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ABSTRACT
STUDY OF CREOSOTE PHENOMENA IN
WOODBURNING APPLIANCES

This study was undertaken to determine the amount of creosote
formed by a woodburning stove under various test conditions. Eighteen
different tests were perfromed using three different types of wood
(hickory, oak, and yellow pine), each with three different geometries.
Tests were also performed using different moisture levels.

To carry out the study, a special double wall stainless steel test
chimney was constructed. A spectrophotometer was used to determine the
relative concentration of the creosote-water solution. The wood type,
moisture content and geometry did affect the creosote formation by the
stove used in these tests. Wet wood produced more creosote than fire
brands. Fire brands with larger piece sizes produced more creosote than
the standard brands. Hickory generated more creosote than oak. Oak

generated more creosote than yellow pine.
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I. INTRODUCTION

Wood is a renewable resource; fossil fuels are not renewable. It
has been estimated that the total world consumption of wood, as fuel,
is about 2300 million tons a year [1]. This is equivalent to about
1300 million tons of coal or about 15 percent of the world's commercial
fuel consumption. It is a surprisingly large total and a reason for
considerable apprehension about the future. In heating value, wood
compares favorably with other fuels. Seasbned hardwood can produce as
much heat per cord as a ton of high BTU coal or 200 aqallons of fuel
oil.

It is possible that package boilers designed for o0il or gas can
be adapted to use a suspension burner for pulverized wood [2]. A
replacement or alteration of fossil-fuel-burning boilers is required
to accomodate a wood-fired burner.

The use of wood for heating or perhaps electrical generation is
increasing mainly because of the rising cost of conventional forms of
equipment used to convert wood into heat for residential use. Today
there are fireplaces, woodburning stoves and woodburning furnaces
available for homeowners. In addition there are many accessories
for the basic units; accessories to improve the performance, to make

units safer and to improve the performance. Hence heating with



wood in residences is gaining popularity. Along with the interest in
burning wood, there is also growing concern over the safety and efficiency
of wood heating equipment. For example, the chimney fire, air pollution
and corrosion are problems of concern in modern woodburning equipment.
In a fireplace or an ordinary stove, fresh fuel placed on top
of glowing coals will first lose water and then distill the volatile
matters (pyrolysis), leaving charcoal behind. These stages occur
more or less simultaneously in woodburning equipment. It is the
volatile matter that gives rise to the long flame from burning wood, and
if not completely burned, will be carried up the chimney as smoke. If
the temperature of the exhaust gases is reduced to the dew point, these
volatile matters will be deposited on the inside surface of the chimney
as pyroligneous acid. The acid drips down the chimney walls and dries
into creosote, a sticky black substance that is highly flammable.
It is observed that creosote is acidic with a PH value of about
4 and a heating value slightly less than that of wood tar, which is 10,000
BTU per pound. Creosate is corrosive to iron, steel and even galvanized
steel. Also, flaky creosote has a significant insulating effect which
reduces the heat output to the room when formed on the heat transfer
surfaces. The majority of the compounds in creosote are polycyclic
aromatic hydrocarbons. Only a limited number of them - less than 20 -
are present in amounts greater than one percent [3]. The major compo-

nents of creosote, listed in Table 1, generally comprise at least



Table 1. Major Components in Creosote

Peak : : Whole : Boili§g : Melting : Molecular
No. : Componenc :Creosote: Poinc= : Poincs Strucctural Foraula : weight
: Aourox.; °cC. .
: Per. —I8 : <.
: : #0.77
1 : Naphthaleue : 3.0 218 @ 80.55 UL ;1282
BN My
2 : 2-Methyinaphthalene : 1.2 : 241.05 : "24.58 : Sy N : o 142.2
. <
3 : l-Methylnaphthalene : .9 r 284.64 =22 : g t 142.2
/- =
4 : Biphenyl : .8 :255.9 : T : NSNSt 15402
5 : Dimethylraphthalenes: 2.0 : 258 : 7.66, 105 @ e c—— — : 156.2
6 : Acenaphthene : 9.0 : 279 T 96.2 : NG : 156.2
AN O
7 : Dibenzofuran i 5.0 : 287 T 86-87 : \L—i ;o 168.2
8 : Fluorene ¢ 16.0 : 293-295 : 116-117 =2 ¢ 16s.2
9 : Methylfluorenes : 3.0 : 318 T 46-47 : : 180.2
YW
10 : Phenanthrene i 21.0 : 340 : 101 : -2 0 1782
. ™A
1l : Anthracene : 2.0 : 340 : 216.2-.4 AZAS ) r 178.2
12 : Carbazole : 2.0 : 385 : 247=248 N — T 167.2
13 : Methylphenanthrenes : 3.0 : 354-333 : 63-1223 192.2
14 : Mechylanchracenes : 4.0 : 360 :81.5-209.5: N —p 182.2
15 : Fluoranthene : 10.0 ¢ 382 ¢ 111 NS A~ ¢ 202.3
AN
16 : Pyrene : 8.5 393 156 : o~ SAS : 202.3
17 : Benzofluorenes ¢ 2.0 : 413 : 189-190 : SN/ -~ 216.3
S
18 : Chrvsene 3.0 @ 448 : 233-236 SAZANz @ 228.3

