
AN ABSTRACT OF THE THESIS OF

KENNETH LEWIS TUTTLE for the degree of DOCTOR OF PHILOSOPHY

in MECHANICAL ENGINEERING presented 0 c_kakr 31 icill

Title: COMBUSTION MECHANISMS IN WOOD FIRED BOILERS

Abstract approved:
Redacted for Privacy

.7 U C. gunge

A program of research has been established at Oregon State

University to study wood residue combustion using an experimental

spreader-stoker combustor. This research was conducted to increase

the understanding of combustion occurring in wood fired boilers.

Using Douglas Fir screened to 3/8-3/4 inches, two 4x4 factorial

experiments were conducted varying depth of fuel bed and fuel feed

rate.

The objective of the experiments was to test the hypotheses

that increased fuel bed depth has the statistically significant

effects of decreasing particulate emissions and increasing the

relative amount of solid carbon oxidized by the underfire air

(the Relative Carbon Saturation). The amount of carbon is relative

to the maximum amount that could be oxidized by the air.

The results of the experiments were that the following effects

were found to be statistically significant.

1. Increasing fuel bed depth from two to four inches

decreases particulate emissions.

2. The effect of bed depth on particulate emissions is

more pronounced at higher combustion rates.



3. Increasing fuel bed depth from two to four inches

increases the Relative Carbon Saturation of the

gases produced in the fuel bed.

4. At either fuel bed depth, the Relative Carbon

Saturation is decreased by higher combustion rates.

The most important results of the research are that a fuel

bed several inches thick in a wood fired spreader-stoker can be

used to effectively meter the underfire air to reduce particulate

emissions and increase the heating value of the gases produced in

the fuel bed which become fuel for the overfire combustion.

New concepts of combustion mechanisms in wood fired boilers

are presented in the thesis and recommendations for further research

are offered.
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COMBUSTION MECHANISMS OF
WOOD FIRED BOILERS

I. INTRODUCTION

The use of wood fuel can be likened to the burning of coal in

Britain as stated by Mayers (62, 1483).

The grates and hearths in general use apparently
'just grew'. Britain's blessing of abundant good
coal has here resulted almost in a curse; it was
so easy to burn the coal available without taking
special pains that little attempt was made to im-
prove matters beyond merely satisfactory results.
Smoke and economics forced strong organized effort
to improve grates.

The combustion of wood has been accomplished for centuries with-

out the benefit of basic research. For more than a century steam

boilers have been operating on wood. These conditions obscure the

reality that basic research on wood combustion is needed. It is not

obvious that wood is a less manageable fuel than gas, oil, or coal.

Many factors enter the selection of a modern steam generating

plant. Some of the factors have changed drastically in recent decades.

In the past, burning wood refuse may have been the economical way

to dispose of it. However, wood is becoming a replacement for very

expensive liquid and gaseous fuels. In this research, some of the

problems plaguing users of wood fuel have been identified and

analyzed.
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The Need for Research

Research on the combustion of wood residue fuel is needed.

According to Junge (46) there have been recent instances of new

boilers which cannot meet design specifications owing to in-

efficient combustion. Considering the cost of a new boiler and

that the plant's operation may depend on its steam production,

a new boiler which fails to meet specified steam production

is an extremely serious problem. There are problems with exist-

ing boilers as well.

Along the West Coast there are nearly one thousand wood fired

boilers. There are hundreds more in the East. Many of the boilers

are experiencing difficulties limiting emissions satisfactorily (46).

In one recent instance a 250,000 pound per hour steam plant required

a $300,000 pebble scrubber to meet emissions standards for continued

operation. In this case even though the scrubber was the most

economical device to add on, its cost represents a large fraction of

the replacement cost of the boiler it serves. The burning of wood

is made less economical by the cost of cleanup equipment.

Basic research into the combustion of wood is needed. Reliable

data is needed for use in the design of boilers to allow the proper

size combustion chamber to be specified.

It is not understood why wood fired boilers defy design specifica-

tion. A new boiler which will not produce the steam rate required

is baffling and frustrating. However, designs have failed to match

the combustion rate to the steam production. The design of water



3

sides and the required energy release rate from wood are known.

For reasons not understood, the boilers will not burn the fuel

fast enough.

There are basically two factors which can limit the rate of

combustion of solid fuel. For each unit of grate area, only a

limited amount of fuel per hour can be burned. A large fuel feed

rate requires a large grate. Also, there is a time requirement

for overfire gas phase reaction. If the gases pass through the

boiler too fast the combustion process is carried into the bank

of steam tubes and quenched before the combustion is complete.

To give the combustion a longer residence time in the combustion

chamber, the boiler must be made larger.

Overview of the Research

An experimental spreader-stoker boiler has been constructed

at Oregon State University for basic research into combustion of

wood residue fuels. Figure 1 is a photograph of the installation.

Study of the apparent problems associated with wood combustion

identified particulate emissions as one of the most important. A

process of deduction traced the probable cause of excessive

particulate emissions to the combustion occurring on the grate.

Since the gas phase combustion occurring overfire seemed better

understood and the problems manageable, the analysis concentrated

on the combustion occurring in the burning fuel bed.



Figure 1. Experimental Wood Fired Boiler
4.
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The preliminary investigation of combustion was a literature

review. Coal has been burned satisfactorily in this type boiler

and a substantial amount of data and information is available on

coal combustion. Research on combustion of wood has been limited

mostly to natural convection fires in structures and forest fires.

An understanding of coal combustion and naturally convected wood

combustion was useful in the analysis of combustion mechanisms in

wood fired boilers.

In an attempt to advance the understanding of combustion in

wood fired boilers, new concepts for many of the aspects of the

combustion process have been developed and presented. Not all

of the hypotheses developed were tested experimentally. For

those not tested, evidence of support for the hypotheses which

has been found documented in related combustion research has been

presented with the hypotheses.
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II. COMBUSTION CONCEPTS AND LITERATURE REVIEW

Reports of combustion research on coal and lignite fuel beds,

of free burning cellulose, and of gas producers were examined

extensively. Synthesis of this information by the author resulted

in a new concept on combustion mechanisms in wood fired boilers.

Combustion Theory

In this section, theory developed through past research to

explain wood combustion is presented (11, 39, 93). The basic con-

cepts of wood fuel combustion seem to be widely accepted. Probably

the most basic concept in wood combustion is that wood burns in

three steps.

1) The moisture held as free water in cell cavities and

bound water bonded to hydrogen at the cell wall vaporizes

to allow the wood to be heated above the boiling tempera-

ture of water. This reaction is endothermic; the

water requires approximately 1200 BTU/lb as it moves

from wood to flue gas.

2) As the temperature of the wood rises, volatile matter

is destructively distilled from the wood. The dis-

tillation process is considered endothermic. The

volatile matter is combustible and burns overfire

when mixed with air. The combustion is exothermic.

A large percentage of the wood's energy is released

when the volatile matter burns.
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3) The final step is to burn the carbon remaining in

the charcoal after the volatile matter has been dis-

tilled. The amount of ash free charcoal to be

burned varies between wood species and even between

different portions of a tree. Bark is normally

higher in charcoal than white wood. The range of

charcoal seems to extend from about 17 to 27 percent

of the dry wood by weight as determined by proximate

analysis (63). The charcoal is burned on the grate

in a spreader-stoker boiler by the underfire air

forced through the fuel pile. The amount of under-

fire air required can be calculated from the reac-

tion, C + 02 + 3.76N2 ± CO2 + 3.76N2, if the fuel

is analyzed to determine the amount of charcoal (11).

There are other accepted concepts on wood combustion. Pinhole

grates have been developed for even distribution of underfire air

which is necessary for any solid fuel fired in a spreader-stoker (62).

It is known that excess air is needed to complete combustion (86);

preheated combustion air improves efficiency (84); and properly

hogged and sized fuel is required to limit material handling problems

in the fuel-feed system (10).

The problem of wet fuel has been met with higher temperature

underfire air and excess underfire air to dry the fuel (54). The

overfire combustion air can be directed onto the surface of the

fuel bed to help dry the fuel (28). An alternate solution to

excessive moisture in fuel is to pre-dry the fuel (102).
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Combustion of solid fuels carries a unique requirement. Some

of the carbon in solid fuels cannot be pyrolysed (decomposed

thermally) at combustion temperatures and therefore, must be

gasified by chemical reaction with some other element. Oxygen,

either as diatomic oxygen in air or oxygen bearing molecules such

as carbon dioxide or water vapor, is normally used to oxidize the

solid carbon. Multiphase reactions such as this solid-gas phase

reaction are fundamentally different from either liquid phase or

gas phase reactions.

The difference exists mainly in the inability to mix intimately

the two phases. Gas phase reactions involving a large hydrocarbon

molecule may require that several dozen oxygen molecules be brought

into contact with the fuel. Although the kinetics at combustion

temperatures are extremely rapid, the diffusion of oxygen to the

fuel molecule requires time. By comparison, the smallest liquid

droplet or solid particle is enormous next to the largest gaseous

molecule. While the liquid droplet will evaporate and mix as a gas,

the solid particle must wait for diffusion of rather large numbers

of oxygen molecules to complete its combustion.

When solid fuel is pulverized, mixed with combustion air and

burned in suspension, the difficulty of oxygen diffusion is com-

pounded by the need for the solid fuel to be heated to ignition

temperature after vaporization of moisture present and distillation

of volatile matter. The volatile matter begins consuming oxygen

before the solid carbon ignites. As oxygen diffuses to the solid

surface, it encounters the mass of gases diffusing away from the
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solid surface. Furthermore, the oxygen supply becomes more and more

depleted. The volatile matter and solid particles compete for the

same oxygen. Excess air is needed to speed the diffusion limited

combustion of solids.

An alternate method for combustion of solid fuels was developed

which separates the combustion of the solid carbon from the combus-

tion of the volatile matter. The solid carbon can be burned on a

grate with one source of air and the volatile matter and gaseous

fuel can be burned above the fuel bed using air supplied there.

The spreader-stoker boiler is the modern design being used to burn

the solid carbon separately. The problems associated with its use

will be explored further.

Proposed Combustion Concepts

Oregon State University has been conducting basic research on

combustion of wood residue. Efforts center on acquiring informa-

tion to improve boiler design and to increase the understanding of

combustion mechanisms which contribute to the problems associated

with wood combustion. This research effort combines existing

information on wood fired boilers with experience from an experimental

boiler and a systematic exploitation of related combustion research

to analyze the problems encountered in the firing of wood residue

fuels. In this section of the thesis a number of hypotheses will

be advanced and supported.
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Combustion Mechanisms

The combustion mechanisms in a wood fired spreader-stoker may

differ depending on the distribution of combustion air in the com-

bustion chamber. Boilers can be fired with half or more of the com-

bustion air supplied underfire. They can also be fired with a low

enough proportion of the air underfire to promote combustion of the

charcoal to primarily carbon monoxide. Most wood combustion pro-

blems are related to the combustion occurring on the grate.

Combustion in the Fuel Bed

The spreader-stoker combustor uses a grate to hold the solid

fuel while allowing air to pass through the grate and through the

bed of solid fuel. Figure 2 is a schematic representation of the

combustion process in the zones existing in a wood fuel bed. In

an actual bed, the zones are not so clearly defined.

The purpose of the air being forced through the fuel bed is

to supply combustion air to oxidize the solid carbon. The volatile

matter must be destructively distilled by the resulting high tem-

peratures and carried out of the fuel bed where it burns with a

luminous flame.

The source of combustion air for the volatile matter has varied

with combustor design, but general agreement has been reached on the

need for a separate air supply in the region where the volatile

matter is expected to burn. In the case of wood residue fuels,

general agreement has not been reached on how much air to supply

for combustion of the volatile matter (54).
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To better understand the combustion process in a bed of solid

fuel, consider research that has been done on coal. The fixed

carbon in coal becomes coke and is burned on the grate. Charcoal

is substantially more reactive than coke; however, at the tempera-

ture encountered in a burning bed of carbon the chemical reaction

rates are so high that for any type of carbon the combustion pro-

cess is entirely limited by the physical diffusion and transporting

of oxygen to the solid surface (4, 57, 62). By inference, the

smaller the particle size, the greater the surface area available,

and the greater the rate of combustion. By the time the air has

passed no more than three or four fuel particles, the oxygen has

been entirely consumed (4, 57, 61, 69, 92). This is indicated

in Figure 3, where Thring (91) plotted the gas composition pro-

duced in a bed of carbon as a function of bed depth in particle

diameters. The reason for rapid oxygen consumption has been

adequately demonstrated by several researchers who added chlorine

bearing molecules to the underfire air to inhibit the gas phase

reaction of carbon monoxide to carbon dioxide (3, 4). At the tempera-

tures in a fuel bed, the solid carbon is oxidized mostly to carbon

monoxide which enters the gas stream (4). If oxygen is present in

the gas stream the carbon monoxide may be oxidized to carbon dioxide

thereby utilizing the oxygen much faster than when the gas phase

reaction is inhibited by chlorine.

The question has been long debated whether oxygen reacting at

the surface of solid carbon forms carbon dioxide or carbon monoxide.

The problem has been studied during research in coke beds. Attempts
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5 10

Distance Into Char (particle diameters)
15

Figure 3. Variation of Gas Composition Through a Fuel Bed.

(91, p. 3.4.2)

were made to prohibit the gas phase reaction of carbon monoxide to

carbon dioxide by sampling very near the carbon surface with a water

cooled probe (4). Although the researchers were convinced the cooled

probe was successful in quenching the sample, the experiment failed

to show more than a small increase in carbon monoxide over unquenched

sampling. However, experiments using the chlorine ion to inhibit the

gas phase oxidation of carbon monoxide resulted in substantially

increased levels of carbon monoxide being measured. It was deter-

mined that below reaction temperatures of 900°C (1650°F), the pro-

portions of carbon dioxide and carbon monoxide formed are temperature

dependent. At higher reaction temperatures the gas formed is pre-

dominately carbon monoxide (3, 4).
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The uninhibited reaction of carbon monoxide to carbon dioxide

depletes the oxygen supply very rapidly (4, 57, 62, 68). An

explanation of the reduction rate of carbon dioxide to carbon

monoxide is based on several observations. The carbon dioxide is

a very reactive but less effective oxidizer of the solid carbon

to carbon monoxide. One molecule of carbon dioxide reacting with

solid carbon can gasify only one carbon atom yielding two molecules

of carbon monoxide. The reaction is strongly endothermic. Even

though the gas temperature is reduced by the endothermic reaction,

the temperature and the chemical reaction rate remains high enough

that the reduction of carbon dioxide is diffusion limited. Since

the reaction is strictly solid-gas phase and the rate of reduction

decreases as the carbon dioxide is reduced, a thicker layer of

carbon is required to substantially reduce the carbon dioxide than

to consume the oxygen.

Once the gases enter the distillation zone of the fuel bed,

the reaction rates of either carbon dioxide or oxygen with the

solid carbon are severely reduced owing to the lower surface tem-

perature of the charcoal and to the volatile matter diffusing from

the charcoal surface. From this it is deduced that separation of

the distillation zone from the incandescent charcoal zone, especially

the oxidation portion but also the reduction portion, is important

to the efficient operation of a fuel bed.

