam-driven turbines for
the forced draft and induced draft fans. The
boiler can reach pressure from a cold start by
using gas or oil as an auxiliary fuel with small,
electrically driven fans.




Wood/0il
Many of the larger wood—fired boiiers in operation
today were built in the first 10 years after Worla'Waf II.
Durihg this period the wood products industry exﬁanded
rapidly and many mill operators.recognized'the‘need for
boiler capacity. At that time residual or bunker oil was
very inekpensive and was conéidered'an ideal aﬁxiliar& fuel.
At many mills gas lines_wére not extended to the property
iine and the mills were ndt éituated near supplies of coal.
The only chdice.of auxiliary fuel was 6il. |
The heavy o0il is fired into the boiler through mechani-
cal atomizing burners or steam-atomizing noézles, The oil
must be kept'héatéd so tha£ it does not congeal in the taﬁk}
lines, and burners. Ih a well—designed system, the changeQ
over from wood fuel to oil can be accdmpliéhéd!in a few
minutes. The oil flame has about the same characteristics
as the wood flame, and the sjsﬁem adapts itself to control
with only minor adjustments.
Use of oil aé an auxiliary fuel entailé some disadvanF
tages:
1. The rapid increase in the ?rice of oil is‘aﬁ
© inducement to use as little o0il as possible.
Today it may be more economical to spend addi-

tional capital for fuel-drying facilities than to
rely on oil to help dry the fuel within the furnace.
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2, Burners of oil in combination with wood may cause
fluxing of any refractory surfaces in the furnace
and thus increase maintenance requirements. It is
advisable to burn either oil or wood, and not to
burn them concurrently.

3. Some residual oils contain high percentages of
ash. Combustion of oil with an ash content greater
than that of the wood for which the boiler was
designed will tend to overload the air pollution
control equipment. Many boilers produce no plume
when wood is fired but show a highly visible plume
when o0il if fired.

4, Residual oils may contain a high percentage of
gulfur, as high as 4 percent. When this oil is
fired, a boiler may emit more SO; than regulations
allow. Most states now limit the amount of sulfur
permitted in residual oil to 2 percent or less

(Oregon will not allow sale of residual oils with
sulfur content exceeding 1 3/4 percent).

‘Wﬁod/Gas |

In sbme areas natural gas is used as auxiliary fuel
with wood-fired boilers. The natural gas requires no trans-
portation, storége, or handling. A gas burner is a simple
device, and a boiler can be switched rapidly to the auxili-
ary fuel. Some problems occur because the luminosity of the
gas flame is different from that of the wood fuel flame.
Several, properly placed gas burners are required for proper
firing. Also, many additional coﬁtrols‘are required for
"safe handling" 6f natural gas. |

Some boilers use propane or other liquified gas for
auxiliary fuel. Suéh fuels are clean and-readily available.

The prices of liguified petroleum gases and natural gas

have risen repidly in the past few years. If natural gas is



sold on an interruptible basis,'it may be in short supply
and at a high cost when needed most.

A recent innovation at wood-fired power plants is to
use the boiler as an afterburner for gaseous contaminants
from other operations in the facility. Both veneer dryers
'and particle.dryers may be vented to the boiler through
heated lines to prevent condensation of the organics.
Although the heating value of these hydrocarbons is probably
minimal, such arrangements should be considered in view of
the need for pollution control.

" Wood/Coal

. Using coal as an auxiliary fuel is advantageous in that
the coal is a solid fuel, such as the wood, and it may be
chéaper than other auxiliary'fuels. Many other factors
indicate that coal is an undesirable auxiliary fuel:

1. Ash or sulfur contents may be high compared with
those of the wood or bark fuel. Combustion and
flame properties of a low-ash, low-sulfur coal

- (such as anthracite) will be greatly different
from those of the wood fuel.

2. The coal will probably be delivered to the boiler
by the same conveyor-feeding system as the wood
fuel. If the conveyor or feeding system fails, no
fuel will be supplied to the boiler.

3. Even thoﬁgh coal and wood are both solid fuels,

- the density differs greatly. A system designed to

handle wood can fail if subjected to heavier loads
because of more dense fuel. :
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4. Many areas where wood is plentiful are remote from
coal fields. The cost of shipping large tonnages
of coal 1000 miles or more may increase the total
cost of this fuel above that of oil or gas.

5. The ash content of subbituminous coal may be as
high as 30 percent. This can cause serious prob-
lemg unless the ash removal and handling systems
are designed for fuels of high ash content.

6. The coal may be wet, nearly as wet as the wood.
Moisture is not a problem with gas or oil auxili=-
ary fuels.

7. Ceal requires cleaning, sizing, and screening
equipment that is not suitable for wood fuels.

8. Coal tends to form clinkers in the furnace.
9. Rail cars for coal shipment may be in short supply.

10. The environmental impact of mining the coal may be
serious.

Wood/Solid Wastes

Some wood-fired boilers are being fired with relatively
small amounts (10 to 20 percent) of classified so0lid refuse.
The Georgia Pacific paper mill at Tbledo, Oregon, recently
considered a contract to buy the combustible portion of air-
classified municipal refuse from Lincoln County, Oregon.

The paper mill would fire the combustible refuse in their

power boilers, alohg with wood residue and bark fuel, for

process steam generation. The EWEB is considering similar
use of classified municipal refuse in their boilers.

Combined Systems Using Multiple Fuels

Some mills are operating new furnaces that allow com-

pbustion of multiple fuels. Consider a refractory chamber



connected to a boiler. The chamber can handle wood fuel,
pulverized coal, gas, or oil or any combination of these.
This type of combustion chamber is called an "energy cell."
The major problem geems to be that such "energy cells"
require a compromise and do not firg any one fuel in a way
that maximizés éfficiency or minimiies-pollution. A wood-
fired furnace designed to fire a certain species, of a

certain size, at a certain moisture content is much more

efficient than an all-purpose'“énergy cell."
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3.0 PROCESS DESCRIPTIONS

‘To release the heat energy of wood.residues and.bark in
a‘boiler it is desirable to maximize the effibiencf and
utilization of fuel while minimizing pollution, complexity,
and méintenance costs. A speéific combustion system may
very well represent a compromise among these desiréd objec-
tives. It is critical that all components of the system
(fuel handling, firing, ash removal, pollution control) be
suited to the available fuel, or alternatively, that the
fuel be selected to suit the available system. Johnson3
states that more than 40 types of burner systems alone could
be used for firing wood or bark. Complete boiler systems
range from "off-the-shelf" units, to package systems, to
units that are custom engineered and constructed, costing
many millions of dollars. This section describes some of
the major components of wood-fired combustion systems:
handling and storage facilities, furnace and boiler units,
ingtrumentation, and process controls.

WOOD HANDLING AND STORAGE SYSTEMS
Because of the diversity of the wood fuels available

today, the fuel handling systems must be designed for a



specific fuel or combination of fuels. Prbvisions must be
made for receiving br handling, storing, drying 6r cleaning,
sizing, and eventually delivering the fuel to ﬁhe furnace.at
the proper rate. Ideally, these operations are_geared for |
the handling and treatment of specifié types of wood fuels.

Hogged Fuel .

Hogging of wood residﬁe and bark usually is done at the
point of generation because it is easier to handle and
transport the hogged fuel than the large chunks of wood or
bark. The fuel delivered to the power plant may need addi-
tional classification and sizing before it is fired. Figure

6 The

8 depicts the system used at the EWEB power plant.
.fuel is originally stored outside because of the small
capacity of the covered storagé. Fuel is drawn from the
covered storage by remotely controlled conveyor systems to
fill each boiler's overhead bin as needed. TheSe controls
are mounted on the boiler console fdr_operation by the
boiler operatdr. Each wood-waste-fired boiler is equipped
with a set of feed controls with monitoring TV cameras and
meters.

Figure 9 shows a more general system for handling of
hogged fuel as described by Junge.8 In practice, final
storage in é fuel house or covered bin would be desirable.

Experience has shown that Btu content of hogged fuel

can be reduced substantially during storage for long periods
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Figure 9. System for Preparing hogged fuel.

1. Pile of rough fuel.

2. Metal detector.

3. Separating screen.

4. Hog for pieces too large to pass through the
separating screen, with conveyor to recirculate
hogged pieces. o ,

5. Conveyor for material that passes through the
separator screen. : '

6. Storage for hogged fuel.

] —

U TRUCK QumP
’

TO BOILER
RECLAIM I8 —
END

RECLAIM CONVEYOR

Figure 10. System to limit fuel-storage time by insuring
that fuel first into storage will be first out to be burned.

(Rader Pneumatics Company, Portland, Oregon.)




at high moisture levels. According to one study, hogged
Douglas fir lost 7 percent of its initial heating value over
10 months.7 As a rule of thumb, hogged fuel should not
remain in a pile more than 3 or 4 months.

A first-in, first-out system for fuel storage is effec-
tive in limiting storage time. For most plant sites, this
would require addition of, or modification of'conveyor
systems. Figure 10 illustrates one such scheme for fuel
storage. | |
Sawdust

Sawdust is the wood fiber removed by saws during cut-
ting. The ash éontent is low becausé it is mostly white
wood, not bark. Size of particles ranges from 1/32 to 3/8
inch depending on the saw, the wood species, the direction
of cut, and other factors. Moisture content is the same as
that of the original wood, 25 to 50 percent on a wet basis,
but sawdust can be dried more readily because of its rela-
tively high surface-to-volume ratio. Sawdust may be trans-
ported by mechanical conveyor systems or pneumatic systems.
Although it can be fired separately, it usually is blended
with the hogged fuel either in the storage system of in the
fuel feed system just ahead of the furnace. Because it is
smallef than the hogged wood, the sawdust settles toward the
bottom rather ﬁhan remaining ﬁniformly distributed through-

out the fuel pile.



Shavings

Shavings are generated during the manufacturé'of dimén—
gion lumber when rough-sawed wood is.planed to its final
size. Since the wood is dried or seasoned before it is"
planed, the moisture content of shavings is low, 10 to 20
percent on a wet basis. The shavings are flat (like corn-
flakes) with dimensions of about 1/32 by 1/2 by 1/2 inch.
Thus these particles also have a high surface-to-volume
ratio. Shavings are transported almost exclusively by
pneumatic systems, usually terminating in a cyclone that
drops the shavings into a bin or“directly into-the furnace
feed system. Shavings are desirable as raw materials for
particle board and hardboard and are used for fuel only in
areas where théir use for board products is not economical
because of long transportation distances.

Wood chips are seldom used as fuel unless supplies of
hogged wood and bark are not available. A paper mill chip
is about 1/2 to 1 inch on a side and about 1/8 inch thick.
Except for size, their properties are similar to those of
hogged wood. Chips are an éxcellent fuel, and even though
priced at 5 to 10 times the price of hogged wood they may be
less expensive than an energy-equivalent amount of oii.
Chips are nearly always transported by a pneumatic system.

with a cyclone as the terminal separation device.

3-6




Sanderdust

Sanderdust is generated by high-speed sanding of ply-
wood or particle board. Some is also generated by a rela-
tively new abrasivé planer that is used to finish dimension
iumber. Sanderdust is extremely dry, and the particles are
very small (less than 1/32 inch). Moisture content ranges
from 2 to 8 percent on a wet basis. Because this material
may be explosive, it should be handled and transported with
utmost care. Sanderdust is transported pneumatically. The
terminal cyclone may require a baghouse downstream to comply
with air pollution control regulations. If sanderdust is to
be used as fuel in either a boiler or a dryer, it is stored
in a bin before firing. In operations that attempt to burn
the sanderdust directly from the process, without a surge
bin, problems may occur with "puffs" and "flame-outs" or
even explosions.

Particle Board and Hardboard Residue and Trim

Particle board and hardboard are made of wood fibers,
usually‘mixed with resinous materials and pressed into the
product form. Trim, sawdust, sanderdust, and reject fiber
from thése processes provide an excellent, dry fuel for
wood-fired boilers. This material may be finely divided and
should be handled with the same care as sanderdust. Since

it may contain various guantities of resin, this should be




evaluated in terms of fuel characteristics and'pdssible
effects on furnace and boiler. Particle board and hardboard
residues are usually handled by pneumatic systems with surge

blns ahead of the b01ler feedlng system.

As mentioned earller, an ideal system is designed to
operate with one type of fuel. A furnace designed for
hogged wood will not burn sanderdust efficiently. In some
systems, "energy céllS" are used to burn various types of
fuel to generate hot'gas, Which”then passes to and through a
boiler. .Sudh systems require careful control to achieve
satisfadtdry, pdllution-free combustion.

Different types of wood residue fuel are sometimes
mixed before feeding to the furnace. An example is the
mixing of dry sanderdust with wet hogged fuéi or bark. The
sanderdust absorbs water, which makes it less explosive, and
the hogged fuel is dewatered, which makes it more combustible.

- Predrying Systems for Fuel

Systems for predrying wood residue and bark fuel are
relatively new. Thgy were developed to overcome two serious
shortcomingsnof wood fuel. The first problem'is the extreme

- variability in moisture content of hogged wood, sawdust,
bark, and even other "dry" fuels, The moistu;e content is

affected by species, handlipg,_storage_cqnditions, and




similar factors. Drying the fuel outside the furnace allows
both manufécturers and operators td deal with a mofe uniform
fuel.

The second reason for predrfing of the fuel is to put
the fuel into the furnace with a minimum of water present.
This increases both the thermal efficiency and steam-generat-
ing capécity of the boiler. The fuel can be ignited more
readily, since the energy needed to evaporate waﬁer can now
go to volatilization of combustibles. The boiler responds
more rapidly with drier fuel. .The elimination of gaseous
water from the flue gas reduces both the gas volume and the
corresponding gas velocities. Thus, smallef faﬁg can be.
used, and partlculate carryover is reduced.

Fuel moisture may be controlled by several methods.8

1. Vibrate "loose" water off the fuel on a shaker
screen. -

2. Press out water mechanically.
3. Drive off moisture by heating the fuel in dryers.
4, Cover the fuel storage pile to exclude rain water.

5.  Control the processes that generate the fuel to
1limit water addition.

6. Mix the fuel to provide a fuel of uniform moisture
content. o

Each of these moisture-control methods has limitations.
Removal of water by vibration may be effective when the

moisture conteﬁt‘exceeds 55 percent. If the process that



generates the wood adds large quentities.of moisture (for
example,'hydraulic barking), vibretion can be an inexpenSive
and low-maintenance approach to control of surface moisture.

Presses can remove only limited amounts of m01sture.
For most hogged fuel, pres51ng can reduce moisture 1evels to
50 to 55 percent. Heating the fuel can reduce moisture |
content. .Moisture levels in a range from 25 to 35 percent
are usually adequate for good combustion. At levels below
20 percent, significant dust problems can occur with "fines."

Heating-type dryers have the potential for generating
pollutants of three types: if the wood fuel is overheated
(above 300°F) the volatile organic materiallwill evaporete
and leave the-dryer with the exhaust gas stream, which hay
condense in the atmosphere to form a visible piume; dry
"fines" may create a dust problem; and, if the dryer is
fired by a separate combustion system, products fromithe‘
combustion ‘process may become pollutant emissions.

Covering the fuel storage will keep rain off the fuel,
a significant benefit in wet climates. The disadvantages
lie in cost of the structure and restriction of access to
the fuel pile in event of a fire. IFf fuel is put through a
drying system, particularly one that reduces moisture.levels
to less than 45 percent, covered storage of the dried fuel

may be de51rable.




Confrol of water additions to fuel in produbtion pro-
cesses is usually difficult. For example, most plants
cannot replace hydraulic parkers with mechanical barkers. A
trend toward dry-deck log storage and sorting rather than
ponding of logs can reduce moisture levels in wood residues.
Careful inspection of the processes that generate wood
residues may indicate other sources of water addition that
can be controlled.

Adequate fuel mixing can be accomplished by spreading
fuel across the face of a pile and removing the fuel from a
central pick-up point. As noted earlier, mixing brings
about uniformity in both size and moisture conﬁent and thus
enhances the stability of the combustion process.

Three systems are currently being considered for drying
fuel outside the furnace-boiler system. These systems can
be operated with separate burner systemg (fired with gsander-
dust or other fines) or by directing boiler flue gases from
the stack to the fuel dryer. Use of stack gases puts the
drying system in series with the boiler; thus a fuel dryer
breakdown interrupts the feeding of dry fuel to the boiler
and a boiler breakdown shuts down the fuel dryer. These and
many other factors must pe considered with respect to exter-
nal fuel drying. A competent consultant should be engaged
in early stages of process planning. Following are descrip-

tions of the three major external drying systems.3
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1. "Hot-Hog" System

In the hot-hog system‘(Figure 11), wet material is fed
at an even rate to a grinder or hog that also can accept
high—temperature_gas; Breaking‘up the material exposes
large amounts of surface area énd makes it easy to dtive off
moisture. The power of the hogging and the tremendous
turbulence facilitate drying of the fuel material. Within
seconds, it becomes a fine, dry material, ready for storage.
A word of caution is that white wood is more difficult to
process than bark.

A classifying system above the hog returns oversize
material to the hog for regrinding. The vent from the low-
efficiency (first) cyclone should contain.the fiﬁes and
dirt. A high-efficiency (second) cyclone receives the dirty
gas stream. Fines are separated and réturned to the heater
system for reburning. Moisture and combustion gases are
vented after the second cyclone. Recirculation of part of
the gas stream provides fuel savings and reduces emissions
of gas to the atmosphere. |

The dry fuel is also fuel for the heater. The air
heater incorporates a skimmer system, which removes any
large particles of unburned material. Hot gas goes back to

the hog to complete the cycle.
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2. Rotary Dryer System

A rotary dryer system (Figure 12) is best used for
drying a large quantity of wood waste with high moisture
content. This system can accommodate high inlet tempera-
tures (up to 1800) if the moisture content of the fuel is
high enough to absorb the available heat ehergy without
overheating the wood surféce. Overheating the wood would
cause some distillation of wvolatiles, which.contribute to
the "blue-haze" problem.

Wet fuel should be screened and the oversize pieces
rehogged. Long residence time (10 to 20 minutes) permits
drying of 2- to 4-inch pieces without difficulty.

A particular advantage of the rdtary dryer is the
opportunity to effect a three~way internal separation of
fine, medium, and coarse particles. Double receiving hop-
pers beneath the dryer receive medium and coarse sizes, and
airborne fines go to the cyclones.

3. Hot-Conveyor Dryer

In the hot-conveyor system (Figure 13), the vibratory-
type conveyor is fully enclbsed with a hood. Hot gas from a
boiler stack or from an air heater is pushed into a plenum
underneath. The‘bed‘of the conveyor is a type of orifice
syStEm that fluidizes the material and provides good gas

contact with the wood. The moisture and flue gas are vented
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from the hood through a fan to a cyélone or to a cleanup
syétem. |
WOOD-BURNING FURNACES

Becaﬁse of -the variable properties of wood residue and
bark, the combustion engineer is faced with a difficult task
in/designing a furnace that will properly consume fuel to
_generaté heat for the boiler. The_désigh must be flexible
enough that the furnace can handle the anticipated fuel,
with nonuniform moisture content,:and still follow the steam
load demand on the bdiler. The  furnace may be separate from
the boiler or integral with it. If it is separaté, the
firing is external to the boiler and the hot gases (which
are probably still burning) are direcfed from the furnace to
the boiler. If the furnace is integral with the boiler, the
fuel‘is burned in the boiler, which is surrounded by heat
transfer suffaée. Both types are in uSe‘in.the United
States today.

Designing or selecting a furnace'dr furnace-boiler

system reéuires_consideration of séveral'Subsystems:

1. The fuel system by which fuel is introduced to the
furnace must be capable of delivering the fuel at
variable rates. It must be reliable and easily
maintained. Both cost and energy requirements
must be considered in fuel system design.

- 2. The air system supplies air for combustion and

- possibly for cooling of grates or refractories.

- The air system must follow variations in fuel flow
and maintain efficient combustion within the
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furnace. If the system operates by natural draft,
the stack must be properly designed. Most modern
plants do not use natural draft systems but in-
stead rely on fans to maintain air flow. The fans
may be driven by electric motors or steam turbines.
The total air system includes grates, ductwork,
dampers, and controls and may also incorporate an
air heater.

3. The ash handling system must be sized for the
dirtiest possible fuel, that is, for fuel with the
maximum expected ash content. Not all of the ash
contained in the fuel drops through the grate to
the ash pit. Some is carried through the boiler
with the combustion gases where it may accumulate
in "dead spaces." If it does not remain in the
boiler, it enters the stack as fly ash. This fly-
ash is either removed from the flue gases by
pollution control devices or emitted from the .
stack with the gas. If it is removed, final
disposal of the fly ash must be considered.

4. Instrumentation and control systems. enable the
operator to fire the furnace for maximum effi-
ciency while minimizing pollution. The pollutant
of concern, particulate matter, is generated in
the furnace and carried through the boiler..
Although the monitoring and control systems are

 expensive, they are needed to ensure that the
plant operates in compliance with the applicable
regulations. S

5. An auxiliary fuel system that carries the load
when wood fuel is not available must be designed
to come on line rapidly and efficiently. The air
supply system and the instruments and controls
must function well with the auxiliary fuel system.

- putch Ovens

The Dutch oven was the standard'design-used'for wood
firing before World War II. Because these are relatively
small units, steam plants that use them often operate several

in parallél to provide the'desired capacity; Figure 14 is a
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cross-section of a Dutch oven, which is primarily a large,
réctangular box, lined on the sides and top with fireback
(refractory). Heat is stored in the refractory and radiates
to a conical fuel pit in the center of the furnacc. The
heat aids in driving moisture from the fuel and evaporating
the organic materials. The refractory may be water-cooled
to minimize damage of the furnace by high temperatures.

The fuel pile rests on a grate through which underfire
air is fed. Overfire air is introduced around the sides of
the fuel pile. By design, combustion in a Dutch oven or
primary furnace is incomplete. Combustion products pass
between the bridge wall and the drop-nose arch into a second-
ary furnace chamber, where combustion is completed before
.gases enter the heat exchange section.

This furnace design incorporates a large mass of refrac-
tory, which helps to maintain uniform temperatures in the
furnace regioh. This tends to stabilize combustion rates,
but also causes a slow response to fiuctuating demands for
steam. The Dutch oven system works well if it is not fired
at high combustion rates and if the steam load is fairly
constant. With this design, however, the underfire airflow
rate is dependent upon height and density of thé fuel pile
on_the_graﬁes. When the fuel pile is wet and deep, the
uhderfire airflow is low and the fire may be deficient in

oxygen. As the fuel dries and the pile burns down, the flow
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rate increases as the pressure drop through the fuel pile
decreases. In this manner an excess of air develops in the
furnace. With fluctuating steam loads, the result is a
continuous change from insufficient air to excess air.
Because of this feature, together with slow response, high
cost of construction, and high costs of refractory main-
tenance, the Dutch oven designs are being phased out.

In a well-designed Dutch oven a grate approximately 9
feet on each side is close to the economical limit of area
that can be supplied with fuel from one feed opening. The
feed opening is located so that the conical pile thins to a
feathered edge at the furnace front and reaches a depth of
12 inches at the bridgewall. With empirical factors, toget-
her with the known slope of the pile and the clearance
between apex and arch, it is possible to determine required
height of arch above the grate. The maximum size of the
furnace unit or cell are thus well-defined and standardized.
The dimensions most frequently used for Dutch oven grates
are 8 feet wide by 9 1/2 feet long and 9 feet wide by 11
feet long.

Dutch ovens are usually designed with gravity systems
that feed fuel from an overhead conveyor. Airflow may rely
on natural draft or fans. Heated forced-draft air is some-
times used, but most designs rely entirely on the mass of

the refractory to dry the fuel.
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Ash removal is a major problem because not all the ash .
drops through the grates to the ash pit. Provision must be
made for shutting down the furnace periodically to rake the
ash from the grates. When several Dutch ovens are operating
in parallel, one may be inoperative for cleaning.

Auxiliary fuel usually is not fifed into the Dutch oven
but rather into the secondary chamber below the boiler.
Combustion Engineering4 reports high maintenance costs
because of the tendency of the refiactory surfaces to flux
when o0il is burned in combination with wood} continuous use
of auxiliary fuel is not recommended for Dutch ovens.

Most Dutch ovens at lumber mills are of the flat-grate
type shown in Figure-14. A sloping-grate furhace is used at
some paper mills that burn wet bark. The fuel enters the
front end of the furnace across its full width and travels
down the sloping_grate as it'moves through the furnace. The
upper front section of the grate, which forms the primary
drying zone, consists of a refractory hearth set at an angle
of approximately 50 degrees. A regulating gate controls
fuel-bed thickness at the point of entrance.

The middle section is composed of stationary grate bars
set at an angle of 45 degrees and provided with horizontal
Spaces to admit air. The lower section of the grate is set

at slightly less than 45 degrees and may be .provided with
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fuel-pushers that can be operated as required. Horizontal
dump plates extend from the end of the grate to the bridge
wall. Progressive feeding of the fuel from point of entrance
to the dump is secured by grate slope. As the fuel dries,
it slips more readily and the lesser slope in the second
section serves as a retardant. The slope of the third
section prevents the formation of an excessively thick fuel -
bed at the bridge wall end of the furnace. A portion of the
combustion air is supplied through the two lower grate
sections, and the remainder through tuyere openings in the
front of the bridge wall. The face of the bridge wall is
sloped to cause gas from the lower end of the fuel bed to
sweep over and mix with gases coming from the drying section
of the furnace.