i*.’a.’.ues from Handbook of Chemistry and Physics, 197i-72, 52nd ed., Chemical Rubber Publishin
Cs., Cleveland, Ohio.
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75 percent of the creosote. The exact compostion of creosote depends

on the conditions under which it is formed and the temperature at which
it is deposited.
To reduce or eliminate the formation of creosote in woodburning

appliances, one must first understand the factors affecting creosote

formation. The objective of this study is to determine the amount of
creosote formed under various test conditions. The parameters that

affect creosote formation include:

a. Species of wood,

b. Geometry of the wood,

c. Moisture content of the wood,
d. Flue gas temperature,

e. Chimney wall temperature,

f. Height of chimney,

g. Roughness of chimney wall,

h. Firing rate,

i. Air-fuel ratio (air setting),
j. Combustion temperature,

k. Type of stove,
1. Ambient temperature and humidity,

m. Exhaust gas flow rates, and
n. Ratio of primary to secondary combustion air.
The parameters of interest in this study are: type of wood,

moisture content of wood, size of wood, and combustion process (air
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fuel ratio, distribution of air within furnace zone, and temperature

of furnace walls).



[I. DESCRIPTION OF APPARATUS

A special test chimney was constructed to carry out a study of
the furmation of crecsote. In order to withstand the pressures (steam
and water) and resist corrosion, the test chimney was made of 1/16
inch thick, type 304 stainless steel, and had a double wall construction.
This double construction provides a jacket of cooling water or steam to
control the chimney wall temperature during a test and to reheat the
chimney wall when a test is completed. The test chimney was comprised
of three sections of double wall pipe. A six-inch diameter inner pipe
and an eight inch diameter outer pipe was used to form the test section.
Figure 1 shows the details of one section of the test chimney. Four
water/steam manifolds(1/32 inch type 304 stainless steel) were connected
tc tie pottem and top of each test section. The water enters at the
hotrors o erch test section and exits at the top to ensure that the water
jécket is aiways full. The steam enters at the top of each section and
exits at the bottom. to ensure that section contains only steam during the
heating periad. Also, it can be seen in Figure 1 that an inverted cone
was placed inside the chimney to collect the creosote-water solution that
condensed. This mixture was diverted through a 1/32 inch diameter tube
to the outside of the eight-inch diameter pipe. The tube was connected

to a collection beaker. Two different size flanges were welded on each
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end of a chimney section to facilitate cennecting the sections together.
Figure 1 also shows that three type K thermocouples were placed at
various locations to monitor the chimney wall and flue gas temperatures.
Shielded thermocouples (Figure 2) were necessary to measure the flue

gas temperature. The shield slows the transient response of the ther-
mocouple from "seeing" the cooler flue pipe walls.

The entire assembly is shown in Figure 3. Figure 4 shows the
water/steam circulation and control system. The apparatus used in this
study is shown in Figures 5 and 6 and the stove in Figure 7. Figure 8
shows the damper setting (1/4 open, position 1) of the stove. Figure 9
shows the connection of the test sections. A closer look at the creo-
sote-collection'tubes and the water manifolds on the middle and bottom
test sections are shown in Figure 10 and 11. Figure 11 also shows a
length of 1/4 inch copper tube in which five type K thermocouples were
inserted and projected from five different position holes. A schematic of
the five thermocouples is shown in Figure 12. This section was placed be-
tween the stove exit and bottom test section to measure the flue gas

temperature.

A1l temperatures were recorded automatically by a data acqui-
sition system (see Figure 13). The test chimney was set up on a radiant
type stove and the entire apparatus was situated on a digital balance
(see Figure 14) so that the weight of wood consumed could be monitored.
A hydraulic gas sample collector and Orsat gas analyzer (Figure 15 and
16) were used to collect flue gas samples and analyze the COZ, 02, and

CO contents of the gas. Figure 17 shows a standard spectrophotometer
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Figure 5. Test Installation
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7.

Figure Test Stove



Figure 8. 1/4 Open Damper Setting
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Figure 9. Connection of Test Sections
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Figure 11. Collection Tube and Water Manifolds in Bottom Section
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Figure 13. Automatic Data Aquisition System



Figure 14. Digital Balance



Figure 15. Hydraulic Gas Sample Collector
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FIGURE 16 Orsat Gas Analyzer
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which was provided by the Chemistry Department. The spectrophotometer
was used to determine the concentrations of the creosote-water mixture
collected during the tests. A description of equipment used in this
study is shown in Appendix D.

Tests were performed with yellow pine, oak and hickory. Each
wood was tested at two different moisture contents and with three dif-
ferent geometries. Figure 18a shows the standard configuration brand
used in the test. It was made of 3/4 inch by 3/4 inch strips located
on one inch centers. A type B brand is shown in Figure 18b. These
brands were made of 3/4 inch by 1 3/4 inch strips located on 2 1/4
inch centers. Figure 18c shows the split logs. Each split log had

an average surface area of about 280 square inches.