Fuel Bed as a Gas Producer

Hypothetically, in combustors having a grate on which solid

fuel is burned, the fuel bed is a gas producer. The gas produced
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in a wood fuel bed contains substantial amounts of water vapor,

combustible vapors, nitrogen, carbon dioxide, and carbon monoxide.

It is possible for the gas to contain oxygen as well, but only if

the layer of incandescent charcoal is too thin to consume the

oxygen or blowholes develope in the fuel bed.

It is a reasonable assumption that the mass flow rate of

water vapor and volatile matter remain constant at a given fuel

feed rate. The amount of the other gases generated depend on the

reaction between the underfire air and the solid carbon. The under-

fire air can oxidize a limited amount of carbon. The oxidized

carbon appears either as carbon monoxide or carbon dioxide. The

term Relative Carbon Saturation (RCS) applies in this context

(4, 57, 62, 68). The Relative Carbon Saturation is an indicator

of the effectiveness of the gas producer and can be calculated from

the percent by volume of the gases in the fuel bed.

RCS = %CO + %CO2 / [%C0 + 2(%CO2 = %02]

If %CO2 = 0.0 and %02 = 0.0, the RCS = 1.0, whereas if %CO = 0.0 and

%02 = 0.0, the RCS = 0.5. The amount of air required to produce

various RCS values are shown in Figure 4.

Figure 3 indicates the gas composition as a function of dis-

tance from the bottom of the incandescent char layer expressed in

particle diameters. A layer of char ten particle diameters thick

for example, can be expected to yield a gas composition comparable

to that measured at the ten particle level in a 15 particle depth

bed.
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The hypothesis was developed that the producer action of the

fuel bed is important to the combustion occurring over the fuel

bed when combustible gases and vapors are mixed with overfire air.

Little support for the idea was available directly from the litera-

ture, therefore, the following arguments are offered in support of

it.

Since more air is required to produce carbon dioxide at a given

fuel rate, more nitrogen is present in the gases leaving the fuel

pile than would be if each oxygen molecule picked up two carbon

atoms. The nitrogen is a diluent which reduces the higher heating

value of the vapors rising from the fuel pile.

Second, if carbon dioxide is produced in the fuel feed, it

adds no chemical energy to the vapors leaving the fuel pile--in

fact, it too is a diluent. Whereas, when carbon monoxide is

produced at the same fuel feed rate; it replaces the inert carbon

dioxide and carries less nitrogen along as well. The heating value

of the vapors leaving the fuel pile is substantially enhanced by

the presence of the carbon monoxide. A better quality gaseous fuel

available for overfire combustion can only lead to improved over-

fire combustion.

Charcoal and Pyrolysis

The amount of charcoal produced by destructive distillation of

wood varies between species and between wood and bark or even heart-

wood and sapwood (30, 53). The ASTM standard test to determine

fixed carbon in coal by proximate analysis can be applied to wood

for charcoal (63). This research questions how well the laboratory
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test represents the conditions which occur in a burning fuel bed.

Research on free burning fires has shown some conditions

which affect the amount of charcoal produced from any given wood

sample and the amount of carbon to be burned by underfire air

as follows:

1) Ash free charcoal is not pure carbon; it contains some

volatile matter (15, 17, 63).

2) The temperature to which charcoal is raised during

distillation has a pronounced and predictable effect

on the quantity of the charcoal produced. Not only

is less charcoal produced at higher distillation

temperatures but the proportions of hydrogen and

oxygen in the charcoal are also less (15, 17, 30).

3) The rate of distillation affects the yield of char-

coal. At higher rates of distillation, less char-

coal is produced (17, 30).

4) The yield of charcoal is reduced if inert gas is

passed through the distillation zone (81).

The method of determining charcoal by ASTM proximate analysis

is to distill the volatile matter in a covered crucible at 950°C

(1740°F). The distillation process requires from eight to ten

minutes (63). The charcoal produced by this method contains less

volatile matter than commercial charcoal which contains approximately

14 percent volatile matter (17). It is not considered possible to

reduce charcoal to fixed carbon as in coke (63). Volatile matter

continues to be distilled as the temperature of the charcoal is

increased (17).
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During pyrolysis (thermal decompOsition) of wood (17), the

most volatile hydrocarbons are distilled first. They are from

hemicellulose and their distillation is endothermic. Cellulose is

destructively distilled endothermically below a temperature of

approximately 350°C (660°F). The volatiles distilled are highly

hydrogenated and the charcoal left is higher in carbon content

than the cellulose. The destructive distillation of lignin is

exothermic and occurs rapidly in a temperature range from approximately

350°C to 800°C (660°F-1470). Again the portion distilled is more

hydrogenated than lignin and the charcoal remaining has more carbon.

The volatiles distilled at higher temperatures are primarily hydro-

gen and carbon monoxide (17).

In contrast to the ASTM test, the charcoal in a burning fuel

bed is produced at an estimated temperature range of 950°C to 1400°C

(1740°F-2550°F). The estimated time to destructively distill the

volatiles from the cellulose and the lignin may range from one half

minute to one or two minutes. Throughout the distillation process,

the fuel bed is being flushed of the volatile matter by the products

of combustion. It is evident that pyrolysis of wood in a burning

fuel bed employs rapid distillation, high temperatures, and rapid

removal of volatiles by the gas stream, three factors which con-

tribute to lower yields of charcoal than measured by proximate

analysis. Measurements cited by Browne (17) indicate the charcoal

yield during combustion may be approximately half the yield from

proximate analysis.



20

Difficulties in Calculating Underfire Air

The most basic and startling characteristic of a fuel bed is

its departure from the traditional concept of air/fuel ratio. The

rate of air supplied in pounds per hour divided by the rate of

fuel supplied in pounds per hour does not reflect the ratio of

air available for combustion at any instant to fuel available for

combustion. This concept was first developed for coal combustion.

At any given instant, there is more fuel in the fuel bed than air

to burn it (4, 57, 62, 68).

It is possible, however, to force more air through a thin fuel

bed than can be used for combustion. If more than enough air to

convert the charcoal to carbon dioxide is supplied underfire there

is excess underfire air. However, this mode of operation represents

conventional firing of wood in spreader-stoker boilers. If the

chemically correct amount of air is supplied underfire to convert

the charcoal to carbon dioxide, some oxygen will not be consumed

by the charcoal because a certain amount of carbon monoxide will be

formed. The theoretical amount of air required to convert the char-

coal to carbon monoxide could be adopted as the ideal amount of

underfire air. Since all of the oxygen in the underfire air cannot

be converted to carbon monoxide, air in excess of the theoretical

ideal amount is always required underfire.

This research developes the hypothesis that it is not possible

to state accurately how much charcoal will be available for combustion

by underfire air. Further, at a given production rate of charcoal,

the amount of carbon is not known. And, even if the amount of carbon



21

and oxygen in the charcoal were known, the amount of underfire air

could not be calculated for two reasons. First, there is the

possibility of the production of volatile matter by partial com-

bustion of the charcoal; and second, the relative carbon satura-

tion (RCS) of the products of combustion is not known. However,

given the amount of carbon to be burned and the relative carbon

saturation of the products of combustion, the calculation of under-

fire can be straight forward. In fact, the numbers could be

determined from Figure 4.

With the degree of complexity of determining underfire air

requirements analytically, it seems reasonable to defer to a

fairly straightforward empirical determination. The underfire

air requirements appear to be a function of many variables. For

a given fuel sample (species, and wood or bark) the underfire air

requirement (air/fuel ratio) may vary significantly with rate of

combustion, depth of fuel bed, moisture content, and fuel size

distribution.

Fuel Bed Depth, Effect on Combustion

At any fuel bed depth, if the fuel were burned at the same rate

added, the bed depth would remain constant.

The fuel bed depth required to produce a given Relative Carbon

Saturation is a fairly linear function of fuel particle diameter

(4, 57, 62, 68). At equal rates of underfire air and fuel feed,

larger sized fuel is expected to form a thicker fuel bed than

smaller fuel. Owing to the deeper bed and equal fuel feed rates,

the larger fuel particles will have a longer residence time in the
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fuel bed. In this way, fuel size affects residence time. However,

the effect of fuel size on the time required for a fuel particle to

burn can be nullified by increasing the underfire air rate through

the larger particles until both sizes of fuel are burned in beds

of equal depth. At equal bed depths and equal fuel feed rates, it

can be shown by calculation that fuel particles of different sizes

burn in the same amount of time. For example, the residence time

of a fuel particle in the fuel bed is calculated from the thickness

of the fuel bed and the volume feed rate of the fuel. If one cubic

foot of any size fuel is spread evenly across a 12 square foot grate,

the fuel will form a layer one inch thick. If this much fuel is

added in one minute, then fuel is being added to the surface of

the fuel bed, irrespective of the depths of the fuel bed, at one

inch of fuel per minute.

If the surface of the bed remains four inches from the grate,

then the fuel particles are moving downward at one inch per minute

and would require four minutes to reach the grate. From this it

is deduced that within practical limits, any depth of fuel bed of

any size of fuel particles can be maintained at any fuel feed rate.

The flow rate of underfire air is the equalizer.

When operating with excess air underfire, the rate of combus-

tion is limited to and controlled by the rate at which the fuel

is added to the bed. The air, either under or overfire controls

the completeness of combustion. In fact, the air supply could be

set and the fuel feed varied over quite a range without exceeding

the limits of combustion. This convenience must simplify controls
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for following load swings in spite of the sluggish response to

changing feed rate.

Consider the operation with a layer of fuel on the grate

several inches thick. Figure 3 shows the variation in gas com-

position measured in a burning bed of carbon by Thring (91).

Others have made similar findings (4, 57, 62, 68). No oxygen in

the underfire air passes through the fuel bed without reacting.

If air is passed through the grate at a higher rate, the fuel bed

produces combustible gas at a higher rate and the rate of combus-

tion in the fuel bed increases. When the fuel bed is several inches

thick there is more fuel available than oxygen and the rate of

underfire air determines the rate of combustion (4, 57, 62, 68).

Heat Transfer in the Fuel Bed

In a burning bed of wood fuel a number of heat transfer

mechanisms occur. Two things are fixed: the energy released

by a pound of given fuel and the energy required to dry the

fuel and raise its temperature. The process may take from one

to three minutes. The wood may get the energy required for

drying by convection from hot gases, by radiation from sources

above the pile, or from sources within the pile. A fuel

particle of adequate size can gain energy needed to vaporize

interior moisture from combustion of carbon on its surface or

from the exothermic secondary reactions which may occur during

the destructive distillation of the volatiles.
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Transfer within the Fuel Particles

In a drying oven, the energy needed to vaporize the moisture

in the wood is transferred to the interior of the wood by conduc-

tion. The conductivity of wood is low (0.67 to 2.5 BTU hr°F ft2/in)

for dry Douglas Fir depending on the grain (82). In the high tempera-

ture environment of a burning fuel bed, a different heat transfer

mechanism is possible and may play a major role.

Kanuary (48, 49, 65, 66) explains how vapors generated at one

point in a piece of burning wood tend to diffuse in all directions.

The portion of the vapor which diffuses outward to a higher tempera-

ture zone, remains a vapor and passes out of the wood. Kanuary, and

others (7, 49, 80) see the diffusing vapors as counteracting the

conduction transfer, which is logical for the vapors diffusing out-

ward. The vapors which move farther into the piece of wood meet a

cooler region and condense. It is this diffusion of condensible

vapors which carries great potential for rapid heat transfer. If

vapor diffuses from a higher temperature outer portion of the wood

to the lower temperature interior and condenses as described by

Kanuary (49), the energy released by the condensing vapors transfers

energy to the wood.

As vapors diffuse inward and condense, they are followed by

higher boiling point vapors. The chain of vapors eventually dis-

tills all moisture and volatiles from the center of the wood. The

surface of each particle of fuel becomes dry and its temperature

rises above that of the interior. When the temperature of part of

the wood reaches 300°C to 400°C (570°F-750°F), the lignin begins to
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distill. A secondary reaction in the distilled lignin is exothermic.

Once the exothermic stage is reached, distillation proceeds rapidly (17).

Since the wet fuel particles are surrounded by sources of radia-

tion and convection in the 2500°F temperature range, the transfer of

energy to the surface of a cold fuel particle could be quite rapid.

Under the right conditions, fuel can be completely consumed within

one minute (see section on fuel bed depth) drying must require some-

what less time. Enough energy to vaporize the moisture cannot be

transferred by conduction since the time is too short and the tempera-

ture differential is too low.

Transfer Within the Fuel Bed

Examination of the possible sources of energy for drying the

fuel reveals as possible major sources the 2500°F gas which surrounds

each particle, the combustion occurring overfire, and the incandescent

char beneath the surface of the fuel pile. In a spreader-stoker with

water cooled walls, walls are not a source of radiated energy to the

fuel bed. The high temperature gas which surrounds each particle

transfers by convection as well as radiation. The high temperature

gases are always present as a major source of energy in the drying

process. Their contribution to the drying process can vary owing to

changes in the temperature of the gases, in the velocity of the gases,

and in the time allowed to dry the fuel.

The products of the combustion in the fuel bed contain most of

the energy released by combustion of the charcoal. An energy blance

shows that the charcoal being burned in the fuel releases more than

enough energy to dry wood having fifty percent moisture. For example,
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fifty percent moisture represents a pound of dry wood and a pound

of water. The water requires approximately 1100 BTU to become

vaporized. The pound of dry wood may leave approximately 0.25

lb of charcoal to be burned on the grate which releases from 1350

to 3200 BTU when burned depending on the amounts of carbon monoxide

and carbon dioxide produced.

The remaining source of energy, the incandescent char,

exhibits an unusual heat transfer phenomenon. The char, when not

in direct view of the wet fuel, can still transfer energy to it

by radiation. The process involves a sequential transfer from

particle to particle by radiation which resembles conduction. The

thermal gradient between incandescent char and the fresh fuel is

very great and the energy transferred may be substantial. There is

a similar gradient between the char and the grate.

Figure 5 depicts the author's concept of the temperature pro-

files in a zoned fuel bed. Notably, the gas has a different tempera-

ture profile, than the solids in the fuel bed. Most of the tempera-

tures indicated are based on known inlet temperatures, distillation

temperatures, or measured char temperatures (57). The peak tempera-

ture was estimated from temperatures of 2000 to 2500°F encountered

at the surface of the fuel bed and from the calculated combustion

temperature of charcoal to carbon dioxide of 4500°F. The peak gas

temperature of approximately 4000°F considers the indication by

Figure 3 that less than 21% carbon dioxide is produced. It should

be noted the peak temperatures in Figure 5 occur approximately at

the same point in the fuel bed as does peak carbon dioxide in Figure 3.
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An observation regarding the use of preheated underfire air to

aid in drying wet fuel can be made. If underfire air temperature

is raised 200°F, the temperature of the gases leaving the fuel bed

will be increased approximately 100°F (69). This increase in

underfire air temperature would increase the temperature differ-

ential between combustion gases and the wet fuel by approximately

four percent. The increase in potential for transferring energy

to the wet fuel by this means appears insignificant. It may be more

beneficial to decrease the temperature of underfire air to aid in

cooling the grate and to reduce ash and char temperatures to avoid

melting the ash.