. The fuel bed of the sloping-grate furnace is compari-
tively thin so that, with relatively low undergrate pres-
sures, air can be distributed through the bed to provide
uniform combustion throughout. For good operation, however,
the fuel should be quite uniform in size; otherwise streaks
or pockets of greater density than adjacent areas may lead
to formation of blowholes in the thin portions of the bed.
The rate of combustion can be increased more rapidly, in
relation to the draft, than in flat-grate furnaces, although

the latter can carry much higher overloads. By carefully
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controlling thé rate of feed and using zoned air supply, the .
operation can obtain complete combustion with lower draft
velocities and less excess air than‘in operation of flat-
grate furnaces. Because of this responsiveness, the in-
clined grate lends itself to the use of automatic éombustion
controls.

another type of furnace that operates on the same
principle as the Dutch oven is the Dietrich cell. Figure 15
shows a single Dietrich cell under a small, horizontal-
return~-tube boiler. The cell acts to gasify the fuel, and
the burning gases then enter the boiler. The operational
constraints on the Dietrich cell are the same as those on a
putch oven. For both, the maximum turndown is 3/1. Control
is diffiéult with rapidly varying steam loads. Refractory
maintenance is expensive and time consuming. The ashes ﬁust
be raked by hand, and disposal is usually by means of a
wheelbarrow to an open outside pile.

Spreader Stokers

Since World War II nearly all of the wood-fired boilers
constructed in the United States have been spreader stokers.
The design eaflier proved satisfactory for coal firing, and
many of the early units were only slightly modified to fire
wood residue or bark. Some of the more recent units have.

been specifically designed for wood firing. The spreader
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stoker is an example of an integral furnace-boiler system.
The fuel is burned in the base of a water-wall boiler unit
rather than in a refractory chamber. Figure 16 illustrates
a spreader stoker at the EWEB power plant. Figure 17 shows
a typlcal small package spreader stoker, which can be sent
to a plant in modules and rapidly erected Several uniqgue
features distinguish the spreader stoker from the Dutch
oven.
1. The fuel is dried.by hot forced-draft air rather
than by radiant energy from a large'mass of refrac-
tory. This is accomplished by passing the flue
gases through a gas-to-gas heat exchanger before
exhausting them to the stack. The forced-draft
fan takes in ambient air and blows it through the
heat exchanger, where it is heated to approxi-
matley 400°F before going to the furnace. This
hot air is forced through the thin bed of fuel on
the grates to dry the fuel,
2. Fuel is fed to a spreader stoker from en overhead
conveyor, usually through a variable-speed auger
metering system, to the spreader located at the
front of the boiler. The spreader may be a mechani-
cal "paddle wheel" type, which knocks the hogged
fuel into the furnace, or a pneumatic type, which
uses air pressure to blow the fuel across the
grates.
Figure 18 shows the pneumatic stoker installed at the
EWEB plant.

The spreader-stoker system may use a traveling grate, a
dump grate, or a fixed grate. The traveling grate moves
from the rear of the furnace toward the front. The larger

pieces of fuel are thrown to the rear of the furnace and
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therefore remain on the grate longer to burn. The ashes on
a traveling grate system are dumped at the front of the
furnace.

3. Because the spreader stoker is an integral furnace-

boiler system it is substantially smaller than a.
Dutch oven of the same output. Because of the
smaller size and lighter weight (no refractory),
small units can be transported by truck or rail.

4, Spreader stokers respond rapidly to load changes.

"~ The thin fuel bed and lack of refractory contri-
bute to a low "thermal inertia." This rapid
response can be detrimental, however, because only
a brief failure of the fuel system causes the fire
to be extinguished. Turndown ratios of 4/1 are
quoted for spreader stokers.

Extremely 1érge spreader stokers are currenfly being'
constructed to provide steam pdwer from wood residué. A
recent proposal7 for EWEB calls for four spreader stoker
boilers with capacities of 400,000 pounds per hour génetat—
ing steam at 950°F and 1450 psi. This steam would power two
62.5-MW turbines. The estimated cost of the entire project,
including fuel storage, power plant, and cooling tower is
$53 million (1976 dollars).

Fuel Cells

Fuel cells are suspension burning systéms that burn
small-size, dry fuel supported by air rather than by grates.
The fuel particles) mixed with combustion air, completeiy

fill the combustion chamber. . This feature is in contrast to

fluidized bed combustion, where in fuél péfticles remain in




the "bed" even though supported by air. Sanderdust usually
is burned in this manner. With adequate size reduction,
wood and bark residues aiéo can be burnéd in suspension.
The advantages of suspension burning include low capital
costs for combﬁstioh equipment because no grates are re-
quired and ease of operation, as grate cleaning is eliminated.
The ash goes into suspension as particuléte matter in the
exhaust stream.or falls to the furnace bottom for removal.
Rapid changes in rate of combustion éré possible.

Figure 19 is a fuel cell of this type. Figure 20 shows
the same fuel cell installed to supply heat to a boiler.

Suspension burning has disadﬁantages, however. Because

1

most of the ash escapes with the exhaust gases, control of
fly ash may be difficult. For this reason some suspension
units are designed to "slag" or melt the ash in the combus-
tion chamber and thus reduce the amoun£ of ash entrained in
the exhaust-gas stream. Temperature control in the combus-
tion chamber is critical. If the ash-fugsion temperature is
exceeded, the ash may form large pieces, which can plug or
damage the system. Fuel preparation must be tﬁbrough to
provide sizes small enough for suspension burning. Moisture
content also must be controlled within reasonable limits, a
requirement that can be costly for systems burning wood and

park. With sanderdust fuel, no further processing is needed.
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Residence time is critical (as in any combustion system).
Suspension burning inherently provides short residence. At
high combustion rates, the_residence time may be insufficient
for the process to go to completion..

The capacity of fuel cells”ié limjted; therefore, as
more energy is needed, more fuel cells.ére added. As fuel-
drying systems are perfecfed, it is probable that more fuel
cells will be used, even on larger boilers. Figure 21 shows
the complete system requirement for use of wet wood residue
and bark as a fuel for a large suspension burning system.
Fuel cells are particularly hard on refractory because of
the high temperatures involved.

Fluidized-Bed Compustion. One of the newer systems

developed to burn solid fuels is the fluidized-bed combus-
tion furnace. The system can burn high-moisture fuels and
can react to changes in steam demand more rapidly than some
of the other systems. Fluidized-bed combustion of cellulose
materials was originally developed to incinerate wastes from
pulp and paper mills haviﬁg moisture contents up to 67
percent.

The fluidized-bed system incorporates a large mass of
finely ground inert material (like sand), which provides a
very large exposed surface area. The inert material is

contained in a vessel, through which air is_passed upward S0
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that the bed becomes "fluidized"; it resembles a boiling
liquid that keeps the particles in a state of constant
agitation. The bed is preheated to about 1400°F. When a
finely divided solid fuel is introduced, the hot inert mass
provides sufficient energy capacity and radiating surface to
"flash" evaporate the fuel moisture and gasify the volatile
component of the fuel. The remaining fixed carbon in the
fuel is oxidized as it moves through the fluidized bed. The
process generates little or no flame bdt rather a glowing
bed. Combustion ig rapid, and the fluidized bed proper
contains no unburned organic material. Particulate emis-
sions are thereforé minimal.

| The ﬁluidized bed may be used as a hot gas generator
for a separate boiler, or heat may be transferred directly
from the bed to the stéam by placing bundles of tubes in
contact with the inert material of the bed.

In a 1975 presentation, Ke‘ller11

described application

of the fluidized-bed system to steam plants using wood

residue fuels and indicated plans by Energy Products of

Idaho to have ten fluidized bed units in operation by September
of thét year. This development has not proceeded on schedule.

Direct Firing Applications

Within the past 5 years, installations have been made

in the United States in which the hot gases from burning
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bark (and wood) are used directly for heat. Applicatiqns
involving diréct firing of wood and bark include veneer
dryers, drying ki;ns for‘lumbér, and dryers for wood and
bark particles.

Deardorff’? describes a pile-burning, hogged—fuelffired-
furnace that supplies heat directly to a veneer dryer.
Jasper.and Kock13 report on a suspension burning system in
which undried bark is pulverized and burned in a cylindrical,
annular combustion chamber. The system has been tested in
thé laboratory, and the authors propose construction of a
production model to be used with a lumber dry kiln.

Although direct-firing systems are not "wood waste
boilers," they are included in this report for two reasons:
1) because the furnaces are similar to the others discussed,
the problems involving fuel, control, and air pollution
emissions problems are similar to those of furnaces used in
conjunction with steam-producing boilers,‘and (2) direct-
fired units may replace_the current wood waste boilers,
since developmental work on direct firing is progressing
rapidly.

BOILERS

The term "boiler" is sometimes interpreted as denoting

the entire steam plant, just as "boiler house" denotes the

structure that houses the "boiler." For this discussion,
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the boiler is considered the device or system that allows
the heat energy released in combustion of the fuel to flow
into the water, or steam, by radiation, convection, and
conduction. The amount of heat energy transferred by radia-
tion is proportional to the difference between the fourth
powers of the absolute temperature of the transmitting hot
body and the receiving cold body. The radiant absorption in
a boiler is a function of the amount of surface that "sees"
the furnace. The amount of energy transferred by convection
and conduction is a function of the mass flow of gas over
the heat absorbing surfaces and the mean temperature differ-
ence between the gas and water, or steam, in the boiler.

A boiler may be rated by its Btu input, square feet of
'heating‘surface, pouhds of steam produced per hour, at a
certain témperature and pressure, or boiler horsepower. By
definition, 1 boiler horsepower is the equivalent of work
required for evaporating 34.5 pounds of water from the
liguid to the gaseous phase and 212°F in a period of 1 hour.
It is also equal to 33,472 Btu per hour. There is no rela-
tion between boiler horsepower and the mechanical horsepower
of the prime movers using the steam produced.

In further classification of boilers, two designations
are now standard: firetube and watertube boilers. 1In
Oregon about 30 percent of the boilers are firetube and 70

percent are watertube.®



Firetube Boilers

In a firetube boiler the hot gas passes through the
inside of the.tubes, with water on the outside. Firetube
boilers were once the standard of the wood produots industry.
‘The donkey boilet used for yarding in the woods was a single-
pass, firetube boiler. At the mill, the steam was probably
generated by a horizontal return tube boiler (HRT). These
are relatively low—pressure b01lers that can accommodate
only a small amount of superheat. They are relatlvely
inexpensive, the ohief reason that some are still in use
today. Because of.the low pressure, under lSdpsi; these
boiiers can be fired unattended. Another advantange of the
flretube b01ler is that the large water storage capa01ty
allows the boiler to meet sudden demands on steam with only
slight fluctuatlons in pressure. |

Because of the large water capacity,'however, bringing
the boiler to operating pressure is.a slom process.' Other
disadvantages of the fire tube boiler are tnat.the overload
capacity'is'limited and the temperature of the ekit flue gas

rises rapidly with increased output.

Watertube Bolilers
- Watertube boilers are used on systems with pPressures
-above 150 psi and capacities over 15,000 pounds of steam per

hour. These boilers are particulafly suitable to operations
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in the current forest products industry. The eérly water-
tube boilers required four drums to provide enough steaming
capacity with the steel and fabricating techniques then
avaiiable. Today, large units may have two upper drums
(steam drums) and one lower drum (mud drum). For small and
medium-sized boilers a single ﬁpper drum is sufficient.

With furnacewall cooling (waterwalls) nearly all water-
tube boilers manufacturered today are bent-tube rather than
straight-tube boilers. Improvements in feedwater condition-
ing have minimized scalé depdsits, and the boilers no longer
require straight-tubes with handhole fittings for cleaning.

General‘Boiler'Considerations

Critical_factqrs.in boiler design and.operatién include
pressures, temperatures, feedwater treatment, and watef
ljevel. Firing of boilers with wood residue and bark in-
vblves some additional problems that must be considered.

1. Wood fuels tend to produce soot. These fuels
produce both unburned carbon and some unburned
hydrocarbons, which collect on the heat exchange
surfaces and inhibit heat transfer. To prevent
excessive buildup of soot, wood-fired boilers are
equipped with soot blowers to remove soot periodi-
cally. Both intermittent and continuous blowers
are in use. Intermittent soot removal is usually
scheduled daily, during early morning hours when
the heavy emissions of smoke and soot cannot be
seen. Continuous soot blowers remove the soot
pefore it can accumulate in large guantities. The
most commonly used soot blower is basically a
steam jet, directed so that the steam impinges on
the boiler tubes and blasts the soot from the tube
surfaces. '
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2. The various types of ash that are introduced with
the wood or bark that are introduced with the wood
or bark fuel can cause slagging in the furnace or
boiler section. Slagging is particularly harmful
in the superheater section or in the boiler tubes
between the furnace and the superheater inlet. In
these sections it can cause localized overheating
and subsequent failure of the superheater element.
Cleaning with an air lance may be necessary to
prevent slag buildup within the boiler.

3. Large quantities of ash can cause erosion. A
- boiler operator may habitually allow too much
excess air, causing high velocity through the
tubes and superheater. Sudden introduction of a
load of dirty bark can literally sandblast the
tubes. Several cases are reported in which
"...the superheater tubes suddenly started getting
shiny and the next thing that occurred was a
failure." '

4. Corrosion may be caused by burning of logs that
‘were stored in saltwater. This can affect the
boiler setting, fans, control elements, and any
point at which gas temperatures are allowed to
fall below the dew point. ILoecalized condensation
can lead to rapid deterioration of unprotected
parts, a major problem in air heaters.

INSTRUMENTATION

To achieve the highest possible efficiency and continuity
of operation in a steam generating plant, the operators must
maintain reliable performance records. These records
should include temperatures of steam, feedwafer,'air and
exit gas, and data on gas analyses, draft 1osses,'steam flow
rates, and amount of fuel consumed. TIf these data are
continuously available to the operator, he can quickly

adjust the fuel and air supplies to correct any deviation

from normal. Furthermore, examination of records may indi-
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cateIPOSSible changeé in operating procedure that would
improve performance or reduce pollution.

Proper instrumentation is not the most expensive por-
tion of a steam plant but it may be one of the most impor-
tant. Many old Dutch ovens are still being fired (poorly)
with only a pressure gauge and water level gauge to indicate
over-all boiler conditions. The boiler, however, is a
series of systems, each with appropriate instrumentation to
indicate the current operating point. The subsections that
follow describe the instrumentation available for monitoring
and operation of the fuel, air flow, and flue gas systems of
a wood-fired boiler.

Fuel Systém Instrumentation

Most wood-fired boilers are not equipped with instru-
ments to measure variables of hogged fuel such as moisture
content and size. .Some available instruments, however, can
provide useful information for boiler operators.8

Metal detectors offer the obvious advantage of limiting
damage to equipment by tramp metal in the fuel system. They
can be used to sound alarms, shut off conveyors, or perform
similar functions.

A_fuel weighing system that provides data concerning
fuel flow rates is helpful in accounting for total fuel

usage and also can be used to signal the operator when the
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conveyor system is carrying no fuel. The value of weight
data is 1im1ted in that the weight of fuel varies directly
with moisture content, which can vary over a w1de range.
The most common fuel weighing system in use today con51sts
of a load cell under the fuel conveyor. The output s1gnal
from the load cell is electronically converted to display‘
pounds of fuel per hour.

Television scanners can monitor most fuel handling
systems, including conveyors, hogs, storage bins or piles,
feed systems, and screens. Each component of the system can
become plugged or fail to function, with the result that the
fuel supply to the boiler stops. When closed—c1rcuit tele~
vision scanners are located at critical points'in the system,
the operator can quickly.spot.any disruption and teke cor-
rective.action to minimize chenges in fuel flow to the
boiler. A scanner system can be installed Wlth several
cameras and only one video screen. Us1ng a selector switch,
the operator can check the system at any of the several
points being monitored.

Fuel feed monitors are helpful in the oommon situation
where fuel is fed to a hogged fuel b01ler at more than one
point. The operator can readily determine whether fuel is.
flowing freely through each feeder. Feed monitors are |

available in a variety of designs,-including:glass Panels in
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the system and mechanical linkages that move as long as fuel
is being fed. The.rate of feed is seldom measured.

Fuel moisture meteré'can facilitate occasional spot
checks of moisture content. 'Few plahts do this regﬁlarly,
however, and the data are not used to control the combustion
process. Efforts are under way to develop reliable systems
for éontinuously heasuring fuel moisture. This type of
information is-useful in determining when ﬁo use aﬁxiliary
fuel, but it is not requisite for boiler operation. In
plants Where fuel drying and sizing are part of the opera-
tion, ﬁoisture measurement can be a valuable control monitor

for the fuel preparation system;

Air System Instruméntation
The discussion of air monitoring equipment is limited
to the combustion air input system and the induced-draft
system. The exhaust gas system is discussed separately.
Even though temperatures and flow rates of combustion
air are critical in the combustion process, few boilers are
instrumented to measure and indicate gas temperatures or air
flow rates, for several reasons:8
1. Knowledge of air temperatures is seldom needed.
Tf the boiler is equipped with an air preheater,
it is used to maximum capacity. If it has no air
heater, knowing the air temperature does not
assist the operator in his duties. An air tempera-
ture that is not within the normal range can

indicate a possible trouble source that may need
correction. :

3-41



2. Total airflows directly affect the percentage of
excess air. But because the excess air level can
be determined accurately from analyses of the
exhaust gases, measurements of input airflows are
redundant.

3. The cost of installing equipment for continuous
monitoring of airflow has been prohibitive. ‘
Continuous measurements of gas flows to underfire
and overfire air systems could signal the operator
to correct the flows for optimum combustion. The
economic returns from installation of such equip-
ment, however, are difficult to identify.

Air pressure instruments are common. Draft gauges on
control panels indicate positive and negative pressures at
various pointg in the combustion and heat exchange systems.
The operator uses data from these instruments to determine
when plugging occurs because of ash buildup. The data are
also useful in setting airflows to maintain proper pressures

in the furnace.

Flue Gas System

Flue gases can be monitored continuously to determine
such parameters as temperature, percent carbon dioxide or
oxygen, and opacity or optical density.

Temperature - Temperature is dependent upon SO many vari-

ables that fluctuations are difficult to relate to a speci-
fic cause. Changes in air heater performance, steam genera-
tion rate, fuel moisture content,_fuel heating value, and
percent excess_air all affect exhaust gas temperatures. A
marked change in temperature, however, can signal_the opera-

tor to investigate.
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Percent Carbon Dioxide or Oxygen - Of all continuous moni-

tors available to the boiler operator, those that analyze
flue gas for carbon dioxide or oxygen content are the most
valuable indicators of combustion conditions. As noted
earlier, the balance between fuel and air supply is critical
to proper combustion. Continuous measurement of combustion
products can inform the operator of any upsets in this
balance. He can then adjust conditions to maximize boiler
efficiency and minimize air pollutant emissions. Without
data from flue gas analyses, the operator can only guess at
the percentage of excess air being used in the system.

Continuous gas analyzers are costly ($2000 to $5000 per
installation), and they also require maintenance and calibra-
tion for proper functioning. The expense can be justified,
however, by fuel savings and reduction of air pollutant
emissions.

One difficulty should be noted. Most continuous flue
~gas monitors are fairly delicate instruments. The output
signal is based upon a small voltage generated by the instru-
ment in response to the concentration of the gas being
analyzed. If the instrument is not grounded properly, a
false reading may be caused by an electrochemical reaction
within the instrument. This is a common problem, but also

one that is easy to correct.
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The best alternative to continuqus analysis of flue gas
is anaiysis.of gfab saﬁples. Two common grab-sample analyzers
.are the Orsat and.the Fyrite gas.anélyéers. Eéch provides
measurements.that are accurate to Within about 0.2 percent{
The cost is moderate, and the instruments are well suited.
for field use. Orsat analeers.require.more skill to oper-
ate than_do the Fyrite units, and may offer a slight advaﬁ-
tage in accuracy. Both units reéuife regular replacement of
chemicals. Sample time from étart to finish may.be 10 to 15
minutes.. Theréfdre; if combustion.conditions vary gﬁbstan-
tially 6vér short intervals, this type of‘analysis may not
_be suitable. | |

The importance of flue gas analyses canhot.be 6ver-
stressed. Every boiler operator should havé thegse data at
his disposal at all times. Without them, he cannot.properly
contrdl the combustibn process. |
Opacitz‘- Most fégulatory agencies haVe ihpiemented stan-
dards rega?ding opécity 1imitationé; The.sfandards specify
that emissions may not exceed an 6pacity'liﬁit (usually 20
or 40 percent) fot more than 3 minutes in ény‘hour. Com—
mercial opacity monitors are available and:Are in common
use. Their use, however, is limited to providing ihfdrmaf
tion to the opérators, since'most agenciés dd not.écéept

charts from opacity monitors as proof that emissions are in
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compliance. An opacity monitor is a warning device to
signal an operator of.a combustion upset that may cause
heavy particulate emissions. It does not respond to gaseous
pollutants. | |

Opacity monitors are installed in the exit-gas duct
system, usually dbwnstream from devices for emission control
(for example, multiple cyclones). This location may be in
the breeching or in an exhaust stack. The systems éommonly
incorporate a light source, a photoelectric cell, an ampli-
fier, and a recorder (Figure 22). Light from the source
travels through the exhaust gas stream. Particles in the
gas stream absorb or scatter the light and reduce the signal
at the photoelectric cell.
‘CONTROLS |

Control of the.boiler may be manual, with the operator
making all adjustments to all systems, or automatic, with
the operator adjusting 6n1y the control set points as re-
quired. A further refinement is a computerized boiler
control system, in which all adjustments are made according
to a programmed scenario.

Manual Control

Manual control is the usual system on older Dutch ovens
with smaller boilers. The operator controls boiler pressure

by adjusting the fuel flow. Height of the fuel pile is



LIGHT
SQURCE

FLUE GAS DUCT,

PATH LENGTH
OF LIGHT BEAM

_ PHOTO ELECTRIG
; CELL -

@\

AMPLIFIER

RECORDER

Figure 22. A common arrangement of instruments

to monitor opacity of exit flue gases.
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judged by visual observation, and fuel flow is controlled by
a splitter or gate in the gravity feed portion of the fuel
system.

Air flow is controlled by adjusting the stack draft
damper and opening or closing the furnace draft doors or
louvers. |

Water level is adjusted by means of a valve in the
bypaés line of the boiler feed pump. An alarm signalling a
low water level and a safety valve that 1ifts.a£ an exces-
give pressure are the only controls not manually operated.

The operator is responsible for maintaining steam
pressure and flow by applying his knowledge and skill. Many
times this same operator is responsible for shoving fuel
into the conveyor and making sure that fuel placed in the
conveyor reaches the furnace.

Automatic Control

A relatively larger boiler is usually also more compli-
cated. The operator of this complex system is required to
maintain steam flow and pressure, ensure efficient opera-
tion, and comply with air pollution control regulations. It
is usually necessary, therefore, to provide controls that
will permit adjustment of remote systems from a central

position at or near the boiler instrument panel.
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The devices that permit remote operation are power-

operated by compressed air, by oil or water under pressure,

or by electric motors or solenoids. They enable the opera-

tor to quickly adjust the position of valves, dampers, and
similar devices to compensate for fluctuations in boiler
conditions. 'Frequent and repetitive manual 0peratiéns,
often tiring to the operator, can be performed more effi-
ciently by automatic controllers. More uniform furnace
operation will result, and boiler performance_dén be main-
tained close to optimum levels, The additional cost of an
automatic control systém over a simple iﬁstrumentation
system is not excessive and usually is soon repaid in fuel
savings.

As an example, consider the control of fuel flow to the
boiler to maintain the steam output for méximum efficiency.
If the fuel flow is controlled manually, the following
events are_bossiblet

If the steam pressure gauge indicates the specified
pressure and is steady, the fuel adjustment is adequate.

1f the steam pressure gauge indicates a dropping steam
pressure, the fuel flow must be increased, the amount
to be determined by the operator's experience.

If the steam pressure gauge indicates a rising steam
pressure, the fuel flow must be decreased, again in
accordance with the operator's judgement.

If the steam pressure drops excessively, the operator

will be notified by another person that the steam
supply is inadequate. .
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If the steam pressure increases excessively, the safety
valve will lift and steam will be exhausted to the
atmosphere.

Tt is difficult for even an experienced operator to
analyze which of the possible events is occurring by glanc-
ing occasionally at the pressure gauge. A steam pressure
sensor continually monitors the pressure and sends a signal
to an automatic controller. The controller can be programmed
to accept the pressure sensor signal, compare it to the
steam pressure set point, determine whether it deviates from
the set point, and indicate the proportional action to be
applied to the fuel feed system to return the steam pressure
to the set point.

Similar automatic control systems can be used to adjust
draft systems, water levels, and furnace temperatures. In
all cases the automatic control system can provide more
contiﬁuous sﬁrveillancé than can the boiler operator. The
result is steadier firing of the boiler at a higher o&erall
efficiency with a greater degree of air pollution control.