ITII. EXPERIMENTAL PROCEDURE

The first task was to prepare the wood of desired species,
geometry and moisture content for the testing program. Nine test runs
were performed with oven dry wood. The brands and logs were placed
in an oven and maintained at 212°F for about 72 to 168 hours (Tonger
times may be needed for the larger pieces of wood). The exact time
in the oven was determined when no measurable weight change was de-
tected. The moisture contents of the fuels for the remaining nine
test runs were determined by oven drying a known weight of sample

from the fuel and reweighing the sample after drying.

The procedure used to conduct test runs is outlined below:

(1) Connect water/steam pipes to chimney. Check water and steam
control valves.

(2) Set Auto Data (temperature readouts equipment),Orsat gas
analyzer and gas sample collector, ready for testing.

(3) Fire stove to build up bed of charcoals. This generally
required a half hour of operating time to bring the system
to an equilibrium state.

(4) Set air inlet to desired position.

(5) Open and adjust water valves to obtain the same flcw rates

in the three sactions of the chimney.

26
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(6) Read initial weight of stove and load fuel charge.
(7) Begin data collection. Temperature data and weight
readings were recorded on five minute intervals on all read-
outs. Orsat data of flue gases was taken ever ten minutes.
(8) When the wood was consumed, the test was cansidered complete.
(9) Close water valves. Open steam valves to reheat dry creosote
Teft in test section.
(10) Close steam valves after twenty minutes of reheating.
(11) Measure volumes of creosote-water mixture collected from each
chimney section.
(12) Stir mixtures and take samples for spectrophotometer analysis.
(13) Pour out the mixture, measure the amounts of heavy creosote
deposited on the bottom of the beakers.
This procedure yielded the efficiency data and was used to collect the
creosote-water solutions condensed on the chimney wall during the test.
The efficiency data was processed by the standard procedure described
in earlier Quarterly Reports. The final results (relative amount of
creosote) were obtained by using a spectrophotometer to analyze the relative
concentration of each creosote sample. The procedure of this analysis

is shown in Appendix A.



IV. DATA COLLECTION AND ANALYSIS

The three types of wood used in the testing program were yellow pine,
oak and hickory. VYellow pine is a softwood with a relative density of
about 29 pounds per cubic foot (dry basis), and hickory are hardwoods
with relative densities of about 41 and 44 pounds per cubic foot (dry
basis), respectively. The standard brand had a surface area of approxi-
mately 610 square inches, brand B had a surface area of 414 square inches,
and the split log had an average surface area of about 280 sgquare inches.
The moisture contents of the fuels used in the eighteen test runs are
shown in Table 2.

The efficiency of the unit is defined as the percent of the energy
released from the wood that is used to heat the room. The measurements
needed to determine the efficiency are the flue gas temperature, the
flue gas composition and the fuel consumed. A shielded thermocouple and
an automatic data acquisition system were used to measure the flue gas
temperature. Weight readings were taken manually as needed. An Orsat
gas analyzer was used to obtain the percent COZ’ O2 and CO in the gas
leaving the unit. By applying mass and energy balances using the-data
taken as described above, the efficiency of the unit (both instantaneous

and average) was computed.

28
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TABLE 2. Moisture Contents of Test Woods
No. Wood Kind Geometry Moisture Content(%)
] P S 2.0
2 P B 0.0
3 P L 0.0
4 P S 8.3
5 P B 8.3
6 P L 42.0
7 0 S 0.0
8 0 B 0.0
9 0 L 0.0
10 0 S 28.0
11 0 B 28.0
12 0 L 26.0
13 H S 0.0
14 H B 0.0
15 H L 0.0
16 H S 27.0
17 H B 27.0
18 H L 25.0

P: Yellow Pine S: Standard Brand

0: Oak B: Brand B

H: Hickory L: Log
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The flue gas temperatures and cooling surface temperatures at
various locations in the chimney were recorded automatically to aid in
understanding the characteristics of the system during condensations of
the creosote. The flue gas temperatures at various positions of the
stove exit to the chimney are different. The temperature drops sig-
nificantly at positions near the wall of the stove exit. Flue gas
temperatures at the stove exit were measured every five minutes and
an average temperature was calculated.

Finally, the relative concentrations of creosote mixtures were
measured with a spectrophotometer. The Beer-Lambert Law [4] states
that light absorption is proportional to the number of molecules of
absorbing substance through which the 1ight passes. Thus, if the ab-
sorbing substance is dissolved in transparent solvent (e.g., water),
the absorption of the solution is proportional to its molar concentra-
tion. Hence a formula A = Ecl states the absorption of a given com-
pound at constant conditions is related to the unique extinction
coefficient, E, of the compound, the concentration of the compound, ¢,
and the length of the light path, 1. The mixture samples were diluted
in water at nine times the volume of a sample. The optical densities
(i.e., absorption) of the dilute samples of eighteen test runs were
then analyzed by a selected wavelength of 450 nm. To quantitize the

relative amounts of creosote formed, a Creosote Number is defined below.
(Relative Optical Density) (Volume of Mixture)
(1bm of Wood Consumed)

Creosote Number =
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Table 3 shows the results of the spectrophotcmeter analysis. The
Creosote Number gives a relative comparison of the amount of creosote
formed. The Creosote Number increases with the amount of creosote

formed.