A substantial amount of energy may be transferred to the wet

fuel by radiation from the incandescent char. The thermal gradient

from the char to the fresh fuel is greatest when the wet fuel is

visible to the incandescent char and the transfer of energy is

greatest.

If the fuel pile were quite deep, the incandescent char would

be separated from the wet fuel by the distillation zone and the

thermal gradient would be lower as would the transfer of energy.

In addition to the energy being transferred to the fresh fuel

from the char along the thermal gradient shown in Figure 5, energy

is transferred to the grate by radiation from the char. The energy

loss by radiation transfer from the char to the grate is reduced by

convection to the underfire air. Of the energy transferred along

the thermal gradient from the point of maximum temperature in the

fuel bed to the grate, some energy is absorbed by the cooler
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air passing through the grate, through the ash, and through the

incandescent char. The only energy lost (ignoring wall effects)

is from the grate to the air plenum chamber and on to the surround-

ings.

The losses by radiation depend mainly on the temperature as

opposed to rate of combustion. However, since the temperature in

the bed increases with the rate of combustion, the absolute loss

by radiation increases. Most of the energy released by combustion

is transferred from the bed by convection in the gaseous products

of combustion. Energy transferred by radiation is transferred at

a rate comensurate with the temperature gradient. The fuel bed

temperature is in equilibrium with the rates of energy production

and convection, and radiation. At some maximum bed temperature,

T1, energy is transferred by radiation at the rate Qr, by convec-

tion at Qc, and is released by combustion at TheThe energy balance

may be expressed as Qs = Qc + Qr. If the rate of combustion is

reduced to 2/3 Qs, convection drops to 2/3 Qc, and at time zero

the temperature is Ti, and the radiation is Qr. Since Qr + 2/3

Qc > 2/3 Qs, Ti must decrease until 2/3 Q
s

= 2/3 Q
c

+ 2/3 Q
r

or

equals X Qc + Y Qr where X < 2/3 < Y. It can be seen that even

though the absolute loss by radiation decreases with decreased rate

of combustion, the relative loss increases.

Particulate Emissions

Underfire Air, Effect on Emissions

One hypothesis developed during the study of wood fired boilers

was that the source of particulate emissions were caused by the
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combustion process occurring on the grate. The underfire air

seemed a likely cause of particulate emissions. The theoretical

concept is based upon the following hypotheses:

1. The gas velocities in the overfire combustion zone are

an order of magnitude in excess of the velocities which

will transport the solid combustibles and ash from a

wood fire out of the combustion zone.

2. To avoid having particles carried from the combustion

zone they must be kept out of the overfire, high

velocity zone.

3. If the amount of underfire air were substantially

reduced below that existing in the overfire zone,

it might be possible to significantly reduce the

amount of particulate matter being transferred from

the grate to the overfire zone and on through the

boiler.

4. The minimum amount of underfire air possible is

that required to convert the solid carbon to carbon

monoxide.

The usual underfire air calculations allow for at least enough

oxygen to convert the charcoal to carbon dioxide (11). At the

theoretical combustion temperatures of each reaction the volume of

the carbon monoxide products would be 0.365 of the carbon dioxide

products. The implication is that if the particulate emissions are

a function of underfire air flow rate, conversion of charcoal to

carbon monoxide would reduce the emissions at a given rate of com-
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bustion. Attaining the minimum amount of underfire air required

to convert solid carbon to a gas is not practical; however, approach-

ing the minimum might be. The air/fuel ratio would have to be

regulated in accordance with the amount of charcoal to be burned

as shown in Figure 4.

Fuel Bed Depth, Effect on Emissions

Coal is burned on the grate in a layer several inches thick. To

burn coal in a layer thin enough to allow oxygen to pass through is

considered impractical (57). Wood is often burned with so much under-

fire air the layer of fuel may be only one inch thick. Enough oxygen

passes through the fuel layer to support combustion of the volatile

matter at the surface of the fuel pile. Under these conditions the

fuel pile is so thin the fresh fuel does not form a continuous layer

on top of the pile and incandescent char is visible through the layer

of fresh fuel. These effects are visible in combustion chambers.

An explanation of the possible effect of the fuel bed depth on

particulate emissions is based on the following observations.

1) The gas velocities through the grate pinholes and the

fuel bed will exceed the velocity required to entrain

much of the low density ash and char.

2) If the char could be physically held in place in the

fuel bed, it would be consumed by the underfire air.

3) The fresh fuel, wet or dry, is much more dense than

char and is not entrained during moderate firing rates.

If the surface of the fuel bed were covered by a con-

tinuous layer of dense fresh fuel, the layer should
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help to hold the char in place in the bottom of the

fuel bed to be oxidized by the underfire air.

4) An added benefit of the layer of more dense fuel

particles on top of the fuel bed might exist in the

form of filtration. Pieces of ash and char being

pushed up through the fuel bed by the underfire air

could be filtered from the gas stream by the layer

of dense fuel and be moved back into the combustion

zone as the upper layers settle downward.

Factors working to the detriment of the filtering effect could

be residence time of the char, non uniformity of gas flow through the

pile, discontinuity of the dense fuel layer or disruption of the

zoned combustion as shown in Figure 2. Failure to spread the fuel

evenly also would decrease the effectiveness of the filtration pro-

cess. The ability of the dense fuel layer to trap low density

particles and return them to the combustion zone should be a func-

tion of time. A thick layer of char having a long residence time

would require that filtered particles be held longer before they

could be burned. An extreme case would be a fuel bed two feet

thick might have eighteen to twenty inches of incandescent char

and four to six inches of distillation and drying zone. In a six-

inch bed, two to three inches may be for distillation and drying

leaving three to four inches of char.

While the thicker drying zone on the deep bed may be a better

filter, the thinner layer on the six-inch bed may be more effective

owing to less residence time of the char. The effectiveness of the
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filtration process is predicated upon having a continuous layer

of fresh fuel on top of the bed.

Experimental Conformation

At Oregon State University, two individuals have been exploring

wood residue combustion. Though working together to design, construct,

and operate a test facility, the objectives of their respective research

efforts differ. Junge (46) proposed to obtain the information needed

for improved boiler design and operation. The objective of the research

herein is to increase the understanding of wood combustion.

Although other individuals are studying wood, apparently only

Junge's research has contributed data (47) confirming the hypothesis

developed herein concerning the effect of the underfire air rate on

particulate emissions. Junge tested hogged Douglas Fir bark at

different moisture levels and in two size ranges, fines and 3/8-3/4

inch. The latter size range is the same as used in this research.

In an experiment at a fuel feed rate of 63.7 pounds of dry

wood per hour per square foot of grate, Junge varied the amount of

underfire air while holding total excess air at approximately 50

percent. The results of the particulate emissions measured are

shown in Figure 6. As the amount of underfire air was reduced, the

particulate emissions decreased. Although the underfire air was not

reduced to the point where the fuel bed increased significantly in

depth, the particulate emissions measured at the lowest underfire

air flow rate were substantially reduced from emissions measured at

more common underfire air rates.
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Summation of Theory

In a spreader-stoker, it is desirable to keep the solids com-

bustion separate from the gaseous combustion. If solids enter the

overfire combustion zone, a large portion will be carried out of

the combustion chamber unburned. In addition to being an expensive

nuisance, char in the particulate emissions detracts from efficiency.

To aid in keeping solids out of the overfire combustion zone,

the relative amount of underfire can be reduced. If low enough

rates of underfire air are used, compared to total combustion air,

the fuel will burn in a bed several inches thick. In this event,

another aid to solid retention may be formed by the more complete

layer of relatively dense fresh fuel on top of the fuel bed.

Combustion in the well developed fuel bed is beneficial in

other ways. A thick layer of charcoal permits depletion of the

oxygen in the underfire air and reduction in the amount of carbon

dioxide produced. The resulting gas produced by the fuel bed is

high in carbon monoxide, has the same amount of volatile matter,

and is much lower in carbon dioxide and nitrogen. The carbon

dioxide and nitrogen in the gas produced merely dilute it and

reduce its heating value. The diluents have a more subtle effect

when the gases are burned overfire. The diluents complicate or

obstruct the mixing of fuel and combustion air. The mixing of

fuel and air is the primary problem of the gas phase combustion.

The deeper fuel bed also alters the heat transfer mechanisms

for drying the wet fuel. Although enough energy is released by com-

bustion of the charcoal to dry moderately wet fuel, the energy is
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transported to the fresh fuel by two mechanisms. The hot combustion

gases passing through the fresh fuel layer add energy by convection

and radiation. A substantial amount of energy is transferred from

the incandescent char to the fresh fuel by radiation. The thermal

gradient is very high and increases if the fuel bed grows thinner.

If the fuel bed becomes deeper, the residence time of the

fuel increases to the advantage of the convective transfer. Energy

transfer to the wet fuel from gas phase combustion is substantial

in very thin fuel beds, but may become insignificant in the deeper

fuel beds. Energy to vaporize moisture is transferred to the interior

of the fuel particles by conduction and convection of condensible

vapors.

The diffusion of condensible vapors continues through much of

the distillation phase. Below temperatures of approximately 350°C

(660°F), the destructive distillation of volatile matter in hemi-

cellulose and cellulose is endothermic. Higher temperatures dis-

till lignin. A secondary reaction in the distillate from lignin

is exothermic.

Since distillation proceeds from the surface inward, the

exothermic reaction near the surface aids lower temperature dis-

tillation occurring near the center of the particle. The rapid,

high-temperature distillation produces more volatile matter and

less charcoal than measured in wood by laboratory methods. Charcoal

produced is reduced further owing to the ability of the combustion

gases to remove distilled volatile matter before many of the molecules

can be absorbed by the charcoal as normally occurs.
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Calculation of underfire air requirements becomes difficult

if not impossible owing to the nature of the charcoal. It is not

known how much charcoal is produced nor how much carbon is in the

charcoal. Not even the amount of oxygen needed per carbon atom in

the charcoal is known. It should be possible to determine air/fuel

ratios by direct measurement.
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III. EXPERIMENTAL RESEARCH

Using an experimental combustion facility at Oregon State Univer-

sity, the author tested the effect of fuel bed depth on particulate

emissions and on the quality of gas produced in the fuel bed. A

factorial experiment was designed to efficiently test the effects

for statistical significance.

The author proposed to test whether particulate emissions

decreased when fuel bed depth increased. If the depth of fuel had

an effect, could the effect be attributed to chance more than five

percent of the time? The second test proposed to determine

whether the carbon saturation of the gases in the bed increased

when fuel bed depth increased. Again if the bed depth had an

effect, could it be attributed to chance, statistically speaking,

more than five percent of the time? Both effects tested were basic

to the theoretical developments, and both effects could be tested

at the same combustion conditions.

The independent variables were fuel feed rate and fuel bed

depth. The dependent variables were particulate emissions and

Relative Carbon Saturation of the gases produced in the fuel bed.

Test Facility

In the summer of 1976, construction began on the wood residue

combustion test facility shown in Figure 1. The components of the

facility are identified in Figure 7. Construction continued until

the end of January 1977, at which time the facility underwent its



Description of Components

(1) Screw Conveyor With Feed Hopper
(2) Vibrating Conveyor
(3) Spreader Roll
(4) Water Wall Lined, Spreader Stoker

Combustion Chamber
(5) High Temperature Exhaust Gas Duct
(6) Inlet Air Duct - Underfire Air
(7) Inlet Air Duct - Overfire Air
(8) Air Preheater - Triple Pass, Plate Type
(9) Exhaust Gas Duct

(10) Exhaust Gas Sample Port
(11) Cyclone Separator
(12) Exhaust Gas to Atmosphere
(13) Forced Draft Fan

Wood Fuel Enters Here

(2)

( )

(5)

(8)

(12)

(13)

FIGURE 7. Schematic Illustration of the Wood Combustion Test Facility (47, p. 5).
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initial firing. Modifications followed for two months. Testing

began in April 1977.

Figure 8 is a view of the combustion chamber taken in vertical

cross section. A rotating drum, mechanical spreader distributed

the fuel fairly evenly across the grate. The water wall construction

was interrupted in the lower front of the boiler for the fuel

spreader and ash removal doors. Ten pounds of charcoal can be

inserted through the ash door for light off. The sample probe

is inserted through one ash door beside a four-inch view port.

Underfire air passes through the pinholes in the grate. Overfire

air enters through 14-inch diameter nozzles, between the non-

pressurized water tubes, 42 inches above the grate. The overfire

air ports are directed, slightly downward, approximately 12

degrees. The flow rates of air, both under and overfire are con-

trolled by dampers in the supply lines at the entrance to the

plenum chambers. Combustion chamber temperatures are indicated

by non-radiation-shielded thermocouples inserted between water

tubes at levels above the grate of 20 and 63 inches. The combustion

chamber, however, turns and follows an air cooled duct for

approximately 14 feet before entering a gas to air, plate type,

counter flow, air preheater.

Figure 9 shows the lower part of the combustion chamber in

horizontal cross section. The locations of sampling probe and

bed depth indicator are shown in line of sight of the view port.

The 16.6 square feet of combustion chamber area are reduced to ten

square feet at the grate by a 41/2-inch wide, 13-inch high fire brick
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lining. The grate has quarter-inch pinholes on 1.25-inch centers

in quarter-inch stainless steel plate. The arrangements of the

square steel water wall tubes and steel outer casing are shown in

Figure 9 with dimensions.

The system designed to allow viewing the combustion occurring

on the fuel bed as well as the depth of the fuel bed and position

of the gas sampling probe is shown in Figure 10. The viewport is

a four-inch steel pipe welded to the skin of the boiler for air

seal with a glass window sealing the outer end and kept clear of

debris by injection of a small amount of air. Observations of the

fuel layer depth allows maintenance of the desired depth by trim-

ming underfire air. The technology could be used separately from,

but in conjunction with, automatic fuel-air controls.

The gas samples from the fuel bed were transferred to the gas

analyzers as shown in Figure 11. Stack gas samples were analyzed

using the same sample train but a different probe.

Particulate emissions were collected by the cyclone separator

shown in Figure 12. Sample collection procedure will be discussed in

the next section.

The equipment comprising the test facility is summarized as

follows:

Combustion chamber

1) Model spreader-stoker, water-wall combustion chamber,

ten feet high, four feet wide, and three feet deep.



Glass window

Cooling air supply,
3/4-inch steel pipe

Metal retaining ring
with screws to hold ring

0

`,4-inch steel pipe attached
to boiler wall

0

0

0

0

a

it

12-inch fuel bed depth indicator,
stainless steel tube, 3/8-inch dia.,
welded over 1/4-inch hole in grate,
located one foot from combustion
chamber wall.

0

0 0

Grate with air pinholes

Figure 10. Viewport for Fuel Pile Observation and Fuel Layer Depth Indicator.
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2) Grate area (32 by 45 inches) ten square feet, with

3.19% of the grate open to air flow (46 square

inches).

3) Fuel bed lined, 41/2-inch refractory, 13-inches high.

4) Overfire air inlets, 42 inches above the grate, 31

pipes directed downward 12 degrees, in front and

rear walls, total area 46.4 square inches.

5) Fuel entry is 18 inches above the grate, uniformly

across the four-foot width.

6) Fuel bed depth indicator, 3/8-inch, air cooled, stain-

less steel pipe welded to grate.