Computerized Control Systems

Boiler control by computer offers the ultimate in
automation. The computer can be programmed to anticipate
load changes through time controlled inputs, to indicéte
that designated limits are going to be exceeded before this

bccurs, to print out all important data should a failure or



upset occur, to print out routine control settings ét pre-
determined‘time intervals, and to adjust the control systems
to accommodate  daily, weekly, or monthly variations such as
changes in weather or seasonal loads.

New boilers being installed in plants having éomputer
equipment may be able to utilize that equipment through time
sharing. If the company already employs a comﬁuter program=-
mer, he should be consulted about potential computerized

control of a new boiler.




4,0 OPERATING VARIABLES

Having described the distinctive properties of wood as
fuel and the processes by which combustion occurs in the
several types of wood-burning furnaces, we consider now the
principal aspects of furnace operation. The operating
variables are classified as fuel-related, air-related, and
operator-related factors, as listed in Table 13; all of
these factors contribute to the over-all efficiency of the
system. The fundamentals outlined in this section can be
regarded as a 'primer' of wood-burning boiler operation.
FUEL VARIABLES

Control of Fuel Size

Four methods are used to control fuel size: screening
fuel to separate the oversize pieces; hogging the large
pieces; mixing the fuel in storage and transport facilities;
and maintaining separate facilities for storage, transport,
and feeding of sanderdust.

Method of Feeding Fuel

Thé method of feeding fuel to a boiler furnace is
dependent on the furnace design. In firing of a Dutch oven,

the fuel is dropped through a chute on top of a pile.




Table 13. FACTORS AFFECTING THE COMBUSTION REACTION: IN

BOILER INSTALLATIONS FIRED BY HOGGED FUELS

FUEL-RELATED FACTORS
Species
Size
Moisture content
Ultimate analyses
Proximate analyses

- Heating value

Method of feeding fuel
Distribution of fuel in furnace
Variations in fuel feed rates
Depth of fuel pile in furnace
Separate firing practices
Auxiliary fuel usage

AIR-RELATED FACTORS
Percent excess air
Air temperature
Ratio of overfire air to underflre air
Turbulence of air
Flow relation between forced-draft and induced-draft
systems

OTHER FACTORS
Cleanliness of the combustlon system
Basic furnace design
Maintenance of components
Steam generation rate
Steam drum water level




Several piles may be used for one boiler. In a spreader-
stoker furnace, a mechanical or pneumatic spreader distri-
butes the fuel across a grate. The desired result is to lay
a thin, uniform mat of hogged fuel across the entire grate
area.

These two systems differ substantially. In the Dutch
oven, the fuel reaches the top of the pile in a stream and
cascades down the sides. Little combustion of the fuel
occurs until it has settled on the sides of the pile, where
it receives radiant heat from the refractory lining of the
oven. This heat input, coupled with convectional heat
transfer from the hot gases around the pile, provides energy
to evaporate the water in the fuel and raise the tempera-
ture. Gases evolved from the pile are rich in carbon mono-
xide. As these pass between the drop-nose arch and the
bridge wall, the overfire air supplies sufficient oxygen to
complete the combustion of carbon monoxide to carbon dioxide.

In a spreader stoker, the fuel spread acrogss the grate
must fall through the flames of the burning material on the
grates. Small, dry particles of fuel, such as sanderdust
and planer shavings, will heat quickly and burn in suspen-
sion before they arfive at the grate. Larger, moist fuel
particles such as bark and coarse white wood, will fall to

the grate and burn there until they become small enough and



light enough that the air from under the grateé carries them
into suspension. Combustion is completed in suspension'
(provided that time, temperature, and turbulence are ade-
guate). The spreader?stoker'design does hot require large
amounts of refractory to radiate heat back to the burning
fuel pile. Heat is radiated from the flame zone above the
grates back to the fuel on the grates, aiding the initial
combustion. Heat also is transmitted to the fﬁel through
turbulent flow of hot combustion gases within the furnace
~and heated_underfire air. Combustion must bé completed in
the furnace chamber.

Because the method-of fuel.feéd is tied closely to the
furnace design, the feeding methods are not easily inter-
changeable. The furnace deéign and the associated methods
of fuel feed do influence the combustion process.

Distribution of Fuel in the Furnace

Furnaces are designed for uniform combustion of fuel
across the furnace area. Fuel on one side of the furnace'
should be subject to the same conditions of available'air,
temperature, turbulence, and gas velocity as fuel on the
other side. If the feeding system allows for uneven distri-
bution of the fuel, the entire combustion system is unbal-
anced. Thus the need for uniformity applies to fore and aft

distribution as well as side to side distribution. The
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primary concern for all types of furnaces is that fuel be
placed evenly in the combustion zone.

Control of Fuel Distribution

The methods of controlling fuel distribution depend, of
course,.on the basic furnace design. In Dutch ovens with
center feed chutes, little can be done to alter the place~
ment of fuel over the grates. Ideally, the pile should be
get squarely in the center of the refractory and symmetri-
cally about the underfire air feed system. If the fuel
chute is off center and piles fuel in a corner or to one
side of the oven, combustion will not proceed uniformly in
the pile. Improvement of distribution of fuel in a Dutch
oven is usually expensive and must be done when the furnace
is cold.

In most spreader-stoker systems, the fuel distribution
may be adjﬁsted manually. The speed of mechanical spreaders
can be reduced or increased. Baffle plates often are pro-
vided to control the angle ét which fuel is injected into
the furnace. Other mechanisms are sometimes available to
adjust the width of the fuel path. These same options are
often available on pneumatic spreader systems. The most
important control, however, is the operator. By inspecting
the fuel pile through inspection and cleanout ports, he can

‘determine the uniformity of fuel distribution in the furnace



and can make any required adjustments. Such inspections
should be made regularly, since no automatic systems are
available to replace operator skills.

Variations in Fuel Feed Rates

In almost all b01lers, changes in steam demand occur
durlng normal operatlon, sometlmes ranglng from 40 to 125
percent of the boiler ratlng over a few mlnutes, although
most load changes are not so drastlc. In response to load
changes, the fuel feed rate is 1ncreased or decreased
Decreasing the feed rate usually has no adverse effect on
the combustion reaction. Tne fire burns to a‘loWer 1evei,‘
and steam production drops off. | |

An increase in steam demand, however, may cause‘sub-
stantial problems. Consider a furnace that is operating at
75 percent of.full load. Suddenly; the load.demand in=-
creases to 100 percent. As the steam‘demand increases, the.
fuel feed rate increases.. The.furnace receives hogged fuel

with moisture content of 45 to 50 percent. This increase in

the rate of wet fuel going to

temperature in the combustion

falls, so does the combustion
more air is added, usually as
fuel and increase the rate of

the percentage of excess air.

the furnace maylreduce the
zone, As the temperature
rate. To compensate for this;
underfire air, to help dry the
combustion, which increases

This procedure tends to
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reduce combustion efficienéy and frequently causes emissiOn'
of substantial amounts of unburned materiél. Gradually, as
the wet fuel dries, the temperature and the rate of com-
bustion increase, and the steam output also increases.

The degree to which the éombustion process is upsét
depends on the initial rate of combustion, the change in
fuel feed, the design and'size of the furnace, the moisture
content and size of the fuel, the temperature of underfiré
and overfire air, the-amount of excess air, and other re-
lated combustion variables. If the feed rate of hogged fuel
is increased drastically over a short time, substantial
upsets can be expected. If the feed rate is increased
gradually, less disfurbance will occur. The most dramatic
upsets can occur in furnéces that are batch fed from a
hopper. Maintaining stable combustion is virtually impossi-
ble when a ton or more of wet, cold,_hogged fuel is dropped
into a furnace.

Controlling Variations in Fuel Feed Rates

The ideal condition for combustion control is a con-
stant rate of fuel feed to maintain a constant rate‘of.steam
generation. The worst condition is batch feeding of fuel to
accommodate a highly fluctuating demand for steam.

Fortunately, few furnaces are now batch fed. The fuel
flow usually is contfolled by a hopper;fed SCrew conveyor oOx

similar device. Direct-current drives are common, with the
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control signal coming indirectly through a transducér‘for
steam header pressure. Greét ingenuity haé been'shdwn iﬁ‘
boiler plants to provide uniforﬁ fuel feed to the furnaces.
_Prbcess operations in the plant coﬁtrol the steam
demand and therefore the fuel flow rate; Improving the
control of process operations often can éliminate'wide
fluctuations in steam demand. Such imﬁrovements.require én
understanding of‘the problemé and the cobperation of plant
supervisors ahd production personnel. |

Depth of Fuel Pile in the Furnace

Depth of the fuel.pile affects the-combﬁstion prbcess
in two ways. First, iﬁ determines the amount of underfife
airflow. As most hogged fuel boilers are not.equippéd to
vary air pressure, the airflow rate decréases when the pile
height increases. A reduction of underfire airflow may
raise the overfire airflow if the air duct system is not
equipped with individual damper éontrols.

The reverse also occurs. When depth of thé fﬁel pile -
decreases, the uﬁderfife air encountéfs less resistance té
flow as it passes through the §ile. The underfire air flow
therefore increases, and oVerfire airflow may decrease.
This reaction occurs with Dutch oven énd spreader-étoker

designs, although the responses to pile depth are not equal.
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The second effect of fuel pile depth is to change the
transfer of radiated heat to the fuel, applicable to Dutch
ovens only._ In a Dutch oven, the closer the fuel is to the
hot refractory lining, the faster Ehe'volatile portion of
the fuel receives radiated heat and evaporates to the gase-
ous phase. Thus, increasing the pile depth can increase the
rate of combustion in a Dutch oven. There is an upper
limit, however. As the surface of the fuel pile approaches
the top of the Dutch oven, the volume of gas in the oven is
reduced. As a result, residence time is reduced and gas
velocities increase. The resulting incomplete combustion of
fuel will reduce'both the temperature and the rate of com-

'

bustion in the furnace.

Fuel Pile Depth Controls

Over the past 60 to 70 years, the depth of fuel piles
has been controlled principally by the boiler 6perator.
Only recently have there been efforts to control the depth
of piles by automatic means. This technology has been
applied to Dutch ovens with moderate success.

In the automatic controls a temperature éensing probe
is inserted from the top into the pile. As the pile burns
down, more of ﬁhe probe is heated. As fuel is added, it
covers the probe and thereby insulates it from the flame

temperatures. The probe temperature thus provides a direct

4-9




measure of the pile depth. The temperatare cah be used as a
signal to the feed system to.contfol the‘deﬁth of the pile
automatically. |

Among the several.commefcial.modeis now available, some
sense the temperature with a thermocouple and othere measure
the temperature of'water flowing continuoﬁsly through the' |
probe. Each system works well, with littie or_ao mainten-
ance difficulty. Either is preferable to mahﬁal control by
the boiler operator, which requires continuedvsurveillance,
partieularly during load swings,‘and'cohstant adjustment.to
maintain.eptimum operation. |

Separate Firing Practices

In operation of hogged fuel boilers, the various fuel
components (bark, planer shavings, eanderdust) can be fed to
the furnace as a mixture or they can. be fed separately Tﬁe
two fuel components that usually are fed through separate
systems are sanderdust and cinders.

Sanderdust particles are small and relatlvely dry.
These characteristics allow extremely rapid combustion if
the fuel is properly suspended and other conditions are
favorable. In rapid combustion the available oﬁygen is
consumed at a high rate. If the oxygen supply is 11m1ted,
the sanderdust and any other fuel may be "starved" for

oxygen, in which case unburned partlcles will leave the




furnace as dense, black smoke. For this reason sanderdust
is often injected separatély with its own controlled air
supply. |

Separate firing of sanderdust offers several advantages.
In a well-designed system it will limit dust emissions in
handling and storage, provide a proper balance of air and
fuel, provide air at the correct place, and generally improve
combustion. Further, sanderdust firing systems can respond
rapidly to changes in boiler load. They can be used to
release heat energy quickly to compensate for rapid swings
in load,-whereas if sanderdust is mixed with other hogged
fuel, the response to load swings is less rapid. Further-
more, sanderdust often is not well mixed with hogged fuel.
As a result the rates of combustion are spasmodically high
when the sanderdust predominates)in a mixture, and rates of
excess air afe high when ﬁhe proportion of sanderdust is
reduced.

Sanderdust Firing

.Mbst difficulties with sanderdust firing occur because
of failure to recognize the unique properties of this fuel
and to provide for them in system design and operation. The
salient propertiés are the small size of the_particles and
their low moisture content. Taking these into considera-
tiOn,.one can develop désign criteria that allow advantage-

ous use of sanderdust. A well—designéd-éystem would control



dust and plugging, provide variable control of feed rate,

ensure‘gobd particlé suspension, locate the particles in the

flame, and maintain a pilot_light; 'These features are

examined individually.

l.

Dust control. Systems for transporting, storing,
and feeding must be designed to minimize dust
emissions. This is important for control of air
pollution as well as for control of fire or ex-
plosions..

Cdntrbl of plugging. Plugging generally does not
present special problems with sanderdust unless
the material is wetted to limit dust emissions.

Dry sanderdust flows easily and responds well to

the use of vibrators. Bridging can be a problem,

“but it is easily av01ded through proper design of

the system.

Control of variable feed rate. In burning of
sanderdust special attention is needed to ensure
constant feed to maintain steady combustion.
Control of combustion air is equally important.
Because sanderdust burns rapidly, enough air must
be supplied at the right place and large quanti-
ties of exvess air must be avoided. A well-
designed system incorporates variable airflows
that correspond to the full range of sanderdust
feed rates.

Good particle suspension. The firing system
should separate individual particles of sanderdust
as they are injected into the furnace. This is
necessary to mix the particles with combustion
air. Sepdration usually is accomplished with
swirling vanes or a cyclonlc type of feeding
system.

Location in the flame zone. Sanderdust particles
injected directly into the flame are exposed to
high temperature long enough to burn completely.
If they enter the furnace at a point where they
are not exposed to flame temperatures long enough
combustion will not be completed.
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6. Pilot light requirements. Many boiler installa-
tions incorporate a pilot light system for sander-
dust burning. The pilot is located at the point
of sanderdust injection. The pilot light probably
does not add significantly to the combustion
process, but it is a desirable safety feature.

The prime function is to prevent explosion in the
furnace under fluctuating conditions of operation.

COMBUSTION AIR VARIABLES

Percentage of Excess Air

. For complete combustion of hogged fuel each molecule of
fuel in the géseous state must come into contéct with one or
more molecules of oxygen. ' Ssupplying excess air increases
the probability of this occuring. There is a limit, how-
ever, to the amount of excess air that can be added and
still help the combustion reaction. ‘Several'factors are
influential. |

Air that is brought into the combustion chamber is well
pbelow flame temperatures. During combustion, it must be
heated to combustion temperatures, an increase of up to
1800°F. This process requires heat energy that comes from
the combustion. As the amount of incoming aif is increased,
more energy is taken from the combustion process to heat ‘it.
This lowers the temperature in the combustion zone, which
slows the rate of the reacfion. If the fuel fails to burn
completely because of slow reaction rate, air pollutants

will be generated.

-



As the energy requirement to heat incoming air in-
creases with the amount of air_introduced, thermal effi-
ciency of the combustion system goes down and more fuel is
required to produce a given amount of steam.

| As airflow into a furnace increases, the velocity of
gases passing through the furnace increases. Furnaces are
designed for a range of gas velocities based on an assumed
upper limit of excess air,. usually 50 percent. If more than
50 percént excess air is introduced, gas velocities in the
furnaces may be so high (particularly at high rates of steam
generation) that they carry fuel out of the combustion zone.
If this occurs and the unburned fuel enters the heat ex-
change tubes of the boiler, gas temperatures will drop
quickly below those required for the combustion reaction to
go to completion. The boiler “then emits the products of
incomplete combustion as air pollutants.

An interrelated effect of high gas velocities caused by
excess air is reduction of.the residence time of fuel in the
combustion zone. Again, the process may be stopped before
combustion is completed, and unburned materials will leave
the stack as air pollutants.

The rate of gas flow into and out of a furnace in-
creases in linear proportion to the increase in excess air;

that is, at 100 percent excess air, roughly twice as much
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gas passes through the furnace as at 0 percent excess air.
Pressure drop through the system, however, increases ex-
ponentially with the gas flow. Movement of this gas re-
quires the operation of forced-draft and induced-draft fans,
which in turn requires power. The cost of energy to run
these fans is significant. For example, operating a hogged
fuel boiler with capacity of 100,000 pounds of steam per
hour at 100 percent excess air would require 50 horsepower
more than operating the same boiler at 50 percent excess
" air. Over a year's time at 10 mils per kWh this additional
power will cost $3125.

The size of forced-draft and induced-draft systems,
including motors, fans, ducts, and dampers, is based on the
steam generation rate of the boiler and some reasonable,
maximum value of excess air, such as 50 percent. At more
than 50 percent (or the design value) excess air, one or
more of the system components will be improperly sized for
efficient operation. Control of the systems can be lost
when components must operate outside their design ranges;
improper palance between forced-draft and induced-draft
systems can cause pressurizing of the furnace or excessive
furnace draft and inability of the air systems to respond to

changes in the fuel feed or in load demand.




The size of particulate collection systems also is
based on the maximum steam generation rate and some reason-
able value of excess air. As with the fan systems, pollu-
tion control equipment does not function at its best if gas
flow rates deviate from the design values. Too much excess
air reduces the collection efficiency of most pollution
control systems.

In summary, although some excess air is required for
proper combustion, too much excess air can be detrimental
for the following reasons.

1. It cools the combustion reaction and slows the
- rate of reaction.

2. It reduces thermal efficiency.

3. It increases gas velocities across the grates and
lifts the fuel from the grates before it burns
completely. :

4. It reduces residence time in the furnace so that
fuels cannot burn completely.

5. It requires costly additional power in the fan
system.

6. It can unbalance the air system, causing loss of
combustion control, improper pressure conditions
in the boiler furnace, and inability of the system
to respond to load variation.

7. It reduces the efficiency of pollutant collection
equipment if the gas flow exceeds design conditions.

Most designers and manufacturers of hogged fuel boilers
identify an optimum range of excess air from 25 to 90 per-

cent. In practice, however, most hogged fuel boilers are
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operated at 100 to 150 percent excess air; most of these
units would operate more efficiently at lower levels of
excess air. |

The optimum level of excess air varies among individual
boilers. Generally, a unit functions reasonably well at
levels from 40 to 75 percent. These values correspond to
carbon dioxide levels in the exhaust gases of 14.3 to 11.0
percent. Because of the variations in furnace design, fuel
moisture content, steam generation rate, and other factors
that affect the combustion process, optimum conditions for
excess air cannot always be maintained. Operators should
nonetheless be aware of the negative effects of too much
excess air.

Control of Excess Air

The first step in controlling excess air is to monitor
the products of combustion (carbon dioxide or oxygen).
Without instruments to monitor the flue gas constituents,
excess air can be controlled only_by guesswork. Note that
it is necessary to measure either carbon dioxide or oxygen.
Measuring both is not necessary.

The signal from a flue gas analyzer can be fed directly
to controls for the forced-draft and induced-draft dampers
(Figure 23). As an alternative, the signal may be read by

the operator, who then adjusts the airflow controls manually,
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the type of adjustment depending on the boiler design and
the available equipment. Obviously, control of the process
requires fans, dampers, and positioners, and sufficient
instrumentation to provide status data to the operator.

Regulating the percentage of excess air is simple. As
the level of carbon dioxide drops, the rates of overfire and
underfire airflow are reduced. (Again, this reduction
depends on the design of the furnace and the firing equip-
ment available.) For many hogged fuel furnaces, the desired
set point for carbon dioxide is about 13.5 percent (or 50
percent excess air). When levels of carbon dioxide go above
the set point, the airflow rates should be increased.

Although the concept is simple, continuous control of
excess air is cdmplicated by variations in steam generation
rate, fuel moisture content, fuel size, fuel heating value,
amount of ash buildup on grates and in heat exchangers, and
other variables that affect combustion. Even so, a skilled
operator, using infbrmation provided by continuous flue-gas
analysis, can usually correct the system and maintain
reasonable combustion.

Air Temperature

Preheating the air entering the combustion zone offers
the following advantages: It increases ability of the air

to remove moisture from wet fuel; it increases the furnace



temperature, which increases the rate of combustion and
reduces formation of air pollutants; it increases overall
efficiency of the system by utilizing heat energy that
otherwise would be lost up the exhaust stack; énd it in-
creases the steam generation capacity. |

Air Temperature Control

In most plants, the boiler operator cannot regulate air
temperature directly. If the system includes a preheater,
it normally is used to full capacity. If there is no pre-
heater, the furnace must function on colder air.

Although the boiler operator usually cannot control the
temperature of the forced-draft air.system, he can control
other air inputs to the furnace. With few exceptions,
hogged fuel boiler furnaces are operated at a slightly
negative pressure. Therefore, cold ambient air can be .
pulled in thrbugh such openings as inspection ports, clean-
out doors, cracks in the casing or refractory, and fuel
chutes. It can also enter through inédequate seals around
sources of cold air, such as doors, drums, pipes, and soot-
blowers.

By closing sources of cold air to the furnace, the
operator gains additional control of the combustion process.
th only does he increase combustion-zone temperatures, but

he prevents local "cold spots”" and gains greater control of
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excess air. Note that infiltration (leakagé) air has all of
the detrimental characteristics of cold excess air, but
provides none of the benefits.

Ratio of Overfire to Underfire Air

In most hogged fuel boilers, the incoming air for
combustion is split into two ducts, one bringing the air in
under the fuel pile or grates and the other bringing air in
over the fuel pile. In many spreader~stokers, part of the
overfire air is used to pneumatically spread the fuel across
the grates. The ratio of the two flows is a parameter of
concern, the optimum ratio depending mostly on boiler design
and fuel characteristics.

In theory, boilers should function best with 75 percent
overfire air and 25 percent underfire air, these values
based on proximate analyses of hogged fuel. Roughly 75
percent of the fuel is volatile organic material that pyro-
lizes to the gaseous state as it goeg through the steps of
combustion. The combustible gases rise above the solid
hogged fuel, mix with air, and burn. Thus, in theory, 75
percent of the air should be supplied above the pile. The
remaining 25 percent of the fuel, the fixed carbon, remains
on the fuel pile or grate system, where combustion air (25
percent of the total) js supplied from underfire air.

This theoretical scheme, however, does not account for

the many variables that affect the combustion process. The



main influences are furnace design (Dutch oven or spreader
stoker) and fuel moisture content (moist fuel requires more
underfire air). As a result of these influences, many
systems operate best with 75*percent underfire air and 25
percent overfire air rather than thé‘theoretical 25/75
ratio.

Controlling the Ratio of Overfire to Underfire Air

The operator controls air distribution by means of
fans, air ducts, and dampers, a1l installed and operated in
accordance with furnace design. He is concerned with
several operational problems regarding distribution of air
in the forced draft system. With wet fuel, he must providé
adequate underfire air to help drive off moisture from the
wood. With pneumatic-spreader sYstems, he must provide
enough overfire air to distribute the fuel.  As ash or fuel
builds up on the grates, the flow of underfire airflow is’
reduced as pressure across the grates and ash diminishes.
Reduction of underfire airflow also may entail a propof-
tionate increase in overfire airflow, depending on the fan'.
System. Overfire air should create maximum turbulence
without disturbing ash or fuel on the grates. Furthermore,
the overfire air must be distributed so as to avoid iﬁpinge-'
ment directly on hot refractory or metal surfaces, and thus
to limit damage caused by éondenSation, thermal stresses,

and thermal shock.
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- Few hogged fuel boilers are equipped with a forced-’
draft air system that can continuously balance the flows of
overfire and underfire air. At most plants the primary
control is to keep the grates clear of heavy ash buildup
that could adversely increase the pressure drop across the
grates. Sealing any leaks in the furnace and air systems
also aids in maintaining proper balance of airflows. Deli-
berate desigﬁ of high pressure drop (2 to 3 inches of water)
across spreader-stoker grates can aid in insuring good
distribution of underfire air even when fuel distribution on
the grate is not ideal.

Turbulence of Air

For complete combustion, one or more molecules of
oxygen must come into direct physical contact with each
molecule of gaseous fuel at adequate temperature and resi--
dence time. Turbulent gas flow facilitates mixing of the
.gaseous fuel and oxygen in the furnace. The primary purpose
of overfire air jets or nozzles is to provide turbulent
flow, which not only enhances the combustion reaction but
also prevents formation of dead spaces or quiescent zones in
which fuel vapors accumulate. Such accumulations can cause
puffing of small explosions in the combustion zone.

Control of Air Turbulence

Turbulent patterns of gas flow are brought about by the

position, direction, velocity, and mass flow rates of gases
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entering the furnace. Turbulence is high when the gases are
sent into the furnéce in swirling patterns from high-velo-
city nozzles, whose position and direction strongly influ-
ence the flow pattern. Since these inlet nozzles usually
are fixed, the operator has little or no control of the
degree of turbulence in the furnace. He can effect minor
changes of turbulent flow patterns by varying the ratio of
overfire to underfire air. With most hogged fuel boilers,
howéver, control of turbulence in the combustion reaction is
handled primarily in the design and engineering stages.
Turbulence in installed boilers frequently can be improved
by addition of properly located, high-velocity air nozzles.

Forced-Draft and Induced-Draft Systems

The forced-draft air system brings combustion air to
the furnace. The complete system includes facilities to
deliver preheated air under automatically controlled flow .
conditions throughout the full range of boiler operations.
The induced-draft air system draws combustion products out
of the boiler under controlled flow rates and removes en- |
trained air pollutants. Control equipment such as multiple
cyclones and scrubbers generally is considered part of the
induced-draft system because of the location in the system

and the effects on pressure drops and flow rates.