Table 3.

Volume of Mixture ‘mi)}

Results of Spectrophotometer Analysis
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,

Jotical Density (13Crm)

Tas “ood Creosate
Ma. Fuel l-sec 2-seCc  3-sec l-sac  2-s2c  3-s2¢ Consumed (ibm)  Mumber
WP
1 S 1500 700 225 0.579 0.425 0.432 5.2 73
2 :P 1430 300 500 0.324 0.37¢ 09.394 Wl 37
3 P 1150 3¢0 300 Q0.707 3.320 202.167 12.2 33
3
R P 1240 833 380 7.:06 0.515. 0.242 12.2 73
S
3 EP 1730 10Qe 328 0.128 J.034 0.C88 17.7 2
) éO 3g1a 1375 1053 9.133 0.1068 0.1.00 25.3 33
7 gO 3940 1440 310 0.081 0.101 0.100 21.3 25
3 gH 4800 1530 300 0.083 Q.147 0.034 20.2 34
3 gH 4229 1630 380 2.087 40.103 9.i117 22.3 29
10 20 2340 1280 530 0.251 0.22% 0.152 13.7 73
il SH 21380 320 310 0.330 0.373 0.+34 13.3 W32
i2 gO 20C0 970 825 0.312 0.388 0.333 12.1 39
13 gH 21¢C0 950 390 0.453 Q0.3515 0.430 12.2 142
14 EP 43G0 2230 2780 9.012 Q.202 0.%40 i7.0 i3
15 HH 1530 2190 2250 3.044 0.223 9.050 3.3 31
i3 EO ~8QQ 2470 2125 0.027 9.033 3.004 JE P
i7 CH 25C0 2500 1230 3.203 3.183 Q.243 3.3 154
L
3 <0 3010 1430 1250 9.213 72.438 2J.244 1.7 t4?




V. DISCUSSION QF RESULTS

The results of the experiments are presented in two separate groups.
The first group shows the test results graphically so as to compare ef-
fects of variations in the parameters of moisture content of wood, type
of wood, and geometry of wood. The summary of test data is shown in
Tables 4 and 5 and a discussion of each individual test is given for
the second group (see Appendix C).

First, the three parameters that were chosen in the eighteen exper-
imental tests are discussed below.

a. Effect of Moisture Content of Wood

According to the results of the tests, dry wood produced more creo-
sote than wet wood under the same test conditions (see Figure 19). There
are two main reasons to explain this phenomena:

(1) The water vapor dilution effect. The first effect of heating
during a test is to drive out moisture present in the wood. This endo-
thermic process consumes energy to evaporate the water (latent heat of
water is 1050 BTU/1bm at 77°F, plus about 100 BTU/1bm of heat to break
the hygroscopic bond between water and wood). Additional water, carbon
monoxide, carbon dioxide, hydrogen, formic acid, acetic acid, ethylene,
benzol, and other volatile matters are distilled out of the wood at

temperatures below 540°F [5]. This reaction also absorbs heat. Above

33
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Summary of Test Data (1)

Table 4.
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Table 5. Summary of Test Data (2)

Moisture Amount of
No. Fuel Content (%) Pure Creosote
1 PS 8.3 2
2 P8 8.3 2
3 PB 0.0 3
4 PS 0.0 3
5 PL 0.0 1
6 0s 28.0 0
7 08 28.0 0
8 HB 27.0 0
9 HS 27.0 0
10 0s 0.0 3
11 HS 0.0 4
12 0B 0.0 4
13 HB 0.0 4
14 PL 42.0 0
15 HL 25.0 1
16 oL 26.0 0
17 HL 0.0 4
18 oL 0.0 4
H - Hickory S - Standard Brand
0 - Oak B - Brand B
P - ?ine L - Log

*Amount of pure creosote is measured on a scale of 0-4. Zero signifies
essentially no pure creosote. 4 signifies maximum amount of pure creosota.
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FIGURE 19, Effect of Moisture Content of Wood
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540%F; the main pyrolysis and distillation of the volatile matters con-
tinues, with the evolution of some heat even if no additional air is
supplied. Large amounts of gases, volatile matters and tar are generated.
These include carbon monoxide, carbon dioxide, methane, methonal, water
vapor, hydrogen, benzol, phenol, phlorylic acid, creosote and many other
compounds. Due to incomplete combustion, a certain amount of these sub-
stances may escape from the combustion chamber and go up the chimney.

By the time the temperature of the wood reaches about 900°F, pyrolysis is
essentially complete and charcoal is left behind.

The water vapor formed during combustion together with the large
amount of distilled water vapor driven from the wet wood reduces the
partial pressure of the creosote constituents (dilution effect). Thus,
the dew-point temperature of the creosote constituents is reduced.
Figure 20 shows a simple explanation of this phenomenon [6]. Thus,
creosote is harder to condense and deposit on the chimney wall.

In a normal wood fire, the inside of a piece of wood may not even
be dry while the outside is charred and burning. The water dilution
effect may occur at any time before all the wood beccmes charcoal.