7) Viewports, one at grate level, two at overfire air

entry level.

8) Temperature probes, two unshielded thermocouples located

center rear wall, 20 and 63 inches above the grate.

Fuel Supply

1) Variable speed screw conveyor, transports fuel from

fuel bin and meters fuel.

2) Variable speed vibrating conveyor, distributes fuel

across four-foot width of boiler.

3) Variable speed, cycling spreader roll, distributes

fuel across the three-foot depth of combustion

chamber.

4) Fuel sizing was done by commercial supplier.

5) Fuel moisture, taken as received or altered on

site.
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Air System

1) Centrifugal fan, 30 horsepower, dampered inlet.

2) Main air line, 18-inch OD, with sharp edged orifice

gas flow meter.

3) Air preheater, four-foot cube, 62 parallel plates,

counter flow, gas to air.

4) Bypass for preheater, 10-inch OD line, with sharp

edge orifice gas flow meter and damper.

5) Overfire air, two lines, 8-inch OD, with sharp edge

orifice gas flow meters and dampers.

6) Underfire air, rectangular duct, 1 x 4-feet, with

damper.

7) Temperatures were indicated by thermometers at fan

discharge, underfire air plenum, overfire air

headers, bypass discharge.

8) Barometric pressure measured on site, aneroid.

Sampling system

1) Particulate collected from cyclone separator in a

shallow aluminum container and weighed on an Ohause,

model 2610, Dial-O-Gram balance to +0.1 gram.

2) Particulate samples were tested by ASTM 271 for

moisture, ash, and combustibles.

3) Gas sample probe, two feet long, 0.305-inch ID,

stainless steel, with 0.75-inch OD cooling jacket

of stainless steel. Sample probe extended one inch

beyond cooling jacket. Extension was lined with copper
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for conduction from tip to cooling jacket.

4) Filter, coarse, near outlet of probe.

5) Water trap with coarse filter, near pump.

6) Vacuum pump, half horsepower.

7) Dryer, Dririte capsule for drying sample.

8) Flow meters, rotometers, one for each gas analyzer,

with flow control.

9) Gas Analyzers, 02, CO2, CO

10) Oxygen Analyzer, Scott Paramagnetic, Model 150, Linearity

better than 1% full scale, stability of total instrument

better than 0.25% of full scale over 24-hour period for

constant (+10°F) temperature.

11) Carbon monoxide and carbon dioxide analyzers, Horiba,

Mexa-400, nondispersive infrared, repeatability +5%

of full scale.

12) Recorders, Esterline Angus, portable millivolt chart

recorders (two) and Hewlett Packard digital millivolt

meter.

13) Calibration, Matheson analyzed laboratory quality calibra-

tion gas. Laboratory quality nitrogen for zero gas;

laboratory quality air for oxygen calibration.

14) Instrument calibration curves, calibration points at 100

millivolts and below by Matheson analyzed calibration

gas. Points above 100 millivolts by locally mixed,

unanalyzed calibration gas (accuracy estimated at +5%

of label for carbon dioxide, +10% of label for carbon monoxide).
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15) Products of combustion, sampled at inlet to heat

exchanger by perforated stainless steel (0.305 ID)

probe. Same sample train as for fuel bed sample.

Design of Experiment

The experiment was designed to use the spreader-stoker test

facility described in the previous section. Instruments available

from the Mechanical Engineering Department were used for measuring

and analyzing the gas samples.

Measurements Made, Procedure

In order to gain the desired information on particulate emis-

sions and quality of gas produced by the fuel bed, the principle

measurements made were of the particles in the flue gas and the con-

stituents of interest in the gas leaving the surface of the fuel

bed. Peripheral information such as air temperatures and atmospheric

conditions were also measured and recorded. The bulk density and

moisture content of the fuel were measured to use with the conveyor

calibration curve to determine fuel feed rates. Excess air was deter-

mined by stack gas analysis.

Particulate samples were collected for a period of approximately

ten minutes during steady state operations at each combustor setting.

The particulate was collected in a container sealed to the base of

the cyclone separator (Figure 12). The samples were weighed to

within 0.1 gram and stored for further analysis in glass containers.
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When possible, two particulate samples were collected to reduce

the chance of error. The particulate was collected from the entire

stack gas flow with an estimated cyclone efficiency of 95 percent.

The method is not standard but was determined by Junge (47) to be

of comparable accuracy to high volume sampling and much more

practical for this research project. The length of sample time

allowed for an averaging of higher frequency fluctuations in the

combustor. The particulate was analyzed for moisture, ash, and

combustibles content by standard ASTM test method 271. Samples

were weighed to 0.1 milligram by analytical balance and dried

to constant weight at 104°C (219°F) for moisture content or heated

in nickel crucibles in a 750°C (1380°F) muffle furnace until weight

was constant for ash and combustible determination. Two ash/com-

bustible tests were made on each sample.

Samples of the fuel were taken at random from beneath the sur-

face of the main fuel pile. Two samples were analyzed on site for

moisture content. The samples were approximately 500 grams, weighed

by Ohause balance to 0.1 gram and dried in a drying oven to constant

weight. Samples were dried for 48 hours but 24 hours was determined

adequate for moisture determination to within 0.1 percent. A third

sample of the fuel was taken to the Fuels Laboratory for proximate

analysis. Standard ASTM test 271 was followed with exceptions as

noted by Mingle and Boubel (63). Wood fuels require approximately

16 hours drying time at 104°C (219°F) for moisture determination.

The fuel was reduced in size and mixed by use of a kitchen type

blender. It is helpful, but not always necessary, to pelletize
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the finely ground wood fuel samples before testing by bomb calori-

meter for higher heating value. Duplicate proximate analyses were

made. The precision of the ASTM test is estimated at +1 percent

of the value recorded.

The gas sampling scheme was designed to measure the percent

by volume of oxygen, carbon monoxide, and carbon dioxide in the

gases leaving the surface of the fuel bed. The sample probe was

attached to the wall of the combustion chamber four inches above

the grate by flexible connection (silicon impregnated asbestos

cloth). The tip of the sample probe could be moved in any direc-

tion to allow positioning at random locations on the surface of

the varying depth fuel bed but within the range of the grate level

viewport (Figures 8 and 9). A vacuum sample pump was used to draw

a sample from the combustion chamber, through a fiberglass mat

filter, a water trap and metallic screen, then push the sample

through a sample dryer and the gas analyzers. Figure 11 is a

schematic of the sampling train. The paramagnetic oxygen and

infrared carbon monoxide and carbon dioxide analyzers were calibrated

at frequent intervals. Instruments were calibrated with zero gas

and with up-scale gas at 100 millivolts. Stack gas samples were

collected by the same sampling train with a fixed probe at the

entrance to the air preheater.

Gas measurements consisted of a sample taken with a stainless

steel probe from the surface of the fuel bed at each of two randomly

selected locations. The probe was uncooled and was designed to be

moved laterally, vertically, axially and rotationally. The gases
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measured were oxygen, carbon monoxide, and carbon dioxide. These

gas constituents were also measured in the stack gas.

The other data which were recorded can be placed in broad

categories of air supply, fuel supply, and gas temperatures. The

ambient air and combustion gas temperatures were recorded during

each test run.

Data Collected

The variables were described or measured as follows:

Fuel conditions

1) Species: Psuedotsuga menzesii (Douglas Fir)

2) Consistency: Mixture of bark and wood

3) Size: 3/4-3/8 inches

4) Bulk density: 17.1 lb/ft3, as received; 11.1 lb/ft3,

dry basis

5) Higher heating value: 8878 BTU/lb, dry basis

6) Moisture: 35 percent, as received; 54 percent, dry basis

7) Volatile matter: 72.6 percent, dry basis

8) Charcoal: 26.2 percent, dry basis

9) Ash: 1.2 percent, dry basis

10) Feed rate: four levels, 30, 40,, 50, 60 (lb dry fuel/hr. -ft2

of grate)

11) Bed depth: two levels, 2-inch, and 4-inch

Air Conditions

1) Barometric pressure: recorded

2) Ambient temperature: recorded

3) Combustion air temperature: 275°F
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4) Volume flow rate by square-edged orifice with pitot

calibration, D = pipe diameter (ID), d = orifice

diameter.

a) Main air supply: D = 17.75 inches,

d = 13.6686 inches

b) Overfire air supply, front and rear lines:

D = 7.75 inches, d = 6.975 inches

c) Air preheater bypass: D = 9.75 inches,

d = 8.775 inches

d) Conveyor cooling air: D = 3.07 inches, d = 2.00

inches

5) Viewport cooling air: estimated 62 lb/hr

6) Underfire air: not metered, set to maintain fuel bed depth

Combustion products

1) Flue gas composition: %02, %CO2, %CO

2) Flue gas temperature: before and after air preheater

3) Stack: opacity

4) Particulate emissions: collected by cyclone separator

Particulate Emissions

1) Measured sampling time and weight collected

2) Particulate sampled to determine moisture, char, and

ash content

3) Combustion chamber temperature: above fuel bed, above

overfire air inlets

4) Fuel gas composition: %02, %CO2, %CO measured at

surface of fuel bed, two replicate measurements at

each boiler setting (58).



55

The measured values include those quantities for which a cali-

bration curve was used to interpret meter readings. The measured

data were reduced to yield the desired calculated data. The calcu-

lated data include the following:

1) Mass flow rates of air and fuel

2) Excess air - percent

3) Relative carbon saturation =
%CO + %CO2

%C0+2 (%CO2 + %02)

4) Energy release rate: million BTU/hrft2 grate

5) Particulate emissions standardized

lb particulate/million BTU per ft2

grains/SDCF, 50% excess air

6) Residence time of fuel particles in combustion chamber

Of the calculated data, the standardized particulate emissions

and the relative carbon saturation were used in two factorial experi-

ments to test for the significance of the effects of fuel bed depth.

The factorial experiments were conducted with a constant fuel

size range, (3/8-3/4 inches) constant moisture content of the fuel

(35 percent) and constant combustion air temperature (275°F). The

level of excess air could not be controlled owing to inadequate

control of the underfire air. The factors and levels for each

experiment are:

Factor A - Four rates of fuel feed, dry pounds per hour per

square foot of grate

Level 1 - 30 lb/hr ft
2

2 - 40 lb/hr ft2
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3 50 lb/hr ft
2

4 60 lb/hr ft
2

Factor B - Two fuel bed depths

Level 1 - depth of bed, 2 inches

2 - depth of bed, 4 inches

These factors are displayed in Figure 13 in the formats constructed

for the factorial experiments.

Using the 4x2 factorial experiments the author tested the

effect of fuel bed depth on two basic measurements. The two experi-

ments vary the same two factors over the same levels. The measure-

ments made at the combinations of factor and levels were particulate

emissions and the relative carbon saturation of the products of

combustion from the underfire air.

The emissions sampled are as produced by the combustion chamber.

They should not be compared to emissions from operating boilers

measured after collection devices have removed a portion or even

most of the particulate matter.

Statistical Method

The experiment is described as being a two-factor experiment

with both factors quantitative and with the first factor at four

levels and the second factor at two levels. The emissions test is

a 4x2 factorial which yields eight combinations and since one

sample was taken at each level, eight samples were taken. The

relative carbon saturation experiment is a 4 x 2 factorial with
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Particulate Emissions Rate (lb/million BTU per ft2)

Level of Factor B

1 2

1

Value from test run
K1 K7

2 K2 K3

3 K6 K5

4 K9 K8

Relative Carbon Saturation (lb carbon/lb carbon possible)

Level of Factor B

1 2

1

Probe Position
1

Average RCS
Run

K1

1
K7

2 2

2
t

K2
1

K3

2 2

3
1

K6
1

K5

2 2

4
1

K9
1

K8

2 2

Figure 13. Design of Factorial Experiments.
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two samples taken at each combination of levels which required

that 16 samples be taken. Each sample was taken over a period of

several minutes. Therefore, each sample was an average of con-

ditions during the sample period.

The experiment leads to a curve which expresses the results

between levels. The parameters of the curve may be calculated and

variation with levels of other factors may be assessed. The main

effect of the factor levels on the measured result is represented

by differences or comparisons between means at different levels.

For three levels there are six possible differences of means.

Between three independent quantities there are two independent

comparisons. The comparisons of interest will be those giving

the most information of any functional relation existing between

the responses measured and the level of the factor.

When the factor is quantitative, the numerical relationship

between observations and factor levels can be approximated by a

polynomial; when three levels are used a quadratic function

i(y=a+bx+cx
2

i) is implied. If the general functional form of the

relationship is known, the problem is reduced to estimating the

constants. For the experiments conducted, the quadratic func-

tion was used.
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When two quantitative factors are involved an assessment can

be made not only of the relationship between observations and levels

of each factor, but also the interaction can be separated between

the components of one factor and the components of the other. The

separation of components tends to make the experiment more sensitive

by revealing significant interactions. For the particulate emissions

experiment, no replications were run and the separation of com-

ponents was essential to gain adequate sensitivity.

The analysis proceeded in the following manner:

1) analysis of two main effects

2) subdivision of interactions into components

3) calculation of interactions
4) analysis of variance
5) interpretation of analyses

The main effects of factor A are calculated as shown in

Table 1.
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TABLE 1. Calculations of Main Effects of Factor A.

Level of Factor A

1 2 3 i Total

Total T
2

T .... Ti ....T
1 3

T1 T
m

T

Mean X
1

X
2

X
3

.... X. X
m

Grant Mean = X
1

....

m = number of levels of Factor A

n = number of levels of Factor B

N =mxn

The sum of squares, SS, is based on m-I degrees of freedom.

To obtain the sum of squares,

Vin)

2
SS = 1--- T N = ET.X. - TX

(n) 1 1

square each total, add, divide by the number of observations in

each, then subtract the corrections for the mean.

The analysis of variance of a two-factor table is shown in Table 2.
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TABLE 2. Analysis of Varaince of a Two-Factor Table, A and B.

Sources of
Variation Sum of Squares

Degrees
of Freedom

Factor A

Factor B

Interaction

ET
i

2/

n
-

ET.
J 2/m

Remainder

T2/
nxm

T
2
/
mxm

m-1

n-1

(m-1)(n-1)

Total ET..
2
/
1

-
13

T2
/N

m n-1

The divisor of the squared terms is the number of observations in

the quantities being squared.

In the experimental results section, data has been displayed

graphically. From the statistical analysis, results have been dis-

played by tables and discussed in the text. Calculations and

explanations of procedure are confined to Appendix C.
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IV. EXPERIMENTAL RESULTS

The results of the experiment are presented in three parts.

The data are presented graphically with explanations. The data

which have been statistically analyzed appear in tabular form with

interpretation. Calculations and procedure are described in

Appendix C.

Experimental Data

Data were collected with the combustion test facility operating

in eight different modes. The sequence of modes was labeled Kl

through K9 with K4 missing. Run K4 was an attempt to take data

from a six-inch fuel bed which failed. The sequence in which the

data were collected does not match the sequence in which they were

analyzed. Figure 13 shows the combination of the collection

sequence and the analysis sequence. In Appendix A, the raw data

are arranged as collected in Table A3, and the reduced data are

arranged as analyzed in Table Al. Appendix B contains all of the

calibration data. The data, presented in this section are figures

containing the results of the experiments. Table 3 contains the

results of the fuel analysis.