Operation of forced-draft and induced-draft systems
directly affects most of the related coﬁbustion parameters,
such as percentages of excess air, turbulence, and air
temperature. Furthermore, the balance between flows in
these two systems determines the pressure in the furnace.

In most hogged fuel boilers, particularly older installa-
tions, a slight negative pressure is maintained in the
furnace and heat exchange sections to minimize puffing and
to retain fuel and combustion products in the furnace.

Not all hogged fuel boilers operating today are equipped
with balanced, automated, forced-draft and induced-draft
systems. Many have no forced-draft system at all. Others
rely on the natural draft from smoke stacks rather than a
controlled induced-draft fan system. Because such installa-
tions cannot control the combustion process throughout the
full range of operation, incomplete combustion may occur at
regular intervals with resultant emissions of smoke, cin-
ders, underburned hydrocarbons, and other air pollutants.

Control of Forced-Draft and Induced-Draft Systems

Forced- and induced-draft fan systems should be oper-
ated so as to provide a proper amount of excess air for good
combustion. As described earlier, most boilers fired with
hogged fuel operate within a range of 40 to 75 perxrcent

excess air. Maintaining a slightly negative pressure to



retain the products of combustion is particularly de51rable
in old furnaces that have many leakage points. ‘Under such
circumstances, exceSsive negative furnace drafts can add
undesirable infiltration air. Most new furnaces with com-
pletely sealed exterior casings do not require a negative
furnace draft. These fan systems should assist in providing
turbulence in the combustion zone and should also provide
enough air to distribute fuel in spreader-stokers with
pneumatic spreaders. The fan systems should'perform these
functions throughout the full range of steam generating
rates, responding rapidly to load variations.

. To meet these criteria the fan system must be equipped
with calibrated, automatic controis. An operator cannot
manually adjust the airflow dampers with the speed or ac-
curacy that is required to maintain air balances throughout
the full range of operating loads. Proper'maintenance of
the'controls includes regularly scheduled cleaning, lubri-
cating, and calibration by a competent instrument techni—
cian. The boiler operator should be thoroughly familiar
with the capabilities of the control systems at his disposal

and make full use of them.

Some plants incorporate a cinder reinjection system on

boilers equipped with dry primary ‘collectors. The cinder
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reinjection sysﬁem is located after_the heat exchangers and
ahead of the stack to collect the solid material removed
from the flue gas by the primary collector and return it to
the furnace. This material is usually conveyed pneumatic-
ally and reinjected, along with the conveying air, above the
grates.

Cinders collected in control devices, such as cyclones
or multiple cyclones, are difficult to transport, store, and
burn. They consist of fixed carbon, small particles of
inorganic fly ash, and larger particles of inorgaﬁic, in-
combustible materials such as sand and clay. The percentage
of this material that is capable of burning, that is, the
fixed carbon, is dependent upon combustion conditions in the
furnace. If conditions are good, perhaps only from 10 to 15
percen£ of the cinders consists of combustible materials.

If combustion conditions are poor, then as much as 90 per-
cent of the cinders may be fixed carbon.

The rate of combustion of fixed carbon is substantially
jower than the rate of combustion of the volatile materials
in wood fuels. As wood undergoes combustion, the volatile
materials evaporate to the gaseous phase and burn. In the
gaseous phase, they burn more rapidly than does carbon in
the solid phase. This difference is important in operation

of hogged fuel furnaces because reinjected cinders require




longer residence time to complete combusﬁion; If residence
time at high temperature is ﬁot sufficient; the unburned
‘cinders will égain leave the furnace as potential air
pollutants.

The carbon portion of cinders is not mechanically
Strong. It crushes easily to a fine powder of low density.
This usually occurs in rotary screen systems, ahead of the
cinder reinjectors, that remove sand and heavier particles.
The resultant form of the carbon is dustlike and difficult
to handle. It also pPresents prbblemé when reinjected into
the furnace. The small, light particles of_carbon can
become suspended in the turbulent airflow of the furnace and
be carried out of the combustion zone quickly - often before
the combustion reaction has had time to go to completion.

Consider two extreme situations'involvihg cinder in-
jection. First, consider a furnace in which combustion is
good and only 15 percent of the cinders congists of carbon
(Figure 24). Separation of this material in a screening '
system probably will be only\partially effective because the
carbon particles are small, much the same size and density
as Ehe inorganic fly ash particlés. Thus, the-screened
material that is to be reinjected pProbably is only 50 per-
cent combustible at most, and only 50 percent of that com-
bustible portion likely will burn, The rest will be carried

out of the furnace as "new cinders."
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inorganic ash, screened and reinjected, with good combustion.
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rec1rculatlon of inorganic ash.
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Operating a system like this is difficult to justify in
view of the increased rate of particulate‘emission from the
stack and the erosion of boiler tubes and.the cinder collec-
tion system by the continually recycled inorganic materiél.

Now consider the-oppésite extreme, a furnace in which
combustion conditions are poor. Cinders collected in'the
multiple cyclones are 90 percent carbon and the pérticles
are large. After screening, the reinjected material'is 95 
percent carbon and the particles are reduced in sizé. When
this material is réinjected into a furnace With poor combus-
tion, perhaps 20 to 30 percent of the carbon burns; The.
remainder is recycled through the syétem. Because the
particies are small, a substantial portion.will not be
caught in the collectors but will‘leave the stack as air
pollutants. | | |

Two basic things are wrong with_fhis system. First is
the attempt to burn, in an already poor combustion situa—.
tion, a material that does not burn well. Second is tﬁe
amount of inorganic, incombustible material, which is the
same as in the first example; this material is_recycléd
through the system,_causing erosion and higher particulate
loading. . -

Cinder reinjection is practicéd in spite of these

disadvantages because reinjection helps to solve a serious




problem of solid waete. For example,‘a boiler that is
designed for a capacity of 100,000 pounds per hour on hogged
fuel probably emits 800 to 900 peunds of cinders per hour,
of which some 300 to 400 pounds per hour is combestible.
Reinjection reduces the solid waste problem.in twe ways.
First, it reduces the total volume by the amount that is
combusted; Second, it disposes of the remainder of the ash
by emitting it to the atmosphefe as particulate matter.
Thys, a solid waste problem is reduced.by increasing the
emissions of airborne wastes.

One type of boiler developed recently relies heavily
upon cinder reinjection for proper operation. This bomler
is de31gned for high gas velocities through the heat ex-
change section to prevent buildup of soot on the tubes. The
cinder-ash material continually impinges upon the tube
surfaces in an erosive cleaning action. A centrifugal
particle collector then removes the cinders and ash after
the air heater and sends them to a vibrating screen sepa-
rator. The cinders are taken from the top of the screens
and returned to the furnace, and the fine ash is collected
and removed after it passes through the vibrating screens.
Approximately six percent of the heat input is from

the reinjected cinders and no soot blowing is necessary.




New designs, then may reduce the detrimental effects of
cinder reinjection and optimize its advantages. Alterna-
tives to reinjection to reduce the burden of solid wastes
include use of the cinders as landfill, as raw materiai for
charcoal briéuets, as filler in concrete blocks and road-
ways, and as a soil conditioner.

OPERATOR VARIABLES

Soot and ash deposits must be removed from the furnace
and heat exchanger tubes regularly to maintain good combus-
tion and heat transferf Failure to remove these materials
causes partial blocking of the gas passages. If the grates
are plugged, combustion air will be inadequate in localized
parts of the furnace, leading to loss of steam generating
capacity, loss of efficiency, and - an increase in pdllutant
emissions. Plugging of the tube passages brings similar
results, |

Soot blowing and grate cleaning are regularly scheduled
at most plants. The frequency depends on content of fuel
ash, combustion efficiency, furnace desigﬁ, average rate of
steam generation, steam demand, local control requlations,

and the operator's initiative.




The important point is that a clean boiler generates
nheat more efficiently and pollutes less than one that is
fouled with ash and soot. The operator has some control.
over the cleanliness of a boiler, but he has less control
over other significant combustion factors such as basic
furnace design, over-all maintenance, steam generation rate,
and water level.

The pronounced effects of boiler design, maintenance,
and steam generation rate on the total combustion pattern
have been discussed in detail. Many operators report that
variations in water level in the steam drum also strongly
affect the combustion rate. Their experience indicates that
a responsive, automatic, liquid-level control system on the
feed-water system at the steam drum is helpful in control-
ling furnace temperatures, particularly in water-walled,
spreader-stoker systems.

In all instances, the experience and judgement of the
operator contribute greatly to the efficiency of plant
operation. His diligence in understanding and applying the
basic principles outlined in this section can make the
difference between a marginal operation and one that is

efficient, safe, and environmentally acceptable.







5.0 PARTICULATE EMISSIONS

Particulate emissions from wood-fired boilers may be
either solid or liquid, although the solid matter is pre-
dominant. They consist of inorganic materials, unburned
hydrocarbons, and unburned carbon. Size of the particles
can range from submicron "smoke" particles to pieces of wood
or char 1/2 inch or larger. The material is usually chemi-
cally stable as it enters the atmosphere, but some boilers
emit still-burning particles of wood that may be observed at
night as a discharge of glowing sparks. The particulate
matter may be soluble in water (such as salts) or completely
insoluble (such as unburned carbon).

Regulations covering particulate emissions are usually
nonspecific regarding chemical and physical properties.
Most are concerned only with the amount of concentration of
emissions although regulations in some states incorporate
design or construction standards.
REGULATIONS FOR PARTICULATE EMISSIONS

Emission regulations for wood-fired boilers may be set
by state or regional agencies. As yet, the U.S. Environ-

mental Protection Agency has not promulgated New Source
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Performance Standards for wood-fired boilers. Most agencies
require a permit to operate, contingent upon the boiler
meeting the agency regulations. Although the emission
regulations vary among the agencies, many similarities may
be noted. |

Particulate Concentration

Grains per Standard Cubic Feet

Particulate concentration maylbe expressed as the mass
of particulate.matter per cubic volume of flue gas. Thls is
: usually normalized to 12 percent CO2 to account for dllutlon
by excess air at the furnace or leakage into the furnace or
.boiler. For wood fuels 12 percent CO2 in the flue gaS'
corresponds to approximately 68 percent excess air. A
typical regulation might limit the maximum particulate
emission to 0.2 grain per standard cubic foot of gas, cor-
rected to 12 percent 002 for existing b01lers and 0. 1 grain
per standard cubic foot of gas, corrected to 12 percent CO2
for new boilers constructed after a certain date. The
‘regulation may state that the standard cubic foot is "dry,"
meaning that the water volume pPresent in the_gas phase must
be subtracted. A regulation that does not state whether the
standard cubic foot is "wet" or "dry" leaves the matter open

to interpretation.




The "standard" cubic foot is also ambiguous unless it

is defined. The "standard" temperature for a cubic foot may
be 32, 60, 68, or 70°F, or 20°C, which is equivalent to
68°F. The "standard" pressure for the same cubic foot may
be expressed as 29.92 inches of mercury, which is the same
as 14.7 pounds per square inch absolute.or 1 atmosphere.
Some agencies, however, use 30.00 inches of mercury as
pressure for the "standard" cubic foot.

Consider an example in which a stack sample is col-
lected at 8 percent C02, 400°F, and 29,75 inches of mercury
with a water vapor content of 15 percent by volume. If the
particulate loading is 0.05 grain per cubic foot at stack
gas conditions, what is the at "standard" conditions of 12
percent C02, 68°F, 29.92 inches of mercury, and dry? The
following calculations show the method of correction to

standard conditions:

0.05 grain _ 12 Percent €0, 460 + 400°F
test cubic foot 8 percent CO2 460 + 68°F

29.92 inches _ 100 test £t _

29.74 inches 85 dry ft3

0.14 grain
standard cubic foot @ 12 percent CO

2

The original grain loading appeared quite low; when it
was corrected and expressed in relation to the normalized

"standard" cubic foot, it was nearly three times greater.




Pounds per Million Btu
Expressing an emission standard in terms of mass per
unit of energy overcomes the problems of the "standard"

cubic foot of flue gas and normalizing to 12 percent CO A

2°
regulation might specify an emission standard of 0.2 pound
of particulate per million Btu of input energy. Some
agencies might allow a higher valug (0.5 pound per million
Btu) for boilers installed or operating before a certain
date.

One flaw in this emission standard is in the definition
input energy. One needs to know whether the higher or lower
heating value is used, whether a correction is made for the
energy used to evaporate the water from wet fuel, and whether
the fuel input should be weighed or calculated from values
for flue gas volume and gas analysis. The regulations
should specify these considerations.

Pounds per Pound of Fuel or Ton of Fuel

Some agencies specify allowable particulate emissions
based upon fuel throughput. These values coinqide with the
values used in emission inventories. Prob;ems occur, how-
ever, because it is difficult, if not impossible, to weigh
the fuel going to a wood-fired boiler. Again, the regula-
tion also should specify what corrections should be made for
the weight of moisture and whether flue gas volumes and gas

analyses can be used to calculate the mass of fuel.

5-4




Mass of Emissions

The mass emiésion per unit of process weight is usually
included with the allowable mass emission for the entire
mill or plant. If a process weight chart shows an allowable
atmospheric discharge for the mill, the boiler emissions may
be included‘along with those from cyclones or dryers to
determine the.total for the operation. If the boiler is the
only source at the mill, it could emit particulate up to the
maximum allowed by the process weight chart and still be
legal. Again, it is obvious that the regulation should be
well-defined.

- Opacity

Regulation of boilers by means of visual emission
standards usually refers to the opacity of the effluent from
the boiler. A certified observer must "read" the opacity
periodically and determine whether the boiler is in compli-
ance. Typical regulations may state, "No visual emissions
exéeeding 20 percent opacity will be permitted except for 3
minﬁtes in any 1 hour." Some agencies may allow 40 percent
opacity for existing boilers or boilers located in areas of
low population density. The regulation may state the time
exemption differently or may clarify or further define it.

The observer making the opacity readings must be trained

and certified by the control agency; He should be aware
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‘that opacity readings are affected by such things as dia-
meter of the stack exit, moisture content of the pluﬁe,
particle size and color, background llghtlng and textures,
position of the sun, and color of ‘the sky.

Certlflcatlon schools for smoke and opacity readings
have been set up across the country. Classes are held
throughout the year to meet the demand. The classes consist
of two sessions, flrst to learn the theory and llmltatlons
of the technlques, and second to gain experience in the
field by readlng plume opac1t1es. Examlnatlons are held at
the end of each session to determlne degree of competence.
Recertlflcatlon of ablllty in smoke and opacity reading is
required at intervals ranglng_from 6 months to 1 year.

Particle Size

Some agencies have established limits on the maximum
size of particles that may be emitted by boilers.. The
limitation usually is set at 250 microns. The purpose is to
pPrevent emission of large pieces of unburned carbon,_which
act as a soiling nuisance. Consideration now is being given
to establishing regulations on the maximum allowable con-.
centration of smaller particles (less than 10 microns),
since many studies indicate that smaller particles present

the greatest hazard to human health.
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Particle size measurement requires sophisticated equip-
ment for collection and analysis, as well as skill in analy-
tical téchniques. Represehtative sampling for particulate
matter can be achieved only.if the particulate matter enters
the sampling system at the same velocity as the airstream in
which it is entrained. This is called isokinetic sampling.

Analysis of the samples usually is done with a micro-
scope in the laboratory. A minimum of 100 particles should
be measured to determine the size distribution of particles
in each sample. Distribution is reported in terms of the
percentages of particles smaller than a given size.

When particles are collected in impaction systemé,
analyses for size and weight distribution is done by weigh-
ing the samples collected in each section of the impactor.
This method also éllows a determination of mean size and
size distribution of the particles, based on the weight
distribution of the sample. |

Nuisance Regulations

Most agencies regulate nuisance emissions, usually in a
statement to the effect that no process or operation shall
emit materials that are a nuisance to the surrounding pro-
perty or community. Such regulations are noﬁ_directed
specifically toward boilers fired with hogged fuel. They
are cited occasionally, however, if fly ash or unburned

carbon from a stack becomes a public nuisance.



Regulatdry Problems

The regulations regarding pParticulate emissionS'from
boilers are usually written for the geﬁeral case of a single
boiler on a single stéck; operating¥routinely.' Some boilers,
however, are not operated in this manner. When_tWo orfmdre
boilers are connected by breeching to the same stack, the
visual opacity readings at the stack exit indicate only the
conditions of the combined flue gases. The emission of.
dense smoke may be caused by ohe boiler or by several. A
measurement of particulate ldadihg in the stack is equally
nonspecific. The loadings must be measured in the breeching
from each boiler to determine the individual boiler emig-
sions.

A second type of nonroutine situation involQes the
exhausting of boiler flue gases through another process. As
. énerqgy conservation becomes more important, more mills and
pPlants are looking for potential uses of the hot flue gas,
for example as input to the particle dryer at a particle-
board or hardboard plant. The question then becomes whether
the flue gas leaving the dryer is classified as a boiler or
a dryer emission. Similarly, if the flue gas is ducted to a
system for predrying of the fuel before it enters the fur-
nace, is exhaust from the fuél-dryer classed as a boiler
emission or another process emission? Many'regulations

leave these questions unanswered.
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Soot blowing and grate cleaning can introduce further

complications. Emissions of particulate matter usually
increase severalfold during intermittant soot blowing and
intermittent cleaning of grates. An emission sample col-
1ected during these periods is likely to show excessive -
particulate loading, as would an opacity reading. For this
reason soot is usually blown at about midnight, and no soot
blowing or grate cleaning is practiced during emission
tests.

PARTICULATE MEASUREMENT METHODS

Compliance with emission standards is usually deter-
mined by sampling at the polluting source. Source sampling
is done by EPA methods or by methods specifically endorsed
by the EPA.

Ssampling for particulates involves a problem not en-
countered in sampling for gases. Particles moving in a gas
stream tend to follow the streamlines, but the particles
have a greater inertia than the gas molecules. Anytime a
streamline makes a bend, the particle tends to continue on
its original path, deviating from the streamline. This
accurate sampling of particulate concentrations must be done
isokinetically; that is, the probe must draw a sample at the
same velocity as the gas stream being sampled. If the

sampling velocity is less than the gas flow velocity, the
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streamlines will bend out and afound the probe inlet.
Instead of following these streamlines the particles will
tend to continue in a straight line to the probe inlet. The
analysis will show falsely high.particulate loading for the
volume of gas sampled. If the sampling velocity is greater
than the gas flow velocity, the opposite will occur: the
streamlines will bend into the probe inlet, and the par-
ticles will tend to céntinue past it. The analyéis will
show a falsely low particulate loading for the volume of gas

sampled.

EPA Method 5

| In 1971 the EPA adopted a standard method for testihg
of new foséil-fuel—fired boilers.IS‘;Many control agencies
have adopted this.as the only‘accéptable method for sampling
combustion sources. ‘it has héﬁ beeﬁ.determined that this is
the preferred method for sampling of wood-fired boilers.

The EPA Method 5 sampling system is a modification of
one developed by the U.S. Bureau of:Mines about 60 years
ago. Figure 25 is a schematic diagram df the EPA sampling
train. |

The system collects two types of materials: the filter
collects the solid particulates, and iiquids thét condénse
at filter temperature, and the impingers collect materials

that condense at impinger temperature. Everything collected
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up to and including‘the filter is called the‘"front-half"
catchf Everything collected behind the filter is considered
the "back—half" catch. 1In sampling New Source Performance

Standards the EPA ‘measures only the "front- half" catch using
‘the impinger train only to determine the amount of water
vapor in the sample and to protect the pump and gas meter
from cortosive, condensible vapors. Many agencies, however,
require reporting of the total catch (front and back) for
emission testing of combustion sources, |

The EPA Method 5 train samples at approxdmately 1 cubic

foot per ﬁinute over collection periods of about 2 hours.
ThlS relatively 1ong sampllng period requ1res ‘that the
boller operator hold a steady load to obtain valid test
results.

High-Volume Method

The high-volume stack sampler was developed to obtain a
sample rapidly during actual operation. Tt provides a valid
sample from a wood~fired boiler in 1 or 2 minutes. Other
advantages of the sampling train are discussed by Boubel.:_l'6
Many producers of forest products use the highwvo}ume sampl-
ing train to test ambient temperature sources, and they have
naturally adopted its’use to their wood-fired combustion
sources. Several state and regional control agencias have
accepted results obtained w%th.the‘high—volume system as

valid for determining compliance.




The latest high-volume sampling train incorporate an
electronic computer'to'adjust the sample fiow'rate auto-
matically for isokinetic sampling. The computer displays
the flow in cubic feet per minute and total cubic feet
sampled. This sampling train has been used successfuily on
several wood-fired boilers.17

One definite advantage of the high—volume:system for
sampling wood-fired boilers is the large probe. The large
flow volumes permit isokinetic sampling with probes of 15/16
to 1 7/8 inches in diameter. The advantage ié that a boiler
with no particulate collection equipment may emit particu-
late as large as 1/2 inch on a side and the high-volume
sampler collects these particles whereas low-volume trains
with small probes (such as EPA Method 5) reject them.

The high-volume sampler appears to be the method of
choice for use with wood-fired boilers. Comparison sémpling
with this sampler and the Method 5 sampler has shown:no
signifidant difference in particulate emissions from wood-
fired boilers (these studies are described later). The
system allows accurate calculation of the moisture in the
stack gas, and since wood contains practically no sulfur,
the flue gas does not attack the sampler. The flow measure-=
ment system is an orifice plate that determines the flow of
all gases (even water vapor) accurately. The cost of test-
ing with the high-volume gsystem is considerably lower than

that for other methods currently in use.
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Opacity Measurement

Regulation covering the opacity of emissions from wood-
fired boilers usually specify readings by a qualified ob-
server. Smoke density readings by qualified inspectors have
been accepted and upheld in most court actions. Some
agencies regulate only opacity, rather than particulate
loading, because source testing is expensive and complaintg
by citizens usually are concerned with visual émissions{
Certified Observers

Emission regulations based on opacity,‘optiéal_density,
or Ringlemann number require pPlume readings by a trained and
certified observer. Because wood smoke is sometimes light
grey or white, the observer must be qualified by a smoke
school to read both "white" and "bléck" plumes. The ob-

. server must also be experienced in reading moist plumes
because the water vapor content of flue gas from wood-fired
boilers is high. The observer must keep accurate records of
all conditions at the time of the readings. Reexamination
is required before eipiration of a certificate if an ob-
server's readings are fo be accepted in court. Certifica-
tion periods usually cover 6 months or 1 year.
Opacity Monitors

Although opacity monitors are useful for informing the

boiler operator of the visual condition of the plume, they
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involve several inherent difficulties. One is that sub-
stantial errors can occur because of differences in geometry
of the stack and the monitoring system. Also, being mounted
in the boiler breeching, the monitors may be subject to high
temperature and vibration and thus may need frequent main-
tenance and recalibration. A further difficulty is that
particulate emissions tend to coat the protective lenses on
the optical system, causing false readings of opacity.
Lenses must be cleaned frequently to keep the instruments
functional. The most expensive commercial models are equip-
ped with continuous purge systems to overcome this problem.

Opacity is dependent upon many factors, such as gas
temperature (density), size and concentration of particulate
matter, relative humidity, and length of light path. Should
any of these parameters differ at the monitoring location
and the discharge point of the stack, the monitor would not
indicate opacity at the discharge point. Because opacity is
strongly dependent on size of the particles in the gas
stream, measurements of opacity cannot be used as measure-
ments of particle concentration. Attempts to relate concen-
trations of flue gas particles and opacity have not been
highly successful. Some are discussed later.

The cost of opacity monitors ranges widely. The least

expensive units can be installed for less than $500. At the



other end of the scale, the investment can exceed $8500,

Such a system would include automatic recalibration at

regular intervals, continuous purgé systems to keep the
lenses clean, automatic correction for geometric differences
in the monitoring location and the Stack outlet, low main-
tenance, and high reliability.

Some commercial monitors measure optical density rather
than opacity. Opacity is measured on a percentage.scale,
whereas optical density is scaled from zero to infinity.

The relationship is illustrated in Figure 26, which shows

that zero percent opacity corresponds to zero optical den-
sity. The term "absorbance" is used interchangeably with

optical density.

THEORETICAL EMISSIONS

Particulate emissions from a wood-fired boiler may be
approximated by calculation. The following example problem
will illustrate the method: |

ASSUMPTIONS - Fuel is Douglas fir bark with 50 percent
moisture and 1 percent ash.

Fuel feed rate is 20,000 pounds of wet fuel
per hour, o : I

Heating value is 9000 Btu per wet pound.
Excess air is 50 percent.

Half of the ash leaves_the stack as fly ash
containing 25 percent carbon.




o
4.}
lIIllII

OPTICAL DENSITY
o o
- nN

]

0.05

0.02 I I | L
0O =20 40 60 80 100
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Figure 26. Relation of opacity to optical density8
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The first calculation is to determine the‘gaé'flow, in
scfm, through the boiler.

At 0 percent excess air, 1 dry pound of Douglas fir
bark requires 6.17 pounds of air for complete gombustidn.