(2) The water-gas reaction. The volatile matters and water vapor
generated in the inner portion of the wood must pass through the surface
layers on their way out of the wood. It is possible that water vapor
can react with charcoal when it passes through the external layers of
wood to broduce carbon monoxide and hydrogen gases. These additional

combustible gases can result in a secondary combustion [7]. This
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Dew Point (creosote): Temperature of the saturated creosote
vapor at partial creosote pressure.

*Dew point temperature decreasas with.the reduction of partial
creosote pressure.

lower partial

/// ‘ pressure line

ower creosote
dew point

Saturated-liquid line ‘ .
Saturated-vapor line

Entropy, Btu/1bm-°F

FIGURE 20. Lower Creosote Dew Point
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reaction has little effect on the thermal efficiency, for when water
reacts with charcoal, it consumes heat (endothermic) to produce gases.
However, when these gases react with oxygen, they produce heat (exothermic)
and also water and carbon dioxide. It is possible that this additional
secondary combustion can aid in the break down and burning of the heavier
volatile matters or creosote. This reaction also renders a more complete
combustion of wood.

b. Effect of Geometry of Wood

Wood geometry is a factor that affects the amount of creosote formed.
Three different wood geometries were used in the test program. The dif-
ference in amount of creosote formed in burning the wet wood is hard to
discern because of the abundance of water the creosote-water solution.
However, in burning dry wood, the amounts of creosote formed were dif-
ferent for the three geometries used in the test program. Figure 2]

shows that split logs can generate more creosote than the brands under

the same test conditions. Brand B generated more creosote than the
standard brand. It was observed (see Appendix C for each dry wood test
data) that an abundance of unburned gases or volatile matters were
collected in the chimney during the first forty minutes of the test. The
reason for this incomplete combustion is directly related to the burning
rate, surface area and air supply. It has been shown that as the burning
rate is decreased, the efficiency increases [8]. A conclusion is made
that as either the surface area of the wood becomes larger or as the
spacing between the wood pieces that make up the brands becomes more

narrow, the efficiency of the woodburning stove improves under the
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FIGURE 21. Effect of Geometry of Wood
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conditions of these tests. Both the brand B and standard brand have a
large surface area, (standard brand-610 inz; brand B-414 inz), also,
the standard brand has a smaller spacing betwéen the wood. pieces. When
small wood pieces are spaced close together, not ehough oxygen can get
in between the closely spaced pieces to burn the gases as fast as they
are produced. Thus, a significant portion of the gases are burned well
above the solid wood, such that the flame does not heat the wood as
much as if the combustion process occurred between the wood pieces. The
wood pyrolyzes or produces combustible gas at a rate which is dependent
on the wood temperature.

In order to ignite the split logs (surface area: 280 inz), a hot
bed of coals and larger amount of air (air inlet position 2) were needed
in the tests. These special conditions increased the burning rate and
resulted in a high production of CO and combustibles during the early
period of a test. Large amounts of unburned combustibles went up the
flue and resulted in a Tow efficiency. A condensation of creosote oc-
curred if the chimney wall temperatures dropped below about 300°F.

There was an exception in burning the dry pine logs due to slow the
burning rate (see the individual test discussion, page 98 ).

¢c. Effect of Type of Wood

No wood type tested prevented the generation of creosote in a
stove under certain conditions. Hardwood generates more creosote than
the softwood (see Figure 22). Undoubtedly, different species of wood
have slightly different compositions [7]. Hardwood have a Targer relative

density (specific gravity) than softwood. Hardwood can burn longer, but
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FIGURE 22. Effect of Type of Wood
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it also generate more creosote. Of the three kinds of wood that were
used, hickory generated more creosote than oak; oak generated more

creosote than yellow pine.



VI. CONCLUSION AND RECOMMENDATION

Based on this study, the following conclusions are made:

1.

Moisture content within the wood is the most important
factor affecting the amount of creosote produced during

the tests. Dry wood produced more creosote than wet wood
under the same test conditions. This means that the water
within the wood does help in eliminating the formation of
creosote.

Wood geometry does affect the amount of creosote formed. In
burning the dry brands.the smaller the spacing between the
wood pieces, or the larger the surface area of the wood, the
more complete the combustion and the less the amount of
creosote formed. Split logs produced more creosote than the
brands. Geometry of wood has no obvious effect of the amount
of creosote formed in burning the wet wood.

Type of wood has an affect on the formation of creosote.
Hardwood can produce more creosote than softwood. It
depends on the composition and the relative density of the
wood. The higher the relative density of the wood the more
the amount of creosote constituents within the wood. Hard-

wood produces more creosote than softwood.
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4. It was observed from this study that small sized semi-
seasoned (25 - 35% moisture content) softwoods have

a reputation of producing the least amount of creosote.

For purposes of further study, the following recommendations

are present:

1. As mentioned in the Introduction, fourteen parameters can
affect creosote formation. Among them, the chimney wall
temperature, firing rate, air inlet setting, combustion
temperature, type of stove and exhaust gas flow rate are
recommended to be the parameters that affect creosote
formation for further study by using the same test facilities.