The fuel used in the experiments was a mixture of bark and

white wood similar to the blend resulting from a debarker. There

seemed to be too much white wood in the mixture for the fuel to be

called bark. No attempt was made to separate the components.
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The values listed in Table 3, for the proximate analysis are

an average of duplicate tests.

In the factorial experiments, two effects were tested. The

first to be presented is the effect of fuel bed depth on particulate

emissions. The particulate emissions from wood-fired boilers is

often referred to as carryover. The emissions generally consist of

ash and charcoal which have been transported out of the combustion

chamber by the combustion gases. In general, the content of com-

bustible versus inorganic ash in the particulate carryover ranges

from 30 to 70 percent. If the carryover as a percent of fuel

burned were constant, increased combustion rates would produce

increased rates of particulate carryover. Figure 14, is a plot of

TABLE 3. Fuel Analysis

Fuel Characteristics

Species - Psuedotsuga menzesii (Douglas Fir)

Type of wood - mixture of bark and white wood

Particle size 3/8-3/4 (inches)

Bulk Density - 17.09 wet, 11.1 dry (lb/ft3)

Proximate Analysis

as Received Dry BasisTest

Moisture, % 35.08 54.02

Volatile Matter, % 47.14 72.61

Charcoal, % 17.02 26.21

Ash, % 0.77 1.18

Higher Heating Value

BTU/lb 5764 '8878

lb/million BTU 173.49 112.64
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Figure 14. Effect of Fuel Bed Depth on Particulate Carryover Rate,

Douglas Fir, 3/8-3/4-inch, 35% moisture. *Data point

from comparable combustion with SO% of the combustion

air being supplied through the grate (47).
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carryover rate compared to fuel feed rate. By visual estimation

it can be seen that the carryover rate at the 600 lb/hr feed rate

is more than double the carryover at 300 lb/hr. It can also be

seen that the carryover rate is higher when burning the fuel in a

bed two inches thick than in a four-inch bed for comparative pur-

poses. The point on Figure 6 representing fifty percent underfire

air has been plotted on Figure 14. The substantial decrease in

particulate emissions achieved through reduction in underfire air

rate and increased fuel bed depth can be observed.

To remove the effect of increased combustion rate and to remove

the underdesired variable of grate area, the particulate emission have

been plotted in Figure 15a, on a basis of energy release rate per

unit area of grate. It can be seen that particulate emissions per

million BTU energy released increase with combustion rate. The

points in Figure 15a, are fitted by non-linear least squares regres-

sion. The equation for each curve and the correlation coefficient

for goodness of fit are given.

Figures 15b and 15c, show the amount of ash and combustible

in the particulate emissions such that their relative contribution

can be inferred. For comparison to the ash being emitted, the

total ash in the fuel was 1.33 lb/million BTU. The percentage of

the ash in the fuel which was emitted as particulate ranged from

0.7 to 27.5 percent. The amount of ash as well as the percent

of ash in fuel was in each case higher for the tests on the two-

inch fuel bed.
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Figure 15a. Particulate Emissions as a Function of Energy Released by
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Figure 16 standardizes the particulate emissions for ease of

comparison to environmental standards. For recently installed

wood fueled boilers the maximum permissible particulate loading

per stack is 0.1 grains per standard dry cubic foot of stack gas.

The standard cubic foot is defined as one cubic foot of dry stack

gas corrected to 12 percent carbon dioxide at one atmosphere

pressure and 70°F. The opacity is limited to 20 percent. The

carbon dioxide content corresponds to combustion with 68 percent

excess air (45). In this experiment the excess air level was always

less than 68 percent, hence, the grain loading will be reduced by

conversion to the standard conditions. Since the grain loading has

been calculated per pound of dry fuel burned, the conversion is

simply one of standard cubic feet of flue gas per pound of dry

fuel. The ultimate analysis of Douglas Fir taken from U.S. Bureau

of Mines data (27, 12-2) is 52.30% carbon, 6.30% hydrogen, 40.50%

oxygen, 0.10% nitrogen, and 0.80% ash. Per hundred pounds of dry

fuel there are 4.36 moles of carbon dioxide and 17.55 moles of

nitrogen exhausted from stoichiometric combustion. The 68 percent

excess air adds 11.934 moles of nitrogen and 3.252 moles of oxygen.

Therefore, 167.4 cubic feet of standardized dry gas are emitted per

pound of dry Douglas Fir burned. The calculations show 0.097 grn/SDCF

of particulate in the stack gases from the four-inch bed, when

operating at an energy release rate of 0.565 million BTUs/hr ft
2

.

The values of grain loading per standard dry cubic foot can be

converted from pounds of particulate per million BTU by a conver-

sion factor of 2.69 in the case of this fuel.
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FIGURE 16. Particulate Emissions per Standard Volume Flow of Stack

Gas. *Data point from comparable combustion with 50% of

the combustion air being supplied through the grate (47).

The second experiment tested the effect of fuel bed depth on

relative carbon saturation of the gases produced in the fuel bed.

The underfire combustion air can gasify maximum carbon by oxidation

to carbon monoxide. The amount of carbon gasified relative to the

maximum possible is calculated from the percent by volume of carbon

monoxide, carbon dioxide, and oxygen in the sample taken from the

surface of the fuel bed.

70
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Figure 17, shows the amount of carbon dioxide measured at

the various fuel feed rates and fuel bed depths and Figure 18,

shows carbon monoxide. It appears from the graphs, that the com-

bustion rate has at least as much effect on the amounts of the

gases produced as the bed depth.

In Figure 19, the effects on relative carbon saturation are

shown to be similar. It is not entirely clear from the graph

whether the fuel bed depth has a significant effect on carbon

saturation. The points on these three graphs were fitted by non-

linear least squares regressions with the equations and correla-

tion coefficients given. The correlation of the fitted curves

to the data in these graphs is better than in the case of the

particulate emissions.

Results of Analyses

The experimental portion of this dissertation consisted of two

factorial experiments. The factors varied were fuel feed rate and

fuel bed depth. The same levels of the factors were used for data

collection for both experiments. Figurel3 shows the design of the

factorial experiments. Tables 4 and 5, show the data collected,

presented in the format of 4x2 factorial experiments.

Table 4, lists the factors, the levels of factors, and the

data collected at each level for the experiment on particulate

emissions. Factor A is used to refer to the factor located in the

left hand column, energy release rate. Factor B refers to the
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Figure 17. Carbon Dioxide Produced in a Wood Fuel Bed, Douglas Fir,

3/8-3/4-inch, 35% moistu5e.
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Figure 18. Carbon Monoxide Produced in a Wood Fuel Bed, Douglas Fir,

3/8-3/4-inch, 35% moisture.
(Y1=-33.31+2.862X-0.0354X2, R2=0.9741; Y2=-50.37+3.18X
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Figure 19. Effect of Fuel Bed Depth on Relative Carbon Saturation of

Gases Produced in a Wood Fuel Bed, Douglas Fir, 3/8-3/4

inch, 3396 moisture.

(Y1=0.398+0.0231X-0.00032X
2

, R
2
=0.9734; Y2=-0.314+

0.0499X-0.00052X2, R2=0.9863, by least squares method.)
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factor displayed in the row across the top of the table, thick-

ness of fuel bed. Data was collected at all combinations of the

levels of factors. Table 4, as indicated by single data entries

for each level combination, has no replication of data.

Table 5, lists the factors, levels, and data for the experiment

on relative carbon saturation. The factors are fuel feed rate and

thickness of fuel bed. The relative carbon saturation was calculated

from the percent by volume of oxygen, carbon dioxide and carbon

monoxide in the gas produced by the fuel bed. The data are in a

non-dimensional form. Table 5 shows one replication of data points

and their averages.

Statistical analyses of the data were conducted to determine

whether significant effects had been detected. In addition to the

effects of the individual factors, the interactions between factors

have been determined by using the factorially designed experiment.

The data in Table 4 was analyzed using an estimated error

term. The data in Table 5 had the variation between replicate

runs to use as an error term. In both experiments tests of

significance were made at the one percent level and at the five

percent level.

Table 6 is the analysis of variance of particulate emissions.

The main effects of energy release rate are significant at the one

percent level. The main effects of fuel bed depth are significant

at the five percent level. The linear interaction of the variables

is possibly significant.
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Table 4. Data of a 4x2 Factorial Experiment, Particulate Carryover
from an Experimental Wood Fueled Spreader-Stoker Boiler.
(pounds per million BTU per square-foot of grate)

Energy Release Rate Thickness of Fuel Bed

(10°BTU/hr ft2)
2-inch 4-inch

0.279 0.6993 0.1818

0.372 0.8478 0.7994

0.465 4.797 2.481

0.565 6.893 2.612

Table 5. Data of a 4x2 Factorial Experiment with one Replication,
Relative Carbon Saturation of Gases Produced in the Fuel

Bed of an Experimental Wood Fueled Spreader-Stoker Boiler.

Fuel Feed Rate
(lb/hr ft2)

Thickness of Fuel Bed

2-inch 4-inch

31.41 0.840 0.774 0.716 0.774

Ave. 0.802 0.742

41.85 0.834 0.823 0.815 0.887

Ave. 0.828 0.851

52.39 0.700 0.727 0.882 0.874

Ave. 0.714 0.878

63.60 0.588 0.586 0.759 0.731

Ave. 0.586 0.747
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TABLE 6. Analysis of Variance of the Two-Way Table; both Factors
Quantitive, A - Energy Release rate, B - Fuel Bed Depth.

Sources of Sum of Degrees of Mean Variance

Variation Squares Freedom Square Ratio, F

Main Effects:

Factor A
Linear A 24.8105 1 24.81 33.53

Remainder 1.9764 2 0.99

Total Main Effects A 26.7869 3 8.93

Factor B

Linear B 6.4136 1 6.41 8.66

Remainder 0.0

Total Main Effects B 6.4136 1 6.41

Interactions:

Linear A x Linear B 4.5956 1 4.60 6.22

Remainder 0.9713 2 0.49

Total Interaction 5.5669 3 1.86

Total for Experiment 38.7674 7

Total Remainder=error 2.9477 4 0.737

F
1/4df

= 31.33 at 1/2%, 21.20 at 1%, 7.71 at 5%, 4.54 at 10%.

The linear effect of factor A is highly significant, F > 1/2%.

The linear effect of factor B is significant of F > 5%, and there

is possibly significant interaction between the linear effects of

A and B at F > 10%, which means the effect of changing variable A

is affected by the level of variable B.
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The final step in the statistical analysis is to interpret

the results. The effects on particulate carryover are interpreted

as follows:

1) Increasing the fuel feed rate results in an increase

in the carryover rate.

2) Increasing the thickness of the fuel layer on the

grate from two inches to four inches has the effect

of reducing the carryover rate.

3) The effect of the fuel layer thickness increases

as the fuel feed rate is increased.

4) The significant effect of increased combustion rate

is an indication that the volume flow rate of the

underfire air through the fuel bed has the greatest

effect on particulate emissions.

The effects of the factors analyzed in Table 7, were less

apparent and greater sensitivity was required to detect the signi-

ficant effects. In both experiments the increased sensitivity

afforded by separating the quantitative factors into the linear

and quadratic component effects was necessary to detect the

significance of some of the effects. The analysis of variance in

Table 7, had benefit of error determined by replication which added

substantially to the sensitivity of the analysis.

The results of the statistical analysis of the data in Table 5

are shown in Table 7. The main effects of Factor A and Factor B and

the linear interaction of the factors are significant at the one

percent level. The analysis of the effects on Relative Carbon
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TABLE 7. Analysis of Variance of Relative Carbon Saturation Data
with Replication, based on Summed Values; Two Quantitative

Factors, A Fuel Feed Rate, B Fuel Bed Depth.

Source of Sum of Degree of Mean Variance

Variation Square Freedom Square Ratio,F

Main Effects:

Factor A
Linear Effect

Quadratic Effect

Cubic Effect=
Remainder

0.0282

0.0377

0.0001

Total Main Effects A 0.0660

1 0.0282 30.78

1 0.0377 41.15

1 0.0001

3 0.0220

Factor B
Linear Effect 0.0201 1 0.0201 21.94

Remainder 0.0

Total Main Effects B 0.0201 1

Interactions:

Linear A x

Linear B 0.0324 1 0.0324 35.37

Quadratic A x

Linear B 0.0020 1 0.0020 2.18

Remainder 0.0021 1 0.0021

Total Interactions 0.0365 3 0.0122

Total for Experiment 0.1299 15

Total Remainder = error 0.0073 8 0.000916

Value of F
1/8df

(0.1% level) = 25.42
(0.5% level) = 14.69 Highly significant effect

(1.0% level) = 11.26
(5.0% level) = 5.32 Significant effect
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Saturation in Table 7 are interpreted as follows:

1) Increasing fuel feed rate decreases the Relative

Carbon Saturation of the gas produced in the fuel

bed.

2) Increasing the depth of the fuel bed from two to

four inches results in increased Relative Carbon

Saturation of the gas produced in the fuel bed.

3) The effect of increased fuel bed depth increases

as fuel feed rate increases.
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V. SUMMARY AND CONCLUSIONS

Basic research on wood combustion has been in progress for more

than a year at Oregon State University. An experimental spreader-

stoker combustion facility has been designed, constructed and

operated. This research on combustion mechanisms in wood fired

boilers has been done in an attempt to increase the understanding

of wood combustion. Research efforts were concentrated on activity

occurring in the fuel bed on the grate. Recommendations for further

research are offered in Appendix E.

A review of the literature on related combustion research

produced several ideas which are pertinent to combustion of wood

in spreader-stokers. The most important ideas contributed by the

literature are as follows:

1) Particulate size is important in determining the fuel

bed depth required to produce carbon monoxide.

2) The underfire air rate in a fuel bed of adequate

depth determines the rate of combustion; the

overfire air controls the completeness of com-

bustion.

3) The temperatures in burning fuel beds are high

enough that the chemical reactions are so rapid

that the rate of combustion is not controlled by

carbon reactivity but by the rate at which oxygen

can be transported to the solid surface.
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4) The yield of charcoal is reduced by rapid dis-

tillation, increased distillation temperatures,

and distillation in a high temperature gas flow.

5) Destructive distillation of volatile matter from

wood has two stages. Below approximately 350°C

(660°F), hemicellulose and cellulose distill

endothermically. At higher temperatures the

lignin distills, and a secondary reaction in the

distillate is exothermic to as high as six per-

cent of the heating value of the wood.

6) At temperatures above 900°C (1650°F), the sur-

fact reaction between oxygen and solid carbon

is predominately to carbon monoxide which quickly

oxidizes to carbon dioxide in the gas stream if

oxygen is available.

7) The oxygen is consumed in the underfire air within

four or five fuel particle diameters.

Study of the problems associated with combustion of wood

residue fuels enabled the author to develop several ideas which

contributed to the understanding of wood combustion in spreader-

stokers. The most important of these ideas are as follows:

1) The cause of particulate emissions was traced

to combustion occurring on the grate.

2) Combustion on the grate can be controlled to

reduce particulate emissions.
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3) More effective use of the underfire air can be

made if a fuel bed of adequate depth is developed

to ensure consumption of the oxygen and produce

high quality gaseous fuel for the overfire com-

bustion zone.