_ 92.26 1b air
1b dry fuel

50 percent excess air = 1.5 (6.17)

Neglecting any ash, the flue gas (dry) is composed of
the 9.26 pounds of air plus the pound of dry fuel (after
combustion), minus the water from hydrogen combustion; so:

9.26 1b of air | ©°10.20 1b flue gas
1o of fuel & 0-94 1b fuel = 1b dry fuel

The volume of flue gas may be calculated using mol
percentage, but a good approximation is 13 standard cubic
feet per‘pound.

10.20 1b flue gas . 13 standard cubic feet _
1b of dry fuel 1b of flue gas

132.6 standard cubic feet/pouhd of dry fuel

The fuel rate is:

20,000 1b wet fuel % 0.5 1b dry fuel _
hour 1b wet fuel .

10,000 1lb dry fuel
hour :

The fuel gas volume (dry) is:

132.6 scf g'lO;OOO'lb‘dry‘erl _
1b dry fuel hour

1,320,000 standard cubic feet per hour
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The particulate as fly ash is:

20,000 1b wet fuel - 0.01 1b ash
hour ib wet fuel

1 1b fly ash _ 100 1b fly ash
2 lb ash hour

The emission may now be expressed in terms approximate
to those of the regulations:

1. Grains per standard cubic foot at 50 percent excess
air:

100 1b - 7000 grains % hour _ 0.53 grain
hour 1b 1,320,000 scf scf

2. Pounds per million Btu:

100 1b < hour % 1b wet fuel
hour 20,000 1lb wet fuel 9000 Btu

105 Btu - _  0.56 1b

million Btu million Btu

3. Pounds per ton of fuel:

100 _1b hour 5 2000 1b wet fuel _
hour 20,000 1lb wet fuel ton of wet fuel

10 1b
fon ot wet fuel

4, Pounds per hour:

100 1b fly ash
hour

From previous calculation =

These simple calculations show clearly that some method
of particulate control will be required to meet any realis-

tic emission standard.
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MEASURED EMISSIONS

Measuréments of emissions from boilers have shown the
same order of magnitude as the célculated emissions. A
boiler with no particulate removal equipment, firing a dirty
fuel at'approximately its rated capacity, may emit more than
1.0 grain per standard cubic foot corrected to 12 percent
C02.' A boiler with primary and secondary flue gas cleaning
systems, firing_a relatively clean fuel, may emit as little
as 0.0l grain per standard cubic foot corrected to 12 per-
cent‘COz. The boiler emitting 1.0 grain/scf would not meet
any emission standard, whereasithe'boiler emitting 0.01

grain/scf would meet all standards.

EPA Method 5 Testing

As stated earlier, in EPA Method 5 sampling of foséil-
fuel-fired boilers for compliance wifh New Source Perform-
ance Standards, only the front half (ahead of the impinger
train) islconsidered as particulate. - Many states reqﬁire
reporting of the total catch, while others requwire reporting
only the front half. It may be useful, then, to consider
what portion of the partiéulate eﬁissions is collected in
the impinger train (back half). ' For wood-fired boilers,
that portion is approximately 5 to 10 perceﬁt of the total.
Although some values as high as 25Ipércent have been re-
ported, these are probably due-to-leaks.in the filter sec-

tion that allowed the particulate to reach the impingers. -
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Usually the ratio of front- to back-half catch can be
determined by careful examination of the data. Table 14
shows data from one series of tests recently_reported by
Morford.18 Front-half catch and back-half catch were re-
ported separately for all runs. This tabulation indicates
that 93 percent of the catch was in the front half and 7
percent in the impinger train.

iIn considering the relative importance of the back-half
catch, one must also consider the over-all accuracy of the
method. It has been reported5 that the data from EPA Method
5 tests are probably accurate within +25 percent.. In view
of the wide range, it seems trivial to debate the inclusion
of a portion of sample amounting to 7 percent.

Table 15 compiles results of 135 particulate emission
tests of wood-fired boilers in Oregon and Washington since

1065.%°

The data represent both front- and back-half catch,
as required in these states. The tests encompass a wide
variety of boilers firing different wood and bark fuels,
operating at light to heavy steam loads, with and without.
particulate controls. Figure 27 summarizes these emissions

data in graphic form.

High-Volume Testing

since the moisture in flue gases of a wood-fired boiler

may be calculated, 2 valid sample from a wood~-fired boiler
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Table 1l4. EPA METHOD 5 DATA AS REPORTED BY MORFORD18

—

Total catch,

e EEmm—————
e —————re————

Front=-half catch

Test grain/scf® grain/scf? | § of total
EWEB No. 2 Morning 0.157 0.140 89.17
Afternoon 0.147 0.135 91.84
EWEB No. 31  Morning 0.197 0.162 82.23
Afternoon 0.405 0.364 89.88
EWEB No. 32  Morning 0.174 0.136 78.16D
Afternoon 0.306 0.235 76.80
U of O No. 1 Morning D.246 0.235 95.53
Afternoon 0.244 0.233 95.49
U of O No. 3 Morning 0.120 0.117 97.50
Afternoon 0.116 0.114 95.49
GP No. 1 Morning 0.070 0.064 91.43
Afternoon 0.118 0.108 91.53
GP No. 2 Morning 0.242 0.233 96.28
Afternoon 0.288 0.275 95.49
‘Average 0.202 0.182 92.86

2 at 12 percent CO

2.

Omitted from average because of leaking filters.
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Table 15.

EPA METHOD 5 TESTS ON HOG FUEL BOILER

INSTALLATIONSa IN OREGON AND WASHINGTON19
b 1b part. b 1b part. b 1b part.
gr/sct ton fuel gr/scf ton fuel gr/scf ton fuel
0.13 5.79 0.16 7.14 0.126 5.62
0.07 3.12 0.08 3.57 0.0219 0.98
0.063 2.82 0.17 7.58 0.0106 0.47
0.82 36.54 0.11 4.9 0.184 8.2
0.13 5.79 0.17 7.58 0.377 16.81
0.238 10.61 0.05 2.22 0.236 10.51
0.115 5.12 0.10 4.45 0.222 9.89
0.19 8.46 1.23 40.0 0.163 7.26
0.075 3.34 0.68 26.0 0.150 6.69
0.175 7.81 0.91 36.0 0.165 7.36
0.195 3.69 1.27 46.0 0.136 6.06
0.11 4.90 1.12 32.0 0.603 26.88
0.069 3.07 0.17 8.4 1.17 52.16
0.220 9.81 0.17 B.2 0.104 4.64
0.113 5.04 0.07 2.64 0.177 7.89
0.143 6.37 0.098 3.68 0.154 6.86
0.38 16.94 0.098 3.72 0.126 5.62
0.42 18.72 0.149 5.4 0.149 6.64
0.192 8.56 0.139 6.6 0.199 8.86
0.15 6.69 0.237 9.2 0.237 10.56
0.39 17.38 0.357 13.0 9,351 15.92
0.16 7.14 0.184 7.2 0.092 4.10
0.095 4,24 0.374 12.4 0.136 6.06
0.064 2.85 0.102 3.8 0.167 7.44
0.17 7.58 0.199 7.6 0.171 7.62
0.19 8.46 0.326 13.0 0.184 8.21
0.16 7.14 0.518 19.6 0.374 16.67
0.13 5.79 0.191 4.8 0.326 14.53
0.09 4,02 0.163 4.6 0.518 23.09
0.10 4.46 0.10 4.0 0.191 8.51 -
0.29 12.93 0.140 5.0 0.163 7.26
0.21 9.36 0.141 5.0 0.018 0.8
0.31 13.82 0.154 5.96 0.008 0.35
0.22 9.81 0.08 3.0 0.08 3.57
0.67 29.86 0.07 2.6 0.07 3.07
0.10 4,46 0.17 6.7 0.17 7.58
0.1l6 7.14 0.32 12.34 0.32 14.27
0.30 13.38 0.092 4.1 0.067 2.99
0.43 19.17 0.136 5.4 0.098 4,37
0.27 12.03 0.69 16.54 0.102 4.54
0.46 20.50 0.62 20.6 0.199 8.86
0.51 22,74 0.144 6.6 0.140 6.24
0.33 14.70 0.174 5.48 0.141 6.29
0.36 16.05 0.104 4.064 0.184 8.21
0.12 5.34 0.177 7.89 0.377 16.80

@ mhese boilers are not identified by type. size, or owner.

b

At 12 percent COZ'
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stack can be obtained.by use of a probe followed by a filter
and metering section, as in a high-volume sampler. With
this sampler several samples can be taken in a single day
for statistical analysis or for following intentional
changes of boiler load or combustion conditions. Some
states accept this high=-volume sampling data for compliance
testing. In states requiring compliance tests by EPA Method
5, many companies use the high-volume sampler for precom=
pliance testing and adjustment of the boiler before under-
taking the expensive EPA Method 5 test.16'17'18
ngh-Volume, Steady-State Tests

Because the high-volume system provides a valld sample
in 1 or 2 minutes, several samples can pe obtained at rela-
tively steady boiler loads for statistical analysis. The
test results can then be expressed in terms of a mean emis—'
sion loading with a standard deviation, which is much more
meaningful than a single test result number. Table 16
summarizes results of several such tests performed over the
past 10 years by Boubel and othe.rs.l7'18

The table indicates that six to eight tests generally
produce a standard deviation of about 10 to 20 percent of
the mean. Two tests produce a higher standard deviation, 30
to 60 pefcént of the mean. For an accufate‘éicture of

particulate emissions, probably at least six tests should be

run at each boiler loading.




. Table 16.

HIGH-VOLUME TESTS OF WOOD-FIRED

BOILERS AT STEADY LOADING]-'7'_]'8

Code letter
of boiler

Boiler load,

Total

no.

of tests

Mean loading,

gr/scf at 12% CO

Std. deviation,
2

NHOWOZZZERFFRUHITOQOQMEO QWw S

% of rating

30
82
47
75
75
46
46
33
75
83
100
. 67
42
75
67
92
67
92
60
80
100
100
100
100
100
100 -

NNNNWRNNRNWWWWo S 0 0w W O Ut~ 00 O\ 00 00

0.204
0.223
0.265
0.240
0.106
0.113
0.246
0.169
0.132
0.176.
0.524
0.138
0.112.
0.204
0.384
2,091
0.403
0.739
0.942
0.913
1.385
0.774
0.189
0.567
0.115
0.626

0.019
0.090
0.032
0.030
0.010
0.032
0.063
0.020
0.021"
0.022
0.041
0.017
0.012
0.049
0.047
0.462
0.079
0.004
0.376
0.341
0.030
0.052
0.101
0.019
0.075
0.183
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High-Volume Tests at Varying Conditions

Testing with the high volume sampler is rapid enough
that plant personnel can vary the operating parameters to
determine their effects on particulate emissions. Table 17
.shows the effects of varying bqth load and excess air on a

boiler during 1 day of testing.

Table 17. HIGH-VOLUME TESTS OF A WOOD-FIRED BOILER AT

VARIABLE LOADS AND EXCESS AIR SETTINGS (BOILER 5)

Steam load, : Excess Particulate emissions,
% of rating air, % gr/scf at 12% CO2
35% ' 400 0.727
35% 165 0.174
55% ' 180 0.418
55% - 145 0.227
- 55% _ 105 0.184
100% 45 0.496
100% ' 35 0.755

High-volume testing also allows determination of par-.
ticulate loadings before and after a control device to
determine its efficiency. The boiler must be held at a
steady state for only minutes. Table 18 shoWs results of an
efficiency test of é centrifugal particulate collector,
measured with a high-volume sampler. The effect of varying
the boiler loading shows in particulate emissions both
before and after the collector. The efficiency of the
collector increased as the.loading increased, the expected

trend for an inertial collector.
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Table 18. RESULTS OF EFFICIENCY TEST OF CENTRIFUGAL

COLLECTOR ON WOOD-FIRED BOILER (BOILER K)

Boiler load, Collector lbading, | - Collector
% of rating gr/scf _ : efficiency, %
Inlet Outlet ' :
54 | 0.099 |  o0.080 19
76 0.170 0.091 46
100 - 0.213 0.102 52

When the fuel load on a wood-fired boiler is changed,
it is probable that emissions wiil chanééf For this.reason
it_is desirable to test a boiler at both its_normal operaﬁ—
ing load and its rated capacity. _High—Volume_testing is
rapid ehough to indicate the emission pattern of a boiler as
the load is changed.

Table 19_shows the results of testing three separate-
,boilers at one plant, at their normal and rated 1oads.v'The
spreader stoker does not seem to be as sensitive to loéd
change as are the two Dutch ovens. Note that all three
boilers are emitting excessive particulate aﬁrall 1oéds.

The plant installed new particulate control devices on the
basis of these tests.

The high-volume sampler was used to test one wood-fired
boiler to show the harmful effect of cinder reinjection.

Two tests were made with reinjection, then the reinjection
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Table 19. PARTICULATE EMISSIONS OF THREE
BOILERS AT VARIOUS LOADS

(Each test is average of two or three individual tests)

Boiler type Boiler load, | Particulate emission,
and code letter $ of rating gr/scf at 12% CO,
Dutch oven (L) 73 0.384
- Dutch oven (L) 100 2.242
Dutch oven (M) 73 0.403
Dutch oven (M) 100 0.739
Spreader stoker (N) 60 0.942
Spreader stoker (N) 80 0.913
Spreader stoker (N) 100 1.385

Table 20. PARTICULATE EMISSIONS FROM A SMALL SPREADER. STOKER

WITH AND WITHOUT CINDER REINJECTION (BOILER 6)

Particulate emission,

Sample no. Reinjection gr/scf at 12% CO2

1 Yes 0.1482

2 Yes 0.1494
Average Yes 0.1488

3 No 0.1287

4 No ' 0.1133
Average No 0.1210
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system was inactivated-for_two'more tests. Results are
shown in Table 20. Although this boiler did not meet a
grain loading standard of.d.l_gfain per scf at 12 éerceht
COZ; the particulate emissions decreasea by 20 pefcent
without cinder reinjection. |

Particle Size Analysis

Sampleslcollected in impaction systems may be ahalyzed
for particle and weight distribution by weighing the por-
tions collected in each section of the impactor. Deter-
mination of mean size distribution of the particles is based
on the weight distribution of the sample.

Wood~fired boilers may emit particuiate too‘large for
analysis by impaction methods. The matefiél may be sized by
a screen analysis, but this requires a very large sample.
Such a sample may be obtained by operating a high=-volume
sampler over a long time period.

The usual method for.particlé sizing of material éol—
lected in a high-volume sampler is to scrapé some of the
material off the filter and place it on a microscope slide.
If the loading is very light, the particies‘may be sized by
cutting a representative sample from the filter and placing
it on a microscope slide, dirty side up. The filter is then
cleared by a drop or two of immersibn 0il and the particles
sized directly. In either case; a minimum of 100 particles

should be sized under a microscope. Sizes may be reported
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in terms of the percentage of particles smaller than a given
size. Because the particles sizes usually.foilow a log
normal distribution, a mean size and geometric deviation
describe the sample. The mass mean may be computed from the
size mean by the formula:

ln M'g = 1n Mg + 3 (ln 0)2

where:
M'g = Mass Mean
Mg = Size Mean
o = Geometric Deviétion

Table 21 shows particle sizes from several tests of

wood-fired boiler with high-volume samplers.

Table 21. PARTICLE SIZES FROM HIGH-VOLUME TESTS

OF WOOD-FIRED BOILERSl7'18
Boiler tested Size mean, Geometric Mass mean,
(code letter) microns deviation microns
) G2 1.9 1.71 4.5
H 3.6 2.03 16.2
I 4.5 1.73 11.1
Ja 5.0 1.88 16.5
K 2.1 1.75 - 5.4
L 5.3 | l.62 10.6
L 23.4 2.01 100.8
M 6.5 1.66 14,1
M 26.4 2.10 137.5
N 6.8 1.71 17.3
Na 13.7 1.69 31.3
S 6.8 1.59 13.0
a

Boiler with centrifugal primary collector.
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Examination of Table 21 indicates that a large ?ercent-
age of the particulate emitted from some wood-fired boilers
is in the respirable size range (léss than 10 microns),
whereas emissions from others are so large that_they con-
'stitute'dnly'a nusiance problem.

Particulate~Combustible/Ash Analysis

If a boiler is operating at maximum efficiency, it will
consume all the combustible material and emit only inorgan-
ics as fly ash. An inefficienﬁ boiler will emit large
quantities of unburned organic ﬁaterial and carbon. By
collecting the particulate matter on a glass fiber filter
and ashing the filter in a muffle furnace, the analyst can
calculate the percentages of organic and inorganic.materials
in the fly ash. The high-volume filter-is'particuiarly
useful for such analyses because it can collect a large mass
of sample; - Table 22 shows the anaiysis of several'éarticu—
late samp;es; _ |

The efféct of boiler loading is'indica;ed in_Table;23.
The boiler tested waé a new spreader stoker with capacity of
45,000 pounds of steam per hour, equipped with a centrifugal
primary collector but with no reinjection . system. At the
higher loadings the wood particles were not consumed com=
pletely and the unburned components came through with the.

particulate fly ash. This boiler was required to meet a




Table 22. ASH ANALYSIS OF PARTICULATE FROM SEVERAL

WOOD-FIRED BOILERsY’’18
Boiler tested
(code letter) Particulate asgsh, %
L 98
L 94
M 76
M 56
N 87
N 64
K 55
0 15
P 24
Q 37
R 24
Table 23. PARTICULATE EMISSION ANALYSIS AND
CALCULATED ASH VALUES (BOILER 5)
Calculated
Particulate _ uncombustible
emissions, emissions,
Boiler load, | grain/scf Particulate | grain/scf
% of rating at 12% CO2 ash, % at 12% CO2
35 0.118 59.5 0.070
55 0.178  50.7 0.090
100 0.232 29.5 0.068
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standard of 0.10 grain per scf at 12 percent co, but emig-
sions exceeded this level.during the tests. If combustion
had been complete within the furnace, emissions would have
met the standard at all boiler loads. It is appérént that
emigsions can be excessive when combustion is not complete.
Opacity

Opacity of plumes can be measured by observations of a
certified observer or by an opacity-monitoring instrument
mounted in the stack. Values obtained in these two types of
measurements may differ because of such variables as humid-
ity, chemical reactions, plume geometry, background condi-
tions, and winds.

Cristello20 has reported opacity values measured by a
trained observer and by an optical transmissometer. The
measurements were made on three different days under varying
conditions. The results, shown in Table 24, indicate-cdnf
siderable differences betweeﬂ the visual and the instru—
mental readings. The coefficient of determination (rz) fbr
the data is 0.498, which indicates relatively poor correla-
tion. Data such as these are sometimes cited to show that
instrument readings may not be substituted for readings by a
certified observer in determining compliance with oﬁacity
regulations. Interestingly, Cristello reports fairly high

correlations between instrumental opacity readings and
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particulate emissions determined by EPA Method 5, as dis-

cussed in the following section.

Table 24. COMPARISON OF VISUAL OPACITY WITH OPTICAL

TRANSMISSOMETER FOR A WOOD-FIRED BOILER20

Sample Visual Transmissometer
date opacity, % opacity, %
5-22-74 30 30
20 20
40 35
5-30-74 0 51
15 57
20 66
80 75
7-4-74 0 20
100 99

Comparison of Measured Emissions

Comparative testing of particulate emissions by dif-
ferent methods is done for several reasons. A large company
may'operate boilers in several states and wish to standard-
ize on one test procedure. If they can demonstrate good
correiation with the standard method used in a particular
state, they may be allowed to use their method as an alter-
native or equivalent procedure. Also, correlations can
provide valuable guidance for boiler operation, since high
opacity reading may be expected if particulate emissions are

high.
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Comparison of EPA Method 5 and High Volume Method

Morford18 reports on an extensive series of tests in
which an EPA Method 5 sampling train and an automatic¢ high-
volume sampler were operated in_parallel on several wood-
fired boilers. Results are shown in Table 25. The values
are averages of two runs for Method 5 and Modified Method 5,

and four to eight runs for the high-volume method. The

Modified Method 5 values represent front-half catch only.

Table 25. COMPARISON CF EPA METHOD 5 AND HIGH-VOLUME

PARTICULATE SAMPLING VALUES

Mean grain loadingsa
Boiler Modified
code Date High-volume Method 5 Method 5
A 1 6 May 75 0.204 0.152 - 0.138
B 4 Mar 75 0.223 0.301 0.263
B 22 Apr 75 0.265 0.240 0.186
c 11 Mar 75 0.240 0.245 | 0.234
D 18 Mar 75 0.106 - 0.118 0.116
E 20 May 75 |  0.113 0.094 0.086
F 27 May 75 0.246 0.265 0.254

Grains per standard dry cubic foot (gr/dscf) adjusted to
12 percent C02.

Statistical analysis of the data in Table 25 showed no
significant differences (o = 0.05) in the particulate load-

ings measured by the three methods. The standard deviation
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and standard error for the high-volume method were lower
than those for the EPA Method 5 and Modified Method 5.

This series of tests indicates that the high-volume
method could be considered as an acceptable alternative to
either EPA Method 5 or the Modified Method 5 in particulate
emission testing‘of wood-fired boilers.

Comparison of EPA Method 5 and Opacity

Cristello20 reports comparative testing of two wood-
fired boilers. Particulate was measured with the EPA Method
5 sampling train at the same time a Lear-Siegler model RM-4
optical transmissometer was recording opacity of the plume.
Oonly front-half catch by the Method 5 train was reported.

The flrst test series was on a boiler rated at 300, 000
pounds of steam per hour at 600 psi. A multlple cyclone
collector was the only control device. In a series of 21
tests, the.coefficient of determination (r2)-was 0.89. The
linear regression equation was: |

g Opacity = 0.0l4 + 1.29 (front-half particulate,
o grains per scf) '

The equétioﬁ wag develoﬁed from paiticﬁléte values ranging
from 0.06 to 0.29 grainé per dry scf.

The second test series was run on a common stack from
two Dutch oven boilers burning hogged fuel. The particulate
control device was an annular ring incorporating water spray

showers, the unit functioning as a wetted cyclone. 1In a



series of eight tests the coefficient of determination (r2)
for opacity versus the front-half particulate catch was
0.97. The linear regression equation was:

% Opacity = 0.105 + 2.05 (front-half particulate,
grains per scf)

The equation was developed ffom Particulate values ranging
from 0.01 to 0.20 grains per dry scf. |

The two regression equations developed from tests of
.the two bollers differ 51gn1flcantly, an 1nd1catlon that
although comparisons of particulate em1551ons and opacity
may be reliable for individual boilers, such comparisons
should not be applied to more than one boiler. Each boiler
must be tested to determine the correlation and regression

equation, which can be useful for predicting emissions.

5-38




6.0 CONTROL TECHNOLOGY

The calculations presented earlier show that a wood-
fired boiler is unlikely to comply with a particulate emis-
sion standard of 0.2 grain per dry scf corrected to 12
percent CO2 without some type of control device between the
boiler and the stack. If the emission standard is 0.1 grain
per dry scf, at least one control device is needed, and most
boilers required to comply with that standard over their
entire operating range must use two separate control devices
in series.

Operation of a boiler system in compliance with emis-
sion regulations is a function not only of the control
devices but also of the operator's training and skills, the
system instrumentation, the plant's maintenance and operat-
ing procedures, and the applicable regulations. These
factors, discussed earlier, are now considered as part of
the total technology for control of particulate emissions
from wood-fired boiler.

CONTROL DEVICES
The effectiveness of pollﬁtion control devices depends

to a large extent on the characteristics of the particles



they are intended to capture. Consideration of these char-

acteristics is an important aspect of control technology.

ll

Size - The size of fly ash particles from a boiler
may range from less than 1 micron to more than 100
microns. In determination of particle size, many
particles are measured and the results are aver-
aged. Particle size may be expressed as an aver-
age or mean size, or, as weight fractions with
assumed shape and density. ' :

Density - Density of the particles affects the

~collection efficiency of a pollution control

device. Low-density particles are more difficult
to collect by inertial collection devices than
high-density ones. :

Settling velogity - Settling velocity is the
maximum speed that a particle can attain when it
is falling through quiet air. Particles that
settle at rates less than 1 centimeter Per second
are considered to be aerosols. '

"Resistivity - Resistivity of particles is related

to their ability to carry electron charges and is
of concern only with respect to electrostatic.
precipitators. Some particles can accept electron
charges, others cannot. The ability of fly ash
from hogged fuel to accept electron charges is
limited because of its resistivity. - :

Adhesiveness ~ Some particles are naturally
sticky, adhering to themselves and to other

. surfaces under proper conditions of temperature
‘and moisture. Such particles may be easy to
- separate from an airstream but difficult to remove

from the control device. Most emissions from-
hogged fuel boilers present no such problem.

Particle strength - A major difficulty with fixed

carbon particles is that they break easily into
smaller particles. Mechanical Processes that
involve rubbing, abrasion, vibration, or crushing
can greatly reduce the size of carbon particles.

- This is of major concern in control of systems for

collecting and handling carbon,

-
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Inertial Collectors

The most common particulate control device in use is
the cyclone separator, which separates particles from ex-
haust gases. As shown in Figure 28, the particle-laden gas
enters the top of the cyclone through a tangential inlet (or
inlet guide vanes) that spins the gas stream in a helical
path down the inside. The particles in the gas stream are

forced to deviate from a straight pathway as they rotate

about the cyclone axis. Their resistance to change in
direction causes the particles to migrate toward the cyclone

walls. As they reach the walls, gravity and the downward

motion of the gas stream carry them to the bottom. The gas

stream changes di:ection as it approaches the bottom and
rises toward the discharge in a return vortex.