2. Further studies of the characteristics of creosote will
help to determine ways to prevent the creosote formation
on chimneys.

3. More accurate data collection or new method to collect
creosote deposits on the chimney is needed to determine the
amount of pure creosote formed in the different test
conditions.

4. A gas sampling system which can provide accurate samples
néar the stove exit, and a gas chromatography technique which
can directly measure the compositions of volatile matters
which are generated from the wood, aras needed for the future

study.
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APPENDIX A

OPERATION PROCEDURE OF MEASURING THE
CONCENTRATION BY SPECTROPHOTOMETER
First, turn on the photometer and allow it to warm up for thirty
minutes while its internal electronic components heat up to uniform
levels of stable output. While the instrument is warming up, select
and thoroughly clean several sample tubes or cuvettes, and then fill

one tube (a blank) with H.0 and fill the other tubes with a colored

2
solution (e.g., dilute creosote solution). Next, select some suitable
wavelength in the visual range (e.g., 450 nm) and with no cuvette in
the system and no light passage through the instrument, adjust the in-
strument to 0% transmission (infinite absorbance, i.e., the 1imit value
just above absorbance = 2.0). This adjustment control is frequently
called the "dark current" control. Then place the blank in the instru-
ment and with light passage through the blank, adjust the other controls
(i.e., not the dark current control) to obtain 100% transmission and 0
absorbance. This adjustment is made by either a single slit control, or
a single sensitivity control, or both, depending upon the make and model
of photometer or spectrophotometer. These adjustments define the limits
of the photometry range at 450 nm. Finally, confirm the uniformity of
all of the sample tubes or cuvettes at 450 nm by testing to see that
tubes containing to colored solution yield nearly idenﬁica1 absorbance

values. [10]
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APPENDIX B

Description of Equipment

TYPE MODEL MANUFACTURER RANGE  ACCURACY
Automatic
Data Logger A900 Auto Data -328 - 2472°F I1°F
Scanner 616 Auto Data 100 channels
Digital 4
Scales K12 Sauter 0-1200kg +0.1kg
Orsat Gas Burrell
Analyzer 39-245 Corporation COZ’Oz’CO A
Boiler Eclipse Lookout Co. 20Hp, 125psi:

W.P.
Spectrophoto-
meter 250 GIL 185-800nm 0.001A
Balance P-1000 Mettler 0-1300 gm £9.1 gm
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APPENDIX C

DISCUSSION OF EACH INDIVIDUAL TEST
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«3J0 3JANING TZST RESULTS

TEST NIJM3ER ¢ A=J2/728/73
JATE JF TEST : =23, 23,1979
AM3I [ENT TEMPERATIRE : 539 Q&G F
JA4PER 3JETTING :
29SITICM L

FJEL ¢ €T %2 YLde PINE STANJARD 3RANO,S

MJISTJURE CONTENT 3.3 ¢ HhV= -3083.3

TIME L3S w310 FLJE 345 $CJ2 302 ITO 3CI% (EFF A/F THED +EAT ILIE

TEMP (F) RATII AlR 3T J/HR
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5 3 L&.3 206.0 281492,
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23 9 lle% 12%.3 1Q0eL 96l 3.9 3.1 3.4 35.97 5.55 37350.
25 J 13.6 131.3 77853,
3Q J 1.1 133.2 32 LIed 2.5 1e3 S5Te2 TeT> 5.55 #3533,
33 3 3.7 136.3 3gsar.
%) 3 3.5 lLel.d 19413,
435 J 5.3 L37.2 3a6 Lle2 L9 Lo 61.5 3.35 35.55 67946,
5Q 3 2.0 159.0 19413,
55 J 3.1 l67.3 43533,
59 J 7.7 L43.0 1Je3 3T 2.7 3.1 43.4% 6438 35.36 38327,
535 3 T.5 143.2 13¢13.
n J 8.3 L45.3 87946
75 3 8.5 L«3.9 9.5 L0ed 2.8 2.7 5248 7.39 35.55 L3413,
390 J 5.2 L42l.3 33327.
35 J S.7 136.0 43533.
93 Q 5.3 13t.2 3.3 ilel 2.7 1laJ 93.90 3.13 5.96 38326,
SS 3 4.5 123.9 57346,
L J b 129.0 13413,
135 3 3.5 L5, 1343 9.8 2.3 1e7 53.5 Te53 5.%56 37360.
LtLd J 3.1 L44.9 3gsg2s.
L 1S 9 2.6 143.9 «8533.
1290 ] 2.2 158.2 Fei 1003 2.2 1.0 53.3 3.54 S5.%6 lgazz.
125 J lL.3 la7.0 38825,
130 9 1.7 147.9 3707.
135 J L.5 1%7.3 deb Lled 2.4 1.2 6le2 9.1l 3.56 37Q7.
149 3 1.3 t52.3 29120.
L65 3 l.1 l51.3 194l3.
153 D] L.d £50.9 302 i0e? 2.2 2.3 72.0 13.93 S5.58 3737.