4) The amount of charcoal produced by destructive

distillation of volatile matter as predicted by

proximate analysis is probably higher than actually

occurs in a burning fuel bed.

5) Residence time of fuel particles in the fuel bed

is determined by fuel bed depth and volume feed

rate of the fuel per unit area of grate.

6) Combustion of the charcoal by underfire air releases

sufficient energy to vaporize the moisture and

volatile matter in moderately wet fuel (50 percent

moisture).

7) Energy transfer from overfire combustion is not

required to dry moderately wet fuel.

8) The primary mechanisms by which energy is trans-

ferred to wet fuel in the bed are radiation from

incandescent char and convection and radiation

from underfire products of combustion.

9) Energy transfer within the fuel particles is

aided by diffusion and condensation of vapors.
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Using the experimental spreader-stoker combustor, the

hypotheses that increased fuel bed depth has the effects of

decreasing particulate emissions and increasing Relative Carbon

Saturation of gas produced by the fuel bed were tested in

factorial experiments. The following effects were found to be

statistically significant.

1) Increasing fuel bed depth from two to four inches

decreases particulate emissions.

2) The effect of bed depth on particulate emissions

is more pronounced at higher combustion rates.

3) Increasing fuel bed depth from two to four inches

increases the Relative Carbon Saturation of the

gases produced in the fuel bed.

4) At either fuel bed depth, the Relative Carbon

Saturation is decreased by higher combustion

rates.

The most important results of the research are that a fuel bed

several inches thick in a wood fired spreader-stoker can be used to

effectively meter the underfire air to reduce particulate emissions

and increase the heating value of the gases produced in the fuel bed

which become fuel for the overfire combustion.
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APPENDIX A.

Experimental Data

The experimental data is presented in tabular form. This appendix

contains the following tables.

Table Al. Reduced Data

Table A2. Fuel Properties

Table A3. Raw Data, Fuel Bed Gas Analysis



TABLE Al. Reduced Data

Run No.
Fuel Bed Depth (inches)

K1

2

K7
4

K2

2

K3
4

K6

2

K5

4

K9

2

91

K8
4

if(lb/hr)
Dry

Wet
314.1

483.7

314.1

483.7
418.5
644.5

418.5
644.5

523.9
806.8

523.9
806.8

636.0
979.4

636.0
979.4

Energy Release Rate
(100 BTU/hr ft2) 0.279 0.279 0.372 0.372 0.465 0.465 0.565 0.565

COMBUSTION AIR

Temperature 0R 735 735 685 685 735 735 735 735

ill (lb/hr) Total 2416 2157 2857 2801 3958 3516 5471 4154
a

Overfire 1711 1815 1836 2036 3543 2708 5036 3531
Underfire 705 342 1021 765 415 808 435 623

Percent Underfire 29 16 36 27 10 23 8 15

Air/Fuel Ratio (1b/lb) 7.692 6.867 6.828 6.693 7.555 6.712 8.602 6.531

Percent Excess Air 19.4 6.6 6.0 3.9 17.2 4.2 33.5 1.4

ACFM Underfire (ft3/min) 218 106 294 220 128 249 134 192

Pinhole Velocity (ft/sec) 11.4 5.5 15.3 11.5 6.7 13.0 7.0 10.0

COMBUSTION ZONE

m products (lb/hr) 2900 2641 3501 3446 4765 4323 6450 5133

Velocity @ 2000°F (ft/sec) 3.01 2.74 3.63 3.57 4.94 4.48 6.69 5.32

Probe Position 1

Percent CO
2

7.03 10.81 6.11 6.64 12.86 4.03 15.20 10.56

Percent CO 29.93 16.41 24.58 22.59 17.15 26.21 6.50 22.61

RCS 0.840 0.716 0.834 0.815 0.700 0.882 0.588 0.759

Probe Position 2

Percent CO
2

6.89 7.00 7.61 4.22 11.24 4.02 14.05 8.57

Percent CO 16.73 16.91 27.66 28.76 18.76 23.86 5.67 14.75

RCS 0.774 0.774 0.823 0.887 0.727 0.874 0.584 0.731

Producer Gas
Average

Percent CO
2

6.91 8.91 6.86 5.43 12.05 4.03 14.60 9.57

Percent CO 21.13 16.76 26.12 25.67 17.96 25.04 6.10 18.68

RCS 0.802 0.742 0.828 0.851 0.714 0.878 0.586 0.747

Time to Burn Solids (min) 3.53 7.07 2.65 5.31 2.12 4.24 1.75 3.49

COMBUSTION PRODUCTS

Flue Gas

Percent 0
2 3.6 2.1 1.5 1.0 3.3 1.3 5.3 0.9

Percent CO2 16.4 17.3 18.4 18.7 16.7 18.2 14.9 18.3

Percent CO 0.2 1.2 0.3 0.4 0.2 0.8 0.0 1.2

Particulate Emissions

Rate (1b/hr) 0.195 0.0507 0.315 0.297 2.231 1.154 3.892 1.475

Percent of M
f

0.062 0.016 0.075 0.071 0.426 0.220 0.612 0.232

Percent Combustible 36.42 51.48 60.03 65.57 58.33 64.94 47.06 70.36

Percent Ash 63.58 48.52 39.97 34.43 41.67 35.06 52.94 28.64

Ash (Percent of ash in di
f

) 3.35 0.66 2.55 2.07 15.04 6.55 27.45 5.82

Standardized (grn/50CF) 0.026 0.007 0.031 0.030 0.18 0.092 0.256 0.097

Based on Energy Release

(lb particulate/106BTU/ft2) 0.6993 0.1818 0.8478 0.7994 4.797 2.481 6.893 2.612

(lb char/1068TU/ft2) 0.2547 0.0936 0.5089 0.5241 2.798 1.611 3.244 1.838

(lb ash/106BTU/ft2) 0.4446 0.0882 0.3389 0.2752 1.999 0.8698 3.649 0.7743

Moisture % 200.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Ash % Test 1 69.07 45.64 40.45 30.73 37.74 30.49 52.90 27.84

Test 2 58.10 48.60 39.48 38.37 45.60 39.63 52.99 31.44

Mean 63.58 48.52 39.97 34.43 41.67 35.06 52.94 29.64

Char % Test 1 30.93 54.36 59.55 69.27 62.26 69.51 47.10 72.16

Test 2 41.90 48.60 60.52 61.53 54.40 60.37 47.01 68.56

Mean 36.42 51.48 60.03 65.57 58.33 64.94 47.06 70.36



Table A2. Fuel Properties

Species Psuedotsuga menzesii (Douglas Fir).

Size Range 3/8-3/4 inch

Mixture 1/2 Bark, 1/2 Wood

FUEL PROPERTIES As Received Dry Basis

Test No. 1 2 3 Mean 1 2 Mean

Bulk Density lb/ft3 16.36 17.30 17.61 17.09 11.1

Moisture % 35.00 35.15 35.08 53.85 54.20 54.02

Volatile Matter % 46.31 47.97 47.14 71.33 73.88 72.61

Charcoal % 17.85 16.19 17.02 27.49 24.94 26.21

Ash % 0.77 0.77 0.77 1.18 1.18 1.18

Higher Heating 5748 5780 5764 8853 8902 8878

value BTU/lb

lb/10
6
BTU 173.49 112.64
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TABLE A3. Raw Data, Fuel Bed Gas Analysis

Test Run Kl Date 22, 23 June 1977

Gas Measured
CO

2
CO

Probe Position 1

Readings at MV* %

2

MV % MV % MV %

12 intervalssec.

65 6.10 78 8.56 162 30.48 127 16.48
67 6.44 79 8.78 161 30.02 121 14.55
67 6.44 78 8.56 162 30.48 112 12.13
69 6.78 77 8.34 162 30.48 119 13.96
72 7.33 77 8.34 162 30.48 104 10.31
72 7.33 74 7.71 162 30.48 130 17.49
64 5.96 75 7.90 162 30.48 139 20.74
66 6.27 74 7.71 160 29.56 126 16.15
68 6.61 74 7.71 159 29.11 128 16.82
62 5.67 75 7.90 162 30.48 121 14.55
66 6.27 70 6.95 162 30.48 115 12.90
71 7.14 73 7.52 162 30.48 91 8.13
74 7.71 73 7.52 160 29.56 106 10.73
71 7.14 76 8.12 162 30.48 132 18.21
75 7.90 71 7.14 160 29.56 142 21.94
73 7.52 67 6.44 161 30.02 151 25.61
76 8.12 70 6.95 159 29.11 153 26.46
72 7.33 71 7.14 158 28.66 136 19.66
71 7.14 63 5.82 157 28.20 124 15.49
76 8.12 49 3.95 125 15.81
77 8.34 54 4.58 124 15.49

56 4.85 136 19.66
56 4.85 135 19.30
69 6.78 132 18.21
57 4.98 129 17.15
61 5.53 128 16.82
60 5.39

Sample Characteristics

Size, n 21 27 19 26

Mean, X 7.03 6.89 29.93 16.73

Dev., s 0.77 1.40 0.72 4.26

Ex
2

1050.07 1332.87 17025.51 7723.70

Ex
147.66 186.02 588.60 434.75

Average of Means CO2 6.96, CO 23.33

* MV = millivolts
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TABLE A3. (Continued)

Test Run K2 Date 23 June 1977

Gas Measured

Probe Position
Readings at
12 sec. intervals

MV

CO
2

1

% MV

2

% MV

CO

1

% MV

2

%

50 4.07 89 11.14 144 22.78 160 29.56

59 5.25 84 9.88 148 24.39 152 26.03

60 5.39 73 7.52 147 24.00 156 27.75

65 6.10 62 5.67 147 24.00 155 27.30

85 10.10 48 3.83 145 23.20

76 8.12 149 29.11

61 5.53
61 5.53

63 5.82

63 5.82

61 5.53

SAMPLE CHARACTERISTICS

Size, n 11 5 6 4

Mean, 7( 6.11 7.61 24.58 27.66

Dev., s 1.63 2.99 2.30 1.46

SS, Ex
2 437.82 325.08 3651.43 3066.71

Ex 67.26 38.04 147.48 110.64

Average of Means, CO2 6.86, CO 26.12
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TEST RUN K3

Gas Measured CO
2

Date 23 June 1977

CO

Probe Positon 1 2 1 2

Readings at MV % MV % MV % MV

12 sec. intervals

35 2.35 70 6.95 161 30.02 156 27.75

34 2.25 70 6.95 161 30.02 157 28.20

27 1.60 68 6.61 162 30.48 155 27.30

39 2.73 61 5.53 159 29.11 152 26.03

44 3.34 56 4.85 160 29.56 154 26.88

33 2.15 56 4.85 160 29.56 156 27.75

32 2.05 57 4.98 160 29.56 158 28.66

31 1.95 61 5.53 160 29.56 158 28.66

31 1.95 72 7.33 161 30.02 159 29.11

26 1.51 53 4.45 161 30.02 159 29.11

28 1.68 49 3.95 161 30.02 161 30.02

30 1.85 41 2.95 164 31.39 162 30.48

85 10.01 37 2.54 160 29.56 161 30.02

77 8.35 35 2.35 140 21.10 163 30.93

87 10.62 28 1.68 125 15.81 162 30.48

96 13.07 30 1.85 110 11.61

101 14.62 27 1.60 88 7.72

95 12.78 20 1.04 107 10.95

95 12.78 Ill 11.87

92 11.95 116 13.17

87 10.62 121 14.55

88 10.88 121 14.55

84 9.88 122 14.86

77 8.34 129 17.15

Sample Characteristics

Size, n 24 18 24 15

Mean, R 6.64 4.22 22.59 28.76

Dev., s 4.82 2.06 8.47 1.45

SS, Ex
2

1591.77 393.00 13898.88 12435.45

Ex 159.31 75.99 542.22 431.38

Average of Means, CO
2

5.43 , CO 25.67
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TEST RUN KS Date 23 June 1977

Gas Measured CO
2

CO

Probe Position 1 2

Readings at MV MV % MV

12 sec. intervals

59 5.25 60 339 156 27,75 150 25.19

53 4.45 56 4,85 157 28.20 148 24.39

57 4.98 53 4:45 158 28.66 145 23.20

60 5.39 48 3.83 158 28.66 146 23.60

51 4.20 42 3.08 158 28.66 145 23.20

48 3.83 37 2.54 158 28.66 146 23.60

44 3.34 158 28.66

45 3.47 159 29.11

42 3.08 160 29.56

41 2.95 159 29.11

44 3.34 159 29.11

Sample Characteristics

Size, n 11 6 11 6

Mean, x 4.03 4.02 28.74 23.86

Dev., s 0.88 1.08 0.49 0.78

SS. Ex2 186.07 102.98 9088.25 3419.81

Ex 44.23 24.14 316.14 143.18

Average of Means, CO 4.03 CO 26.30



TABLE A3. (Continued)

TEST RUN K6 Date 23 June 1977

97

Gas Measured CO
2

CO

Probe Position 1 2 1 2

Readings ate
12 sec. intervals

% MV % MV % MV %

94 12.50 92 11.95 129 17.15 135 19.30

102 14.99 90 11.40 132 18.21

97 13.37 90 11.40

97 13.37 87 10.62
91 11.68 91 11.68

89 11.14 86 10.36

96 13.07

95 12.78

Sample Characteristics

Size, n 8 6 1 2

Mean x 12.86 11.24 17.15 18.76

Dev., 1.17 0.62 0.77

SS, Ex
2

1333.14 759.26 294.12 704.09

E x 102.90 67.41 17.15 37.51

Average of Means, CO
2

12.05 CO 17.96
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TABLE 1)3. (Continued)

TEST RUN K7 Date 23 June 1977

Gas Measured CO CO

Probe Position 1 2

Readings at
12 Sec. inervals MV 4 MV MV

90 11.40 90 11.46 133 18.58 139 20.74

88 10.88 80 9.10 120 14.23 141 21.52

84 9,88 81 9.22 152 26.03

86 10.36 82 9.44 154 26.88

82 9.44 78 8.56 154 26.88

82 9.44 70 6.95

92 11.95 57 4.98

91 11.68 46 3,47

90 11.40 37 2_51

87 10.62 L..26

91 11.68 36

86 10.36 37 2,54

90 11.40 14 334
57 4.98
72 7.35
79 8.78

70 6,95
79 8.78

36 10,56

90 11.40
84 9,68
82 0,44

Sample Characteristics

Size, n l3 ''' 2 7

Mean, ;-c 10.81 5.00 16.41 16.91

Dev., s 0,86 7_13 3.08 8.97

SS, 4x2 1527.19 1283.60 347.71 2484.41

Is 140.49 164.03 32.81 118.38

Average of Means, CO 8 91
2

CO 16.66



TABLE A3. (Continued)

TEST RUN K8 Date 23 June 1977

99

Gas Measured CO
2

CO

Probe Position 1 2 1 94.