From among many factors that affect cyclone efficiency,
six important ones aré discussed here.

1. Diameter of cyclone. As cyclone diameter increases,
particles must travel farther through the air
stream to reach the wall. Therefore, increasing
the diameter reduces collection efficiency.

2. Length of cyclone. As cyclone length increases,
the residence time of the gas also increases,
allowing more time for the particles to move
through the gas to the wall. Thus, increasing the
length of the cyclone increases efficiency.

3. particle disengaging zone. When particles reach
the bottom of the cyclone, they drop out under the
force of gravity. If a bin collection chamber is
at the bottom, the return vortex may dip into the
bin and reentrain particles in the exit gas stream.
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To prevent this occurrence, some cyclones are
equipped with disengaging zones at the outlet. As
particles reach the bottom of the first cone, they
drop into a second one, where their helical path
sends them to the periphery, away from the return
vortex. This design reduces the chance of reen-
trainment and increases cyclone efficiency.

Flow rates of the gas stream. Cyclones are de-
signed to operate within a range of gas flow
rates. If flow rates are too low, the centrifugal
force is not great enough to separate the par-
ticles from the carrier gas. If flow rates are
too high, then energy is wasted in pressure drop
across the unit and the return vortex configura-
tion may be disrupted. Operators should follow
the manufacturer's design criteria for the speci-
fied range of flow rates.

Push- or pull-through systems. Cyclones can be
operated either as push-through systems or under
vacuum as pull-through systems. Although there is
little theoretical difference in efficiency, the
push-through systems must include vacuum seals on
the bottom of the cyclone where the particles are
discharged. Any leakage of these seals will admit
air that can reentrain particles. Even though
they are generally less efficient, the pull-
through systems normally are used on hogged fuel
boilers because push-through systems subject the
induced-draft fan to extensive abrasion from
particles in the flue gas.

Particle characteristics. As noted earlier, the
size and density of particles control their settl-
ing velocity. Small particles with low settling
velocities may not be able to reach the cyclone
walls in the brief time that the gas is in the
cyclone. Figure 29 illustrates a typical curve of
cyclone efficiency for various particle sizes.
Note that for a typical cyclone the probability of
capture of particles whose diameters exceed 40
microns is 99 percent, whereas for particles with
diameters below 10 microns it is only 64 percent.
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In multiple cyclone systems the.cyclones'are ducted in
a parallel-flow arrangement. Usually the term is applied to
systems that contain 50 tb 250 small-diameter cyclones,
enclosed in a single box. A typical multiple-cyclone in-
stallation is pictured in Figure 29a. The inlet gas stream
is ducted to a manifold cyclone inlet. The gas stream
entering the top of any individual cyclone is directed
through inlet guide vanes into a heical path providing the
centrifugal force for separafion of the particles. As with
conventiqnal large cyclones, the gas stream moves downward
and then reverses direction and exits the cyclone in a
return vortex. Particles that are removed from the gas
stream drop into a hopper or bin.

Because the diameter of each of the multiple cyclones
is much smaller than that of a large cyclone, the efficiency
of particle collection is greater, particularly with small
particles. Figure 29 illustrates typical collection-effi-
ciency curves for multiple cyclones and standard large
cyclones.

Most multiple~cyclone installétions on hogged fuel
boilers are installed upstream from the induced~-draft fan to
eliminate erosion by particle-laden air entering the fan.
Because such an installation requires operation under vac-

uum, any leakage in the bin or collection hopper will cause



reentrainment of particles and will reduce collection effi-
ciency. Leakage into a collection hopper also increases the
danger of fires in the hopper. The gas stream in multiple
cyclones is usually oxygen deficient because it comes from a
combustion process. The hot bits of unburned carbon usually
will burn rapidly if subjected to a stream of fresh air.
Attention should be given also to sealing of inspection
ports.

The rate of removal of material from the hopper must
.equal.the rate of input to prevent plugging of the hopper
and eventually of the individual cyclones. Inspection ports
or other means of monitoring are usually provided.

A great disadvantage of multiple cyclone systems is
that they are encased in a metal box that prevents regular,
visual inspection of each of the cyclones inside. Because
the material removed from the exhaust gases contains small
amounts of ash and sand, abrasive damage to individual
cyclones is common. A cyclone can be completely eroded
before the operators are aware of its condition. A regular,
visual inspection of each cylone is recommended. Such
inspections are difficult to schedule when the boiler must
be kept in service continuously. |

Uneven distribution of gas to multiple cyclones can

decrease their efficiency. Substantial variations in inlet
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pressures within the box will cause improper flow of the
flue gases, a portion of which may flow into the hopper and
back up through some of the cyclone outlets, causing sub-
stantial reentrainment.

The literature contains many theoretical discussions of
fractional size collection by centrifugal collectors. In
operation on wood-fired boilers the inlet and outlet size
distributions apparently do not differ greatly until the
particle size exceeds 5 microns. T.en the collector tends
to selectively collect the larger particles. Table 26 gives
data from a test of an experimental centrifugal collector on
a boiler rated at 140,000 pounds of stream per hour. Note
that both the outlet grain loading and the outlet mean
particulate size remained fairly constant over the range of

steam loads tested.

Table 26. EFFICIENCY TESTS OF A CENTRIFUGAL COLLECTOR

Steam load, Particulate emission,
1b/hr Location grains/scf Mean size, U
80,000 Inlet 0.099 3.87

: Qutlet 0.080 3.38
100,000 Inlet 0.170 6.30
Outlet 0.091 3.51

130,000 Inlet 0.213 6.01
Outlet 0.102 3.32
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‘Wet Scrubbers

One approach to particle control'is_to trap small
particles on the surface of iarge particles, such és liquid
droplets, and then collect the large particles. Devices
based on this principle are cailed scrubbers or wet scrub-
bers, since most use a liquid to capture the particles.

Thé designer of a scrubber seeks to optimize three
parameters: surface area of the liquid, contact between
particles and liqﬁid, and collection of the liquid.

Surface area‘of the liquid can be maximized by use of
spray showers (Figure 30), venturi throat (Figure 31),
water curtains, foam materials, and other technigues for
converting the liéuid into small droplets. (When one gallon
of water is sprayed into droplets the size of a period, the
surface area increases to about 300 square feet.)

Contact of the particles and the surface of the 1iquid
is an integrél feature of scrubber design. In venturi
scrubbers, the area just downstream from the throat of the
nozzle is extremely turbulent, increasing the probability of
contact. In spray-nozzle systems, increasing the pressure
drop across the nozzle increases the velocity of the drop-
lets formed by the nozzle and promotes their impact upon the
particles in the gas stream. Some scrubbers incorporate
mechanical fans to aid in bringing the liquid into contact

with the particles.
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Collecting the liquid is relatively easy because of the
size of the liquid droplets. A properly designed cyclone
system works well in conjunctlon with venturi scrubbers and
spray-shower systems. An enclosed liquid-curtain w1ll keep
all of the llquld in the stream except for the portion that
may go off as a vapor in the exit gas stream.

The liquid used in wet scrubbers is usually water.

When the systems are applied to hogged fuel boilers, the
liqguid becomes basic, with a pH in the range of‘7 5 to 10.
The scrubbing llquld evaporates because of the heat prOV1ded
by the incoming flue gas. Thls often results in a visible
plume of water vapor. |

The efficiency of collectlng small particles generally
increases with inereasing energy input to the system. The |
enerqgy 1nput may be in the form of pressure drop across
liquid spray nozzles, venturi sections, collection cyclones;
or other devices. |

Collection efficiencies for wet scrubbers extend_over a
wide range. A system desigued for use on boilers fired with
hogged fuel, usually operates with overall collection effi-
ciency ranging from 95 to 98 percent by weight. Collection
efficiencies are higher for 1arge particles and lower for

small particles,

L




An advantage of wet scrubbers is that they are not
subject to fire damage. If hot sparks carry over to a wet
scrubber, the liguid quenches the fire quickly. ‘The obvious
disadvantage of such systems is that they generate water
pollutidn. Particles trapped in the scrubbing liquid must
be removed and the liquid recirculated. The solid particles
settle out of the water in a reasonably brief time (about 30
minutes). Thus, a clarifier works well to settle the par-
ticulate. Construction is costly, however, and disposal of
the solids from the clarifier is an associated problem. Fof
example, a hogged fuel boiler with a capacity of 100,000
pounds per hour may generate 8 to 10 tons per day of solids
in the exhaust gas stream. If this material is collected in
a wet scrubber, the solids from the clarifier will be in the
form of a slurry that is difficult to handle and dispose of.
It is extremely important in designing a wet scrubbing
syétem to make adequate provision for collection and dis-
posal of the solids.

Corrosion and erosion are potential problems in wet
scrubber systems. Corrosidn problems with wet scrubbing
equipment are discussed in detail in Reference 21.

Erosion can be severe in scrubbers and in sludge handl-
ing and removal systems if the particulate ash is abrasive.

For one wet scrubber system, the maintenance-replacement
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schedule for the sludge handling system is about 1l year.
Severe erosion can increase operating costs and reduce
scrubber efficiency. |

Farrell and Rippee, reporting on a low-énergy wet
scrubbing system instailed on a 180,000—pound—per-hour
boilet,zz state that typical outlet emissions run from O 04.
to 0.08 grain per standard cubic foot, with a pressure_drop
of only 1/2 to 1 1/2 inches of water. Table 27 summarizes
the boiler emissions.

Mick22 recently reported the problems of Georgia-
Pacific in operating wet scrubbers on wood-fired boilers.
He states that though the plant can meet emission standards
the operat10nal problems may dictate another control system.

Dry Scrubbers

The dry scrubber,-a~recently developad systém,.shOWS
pPromise in overcoming some of the undesirabia features of .
the wet scrubber. The dry scrubber utilizes a moving bed of
granular material (called media) as the entrapment material
rather than water droplets. The dirty media is.shaken at
the bottom of the unit and the particulate matter falls to a
storage bin. The clean media is removed to a conveyor,
which returns it to the top of the unit. The unit provides

the following advantages:
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Table 27. EMISSIONS FROM BOILER EQUIPPED WITH LOW ENERGY_SCRUBBER22

— . anr e et

Gas Particulate matter
Date Stack | Flow, |Moisture,|Temperature,|loading,|Loss, standard, | Inorganic,
£t3/min % . gr/scf | 1b/day| 1lb/day. 82
19712 1 |121,000( 17.1 404 0.51 6,730| 1,780 54.2
1972 1 111,000 19.4 413 1.44 15,660 1,896 ~ 57.6
1/15/73|North| 55,200| 16.4 180 0.068 526| 1,700 55.6
1/15/73|south | 58,900 19.7 182 0.068 535 57.3
1/25/73|North | 55,2001 17.4 178 ©0.071 545! 1 o90 49.0
1/25/73|south | 47,800 19.5 183 0.068 437| 48.6
2/6/73 |North| 59,4001 22.5 - 174 0.054 819| | o5 57.5
2/6/73 |south| 47,100 22.7 179 0.068 418 | ' 63.9
3/19/73|North | 46,400] 23.5 187 0.054 316 5 090 55.9
3/19/73|South | 56,800 27.2 179 0.059 a08| °' 58.2
3/20/73|North | 43,400] 24.3 157 0.042 237] , oio- 54.6
3/20/73|south | 44,600 22.2 162 0.041 243 77 56.3
6/5/73 |North| 54,300 22.6 178 0.077 5471 1 ag0 60.3
6/5/73 |South | 55,200| 20.9. 185 0.065 473( *' . 61.6

2 7norganic percentage of total particulate matter.
b Tests in 1971 and 1972 were before scrubber installation with only one stack.



1. No water Supply is required.

2. No water is discharged, since the particulate is
removed as g dry material.

3. No corrogion occurs; the unit can be made of mild
Steel.

4, The scrubber ig small. High velocity through the
filter media permits small dimensions and light
weight,

Dry scrubbers are being installed in several locations,
and on some of the largest wood-fired bdilers ever con-
structed (500,000 pounds of steam per hour). If they prove
as efficient and trouble-free ag Preliminary data indicate,
dry scrubbing may be the best available technology.

Extensive test data are available from various boilers
with dry Scrubbers. Table 28 reports data.for a hogged fuel
power boiler, and Table 29 reports similar data for a power
boiler burning hoggéd fuel with salt content. Table 30
givés results of a dry scrubber'test On a combination
bark/coal-fireq boiler; Table 31 gives results of a dry
scrubber test on a combination bark/oil-fired boiler.

Electrostatic Precipitators

Among the many factors affecting-collection.efficiency

in these units, an important one ig resistivity of the
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particles. Particles with low electrical resistivity, such
as that of carbon,‘giVe up the negative charge to the posi-
tive plate and assume a positive charge. Since like charges
are repelled, the ca;bon particles are pushed away from the
plate and are reentréined in the gas stream. Particles
having high electrical resistivity are unable to give up
their negative eletric charge. WAs these particles build up
on the collecting plate, they can form an insulating barrier
and even set up a net negative charge. 1In either case, with
excessively low or high resistivity, precipitator efficiency
is feduced.

Fly ash and unburned carbon from boilers fired with
hogged fuel have low electrical resistivity. The efficiency
of electrostatic precipitators can be increased if the
particles are conditioned by injection of a material that
alters resistivity to a more appropriate operating range.
Sulfuric acid mist is sometimes used in some instances to
accomplish thig, but can in turn cause corrosion and in-
crease the potential for environmental pollution.

Another way of overcoming the low résistivity of par-
ticulate from wood-fired boilers is to operate the precipi-
tator at high current levels. In practice, because of the
great variability of the particulate leaving the wood-fired
boiler, the precipitator must_be capable of operating at
high current levels even though it may be oPerated at normal

levels most of the time.
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Betchley reported in 1_97323 that only two power boilers
at paper mills were equipped with electrostatic precipita-
tors for particulate control. Both used mﬁltiplé cyclone
primary collectors and both were fired with coal and bark.
The clue to successful qpération-of these units waé probably
the use of coal as Primary fuél. The precipitator was
designed to accommodate the coal, which is a more consistent
fuel than wood residue. The sulfur in the coal also éided
the operation of the precipitator. It is important to note.
that coal was the primary fuel and that less tﬁan 50 percent
of the heat input was from wood. _

Table 32 lists all combination-fuel-fired power boilers
at paper piahts in the United States.?? The four boilers
fired by coal-oil-bark/wood use coal in proportiohs of 66,
80, 76, and 75 percent. The corresponding wood energy
inputs to these systems are 16, 7, 23, and 25 percent,
respectively. The table also indicates that emissions from.
the power boilers fired with wood residue and coal are
relatively high (0f17 to 1.2 grains per dry scf); so equipped,
these boilers would have difficulty meeting most emission
stahdards in force today.

Electrostatic precipitators are large and are costly to
install. The combustion of high capital cost and potential
for low efficiency has resulted in their limited use for |

control of emissions from boilers fired with hogged fuel.
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Baghouses

Baghouse filters are not used extensively on boilers
fired with hogged fuel, largely because of fire hazard. The
baghouse is a container housing cylindrical bags made of
cloth. The particle-laden airstream enters the bags from
the bottom. As the gas passes through the bags, the par-
ticles are trapped on the inside surface. The tfapped
partieles are removed by various methods, such as shaking,
reversing the gas flow, and impinging a high-velocity jet of
air at regular'intervals. In each sYstem the goal is to
make the trapped particles fall from the bag into a collec-
tion hopper.

Baghouse filters are extremely effiCient, even foﬁ'fine
(submicron) particies, with collection efficiencies commonly
greater than 99 percent. They do not require a great deal
of energy to operate. Pressure drops are normally'lese than
10 inches of water. Because they do not use liquid, there
is no visible plume and no water cleanup problem.

- The disadvantages, however, may outweigh these advan-~
tages. The bags are temperature-limited, with an upper
limit ef about 600°F for most commercially evailable mate-
rials. A small fire in the ash collection hopper or a
glowing ember in the flue gas, couid cause extensive damege

to a baghouse. If the baghouse is located downstream from




an efficient multiple-cyclone collector, however, the cpm—
bustible content of the captured material generally is too
low to support combustion.

The potential for fire damage is the most critical
disadvantage. Others must be considered, however. For
example, baghouse life is limited by wear. The constant
flexing or shaking action to remove collected particles

reduces normal bag life to 18 to 24 months, leading to high

maintenance costs. Further, baghouses are generally large
structures, and many plants do not have adequate space for
this type of installation. Baghouses must be fully insulated
to prevent condensation inside the bags ©or on cool surfaces.
This is particularly important where sulfur-bearing auxil-
iary fuels are burned. Finally, the initial capital cost of
a baghouse installation is high relative to costs of alter-
native control systems.

One wood-fired boiler at Spokane, Washington, has been
operating with Nomex bags with an air-to-cloth ratio of 4.1
acfm per square foot of fabric. Extensive tests were run on
this boiler. The results have not yet been published but
were obtained by private communication.

The boiler operated at a rate of approximately 30,000
1b/hr for all tests. Flue gas from the breaching of the

boiler traveled through a baffled settling chamber 20 feet



high by 8 feet in diameter, then through an induced draft
fan, and 120 feet of 33-inch diameter ducting (to cool the
gas stream). It then paséed_through a_cydlone with a settl—
ing chamber, and an éxpanded-metal typé spark arreéter, and
finally to the baghouse,‘followed by a second ihduced?draft
fan and a dampered stack.

The inlet samples were Coliected after the cyclone bu;
ahead of the spark arrester. The outlet samples were col-
lected from a port locatéd in thé“duct bétween the baghouse
exit and the last induced-draft fan. Table 33 gives the
results of this test seriés. Note that the grain loadings
were not corrected to 12 percent CO2 because of an Orsat
instrument problem. Test observers believe that the exceéé
air during the test was within normal operating ranges.

Other Control Devices

Many devices and combination systems now under develop-
ment show promise for control of emissions to‘ﬁaryingﬂdé—'
grees. One of theée is the Becker Sand Filter, which is an
adaption of a.water filtration system.‘ The dirty gas stream
enters the top of the'unit and passes downwa;d'through a
wetted sand bed. Water ié continually sprayed onto the sand
from the top. The cleaned gas is separated from the-watef
as it leaves the bottom of the sand bed. The key to success-—

ful operation of the syétem is that the sand is uniformly
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graded. The device is expensive to operate because of the
pressure drop (12 to 15 inches of water). Problems with
water supply and water ciean—up are similar to those of a
wet sdrubber. |

Systems incorporating moving bed filters, wetted elec-
trostatic precipitators, precoated bags in baghouses, and_
several other concepts may see future use.

Combination Devices

A single control device seldom provides adequate con-
trol of a wood-fired boiler. When control is limited to a
cyclohe or multiple cyclone, emissions probably exceed
regulations. If a cyclone or multiple cyclone is not used
ahead of a baghouse or scrubber, the inlet 1oading may be so
high that the device is overloaded. Failure of some dry
scrubber systems to meet environmental regulations has
recentlf been reported. Since these dry scrubbers were used
without inertial precleaners, it is conceivable that the
friable particulate matter entering the scrubber waé being
crushed in the scrubber and emitted as very fine particu-
late. 1Installation of multiple cyclones ahead of the dry
scrubbers might cure the problem. Change of the sc;ubber
medium may be another solution, | | |

The generally accepted primary.cleane: is the multiple

cyclone. For stringent control the cyclone may be followed
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with a wet scrubber, a dry scrubber, a baghouse, or an
electrostatic precipitator (for combination coal burners).

Table 34 summarizes the information now available on
control devices for wood-fired boilers. These data describe
current installations. For any proposed installation on a
wood-fired boiler, the costs and design data must be de-
veloped by a qualified engineer.
OPERATOR TRAINING

Proper boiler operation is often overlooked as a means
of controlling particulate emissions, even though emissions
from a boiler that is operated poorly can be 10 times as
great as those from the same boiler when it is operated
properly. The difference ig in the knowledge, skill, and
diligence of the person firing the boiler. 1In preparation
for placing a boiler in operation, the engineer who designs
the boiler and related systems must be licensed, the manu-
facturer and contractor must be bonded and required to
guarantee their work, and the boiler inspector must be
licénsed. In practice, this boiler can then be turned over
to a fireman or stationary engineer who has received no
training at all or to one having years of theoretical and
practical experience. A great deal is at stake: energy
conservation, air pollution control, plant safety, and
efficient, uninterrupted plant operation. The boiler opexa-=

tor, therefore, must be the best available.
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Certification of boiler operators, based on both theo-
reticél and practical examinations, would be desirable.
State and local ageﬂcies could require such examinations and
could establish a required level of.experience for "journey-
men," the only persons eligible to be in charge of a boiler
facility. Mény companies are currently doing this inter-
nally with both formal and on-the-job training.

Formal Courses

Formal training for boiler operators consists of lec-
tures, visual aids, problems, examinations, and field trips.
Junge has successfully developed such a course, which he has
presented several times on the West Coast. His manual3 is
an excellent guide for the student. This course has been
sponsored by local community colleges, by groups of lumber
industries, and by individual firms.

On-the~Job Training

Training on the Jjob is best done by an individual
company or utility. Experienced operators can provide
practical training for new employees in operation of boilers
and other equipment, perhaps using written or oral tests in
conjunction with the work_experience. Junge's m;—mual8 would
be a valuable aid in such a program. The employer can award
certificates for this type of training, as is done upon

completion of a formal course. Structured on-the-job train-



ing programs have been conducted successfully in other,
trades for years.
INSTRUMENTATION

Proper boiler operation requires adequate, accurate
instrumentation. A boiler operator should not be expected
to operate within the limits required by air guality stan-
dards without instrumentation to indicate how the boiler is
operating. The principal types of instruments required are
those that monitor combustion, emissions, and opacity.

Combustion Instrumentation

Combustion instrumentation, such as oxygen andlyzers
and temperature indicators, should be considered as impor-
tant boiler components. The oxygen analyzer, for example,
may signal a potential malfunctioh, A boiler operating with
twice as much excess air as the optimum not only will under-
~go high gas velocity through the system but will suffer an
additional penalty when the particulate emission is adjusted
back to 12 percent CO2 equivalent. The operator must be
aware of the ways in which combustion and particulate emis-
sions are affected by the situation the instruments are
indicating. Some especially critical instruments, such as
oxygen recorders, are often connected to an alarm that gives
an audio or visual signal when prescribed qperating limits

are exceeded.
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All persons concerned with boiler operation should know

the procedure for calibration of oxygen or carbon dioxide on
a dry gas basis, whereas the boiler instrumentation may
report the same component as a percentage of the wet gas.
For example, if the flue gas is composed of the following

hypothetical percentages of gases:

Nitrogen 68
Carbon dioxide 10
Oxygen 7
Water _15

100%

the analysis on a dry basis (as indicated by an Orsat in-

strument) would be:

Nitrogen 80.0

Carbon dioxide 11.8

Ooxygen 8.2
100.0%

The differences in these values are significant in terms of
combustion and particulate emissions.

Emission Instrumentation

Emission instrumentation is designed to indicate
whether boiler emissions are within the regulation limits or
are exceeding them. At present, few control agencies will
allow the substitution of emission instrument records for

stack tests or visual opacity readings to determine compliance.

6-33




Opacity Instrumentatibn

Opac1ty monitors 1nstalled in breechlng or stacks,
after all control devices, give the operator a good 1nd1—‘
catlon of the amount of partlculate emitted to the atmo-
sphere. These monitors are particularly useful if their
readings have been correlated w1th values determined in
stack em1531on tests or visual opacity readlngs.‘ These-
instruments range from 1nd1cat1ng "smoke meters" costlng
approx1mately $1,000 to recordlng, self-calibrating opacity
.meters costlng nearly $10,000,

Equipping the opacity meter with a visual cr aﬁdible
alarm will let the operator know when llmlts are belng
exceeded Such an alarm 1mmed1ately 51gnals that a change
must be made in the boiler operatlon to brlng the em1351ons'
within the prescribed range.

Use‘of a recording opacity meter.along With other
recordlng combustlon instruments (fuel flow, air flow, steam
flow, temperature, draft, etc. ) will prov1de a permanent

record, which can be analyzed to determlne the optimum
.flrlng conditions for various situations.. Such a record
also can aid the engineering supervisors in determlnlng how
well the b01ler is being operated and what malntenance may

be necessary.
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TV Stack Monitors

Closed-circuit television systems héﬁe been installed
in many plants for visual.monitoring of stack emissions.
The stack monitor provides a-continuous diéplay of plume
visibility. Although this indicator is useful during day-
light, it is of 1it£le value at night unless the plume from
the stack is well lighted. The advantages of this system ié
that the dperator can observe the stack emissions without
leaving the boiler control panel. The main disadvéntage is
that the operator must constantly observe the monitof.
MAINTENANCE AND OPERATION -

Controlling the combustion process requires a subétan—
tial amount of complicated equipment. The following sYstems
are needed to achievé high efficiency of operation and low
levels of pollutant emissioh:

° Equipment for fuel sizing, drying, mixiﬁg,.stor—

age, and feeding, with special provisions for
firing sanderdust, cinders, and auxiliary fuel.

° A grate system with provisions for ash removal.

° An air system with forced-draft and induced-draft
fans, dampers, damper positiomers, and controls.