RE4ARKS
AYERAGE HEAT ISLEASED: 52+L5.3 3TU/4R
AVERAGE =gal 2JT2JT 23850.4 3TU/43

AVERASE EFFIZIZNCY : 55.9 2

SIJLING wATER TEMP= 51 F TEST 3¢ JOZ JJGER
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DISCUSSION OF TEST A-02/28/79 (Wet Pine Standard Brand)

Six kiln dry yellow standard brands with low moigture levels
(8.3%) were tested using low ieve1s of undergrate air (i.e. air inlet
position 1). The fire started easily with the initial temperature
of 805°F (measured at the stove exit). A very stable temperature was
kept until the end of the test. The low burning rate (see Fig 23d)
cause a good efficiency (55.0%) and a higher air-fuel ratio (Figure 23g)
during the test. Figure 23e shows that the amount of CO2 and 02 were
always around 10.0% and the percent of combustibles varied with the per-
cent of CO in the flue gases. It is observed that the amount of creosote
formation varied depending on the percent of combustibles in the flue
gases. Yellow pine (soft wood) with largest surface area (standard
brands) but with the moisture level of 8.3% can still produce creosote
in the chimney. The amount of water vapor distilled from the wood did
not produce a successful dilution effect. It was observed that the
thicker creosote was still formed in.the chimney.

The average flue temperature at the stove exit was about 450°F
(Fig. 23h). In the top of the first test section, the temperature had
dropped to about. 250°F. This means that some of the compounds in the
flue have not yet condensed. The temperature dropped to about 95%F in
the top of the third test section.. All the heavy volatile matters which
were not condensed in the first section condensed in the second and
third sections. Since the temperatures of the flue gases leaving the
chimney (shown in Figure 23) were below 110%F, and it is shown in Table

1 that the boiling temperature of the naphtalene has the lowest boiling
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point within the creosote components is 218°%¢ (424°F). A test showed
that the creosote starts to condense at the cooling surface temperature

of 300°F.
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4330 3J4rN{Ne TEST KZSULTS

TE3T NU43E? P A=03/3L/79

JATE JF TEST :  4a’CH 21,1973
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2% Q 12.3 169.0 78712,
33 20 3.6 154.0 128127,
L3N 3 5.2 l’sov) lloo 8.4 216 loa 600’ 6.8Q 5066 1397750
5J 3 b 15640 1J.4 9.3 2.0 Ll.5 53.0 7.59 5.56 104332,
53 29 *e) 14303 1Jded LUD Le7 Le7 6le? 7.90 5.66 23296,
5¢ %3 3.3 159.3 Jeb LIed Lob lo5 62.7 5.36 5.56 53542,
73 3 3.1 1564.0 115448,
3L 29 2.2 157.2 3.3 139 La7 Je3 571 3.38 5.98 S2»l6.
33 &I 1.3 152.3 23296,
33 Q 1.3 130.0 29129.
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DISCUSSION OF TEST A-03/01/79 (Wet Pine Brand B)

Data for this test were taken every eight minutes and twenty seconds.
The burning rate (Fig. 24d) increased during the first forty minutes
and the average flue temperature at the stove exit was about 450°F. The
flue temperature at the first section was higher than that of the last
test (A-02/28/79). Figure 24e showS'thét the percent of CO was decreasing
from 6.0% to 2.6% in the first forty minutes. It was observed that the
amount of creosote generated depended on the percent of CO or combusti-
bles measured. Test time was fifty minutes shorter than that of the
last test, but the efficiencies were alsmost the same. It seems that
the test was still accurate with a faster burning rate. The amount of
creosote formation showed by Creosote Number was about 10% more than that

of the last test.
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4330 BURANING TEST RE3JLTS

TEST NJMBER P A=)6/35/73

Jar

(1]

IF T

m

ST

APl Q68,1379
AMITENT TEMPERATURE : 7S O0Ev F
JAMPER SETTING :

23sITiaN 1

FJEL ¢ DY a2 YLaw. PINE 3RANU 3,5

AZISTJRE CONTENT J.0 % nhy= -3821.0

TI4E L3S #3330 FLJE GAS $CT2 302 €0 3CSM IEFF  A/F THEJ HEAT 3LSE

TZ4P (F} ATIS Al? 3TJ/HR

3 9 13.9 312443 Q.

5 3 3.4 182.0 125 7o 3545 7.l 33.8 3.99 5.13 5292%.

13 Q 12.3 169.0 83511L.
L5 D) 1.2 1oL 1208 3.3 5.6 3.4 29.1 3.67 6.13 163383,
29 J 3.5 1643 179944.
25 3 7.3 L72.0 Llle3 3e7 4e9 5.6 3345 2.5 5.13 232374,
39 J 5.3 163.0 2L1704.
35 3 *.2 Loled LleS5 del 3.6 3.% S5lel 5.93 5.13 115437,
*J b 2.9 162.3 137%08.
%5 9 2.6 176,90 123 7.2 2.0 2.8 74.3 7.83 5.13 31756,
59 d 2.% 175.0 2L173.
55 9 2.2 1750 1Jde? 90 L4 Ue2 30.9 9.87 6.13 2li70.
69 p) 2.3 L7%.0 21170,
65 3 1.8 L7443 JeT 9.9 1le® 35 75.4 LI.L5 5.13 21173,
n o 1.3 L76.3 J.
75 o] l.5 154.3 Fel Lo Lo Q.2 79.6 11,34 3.13 31756,
LR 3 .1 158.23 42341,
35 P J.3 15643 3ed L0e7 1le5 Je3 TTed Llel3 5.13 2L170.
9 Q d.7 150.0 21179,