Readings at
12 Sec. Internals MV % MV % MV % MV

77 8.34 74, 7.71 152 26.03 120 14.23
77 8.34 71 7.14 148 24.39 118 13.70
73 7.52 73 7.52 141 21.52 128 16.82
77 8.34 76 8.12 130 17.49 120 14.23
83 9.66 74 7.71 147 24.00 122 14.86
100 14.25 79 8.78 144 22.78 121 14.55

97 13.37 85 10.10 142 21.94 128 16.82
93 12.23 87 10.62 142 21.94 122 14.84
92 11.95 82 9.44 143 22.36 114 12.64
92 11.95 144 22.78
89 11.14 143 22.36

86 10.36 146 23.60
84 9.88 144 22.78

Sample Characteristics

Size, n 13 9

Mean , 10,5( 22.61 14.75

Dev,, 2.12 ,96 1.36

SS, 6693.86 1971.61

- 93,97 132.71

Averal4e of r,leans, 9 W 18.68



TEST RUN K9

Gas Measured

Probe Position
Readings at
12 Sec. Intervals

Sample Characteristics

Size, n

Meah, R

Dev., s

SS, Ex
2

Ex

Average of Means

CO2

1 1 1

MV

100

Date 23 June 1977

CO, CO
L 2

2 2 2

MV

111 18.88 69

111 18.88 75

111 18.88 83

110 18:54 89

117 21.00 100
108 17.44. 100

102 14,99 105
104 15.73 100
98 13.66 101

80 9.00 105
88 10.88 94

104 15.73 92

104 15.73 107
107 17.00 108
97 13.37 109
107 17.00 105
111 18.88 103
111 18.88 103
120 21.00 106
111 18.88 101
102 14.99 100
106 16,55 102
99 15,96
93 12,33
92 11,95
93 12.33
93 12,33
99 13.96

93 12.23

82 9,44!

72 7.35

6.78
7,90

9.66
11.14
14.25

14.25

10.10
14.25

14,62

16,10
12.50

11.95
17.00

17.44
17.89
16.10
15.36

15.36
16.55

14.62

14.25
14.99

31

15.20 14.05

3.56 2.96

7545.26 4525.88

471.25 309.06

CO
2

14.63 ,

CO CO CO

1 1 1 2 2 2

MV 6 MV

29 1.71

66.5 5.16

71.5 5.70
75 6.10
94 8.55

92 8.27
106 10.73
116 13.17
88 7.72

52 3.73

11 0.55
22 1.23
28 1.64

16 0.85
15.5 0.82
11 0.55

14 0.73
26 1.49

50 3.55
88 7.77
90 7.99
95 8.69
102 9.91

101 9.71

107 10.95
109 11.39
107 10.95
108 11.17
101 9.71

108 11.17
102 9.91

94 8.55

104 10.31

116 13.17
105 10.51

75 6.10
49 3.45
58 4.31
30 1.78

84 7.19
58 4.31
42 2.79
70 5.52
97 9.02
88 7.72
29 1.71
10 0.49
42 2.79
48 3.36
67 5.21
43 2.88
78 6.45
84 7.19

31 22

6.50 5.67

4.15 3.28

1827.41 934.63

201.52 124.81

CO 6.09
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APPENDIX B.

Calibration Curves

The instrument calibration and orifice flow meters calibration

are presented graphically. In the case of the gas analyzers, the

calibration curve has been solved at one millivolt intervals and the

values tabulated. This Appendix contains the following figures and

tables.

Figure Bl. Fuel Feed Rate Calibration Curve.

Figure B2. Main Air Supply Calibration Curve.

Figure B3. Conveyor Cooling Calibration Curve.

Figure B4. Front Overfire Air Calibration Curve.

Figure B5. Rear Overfire Air Calibration Curve.

Figure B6. Heat Exchanger Bypass Air Calibration Curve.

Figure B7. Gas Analyzers Calibration Curves, Carbon
Monoxide and Carbon Dioxide.

Table Bl. Carbon Monoxide NDIR Calibration.

Table B2. Carbon Dioxide NDIR Calibration.

The final equation for square edged orifice flow meters are as

follows:

VSCFM = 128.46 K d
2

Fa(hPi /Tl)2

th (lb/hr) = 589.95 K d2 Fa (hPI/T1)1

Expansion Factor

Y
1

= 1 - (0.41 + 0.35 8
4
) x/k

Reynolds Number

Rd = 48 w/TrdpYg = dV2 /121g

Useldvfor Orifice, 'D' for pipe Reynolds number.

yi = 2.702 P. G S/T.

K = K
o

+ bA ,X=1000 (RD) 2

For ID and 11 D taps

K
o

= 0.6014 0.01352 D 4 (p.3760 = 0.7257D 4)(C)

C = [2.5 x 10
-4
/(D

2
8
2

0.0025D)] + p44.1.5 .161]

b = [2 = 11/D) + (38 + 4/D)(82 + (16.5 5me6)]10-4
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APPENDIX B. CON'T

D = Pipe ID, inches

d = Orifice diameter, inches

= d/D

Fa = Area thermal expansion

T
1

= °R, Upstream side of orifice

P
1

= Psia, upstream side of orifice

h = inches of water, orifice pressure differential

V = CFH

p = Viscosity, centipoise

g = gravitational constant

W = lb/hr

G = specific gravity of gas (air=1)

S = supercomprensibility term (ideal gas=1)

S = ratio, actual specific weight/specific weight ideal gas

S 1

x = AP/P

k = 1.4 Cp /Cv

K = Flow coeffieient, velocity of approach Factor included,

is a function of Pipe Reynolds No. and Q.

K
o

= k in the limit R
D

00
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Orifice Calibration by Pitot Traverse,
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Figure B2. Main Air Supply Calibration Curve.
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Figure B3. Conveyor Cooling Calibration Curve.
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Figure B6. Heat Exchanger Bypass Air Calibration Curve.
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Table Bl.

MV %

Carbon Monoxide NDIR Calibration.

One Millivolt Intervals on
CO Calibration Curve

MV MV MV %

00 0 44 2.98 88 7.72 132 18.21

01 0.04 45 3.07 89 7.86 133 18.58

02 0.09 46 3.17 90 7.99 134 18.94

03 0.13 47 3.26 91 8.13 135 19.30

04 0.18 48 3.36 92 8.27 136 19.66

05 0.22 49 3.45 93 8.41 137 20.02

06 0.27 50 3.55 94 8.55 138 20.38

07 0.33 51 3.64 95 8.69 139 20.74

08 0.38 52 3.73 96 8.85 140 21.10

09 0.44 53 3.83 97 9.02 141 21.52

10 0.49 54 3.92 98 9.18 142 21.94

11 0.55 55 4.01 99 9.35 143 22.36

12 0.61 56 4.11 100 9.51 144 22.78

13 0.67 57 4.21 101 9.71 145 23.20

14 0.73 58 4.31 102 9.91 146 23.60

15 0.79 59 4.41 103 10.11 147 24.00

16 0.85 60 4.51 104 10.31 148 24.39

17 0.92 61 4.61 105 10.51 149 24.79

18 0.98 62 4.71 106 10.73 150 25.19

19 1.05 63 4.81 107 10.95 151 25.61

20 1.11 64 4.91 108 11.17 152 26.03

21 1.17 65 5.01 109 11.39 153 26.46

22 1.23 66 5.11 110 11.61 154 26.88

23 1.30 67 5.21 111 11.87 155 27.30

24 1.36 68 5.32 112 12.13 156 27.75

25 1.42 69 5.42 113 12.38 157 28.20

26 1.49 70 5.52 114 12.64 158 28.66

27 1.56 71 5.64 115 12.90 159 29.11

28 1.64 72 5.75 116 13.17 160 29.56

29 1.71 73 5.87 117 13.43 161 30.02

30 1.78 74 5.98 118 13.70 162 30.48

31 1.86 75 6.10 119 13.96 163 30.93

32 1.94 76 6.22 120 14.23 164 31.39

33 2.02 77 6.34 121 14.55 165 31.85

34 2.10 78 6.45 122 14.86 166 32.36

35 2.18 79 6.57 123 15.18 167 32.87

36 2.26 80 6.69 124 15.49 168 33.38

37 2.35 81 6.82 125 15.81 169 33.89

38 2.43 82 6.94 126 16.15 170 34.40

39 2.52 83 7.07 127 16.48 171 34.97

40 2.60 84 7.19 128 16.82 172 35.54

41 2.69 85 7.32 129 17.15 173 36.11

42 2.79 86 7.45 174 36.68

43 2.88 87 7.59 131 17.85 175 37.25
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Table B2. Carbon Dioxide NDIR Calibration

One Millivolt Intervals on
CO

2
Calibration Curve.

MV o MV o MV

00 0 39 2.73 78 8.56

01 0.04 40 2.82 79 8.78

02 0.08 41 2.95 80 9.00

03 0.11 42 3.08 81 9.22

04 0.15 43 3.21 82 9.44

05 0.19 44 3.34 83 9.66

06 0.24 45 3.47 84 9.88

07 0.28 46 3.59 85 10.10

08 0.33 47 3.71 86 10.36

09 0.37 48 3.83 87 10.62

10 0.42 49 3.95 88 10.88

11 0.48 50 4.07 89 11.14

12 0.54 51 4.20 90 11.40

13 0.59 52 4.33 91 11.68

14 0.65 53 4.45 92 11.95

15 0.71 54 4.58 93 12.23

16 0.78 55 4.71 94 12.50

17 0.84 56 4.85 95 12.78

18 0.91 57 4.98 96 13.07

19 0.97 58 5.12 97 13.37

20 1.04 59 5.25 98 13.66

21 1.12 60 5.39 99 13.96

22 1.20 61 5.53 100 14.25

23 1.27 62 5.67 101 14.62

24 1.35 63 5.82 102 14.99

25 1.43 64 5.96 103 15.36

26 1.51 65 6.10 104 15.73

27 1.60 66 6.27 105 16.10

28 1.68 67 6.44 106 16.55

29 1.77 68 6.61 107 17.00

30 1.85 69 6.78 108 17.44

31 1.95 70 6.95 109 17.89

32 2.05 71 7.14 110 18.34

33 2.15 72 7.33 111 18.88

34 2.25 73 7.52 112 19.42

35 2.35 74 7.71 113 19.96

36 2.44 75 7.90 114 20.50

37 2.54 76 8.12 115 21.00

38 2.63 77 8.34



112

APPENDIX C.

Statistical Analysis

The author statistically analyzed two 4x2 Factorial

experiments manually. A hand-held calculator was used to compute

individual steps in the analysis as well as to non-lineraly

regress some of the data by the least squares method. The

analysis of the particulate emissions experiment is followed by a

series of tabulated results with explanations interspersed. The

analysis of the Relative Carbon Saturation is shown in less detail.

Some notes on the use of statistics in experimental research are

included.

This appendix contains the following table.

Table Cl. Factorial Experiment, 4x2.

Table C2. Main Effects of Factor A.

Table C3. Main Effects of Factor B.

Table C4. Main Effects, Two-Factor Table, A and B.

Table C5. Analysis of Variance of Factors A and B.

Table C6. Components of the Quantitative Factor A.

Table C7. Orthogonal Polynomials for Four Levels.

Table C8. Components of the Quantitative Factor B.

Table C9. Orthogonal Polynomials for Two Levels.

Table C10. Components of Interaction AXB.

Table C11. Analysis of Variance of Particulate Data.

Table C12. Analysis of Variance of RCS Data, without
Replication, based on Summed Values.

Table C13. Mutually Orthogonal Linear Functions.

Statistics Notes:

Statistical tests of significance are often required in

interpreting the results of experiments. It is usual to postulate

that the effect sought does not exist, then see whether the

observed differences can reasonably be attributed to chance. If

there is less than five percent chance then the effect is

significant.

Prior knowledge of errors involved and of the magnitude of

the effect sought are necessary for an economically designed

experiment. Any information however sketchy will improve an

unplanned experiment.
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Sequential Approach to a problem uses early information or

pilot information to provide approximate information on errors or

on the general nature of effects for further experiment.

One advantage of statistical planning is it forces advance

consideration of what is being sought and what must be done to

find it. It forces consideration of the likely magnitude of all

possible sources of error. One may recognise and avoid pitfalls

and fallacies.

An important function of statistics is to provide a rational

basis for deciding the number of observations to be made to give

the necessary precision. Too many observations waste effort too

few may allow false conclusions.

The correct type of design and number of observation lessens

the amount of experimental work. The effort saved in experimenting

far out weighs the time and thought in planning.

A good design requires:

1) correct formulation of questions of be answered by

the experiment

2) correct choice of experimental method in light of

accuracy and errors

3) general pattern of experiment number, spacing and

interrelation of observations must be correctly

chosen.

The larger the errors involved the greater the need for

statistical design and analysis.
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Type I When a in the probability of committing a Type I
error.

Type II- (3 in the prob. of Type II.
Type i error is the wrongly rejecting a hypothesis.
Type II error is the wrongly accepting a hypothesis.

Decision

ACTUAL SITUATION

Null Hypo,

is True

Null Hypo.

if False

Accept null hypothesis. No error. Type II error.

Reject null hypothesis. Type I error. No error.

For Example, hypothetically, a person is innocent until proven

guilty,

It is a Type I error to convict an innocent person;
and a Type II error to fail to convict a guilty person.
Most experimental hypothesis are made as in the example
such that the occurance of a Type I error is of greater
consequence than a Type II. In response to the con-

sequences , the allowable probability, a, of committing
a Type I error is set acceptably low. Similarly,

is set at an acceptable level.
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Factorial Experiment, Particulate Emissions

Analysis of the 4x2 Factorial Experiment on Particulate

Emissions proceeded as follows:

Table Cl. Factorial Experiment, 4x2.

Level of Factor B
1 2

Level 1 0.6993 0.1818

of 2 0.8478 0.7994

Factor 3 4.797 2.481

A 4 6.893 2.612

Table C2. Main Effects of Factor A.

Level of Factor A

1 2 3 4 SUM

Sum 0.881 1.6472 7.2780 9.505 19.31

Mean 0.4406 0.8236 3.6390 4.7525 2.4139 Grand Mean.

Ex
2

146.80
Crude SS 73.40

2 2

Sum
2

Correction due to Mean = = 46.62
2x4

SS about Mean = 73.40 - 46.62 = 26.78

Table C3. Main Effects of Factor B.

Level of Factor B
1 2 SUM

Sum 13.2371 6.0724 19.31

Mean 3.3093 1.5186 2.4139 Grand Mean.

Ex

4

2 212 12
Crude SS = 53.03

4
2

2x4
Correction due to Mean 46.62

Sum

SS about Mean = 53.03 46.62 = 6.41
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Table C4. Main Effects, Two-Factor Table, A and B.

Level of Factor B
b
1

b
2

SUM MEAN

Level of
a
1

0.6993 0.1818 0.8811 0.4406

Factor A
a
2

0.8478 0.7994 1.647 0.8236

(quantitative) a3
4.797 2.481 7.278 3.639

a
4

6.893 2.612 9.505 4.753

Sum 13.2371 6.074 19.311

Mean 3.3073 1.5186 2.4139

Factor A Factor B

Dc2 146.80
Crude SS = 73.40 212.12

n 2 53.03

Sum
2 4

Correction due to Mean
372.91 = 46.61 46.61

nxm 8

SS about Mean =
Zx' Sum2

= 26.79 6.41
D nxm

Total SS = 85.38 46.61 = 38.77

Table C5. Analysis of Variance of Factor A and B.