° An air-preheater system.

° Pollution control.devices to remove particles from

the flue gas.

° Monitoring equipment to provide information for
control of excess air.
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e A heat exchanger system, equipped with socot
blowers to prevent ash buildup in the gas passage.

Without proper maintenance, the varioué parts of these
essential systems soon will fail to perform their intended
functions. Maﬁy mainteﬁance needs are obvious. For‘ex-_
ample, it is readily apparent that sliding surfaces need
regular 1ubricatiqn; without it, they will eventually stop
sliding or be severely damaged. Other maintenance needs are
not so obvious. For boilers fired with hogged fuels, two
are of particuiar.cqncern: maintenance of the boiler con-
trol systems and maintenange to prevent leakage of air into
the system. |

Most boiler control systems have pneumatic controls
that are operated with compressed air at low airfiow rates.
Problems a:ise begause,bf contamination of the compressed-
air. Lubricating 0il and condensedeater.collect in the air
lines, plugging the lines and coating the controls with a
- gummy, sticky substance. As an‘indidation_of the'magnitude
of the problem, consider that a control system withiair
flowing at 1 cubic.foot_per'minute-through control lines,
uses over 500,000 cubic feet of air a year. If the com~
pressor is equipped with an aftercooler to remove 90.percent
of the entrained water, 5 gallons gf water may still con-
dense in the lines each vear. Mixed with cylinder lubri-
cating oil, this water forms a coating that can make a

control system inoperative in 1 to 2 years.
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Two corrective measures are recommended. First is
installation of a refrigerating and filtering system to
remove the impurities. Second is regular cleaning and
recalibration of the boiler controls by a cdmpetent instru-
ment technician. Major cleaning and recalibrating should be
done at least every 2 years. This service is available from
reputable contrabtofs if it is not readily available in-
house.

Maintenance to prevent inleakage of air is critical in
efficient operation. Any uncontrolled airflbw into the
process results in some loss of control of the process.
Because most furnaces and emission control devices are
operated under slightly negative pressures, any opening in
the system causes air to enter. Typical openings causing
inleakage are jinspection ports, cracks in the furnace casing
or setting, cleanout doors, openihgs'around soot blowers,
cracks in breaching and fan casings, and fuel chutes, which
can allow passage of large airflows. These various uncon-
trolled sources of air should be sealed tightly.

An important part of maintenance of the furnace-boiler
is prompt, scheduled removal of accumulated ash from the
~grates and ashpit. Data recently obtained on two similar
Dutch oven-boilers18 indicate the emission problems created

by excessive ash buildup within the firebox.
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In boiler number 1 at the University of Oregon heating
plant ash was allowed to accumulate for several days within
the Dutch oven furnace, building to a depth of 2 or 3 feet
on top of the grates. In contrast, boiler number 3, a
similar furnace'operétihé at the same steam load, was
cleanéd the day before an emissioﬂ.test aﬁd no‘ash‘bﬁildup
on the grates was apparent. The test showed that boiler
number 1 was emitting 0.245 grain per scf corrected to 12
percent C02 while boiler number 3 was emittiné‘o;lla grain
per scf. At an allowable emission limit of 0.20 grain per
scf, the ash buildup caused enough additional particulate
emission to prevent boiler number 1 from complying with the
regulations.

Schedules : _  " |

The problem of ash buildup can be controlled by setting
a reasonable schedule for cleaning and then adhering to the'
schedule. A competent engineer can observe the operation
over a sufficient period of time to determine an 0ptimum-ﬁ_
schedule for raking of the ash. This schedule should_be
posted in the boiler house and operators should initial it
after he performs each cleaning.

In a plant with multiple boilers, the scheduling can be
done to minimize plant upset and spread the workload. For

example, the following schedule could apply when four simi-
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lar boilers are used for steam generation with three on the
1ine and one kept cold but on standby:

ASH CLEANING SCHEDULE

With two odd-numbered boilers and one even-numbered

boiler on the line - Clean odd-numbered boilers on odd-

numbered days, lower number at 0300 and higher number
at 0500. Clean even-numbered boiler on even-numbered
days at 0400. -

With one odd-numbered boiler and two even-numbered

poilers on the line - Clean odd-numbered boiler on odd-

numbered days at 0300. Clean even-numbered boilers on
even-numbered days, the lower number at 0200 and the

higher number at 0400.

With this schedule all boiler ash cleaning would be
completed between 0200 and 0600, whic¢h ig assumed to be the
period of lightest load on the plant. It also staggers the
cleaning to maintain at least two boilers on the line.

Soot blowing is another operation that must be sche-
duled. Soot can be blown in compliance with regulations 1if
the excess opacity does not exceed a specified time period,
guch as 2 minutes in any one hour. Any soot blowing during
daylight hours, however, especially on a sunny day, may
elicit complaints even though it is done in compliance with
the letter of the regulations.

Maintenance operations around the boiler plant can
either be scheduled (routine) or unscheduled (upset). Any

scheduled plant shutdown, gsuch as for a week at Christmas,

is the time to perform major boiler repairs or changes.
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This of course would require schedullng w1th the affected
Plant personnel as well as suppliers and contractors,

Written Logs

The boiler operator should maintain a written iog on
which he notes and initials routine readings and separately
indicates nonroutlne or upset readings. This written log
should be checked regularly by the engineer in charge or
other responsible person. If an operatof learns that no
attention is given to his entfies in the iog, he may rapidly
become lax in his recdrd keeping.

Charts and Recordings

The filing and storage of all the charts and recordings
from a modern boiler plant caﬁ rapidly become a problem if
space is limited. Such records ﬁsually are only for inter-
nal use by operators and engineers concerned with the
boilér. Normally, a 30-day storage period is pProbably
adequate. Persons interested in the operation should be
able to_get information from the charts within this time
period.

If an engineer wishes to conduct a long=-term stﬁdy, he
should request that.pertinent data from the charts of inter-
est be recorded on data sheets for his use. The values
indicated on charts and recordings hust be converted to

digital data, either manually or by data-logging systems,

6-40




before.thef.can be of use in engineering or statisticél
studies. |
REGULATORY ASPECTS OF WOOD-FIRED BOILER OPERATION

Control of emissions from wood—fired.boilers requires a
knowledge of the fuel, the boiler, the available control
equipment, and the applicable regulations. As meﬁtioned
earlier, emission regulations can take many forms. Several
state and regional regulations are based on a process weight
chart or emission table, which specifies the maximum allow-
able emission in pounds of particulate per million Btu.of
heat input. The pounds of particulate emitted may'be ob-
tainéd in a stack test. Determining the heat input to the
gsystem may be more difficult, particularly if the wood is
fired éoncurrently with o0il, gas, or coal.

Even if wood is the only fuel fired, the estimation of
heat input is difficult. Seldom is the wood fuel weighed as
it is fired. Also, since the moisture content of wdod is
usually both high and variable, it is difficult to arrive at
a reasonable value for gross heat input. The problems of
estimating heat input and the recommended method of deter-
mination are described in a recent publication from the-
National Council of the Paper Industry for Air and Stream
Improvement.25 This report covers the matter so thoroughly

that it is included in its entirety as Appendix C.
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Current Regulations

The regulations governing particulate emissions from
wood-fired boilers vary among states and regions. These
regulationé ére summarized in Table:35. |

Examination of the regulations and their‘wording_indi-
cates many poihts for concern and discussion. For example,
assume the following for simplification:

1000 Btu input = 1 pound of steam

l million Btu pZi hour = 1000 pound of_steam per hoﬁr

-1 pound of dry fuel produces 10,000 Btu

1 pound of dry fuel produces 87 dscf at 0 percent
excess air

1 pound of dry fuel produces 122 dscf at 50 percent
excess air

68 percent excess air corresponds to 12 percent C02.‘
Suppose a boiler is steaming at 60,000 pounds of steam

per hour and the particulate emission is measured at 0.10

grain per dscf corrected to 12 percent COZE

60,000 lb steam % 1,000 Btu input = 60 million Btu

hr 1b stgam per hour
' ' Btu 1b fuel _ 1b fuel
60,000,000 e ¥ 10,000 Btu_— 6,000 —_—_g
1b fuel _ ;.. dscf dscf
0.10 grain 1b x 732,000 dggf.

dsct X 7,000 grains

_ iO 5 1b Eart{
¢ hr
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1lb part. hr _ 1b' part.
10.5 hr ¥ %0 million Btu = 0.175 million Btu

1b part. ' hr 2,000 1b
10.5 =5 % 5000 1b Fael * —top

- 3.5'1b'gart.

ton fuel
The particulate emission from this boiler may be ex-
pressed in several ways:

grain = _gram
(1) 0.10 dsct 0.229 sdc meter

pounds
(2) 10.5 Sour

pound
(3) 0.175 o 9Ton BEa

pounds
(4) 3'5'ton of fuel

Figure 32 shows these values superimposed on’' process
weight charts for the States of Vermont and Missouri. This
unit would be operating just in domplianCe in Vermont. 1In
Missouri it could be emitting twice.as much particulate and
still be in compliance with standards.for new boilers. If
the boiler were classed as an "existing" boiler in Missouri,
it could be emitting 0.25 grain per dscf and still be in
compliance; o

Figure 33 shows tha data from Table 15 and Flgure 28

(assumed for 60,000 pounds of steam per hour b01lers) super-

6-44




PARTICULATE EMISSION
POUNDS/MILLION BTU'S

STATE OF VERMONT
1.00 , ,

0.50 -
0.40
0.30

0.20F

0.10F

0.05} -
0.04 =
0.03 {- -

0.02 -

0.01 I ]
1.0 10.0 100.0 1000.0

TOTAL ENERGY INPUT MILLIONS OF BTU'S/HOUR

STATE OF MISSOURI

MAXIMUM ALLOWABLE PARTICULATE EMISSION :
POUNDS PARTICULATE PER MILLION BTU HEAT INPUT

1.0
1.0{ ]
50L EXISTING —40.50
.40L N\\\\\\\ -
.30 \ 40.30
25| NEW| N |
201 \__: :
Y B B S . [
sk 1 o.175|
10l _ 0.10
.09 H H H H
5 10 50 100 1,000 10,000 30,000

TQTAL HEAT INPUT - MILLIONS OF BTU PER HOUR
LIMITATIONS ON EMISSION OF PARTICULATE MATTER FROM
FUEL BURNING INSTALLATIONS

Figure 32. Process weight charts.
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PARTICULATE EMISSION

STATE OF VERMONT

.00 | CUMULATIVE
- 4 902
83 | :
w . - ) A . -
S 0.30f \ ;?)2 | ]
- 0.20F . _ ':\\*QZE\\\-_-_;_-_
S
= o0.10fF +10%
=
Sy,
8 0.05F -
Z 0.04f -
2 0.03} .
0.02 | i
0.01 L ! —1
1.0 10.0 100.0 1000.0
TOTAL ENERGY INPUT MILLIONS OF BTU'S/HOUR
STATE OF MISSOURI
MAXIMUM ALLOWABLE PARTICULATE EMISSION
POUNDS PARTICULATE PER MILLION BTU HEAT INPUT .
1.0} CUMULATIVE ]
i + 90z - | | 1
SOL NN EEXSTING 2 dosg
40| "~ i
| > | 1
N | N - Jo.30
251 NEW | - .
20] 1o,
1 8:88
s |
a0l 4 fioz 0.10
.09 : -3 : : :
5 10 50 100 1,000 10,000 30,000

TOTAL HEAT INPUT - MILLIONS OF BTU PER HOUR
LIMITATIONS ON EMISSION OF PARTICULATE MATTER FROM
FUEL BURNING INSTALLATIONS ‘
Figure 33. 135 Oregon and Washington boiler tests on
two process weight charts. .
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imposed on the Vermont and Missouri process weight cﬁarts.
Had these boilers been Qperatiné in Vermont, 42 percent
would have been in compliance. 1In Missouri, 71 percént
would have met the standard for new boilers and 82 percent
would have been in compliance as existing boilers.

Regulations based on guch process weight charts\could
give rise to another type of situation. Suppose the owners
of a majof forest productg manufacturing complex wish to
convert from oil or gas firing to wood.firing. They calcu-
late their steam demand as follows:

1. Sawmill dry kiln: 30,000 pounds/hr.

2. Plywood veneer dryer: 30;0@0 pounds/hr.

3.  Particle board plant dryer: 30,000 pounds/hr.

ShOuldIthey construct a 30,000—pound—perfhour boiler at
each facility or a single 90, 000-pound-per-hour boiler? In
favor of one large boiler are the lower capital cost, lower
operating cost for labor, fuel handling, etc., and the
potential for using different boilers or furnaces to obtain
maximum efficienéy.

Examination of the process weight charts shows another
point that the oﬁﬁérs must consider. :Figure 34 shows the
two chafts pertaining to vermont and Missouri. The allow-
"able emission values are shown in Table 36. Only the values

for a new boiler in Missouri are shown.
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STATE OF VERMONT

1.00 | T
0.50 -
ZW 0-40- \ -
S5 0.30F -
v =
@ 0,20f \\\\ -
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LI-IE '
w3 0.10f N\\““-.____.___
L b
S | | |
5S4  0.05f -
&3 - ]
o 0.03p _ . ]
0.02 | | o -
0.01 ! l
1.0 10.0 100.0 ~1000.0
TOTAL ENERGY INPUT MILLIONS OF BTU'S/HOUR
~ STATE OF MISSOURI
MAXIMUM ALLOWABLE PARTICULATE EMISSION
POUNDS PARTICULATE PER MILLION BTU HEAT INPUT .
1.0 ]
i EXISTING :
.50[ | J0.50
o ? B
30) \\\\\\*‘~\ ~ Jo.30
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201 40.
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FUEL BURNING INSTALLATIONS

“Figure 34. 30 and 90 million Btu/hour allowable emissions.
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Inspectioh and Enforcement
| The air pollution control inspector assigned to plahts

that operate wood-fired boilers should be thoroughly famil-
iar with wood fuels, furnaces, and.boilers; He must realize
the differences ang similarities among these and other types
of boilers and control equipment. .The use of standardized
permits, forms, and records, will aid the inspector in his
duties and is recommended.

Standard Forms

The Oregon-Washington wood-fired=-boiler committée
composed of representatives of industry, control agencies,
and educational institutions has deveioped several forms for
boiler classification, inspection, source tests, etc.26‘
Agencies may wish to adopt this material as a basis for
their own forms.

Standard forms should_be required for reporting of
Source tests, since they are ameanable to computerization
and tabulation of results. If all the states and regions
were to adopt a uniform standard report form, this.would
facilitate reporting by the companies that operate in a
number of states and regions.

Required Records and Charts

Company charts and records should be available for

inspection by control agencies. It was recommended earlier
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that the original charts be retained for 30 days. If an
agency wishes further information (such as hourly opacity
readings for a year) they should arrange with the facility
operator to determine who is responsible for transcribing
the chart data to other forms and records.

It is suggested that control agencies cross-reference
their reports and records pertaining to wood-~fired boilers
so that the information can be retrieved easily. 1In prep-
aration of this report some of the difficulty in obtaining
information was caused by inadequate reference systems
rather than lack of information.

Wood-fired boilers offer great potential for generation
of energy from renewable fuels. If properly designed,
constructed, and qperated they can be expected to contribute

a minimum of pollution to the atmosphere.
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APPENDIX A

NUMBER OF WOOD-~-FIRED BOILERS BY STATE*

Estimates are based on a regression analysis of wood con-
sumption by state, using the equation:

N = 0.0416 Q + 12.7

Number of boilers
Wood consumption, 1000 TPY

Precision of the regression analysis: r? = 0.61

where N
Q






A-1

2

No. Boilers = 0.041564 (Total Ton/Year) + 12.7, r” = 0.6]
No. of Industrial Commercial- Total

Wood Fired Consumption, Institutional Industrial +

Boilers 103 Ton/Year Copsumption Institutional-

(* Estimated) (5) 10° Ton/Year Cogmercia1.
State (5) Ton/Year
Alabama 96 872 0 872
Alaska 10 104 0 104
Arizona 14 0 0 0
Arkansas *100 21 0 21
California * 69 1359 0 1359
Colorado 9 2 0 2
Connecticut * 0 0 0 0
Delaware 0 0 0 0
Florida * 99 2084 0 2084
Georgia 102 2286 0 2286
Hawaii 0 0 0 0
Idaho * 61 1166 0 1166
I111inois 14 1 0 1
Indiana * 15 48 0 48
Iowa 0 0 0 0
Kansas 2 0 0 0
Kentucky * 16 68 2.5 70.5
Louisiana 50 1624 0 1624
Maine 35 1298 0 1298
Maryland - 4 0 0 0
Massachusettes 10 3 0 3
Michigan 27 0 0 ¢
Minnesota 12 87 61.8 148.8
Mississippi 20 1284 3.9 1287.9
Missouri n 15 0 15
Montana 44 632 0 632
Nebraska 0 0 0 0
Nevada 1 0 0 0
New Hamshire 13 24 0 24
New Jersey 0 0 0 0
New Mexico 3 0 0 0
New York 47 0 0 0
North Carolina 35 2615 0 2615
North Dakota 0 0 0 0
Ohio 8 9 0 9
Oklahoma * 0 0 0 0
Oregon 318 4336 63.4 4399.4
Pennslyvania 27 154 0 154
Rhode Island 0 0 0 0
South Carolina 32 677 0 677
South Dakota 2 4 0 4
Tennessee 75 597 0 597



No. of Industrial Commercial- Total
Wood Fired Cogsumption. Institutional Industrial +°
10

Boilers Ton/Year Cogsumption Institutional,
State (* Estimated) (5) 10° Ton/Year Commercial,
(5) 103 Ton/Year

Texas ‘ 25 323 0 323

Utah 0 0 0 0.
Vermont 30 Rl 0 51
Virginia 23 626 0 626
Washington 98 37N 0 337N
West Virginia * 0 0 0 0
Wisconsin 100 414 5.6 - .419,6
Wyoming 4 0 0 0

TOTAL 1693 28,645 137.0 28,782




APPENDIX B

CHARACTERISTICS OF BARK FUEL
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Table B-2. A SUMMARY OF SOME PUBLISHED VALUES OF PROXIMATE ANALYSES FOR BARK

Volatile Fixed
Species matter carbon Ash
Percent by dry weight

Coniferous

Fir, Douglas 70.6 27.2 2.2
(Pseudotsuga menziesii)

Fir, Balsam 77.4 20.0 2.6
(Abies balsamea)

Fir, Grand 74.9 22.6 2.5
(4bies grandis)

Hemlock, Eastemn 72.0 25.5 2.5
(Abies canadensis)

Hemlock, Western 74.3 24,0 1.7
(Abies heterophylla)

Pine, Jack 74.3 23.6 2.1
(Pinus banksiana)

Pine, Ponderosa 73.4 25.9 0.7
(Pinug ponderosa)

Redwood 71.3 27.9 0.8
{Sequoia sempervirens)

Spruce, Black 74.7 22.5 2.8
(Picea mariana)

Spruce, Red 72.9 23.7 3.3
(Picea rubens)

Spruce, White 72.5 24.0 3.5
(Picea glauca)

Tamarack 69.5 26.3 4.2
(Larix laracina)

Non—-Coniferous

Alder, Red 74.3 23.3 2.4
(Alnus rubra)

Beech, American 75.2 16.9 7.9
(Fagus grandifolia)

Birch, Paper 80.3 18.0 1.7
(Betula papyrifera)

Birch, Yellow 76.5 21.0 2.5
(Betula alleghaniensis)

Flm, American 73.1 18.8 8.1
(Ulrmus americana)

Maple, Red 78.1 18.9 3.0
(Acer rubrum)

Maple, Sugar 75.1 19.9 5.0

(Acer saccharum)




B-2

Table B-1. A SUMMARY OF SOME PUBLISHED ULTIMATE ANALYSES OF BARK1

Oxygen
. and
Species Carbon Hydrogen Nitrogen
: Percent by dry weight
Coniferous
Fir, Douglas 53.0 6.2 ©39.3
(Pseudotsuga menziesii) .
Fir, Balsam 52.8 6.1 38.8
(Abies balsamea) o
Hemlock, Eastern 53.6 - 5.8 40.1
(Tsuga eanadensis) o
Hemlock, Western 51.2 5.8 39.3
(Tsuga heterophylla) _
Pine, Jack ' 53.4 5.9 38.7
(Pinus banksiana)
Pine, Scots 54.4 5.9 38.0
(Pinus silvestrig) . _
Spruce, Black 52.0 5.8 39.8
(Picea mariana)
Spruce, Norway 50.6 5.9 40.7
(Picea abies)
Spruce, Red - 52.1 - 5.7 39.1
(Picea rubens)
Spruce, White 52.4 6.4 38.2
(Picea glouca) .
Tamarack 55.2 5.9 34.7

(Larix laracina)

Non—-Coniferous

Beech, American ' : 47.5 5.5 39.1
(Fagus grandifolia)

Birch, European White ' 56.6 6.8 35.0
(Betula verrucosa) .

Birch, Paper 57.4 6.7 34.1
(Betula paopyrifera)

Birch, Yellow 54.5 6.4 36.8
(Betula alleghaniensis)

Elm, American - 46.9 5.3 39.7
(Wimus americana)

Maple, Red 50.1 5.9 41.0
(Acer rubrum)

Maple, Sugar 50.4 5.9 39.6

(dcer saccharum)
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Table B-4. A SUMMARY OF SOME PUBLISHED HEATING VALUES AND ASH CONTENTS

FOR BARK OF NONCONIFEROUS SPECIESl

Higher heating value! Ash
(Gross calorific value)) content!
Species Kcal/kg Btu/lb Percent

Alder, Red 4,687 8,436 3.1
(Alnus rubra)

Aspen, Quaking 4,958 8,924 2.8
(Populus tremuloides) :

Beech, American 4,244 7,640 7.9
(Fagus grandifolia) :

Birch, European white 5,790 10,422 1.6
(Betula verrucosa)

Birch, Paper 5,506 9,910 1.5
(Betula papyrifera) 5,728 10,310 1.8

Birch, Yellow 5,319 9,574 1.7
(Betula alleghaniensis) 5,111 9,200 2.3

Blacktupelo 4,412 7,942 7.2
(Nyssa sylvatica)

Cottonwood, Black 5,005 9,000 -
(Populus trichocarpa)

Elm, American 4,121 7,418 9.5
(Ulmus americana) 4,222 7,600 8.1

Maple, Red 4,500 8,100 3.0
(Acer rubrum)

Maple, Sugar 4,315 7,767 6.3
(4cer saccharum) 4,572 8,230 4.1

Oak, Northern Red 4,667 8,400 5.4
(Quercus rubra)

Oak, White 4,156 7,481 10.7
(Quercus alba)

Sweetgum 4,412 7,942 5.7
(Liquidambar styracifiua) 4,237 7,627 -
Sycamore, American 4,237 7,909 5.8

(Platanus oceidentalis)
Willow, Black ‘ 4,268 7,683 6.0

(Salix nigra)

!Based on oven-dry weight.
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Table B-3. A SUMMARY OF SOME PUBLISHED HEATING VALUES AND ASH CONTENTS
FOR BARK OF CONIFEROUS SPECIESY

Higher heating value! Ash
(Gross calorific value!) content!
Species - Kcal/kg Btu/1b Percent
Fir, Douglas 5,611 10,100 -
(Pseudotsuga menziesii) - :
Fir, Balsam 5,265 9,477 2.3
(Abies balsamea) 5,056 9,100 2.3
Hemlock, Eastern 5,213 9,383 1.6
(Tsuga canadensis) 4,939 8,890 2.5
Hemlock, Western 5,444 9,800 -
(Tsuga heterophylla) ' :
Lareh, Western : 4,885 8,793 1.6
(Larix occidentalis)
Pine, Jack 5,211 9,380 s 1.7
(Pinus banksiana) 4,961 - . 8,930 2.0
Pine, Lodgepole 5,997 - 10,794 2.0
(Pinus contorta). : o :
Pine, Scots : 4,775 - 8,595 1.7
(Pinus silvestris) _
Pine, Slash 5,343 9,618 0.6
(Pinus elliottii)
Pine, Southern 4,909 8,837 -
(Mixed species)
Pine, Spruce 4,787 8,617 . -
(Pinus glabra)
Pine, Virginia 4,680 8,424 -
(Pinus virginiana) '
Redcedar, Western ' _ 4,833 8,700 -
(Thuja plicata)
Spruce, Black : 4,899 8,819 2.0
(Picea mariana) 4,783 8,610 2.4
5,000 9,000 -
Spruce, Engelmann 4,914 8,846 2.5
(Picea engelamannii) _
Spruce, Norway 4,760 8,568 2.8
(Picea abies) : S
Spruce, Red _ 4,794 8,630 3.1
(Picea rubens) _
Spruce, White ' 4,739 8,530 3.0
(Picea glaueca)

Tamarack ' 5,006 9,010 4.2
(Larixz laracina)
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A GUIDE TO ESTIMATING HEAT INPUT FOR COMBINATION
BOILER EMISSION RATE CALCULATIONS

I INTRODUCTION

Through the years various methods have been developed to
express the magnitude of particulate emissions from point sources.
The simplest and probably first method used was concentration of
mass per standard unit volume of flue gas. The units used (and
still used in many instances today) were grains per standard dry
cubic foot (SDCF). A concentration adjustment based on a fixed
CO, content of the flue gas or amount of excess air above that
theoretically needed for combustion has been commonly applied
to measured particulate concentrations from boilers burning
fossil fuels. This concentration adjustment is still used to-
day by many regulatory agencies to standardize particulate con-
centration values and avoid situations where dischargers can meet

a permissible concentration level by dilution.

The particulate concentration adjustment factors used for
fossil fuel fired boilers have not been applied to process
sources such as lime kilns or kraft recovery furnaces or a host
of other industrial operations since the flue gas composition
differs widely for manufacturing operations.

Another approach extensively used to express allowable par-
ticulate emissions from fossil fuel fired boilers relates heat
input to the boiler to allowable emissions. The units of expres-
sion for this method are "pounds per million Btu heat input.”

The units of expression are used over any range of boiler load-~
ing or combustion condition.

EPA promulgated standards of performance for new stationary
sources, published in the Federal Register on December 23, 1971,
express allowable emission rates in pounds/million Btu input

for fossil fuel fired steam agenerators.

Many state ‘and local regulatory agencies have formulated
particulate standards for fossil fuel fired boilers that also
express permissible limits for particulates as lbs. per 10 Btu.
In formulating particulate emisgion regulations for combination
fuel fired boilers the same method of expression for describing
permissible limits have frequently been used. It was unfortu-
nately assumed that the same methods for accurately measuring
fuel flow for fossil fuel fired power boilers existed and were
used on these combination boilers. This is usually true in those
cases where oil or gas are burned but not so where coal and bark:
are burned. In probably no more than 10% of the cases in this
country where wood derived fuel is burned, are there facilities
installed to weigh bark flow, although such facilities do exist.
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In those cases where agencies require particulate emissions
from combination boilers to be expressed as lbs./106 Btu's,
this cannot be done by direct measurement of fuel inputs in the
majority of cases. In view of these facts it is felt that a re-
view of the methods for calculating or estimating the heat inputs
to a boiler burning bark is both timely and desirable.

This report reviews the method for calculating heat inputs
by measuring fuel feed rates as is recommended in the Federal
Register. Examples are shown to provide the reader an idea of
the accuracy of "Heat Input" calculations when applied to boil-
ers burning wood derived fuel. Several methods for estimating
heat input are demonstrated and the relative merits or pitfalls

of these estimations are discussed.

ITI GLOSSARY OF TERMS

E = particulaté emission faﬁe iﬁ lb/lOthu

(o = particﬁiate concentration in grains}SDCFi-

SDCF =‘one Eubic féot‘of dry gas at.29.92“ Hg pressure
and 530°R temperature }

boiler gaseous effluent flow rate in SDCFM

0
th..
"

gaseous heat input to a boiler expressed in 108 Btu/hr.

T
-
It

Hy, = heat output from a furnace in 10® Btu/hr.
-hstm = enthalpy of steam in Btu/lb. of steam
hfy = enthalpy of feed water in Btu/lb. of feed water

w = steam generation rate of a boiler in # steam/hr

o
]

boiler efficiency; the ratis of boiler heat output

!

Hp to boiler heat input, Hjy

v = stack gas flow in SDCFM

s
= fuel oil flow in GPM

B = bark feed rate in lb/hr. (oven dry basis)

fga = excess air correction; 20.9

20.9 -~ % 0 (in flue gas)

G = fuel gas flow rate in CFM
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III BOILER PARTICULATE EMISSION RATE CALCULATIONS

' The method for calculating particulaté mass emission rate
used by EPA and other agencies 1is in this or similar form:

cQ
E = £ X 60 (1)

Hy 7000

It is evident from equation 1 that three items must be mea-
sured before the emission rate E can be calculated. One is C
or the particulate concentration. This value is determined in
accordance with federal,state, or local procedures when compliance
testing is conducted. Other methods may be used for other pur-
poses, and a discussion of the various procedures is beyond the
scope of this report. For illustrative purposes it will be
assumed that the value for C in all examples in this report has
been determined to be 0.1 gr/SDCF. The second term of infor-
mation, Qf, is the total stack gas flow rate as determined by
a suitable method in a stack of known cross section. Again, a
discussion of the procedure used to determine Q¢ is beyond the
scope of this report. 1In all examples in this report, it is
assumed Qg has been determined to be 120,000 SDCFM.

The ratio 60 min-lbs is a constant used to convert
7000 hour-grains
the particulate emission rate from grains/SDCF to lbs/hr. 1In
the denominator of equation 1 is the total heat input to the
‘boiler in 106 Btu/hr, Hy. This item of information and its
determination will be tﬁe subject of the bulk of this report.

IV DETERMINING BOILER HEAT INPUT FROM OIL AND GAS

?he term Hy; is easily determined on straight oil fired boil-
ers since #6 residual oil has a chemical composition that is so
constant the heat content may be assumed to be 150,000 Btu gallon
measured at 60°F (2), and the measurement of liquid flow is simple,
accurate and commonly practiced. Likewise, the measurement of nat-
ural gas presents little problem. The carbon hydrogen content of
natural gas varies causing a_shift in the heat content of gas gener
ly assumed to be 1050 Btu/ft3 at 60°F and 30" Hg. (3). Caution mus
therefore be taken to define heating gas heat value.
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V DETERMINING BOILER HEAT INPUT FROM WOOD DERIVED FUEL

A. Fuel Moisture Content and Fuel Heating Value Related Errors
in Estimating Heat Input ‘ -

(1) Moispure Content - When bark is used as a fuel, the problem
of measuring heat input by weighing the fuel is complicated by
the fact that the moisture content of the bark can vary con-
siderably. Wood derived fuel either on the log or subsequent

to barking,is usually stored outside where it is subject to
weather conditions. It may also be derived from wet or dry
barking which affects moisture content causing the heat content
on an "as is" basis (which is the way it is weighed when being
fed to the boiler) to vary considerably. Therefore, to achieve
maximum accuracy in the weight of wood derived fuel fired, se-
veral samples should be taken during the particulate test for
determination of representative moisture content on a composite
sample.

(2) Heating Value - Another complication arises from the var-
able heating value of bark (0.D. basis) which varies depending
on the source species. A cursory search of the literature
(2,4,5,6) gives a range of over 2,000 Btu/0.D. 1b. for different
species of bark and wood fuels. 1If the type of fuel being burn-
ed is known this range of heat value may be reduced to about
*¥200 Btu/0.D. 1lb., acceording to literature references.

If the heat content of a composite sample of wood fuel were
determined using a bomb calorimeter, the range of uncertainty
could be reduced to about * 100 Btu/lb. Needless to say this
procedure is time-consuming but it may be a desirable for fuels
burned during the conduct of compliance tests.

Knowing the heat content of all fuels being burned and the
feed rate, the heat input can then be determined. The following
example shows actual data from a typical Southern mill combina-—
tion boiler firing #6 residual oil and Southern pine bark to
illustrate the degree of uncertainty in estimating heat inpu£
with inadequate fuel heating value information. The ranges
of uncertainty in this example are based on differences in
heating values reported in the literature and based on actual
experience.in measuring variables such as bark moisture content.
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EXAMPLE 1. - CALCULATING HEAT INPUT (Hy) WHEN USING FUEL FLOW

MEASUREMENTS
I OIL DATA VALUE RANGE
A. Feed Rate: 15.2 GPM 0.1

B. Heat Content: 150,000 Btu gal. 150

Cc. Heat Input Due to Oil:
Hy-0il =

(I5.2 x 150,000 x 60)= 136.8 x 106Btu/hr. + 1.04 x 106
Ii BARK DATA
A. Feed Rate (as is) sz,ooo 1b/hr. + 1000
B. Heat Value (l)* 8,900 Btu/0O.D. lb. + 1000
(2)* 8,900 Btu/0.D. 1lb. * 100

+

5% (absolute-ran

C. Average Bark Moisture - 48%
: 43 to 53)

D. Feed Rate (0.D. basis)
82,000 1b/hr. x 12048 - 43,640 1b/hr. * 4,620

100
E. Total Heat due to Bark: Hi-bark

379.5 x 10%Btu/hr.: 83.8 x 10°
6

II-B-(1) 42,640 x 8900

II-B (2) 42,640 x 8900 = 379.5 x 106Btu/hr.i 46.3 x 10
*NOTE: Value for (1) and II-B-1 based on literature source.

value for (2) and II-B-2 as determined by bomb
calorlmeter, hence the smaller uncertainty range.

III TOTAL HEAT INPUT TO BOILER

Hy = Hy_ 551 % Hi-park
(136.8 + 379.5) x 10%Btu/hr.

m
H
[

516.3 x 10% Btu/hr.

o
H
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Using the mean heat value for bark taken from the literature the
uncertainty range would be 1000 Btu/lb. bark and the value for
Hy would be : _ . : R

Hy = 516.3 x 106Btu/hr. £84.8 x 106

therefore the valve for H would have an uncertaiﬁty'rahge of
+17% if other measurements were at limits of nrecision.

- If the heat value for bark were actually determined to be
8900 Btu/# 100 by bomb calorimeter the value for H; would be
more precise and the uncertainty limits would be réduced. In
- this case

" Hy = 516.3 x 10%Btu/hr. t46.3 x 106

the range for H; could be reduced to : 9% if other measurements
‘were at limits of precision.

This exercise demonstrates that where heat input determina-
tions are made whéen wood derived fuel is used, the accuracy of
the heat input determination is much less than when straight oil
or gas is burned. 1Inability to obtain representative samples for
moisture content and inadequate fuel heating value data are pro-
blem areas even though fuel is weighed. The accuracy with which
heat input can be determined is dependent on (a) accuracy of the
wood derived fuel heating value, (b) inherent limite of determin-
ing moisture content of wood derived fuel,and (c) the ratio of
wood derived to auxiliary fuel, the larger the ratio the greater
the potential discrepancy.

B. Potenhtial Errors in Estimating Heat'Ihput frbm Steam Flow
Measurements

Since probably no more than 10% of the facilities burning
bark have the capability to weigh bark flow, other means must
be used to determine heat input. One common method is to esti-
mate heat input from steam generation data. In addition to
- steam generation rate, the temperature and pressure of the

steam generated and the temperature and pressure of the feed
~water must be known. The enthalpy of feedwater is subtracted
from that of the steam and this result is multiplied by the
steam generation rate, Wg, which is expressed in lbs/hour:

Ho = Wy (hgep - hgy) | (3)

Then the heat input to the boiler, H; may be determined by
the equation

Hy = (4)

where e is the efficiency of the boiler. The value e, which is
always less than one, is a term which is used to define the portion
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of heat generated which is not absorbed by the feedwater to -gen-
erate steam. Heat is lost through various ways, e.g., radiation
through boiler walls, stack losses, heat required to vaporize
moisture in the fuel, load on the unit, care exercised in operat-
ing it, and boiler age.

The value of e which is initially selected by the boiler
manufacturer at the time of design is therefore subject to many
variables beyond his control. When burning wood derived fuel
possibly the greatest of these variables is fuel moisture con-

tent.

This variable alone makes it difficult to arrive at a true

gross heat input from steam generation data. Since regulations
which relate emission rate to heat input relate them to gross
heat input the procedure at best has severe limitations.

EXAMPLE 2. ESTIMATION OF HEAT INPUT BASED ON STEAM GENERATION
RATE

Assume a boiler is generatina 450,000 ibs/hour of 1250 psia
steam at a temperature of 900°F. The assumed boiler efficiency
for this boiler is 70% (e = 0.7). The heat input is determined

as follows:

From steam tables

and

therefore

H, = 450,000 (1438-385)

6

473.85 x 10 "Btu/hr.

He

Using a value for e of 0.7 H; can now be calculated

o o 473.85 106
I - 0'7

676.92 x 105Btu/hr

o
I



VI ESTIMATING COMBINATION FUEL BOILER HEAT INPUT;FROM
COMBUSTION GAS MEASUREMENTS

A. Discussion of Heat Input Estimation Method

When oil and unweighed wood derived sources of fuel are sim-
ultaneously burned, it can be shown that the heat input (Hj) is
expressed in the following equation:

Hy = 282.63 KVg [20.9 - % 0,] + 0.75 x 105 (5)

where F = fuel oil flow in GPM (#6 residual o0il)

Vg = stack flow is SDCFM

K is a variable that depends upon the heat content of the bark
used. In the equation a heat value of 8900 Btu/0.D. lb. is assume
If another value for heat content is used, the value for K may
be determined by dividing the heat content of the bark by 8900.

heat content of bark

kK = 8900 o - (6)

As can be seen from equation 5 the only fuel flow rate needed is
that for oil. The stack flow must be accurately determined and
several Orsat analyses must be made during the particulate test

in order to accuratel{ determine flue gas oxygen concentrations.
These are critical values since the gas flow due to bark is deter-.
mined from these values and fuel value of the bark. An ultimate
analysis of the bark is not required since a median value was in-
corporated in the constant during development of equation 5. A
survey of the literature shows that the ultimate analysis does not
vary widely from species to species so a single representative
ultimate analysis was universally applied to all barks. The ultim:
analysis used in derivation of equation 5 was: :

(9]
]

56.5%

=z
N
n

Ash

0.6%

The magnitude of change in estimating heat input with bark with a
different ultimate analysis will be shown.
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B. 'Exam le of Use of the Combustion Gas Volume Heat Input Es-
timating Procedure _

EXAMPLE 3. ESTIMATING BOILER HEAT INPUT USING COMBUSTION GAS
VOLUMES

Assume that during the particulate test the following data
were collected:

Vg = 120,000 SDCFM
$6 oil flow = 15.2 GPM
0, = 6.0% (average of 12 readings)

Heat content of Douglas
Fir bark = 10,100 Btu/0.D. 1lb.

The solution for Hp is:

g = 282.63 x 19X00 o 150,000 [20.9-6.0] + 0.75 x 15.2 x 10°
I 8900

Hy = 573.48 x 106 + 11.4 x 10°

Hy = 584.88 x 10% Btu/hr.

C. Combustion Calculations Used in Development of Gas Volume
Heat Input Estimating Procedure

tn order to show how eguation 5 was derived, this section
discusses the combustion calculations applied to a combination oil
and bark boiler situation.

(1) wWeight and Volume of Combustion Products - The weight and
volume of the products of fuel combustion were developed from the
ultimate analysis. In many cases this analysis can be obtained
from a literature reference. In the example used for illustration
an ultimate analysis of Douglas fir bark is used.

ULTIMATE ANALYSIS OF DOUGLAS FIR BARK

ELEMENT % SY WEIGHT *  MOLECULAR WEIGHT = MOLE %
Hy 6.2 : 2 3.1
C 53,0 # 12 4.42
02 39.3 s 32 1.23

AT [a) . -~ -
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COMBUSTION REACTIONS

REACTION REACTANTS PRODUCTS
1. 2H, +02+2 H,0 Hy = 3.1 moles (from a) Hy,0= 3.1 moles
0 _ 3.1 =1.55 moles
- V2 2
2. c+0,> co, C = 4.42 moles (from a) €O, = 4.42 moles

05 = 4.42 moles

The moles (based on 1 gram) of each component are determined by
- the stoichiometry of the chemical equations 1 and 2. From the total
moles of reactants and products the following may be deteérmined:

TOTAL O, consumed (Reaction 1 and 2)= 1.55 + 4.42 = 5.97 moles

There are 1.23 moles of 0 already present in the bark. Therefore,
the total 0, to be supplied from air to support theoretical
combustion is:

5.97 - 1.23 = 4.74 moles

The composition of normal air is: (6)

78.1% by volﬁme

NZ_

02

20.9% by volume

other = 1.0% by volume
Since the "other" species are generally inert, the % volume of
Nﬁ may be considered to be 79.1% (78.1+1.0). It may be noted
tha

t % by volume is equivalent to mole percent; therefore, these
values may be expressed as mole percent. S

WEIGHT OF COMBUSTION PRODUCTS

Since 4.74 moles of 0, must be-deri#ed'from air, then:

4.74 x %%;% = 17.94 moles of Ny must also be

introduced.
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The products formed are therefore
1. 17.94 moles N,

3. 2.75 moles H,0

and the weight of gaseous products formed in the combustion
of 1 1b. of Douglas fir bark (assuming 0% excess air) would
be:

" 1b. mole fraction x mole weight = weight‘(lbs)

0.1794 x 28 = 5.02 lbs Ny
0.0442 x 44 = 1.95 lbs. COj
0.0275 x 18 = 0.50 1lbs. H,0

7.47 total products

The weight of normal air needed to theoretically oxidize
1 1b. of Douglas fir bark would be

lbs. Hy = 5.02

I
[
.
U
o

lbs. O3
6.54

As can be seen, 6.54 lbs. of normal air is required to oxidize .
1 0.D. lb. of Douglas fir bark at 0% excess air. This formed
7.47% of gaseous products (N5,H20,CO5). The small apparent
material imbalance of 0.07 lbs. is due to products that are
solid rather than gaseous (e.g., ash).

VOLUME OF COMBUSTION PRODUCTS (DRY GAS)

Assume 1 gram of bark is oxidized. Since 1 gram-mole of any
gas occupies 22.414 liters at a pressure of 760 mm. Hg and

a temperature of 0° Celsius (6), this is the same as 0.8526
cubic feet at 29.92" Hg. and 70°F, or 0.8526 SDCF.

One gram-mole of this Douglas fir bark was shown to produce
0.1794 gram-moles of N, and 0.0442 gram-moles of CO,. The
volume of dry gas produced is: ' _

23
0.1794 g-moles x 0.85265%°_ = 0.153 sDCF
g-mole



and 0.0442 g-moles x 0.8526 SDCF/g-mole = 0.038 SDCF

Total gas = 0.153 + 0.038 = 0.191 SDCF |
Since there are 454 grams/lb., 1 1lb. of 0.D. Douglas fir
bark will produce:

0.191 x 454 = 86.6 SDCF of gas at 0% excess air.

VOLUME OF COMBUSTION GAS FROM OTHER FUELS (DRY GAS)

Using the procedures for determining the dry gas volume of
combustion products it can be shown that:

a. Pine bark with the following ultimate analysis (5):

ELEMENT $_BY WEIGHT
H, 5.5

c ' 56;5

02 37.0

N 0.4
Ash 0.6

produces 90.3 SDCF of gas per pound of bark. This compares
favorably to the 86.6 SDCF of gas produced by the bark from
Douglas fir.. Using other reported ultimate analyses the gas
volume produced by 1 pound of 0.D. bark was found to vary

no more than % 5% from the volume produced by 1 l1lb. of 0.D.
bark from another species. In the absence of an ultimate
analysis the figqure 90.3 SDCF/lb. of bark at 0% excess air

can be considered a reliable estimate regardless of bark specy.

b. No. 6 fuel o0il with the foliowing ultimate analysis (2):

ELEMENT % BY WEIGHT
o 85.7
s 2.8
Ash 0.08

Heat content = 150,000 Btu/gal. or 18,500 Btu/lb. produces
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172.1 SDCF of gas per lb. of oil.

c. Natural gas with the following ultimate analysis :

ELEMENT $ BY WEIGHT
CHy 89%

CoHg 5%

C3Hg 2%
CasH10 1%

CO, 2%

N2 1%

Heat content=1050 Btu/ft.3,produces 9.1 SDCF of gas per ft,3

of feed gas. This may vary as much as ¢ 15% as a result of
fuel gas composition (3).

VII DERIVATION OF HEAT INPUT FROM GASEOQOUS COMBUSTION
PRODUCTS EQUATION FOR BARK AND OIL

Using the relationships developed in the previous section
on combustion calculations and assigning a constant value to the
variables of combustion product volumes from oil and bark a
general equation can be derived.

The following assumptions are made:

1) 1 pound bark generates 90.3 SDCF of dry gas at 0%
excess air when combusted. _

2) 1 pound of oil generates 172.1 SDCF of gas at 0% excess
air when combusted or 1395 SDCF/gal. oil

3) Heating value of oil is 150,000 Btu/ gallon

The following variables are measured or are the result of
measurements:

1) Fuel oil flow rate = F in Gal/min
2) Vg = Stack gas flow in SDCFM

3) £fgp = Excess air correction to adjust Vg to 0%

20.9
20.9 - % 0, in flue gas

oxygen content =

4) K = A variable defined as:
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By definition:

Hr = Hroi1l *+ Hyioparg o . (Eq 6)
where
HI_0il= 150,000 Btu/gal X 60 mln/hr < F gal/mln

= F X 9(10)6 Btu/hr | N  (Bq 7)

Hi-bark = Heating value of bark Btu/hr X bark feed rate
(B) lb/hr

By definition:

= heating value of bark
8900

" then:
Hi-bark = 8900 X K X B . | (Eq 8)
The bark flow rate B is; |

VSSDCFM Gas vol . |
as volume )
<f A = from oil combustion SDCFM) X 60 mln/hr
B=

90.3 SDCF/1b (Eq 9)

The gas volume from oil combustion is:
1395F SDCFM (Eq 10)

Substituting equation 10 into eqﬁation 9 we get

V : ‘
B = 0.6644 _f"_* - 1395 g) | (Eq 11)

Substituting equation 11 into equation 8:

- 5913 KV -
I-bark = ___ S _ g 25 (10)6 X KxPF

Rearranging:

. e 6
-282. ~8.2 RKF  (Eg 12)
Ho_park = 5913 KV_-282.63 KVg %0,8.25 x 10




-15=-

substituting equations 7 and 12 into 6:

Hp = 5913 RvVg ~ 282.63 KV % O,

- 8.25 x 106kF + 9 x 10°F (Fq 13)

Since the effect of K in the expression 8.25 x 10%kF is
small it may be assumed to be 1 and the equation can be sim-
plified to :

H_ = 282.63 [20.9KV -0, KVg] + 0.75x108F which (Eq 14)
is equation 5. |

Vit DERIVATION OF HEAT INPUT FROM GASEOUS COMBUSTION PRODUCTS
EQUATION FOR BARK AND GAS

Using the relationships developed in previous sections on
combustion calculations and assigning a constant value to the
combustion product volumes from gas and bark,another general
equation can be derived:

The following assumptions are made:

(1) 1 pound bark generates'90.3 SDCF of dry gas at 0%
excess air when combusted.

(2) 1 ft3 of feed gas generates 9.1 SDCF gas at 0% excess
air when combusted.

'(3) Heating value of gas is 1050 Btu/ft3.

The following variables are measured or are the result of
measurements:

(1) Gas flow rate = G in ft3/m

(2) Vg = stack gas flow in SDCFM

(3) £gp = Excess air correction to adjust Vg to 0%
oxygen content = :

i 20.9 |
20.9 - ¢ O, content in flue gas

(4) K = A variable defined as:

measured heat content of bark
8900
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By definition:

H + H (Eq 15)

I HI-gas I-bark
' where |
Hy.gas = 1050 Btu/ft> X G X 60 = 63,000 G Btu/hr (Eq 16)

 The bark flow rate is:

Vg .  Gas volume from\ . .
L gaSCOmbustion:> X 60 min/hr
fea

90.3 SDCF/1lb

- The gas volume from gas combustion is 9.1 G SDCFM

Substituting into equation 17:

vs - 901(%
60(;

g‘g "\IEA - /
- 90.3
'Rearranging:
3900:‘:(?B - o.1€> 60 | N
By e fea .  59;3K Vs - 53800 K G (Eq 1
90.3 . EA C

Since the effect of K is small in the second part of the equa-
tion it can be assumed to be 1 and the equation can be simplified
to: - K

3913 K Vg (20.9 - % 07)- 53800 G | (Eq ‘1
Hr-bark = — 20.9 -
which is in the same form as equation 5.
The variability in ultimate analysis and heat content of gas

limits the use of this general equation but does not preclude the
development of a similar expression to fit the case at hand.




(1)

(2)

(3)

(4)

(5)

(6)

IX SUMMARY

The potential errors in estimating heat input to a boiler
when fuel is not weighed or measured have been outlined

and the limitations of estimating heat input from measured
steam production rates and steam characteristics emphasized.

For those situations where wood derived fuel is not weighed
before burning an estimating procedure which is based on
measurement of the volume of the dry products of combustion
and relating this measurement to the composition and heat-
ing value of the fuel was developed.

The estimating procedure is (a) independent of fuel moisture
content, and (b) suitable for use where wood derived fuel

is burned separately or in conjunction with other fuels

(if the feed rate of other fuels is measured).

The procedure depends on two measurments commonly made
during source particulate sampling, namely (a) stack gas
volume and (b) oxygen content of the flue gas (as frequent-
ly as every 5 to 10 minutes during the sampling period).

The procedure depends on a knowledge of heating value of
the fuel or fuels burned and can be further refined if
an ultimate analysis of the fuel or fuels is known. This
would permit adjustment of the numerical constants in
the general equation for estimating heat input which re-
flect ultimate analysis of typical fuels. The flue gas
volume change associated with the minor differences in
published ultimate analysis of oil and wood derived fuel
gources shows this to be of minor importance in arriving
at a rational estimate of heat input. Care must be used
in assuming a typical ultimate analysis for natural gas:
however.

A method of estimating emission rates from power plants
burning a single fossil fuel or gas is included in the
Appendix. The procedure is applicable where only one

fuel is burned and does not appear to have application
where wood derived fuel alone is burned unless it can
consistently be demonstrated that the flue gas volume and
fuel heating value relationship is consistent. Information
available at this time shows that a wider range of heat-
ing value for wood derived fuels of reasonably uniform
ultimate analysis indicates this will not be the case.
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