Source of Sum of Squares Degrees of Variance STD Variance

Variation Freedom Mean Sq. Error Ratio

Factor A 73.40-46.61 3 26.79/3 2.99 8.93/1.86

=26.79 =8.93 =4.80

Factor B 53.03-46161 1 6.41 2.53 6.41/1.86

= 6.41 =3.45

Interaction38.77 -26.79 3 1.86 1.36

-6.41=5.57

Total 85.38-46.61
=38.77

(5%) = 9.28F
3/3DF

(5%) =10.13
Fl /3DF

The overall variation is not significant; however, no

account is taken of the order of the levels and it is possible

to have a significant trend in the individual results. The
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analysis is more sensitive if the relation between response and

levels of the factors in accounted.

The first step is to calculate the sum and the linear,

and quadratic and cubic in the case of the factor having four

levels.

Table C6. Components of the Quantitative Factor A.

Components of Quant. Factor A

Level of
Quant.
Factor B Sum Linear Quadratic Cubic

(1) (2) (3) (4) (5)

1 S1=13.237

2 S2= 6.074

Sum 19.311

L1=22.5303

L2= 8.9722

31.5026

Q1=1.9475

Q2=-.4866

1.4611

C1 =- 5.6539

C
2
=-2.6146

-8.2691

Divisor
for Sum
of Sq.

4 20 4 20

Sum of
Squares

=(I,
1

2

SS

= L
2

2)/20
L
s

2/2x20

4.5952 0.7405 0.2307

have
Linear A x Linear B.
Quad. A x Linear B.
Cubic A x Linear B, interactions.

Table C7. Orthogonal Polynomials for four levels. (58)

Linear Quadratic Cubic

a
1

-3 +1 -1

a
2

-1 -1 +3

a
3

+1 -1 -3

a
4

+3 +1 +1

SS 20 4 20
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Main Effect

Linear Effect: -3x0.8811-1x1.647+1x7.278+3x9.505=31.5027

Quadratic Effect: lx0.8811-1x1.647-1x7.278+1x9.505=1.4611

Cubic Effect: -1x0.8811+3x1.647-3x7.278+1x9.505=-8.2691

Sum bl b2
2

SS Lin=(31.5027) /(2x20)=24.3105 12.6904 2.0125

SS Quad=1.46112/2x4= 0.2669 0.4741 0.0296

SS Cubic=-8.2691 /2x20= 1.7095 0.7992 0.1709

Total 26.79=SS of A (checks)

Table C8. Components of the quantitative Factor B.

Component of Quantitative Factor B.

Level of
Quantitative
Factor A

SUM LINEAR

(1) (2) (3)

1 S1 0.8811 L
1

-0.5175

2 S2 1.647 L2 -0.0484

3 S
3

7.278 L3 -2.316

4 S
4

9.505 L4 -4.281

Sum S
T
19.311 L -7.163

Divisor
for SS

2 2

SS = (L12 +L2
2
+L3

2
+L4

2
)/(2-1,3

2
/4x2=L5.5669] (Total interactions checks)

Table C9. Orthogonal Polynomials for Two Levels.

Linear
b
1

-1

b
2

+1

SS 2
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Main Effect
Main

Linear Effect: (-1x13.237+1x6.074)=-1.163

SS Lin=(-7.163)
2
/4x2 = 6.4136 (checks)

The Linear Component of Linear B with respect to levels of A

ie. linear B x Linear A = (-3x-.5175)+(-1x-0.0484)+(lx-2.316)
+(3x-4.281)

= [-13.5581]

The quadratic component of linear B ie. quadratic A x Linear B

= (+1x-.5175)+(-1x-0.0484)+(-1x 2.316)+(lx-4.281)=1-2.4341j

Table C10. Components of Interactions A x B.

Linear A Quadratic A

Linear B -13.5581 -2.4341

Divisors for Interactions Sums of Squares

Divisor for B Divisors for A

Linear=2 Linear=20 Quadratic=4

2x20=40 2x4=8

Sums of Squares in the Analysis of Variance of the Interaction.

Linear A x Linear B = (-13.5581)2/40=4.5956

Quadratic A x Linear B = (-2.4341)2/8=0.7406
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Table Cll. Analysis of Variance of Particulate Data.

Source of Sum of Degree Mean Variance

Variation Squares of Freedom Square Rate

FACTOR A

Linear effect 24.8105 1 24.8105 33.67

Quadratic 0.2669 1 0.2669

Cubic 1.7095 1 1.7095

Total 26.79 4

FACTOR B 6.41 1 6.41 8.70

Interactions

Linear 4.5962 1 4.5952 6.24

Quadratic 0.7405 1 0.7405

Cubic 0.2307 1 0.2307

otal 5.57 3

Total 38.77 7

Error 2.9476 4 0.7369

No prior reason for supposing that higher order terms, cubic and

quadratic, for the main effect and interaction are appreciable and

no effect appears in Table Cll. Thus, it is legitimate to combine

the mean square for higher order terms to give an error variance of

0.7369 based on four degrees of freedom. Since the experiment was

conducted without replication, higher order term of no appreciable

effect must be combined to provide an error term (26,58).

(1% level) = 21.20
(5% level) = 7.71F

1/4DF
(10% level) = 4.54

Therefore, the linear effect of Factor A is highly significant, Factor

B is significant and the linear interaction is possibly significant.
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The effect of Factor A, feed rate, on carryover as a mathematical

function of the levels of the factor,

y = al + a2 x a3 x
2

a
1
= mean, a2 = slope, a3 = curvatures

orthogonol polynomials

Y = A + B Xi + CX2 + DX3

A, B, C, D are mutually orthogonal linear functions of the

observations, Xi X2 X3 are respectively linear, quadratic and cubic

functions of the variable X. For the simple case of equally spaced

intervals A is the mean, B is the linear component, C quadratic, D

cubic,

A = Eay, B = EISy, C = Eyy, D = Eby

a . 1 /n,

Linear

IS'

y, cS depend on n,for n = 4

Quadratic

I'

Cubic

e

Y1 -3 +1 -1

Y
2

-1 -1 +3

Y3 +1 -1 -3

4
+3 +1 +1

20 4 20

K 2 1 10/3

1 is the sum of squares of the coefficients,

K is a scale Factor allowing to be an integer, etc.

B' = E(3y etc., B = (04) U'y etc. for n = 4

B' = 10 B, C' = 4D, DI = 6D, A' = 4A
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Table C12. Analysis of Variance of RCS Data, without Replication,
based on Summed Values.

Sources of Sum of Degrees of Mean Variance

Variation Squares Freedom Square Ratio, F

Between Levels of

FACTOR A

Linear Effect 0.0564 1 0.0564 25.69

Quadratic Effect 0.0753 1 0.0753 34.31

Cubic Effect 0.00019 1 0.00019

Total A 0.1318 3

Between Levels of

FACTOR B

Linear Effect 0.0420 1 0.0420 19.13

Interactions with

FACTOR B of

Linear A 0.0648 1 0.0648 29.52

Quadratic A 0.0040 1 0.0040 1.82

Cubic A 0.0042 1 0.0042

Total
Interaction 0.2469 7

Error term = combined
Cubic Effects 0.000439 2 0.0002195

(5% level) = 18.51F
1/2 DF

For replication compute total sum of squares of all 16 unsummed data

points, subtract the sum of squares for main effects and interactions

for the remainder sum of squares. The remainder is the error term.

The 16 data points have 15 degrees of freedom leaving eight for the

remainder term.



123

If observations may be represented by a straight line,

B = B1/10, gives the slope or regression coefficient (26, 74),

and

where

y = y + B xl = y + B (x-R). For higher orders

Y = Bx1 + Cx2 + Dx
3

X
1

= X - X

x2 = x12 - (n
2
-1) 12 = x12 1.25 (for n = 4)

x3 = x1
3 1

(3n2-7) x
1

= x
1

3
- 2.050x1 (for n = 4)

-
y = jr. 1.25 C + B (x-R) + (x-x)

2
+ D (x-R) [(x-x)

2
- 2.050]

Table C13. Mutually Orthogonal Linear Functions.

Level
Factor B

1

2

Sum

7
K

A' B# D# A# B# C#

13.237 22.5303 1.9475 -5.6539 3.309 2.253 0.487 -0.942

6.074 8.9722 -0.4866 -2.6146 1.519 0.897 -0.122 -0.436

19.311 31.5027 1.4611 -8.2691 4.828 3.150 0.365 -1.378

4 20 4 20

2 1 10/3

at b1, y = 3.309 + 2.253 xl + 0.487 x2 - 0.942 x
3

at b2, y = 1.519 + 0.897 xl - 0.122 x2 - 0.436 x3

for y = + B xl + C x
2

at b1, y = 2.700 + 2.253 (x-R) + 0.487 (x-R)2)

at b2, y = 1.672 + 0.897 (x-x) - 0.122 (x-R)2;

for y = + B xl + C x2 + D x3

at br y = 2.700 + 4.184 (x-R) + 0.487 (x-R)2 - 0.942 (x-R)

at b2, y = 1.672 + 1.791 (x-R) - 0.122 (x-502 0.436 (x-503
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APPENDIX D.

Discussion of Error.

The error involved in calibrating beyond the range of

analyzed calibration gas may have been substantial in degree

(+ 10 percent) but was not random. Hence, the error was in the

same direction for all gas samples and differences between gas

samples could be detected with accuracy similar to that achievable

with a better calibration curve.

The error involved in determining the average value to

represent each sample of gas was mostly random and became

experimental error in the statistical analysis. The values were

chosen at random to represent a gas sample; therefore, the

subsample of each gas analysis was an unbiased estimator of the

sample.

Errors involved in setting fuel feed rate and fuel bed

depth were predomiantly random and therefore experimental error.

Similarly the different probe positions were selected randomly.

Errors in timing particulate was negligible. Error in

weighing particulate was less than two percent in the case of

the lightest sample, less than one percent for all others, and

negligble for the samples weighing more than thirty grams.

Error involved in calibration of the fuel metering was

estimated at + 2 percent. This error would not be random, hence,

it would affect all fuel feed rates similarly and lose significance

for purposes of comparison of relative differences.

Error in taking representative gas sample is random. The

error is biased by greater chance of including sample positions
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over areas between pinholes than over pinholes. The error is

reduced by averaging over time and sampling position. The

estimated error i +2% or -5% of RCS value.

Error caused by leakage into the train was reduced

by monit ring the oxygen content. Undetected leakage estimated

error i 2% of RCS. The error is random.

Other sources of error and estimates of amounts include:

1) ash analysis, standard ASTM test, precision

estimated at + 1% of value reported.

2) proximate analysis of fuel, ASTM + 1%.

3) gas analyzers, 02 + 1% full scale, CO2 5%,

CO + 10%.

4) balance, particulate weight, + 0.1 g.

5) Cyclone separator collection efficieny 95%.

6) timer, particulate sampling + 2 sec.

7) temperature under fire air + 5 F.

8) temperature ambient air + 5 F.

9) barometric pressure 4- 2 mmHg.

10) overfire air metering, main lines + 2%.

conveyor cooling line + 1%, viewport air lines

+ 10%.

11) fuel metering - conveyor calibration + 5%.

12) fuel density measurement + 5%.

13) fuel bed depth estimation + 0.5 inch.

14) ash layer depth + 0.5 inch.
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APPENDIX E.

Recommendations.

The author's research in wood combustion has revealed

several specific topics which need to be investigated. Some of

the more promising topics are listed as further possiblities to

study.

1) Determine the amount of carbon in particulate emissions
as an indication of the amount of carbon in the charcoal

burned on the grate.

2) Determine the amount of charcoal produced by the rapid,
high temperature, continuously flushed destructive
distillation of wood in the fuel bed of a speader-stoker.

3) Determine the amount of air required to gasify the
charcoal produced by speader-stoker combustion.

4) Some information which would add greatly to the under-

standing of the combustion process is the temperature
of the gases in the fuel pile. Ideally, the information

sought is a temperature profile of the pile. Similarly,

an indication of the gas composition in the pile would

tell much of what occurs, and the ideal information

would be a profile of the relative carbon saturation.
Of a more physical nature, information on the degree of

mixing of fuel layers and channelling of the air in the

fuel pile might explain some of the limitations of wood

fired boilers.

5) Improvements in taking gas samples from a burning bed of
wood on a spreader-stoker grate are needed.
a) Cooling is needed which protects the probe but does

not condense the heavy volatile matter inside the

probe.
b) An accurate system of placing the probe, both

vertically and horizontally is needed.
c) Analyze the problem of getting a representative

sample when the influence of the pinhole air

stream is felt. A sample representative of the
average flow rate through the bed, as would be

attained by collecting all of the gas flow, mixing

it and then sampling, would be ideal.
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6) Determine volume of combustion chamber limits on energy
release rates. The existing combustion chamber volume
is neither clearly defined nor variable. The existing
boiler could be fitted with a rack of water tubes which
could be flush with the top water wall header or made

variable by lowering the rack and reducing chamber

volume. At an established rate of combustion, the
chamber volume could be reduced until degradation of

stack gas emissions occurs.

7) A boiler using a variable combustion zone volume could

test the effect on required volume of innovative

combustion methods.

8) The effect of grate design needs to be investigated. Can

the grate design be altered to permit higher energy

release rates by the fuel bed? Other questions which

might be answered concerning the fuel bed are listed.

a) Under what flow conditions is the fuel pile fluidiz-

ed?

b) Is it possible to run low enough flow rates or in

any way alter the flow to avoid fluidizing the pile?

c) To what degree does pile fluidization mix the layers

of fuel?
d) Does fluidization make the temperative profile of the

bed more uniform?

e) How does combustion proceed if the pile fluidizes and

mixes?
f) Does fluidization of the pile adversely affect the

maximum rate of combustion ?

g) There must be some upper limit on air flow rate at

which fluidization does not occur and the fuel pile

becomes layers of charcoal, partially pyrolyzed wood,

and wet wood. If the air rate is increased and
fluidization occurs, does the rate of combustion

increase owing to the increased air rate or decrease

owing to disruptions of the layered combustion

process.
h) If the effect of increased air is greater than the

effect of fluidization) does the rate of combustion

continue to rise with increased air rate until the

air rate is sufficient to carry the raw fuel out of

the combustion chamber?

i) Is there an optimum level of fluidization which will

allow the maximum combustion rate?

j) Does the maximum combustion rate of the boiler

correspond to the maximum energy release rate in

the pile?
k) How does pile depth effect the air rate at which the

maximum combustion rate in achieved?
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9) The efficiency of the cyclone separator should be

measured at various flow rates and particle size deter-

mined.

10) It may be possible to reduce the effective grate area

and determine maximum fuel feed rates using fuel beds

of varying depths.

11) Caution is recommended during experimentation with
fuel beds deep enough to consume the oxygen in the

underfire air. Since the gases produced in the fuel
bed are combustible, they will burn if mixed with
combustion air and are ignited. Since they are

devoid of oxygen upon leaving the fuel bed, com-
bustion cannot proceed until overfire air is supplied.
It is possible to conceive of a situation in which

ignition is lost and the combustion chamber and gas
passages could fill with a combustible mixture of

gases. To prohibit loss of ignition, a pilot flame

could be provided.