AEVMAIKS
AVERAGE H8AT IZLEASED: 7762447 3TU/HR
AVEIAGE HEAT QUTPIT @ 334L1.9 3TU/HR
AVERAGE EFRICIENCY : 3.3 3

C3OLING «ATER TEMP= 39 F TEST 38y JQE JJGER
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DISCUSSION OF TEST A-04/06/79 (Dry Pine Brand B)

The test conditions used to generate the data of this test were
kept the same as that of last test (A-03/0]/79) with the exception of
using oven dry (0.0% moisture) brand B's in stead of using the brands
with 8.3% of moisture content. This test with an efficiency (43.0%)
12% lower than that of last test. Starting with very low efficiency (see
Fig. 25f) of the test, most of the pyrolysis reactions were completed
before the 45th minute and leaving charcoal behind (see Fig. 25d).
Figure 25e and 25¢ show that large amount of unburned gases (CO, CH4,
etc.) in the condition of low air fuel ratio passed through the surfaces
of the wood and go up the chimney. It was observed that most of the
creosote was formed during the early stage of burning. Total volume of
the mixture is less than that of last test because of 0.0% of moisture
content in the wood. However, the optical densities are relatively higher.
Hence the amount of the creosote formation in this test is 9.0% higher

than that of last test.
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4330 BUANING TS3T 2E3ULTS

TEST ‘iUM3ER : 1=J4/23/79
JATE QF TEST :  a2IL 29,1979
AMI[ENT TEMPERATJRE : a6 QJEG F
JA4PER SETTING ¢

20SITION L

FJEL :  JRY #2 YLwe PINE STANUARD 3RANDS

M3ISTUAE CIONTENT J.0 3 Hrivs -3321.0

TI4E LBS =320 FLJE GAS 302 <02 <4CO ICIM IEFF A/F THED 4EAT 2LSE

TEMP (F) RATIQ AlR 3TU/HR

Q 9 L5.7 226.3 J.

5 9 l¢.8 191.3 12.% 7.3 4.7 5.6 38.9 4.63 5.13 33257,

10 g ls.1 211.0 74396,
15 Q 13.2 198.3 L2.3 7.9 S5e5 5.3 33.2 4.l5 6.13 95257.
20 9 i1.7 199.0 . 158778,
25 Q 13.1 LTL.D Lle?7 9.2 5.3 3.1 27.3 3.393 5.13 169343,
39 9 3.6 183.3 ’ 179943,
35 9 7.5 169.3 ) 95267.
D] 9 5.5 161.3 35267,
45 3 %.2 L15Led 1de? 3.5 3.0 %e3 94,9 5.32 5.13 254045,
53 Q 3.7 155.2 52925.
55 9 3.3 1573 L2.h 8¢9 2.9 l.5 65.5 6.33 5.13 “23e1.
59 Q 3.2 lé6l.0 1053S.
45 Q 3.1 1640 1le» 7.7 1o5 3.3 33.5 .13 6.13 10535.
73 J 3.9 166.0 Lo53s.
75 Q 3.9 l64.3 9.3 Lled 1le3 1ed 99.1 13.25 5.13 J.
90 3 2.9 165.2 19585.
35 Q 2.3 l65.2 9.9 J.3 lel QJ.3 30.3 L0.45 5.13 13535,
Eh) Q 2.7 166.9 10585.
95 0 2.7 165.2 Q.

REMARXKS
AVERAGE HEAT IELSASED: T2925.0 83TU/4R
AVERAGE MEAT JJTPJT @ 27761.3 3TU/HR

AVERAJE EFFICI
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C3TLING #ATER TE4P= 53 F TEST 3y JOE JUSER
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DISCUSSION OF TEST A-04/09/79 (Dry Pine Standard Brand)

It is interesting to compare all the Figures of this test with that
of the last test (A-04/06/79). They are all similar. The test was being
controlled so well that one can easily tell the difference in the amount
of creosote formed in this test and in the last test. A1l the conditions
of this test are similar to that of the last test with the exception of
the geometry of the brand (standard brands were loaded). It was marked
that the amount of creosote formation is 18% less than that of the last
test (A-04/06/79).

It was observed in the previous test runs that the geometry of wood
does affect the formation of creosote. However, there was not much dif-
ference in the formation of creosote when burning oven dry wood or kiln

dry wood.
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AJJD BJRMING T23T E23JLTs
TEST J43ESR \=J)&/LL/ 73
JATE 275 TEST A2 [L LL, 1375
LA IENT TZ4PSAATYRE ¢ i3 JBG F
DAMPER] SETTING
3NSITICN 2
FJEL ¢ DJRY YLAe. PIME L3JG,3
AJISTURE CINTENT 3.3 3 Hey= -3821.3
TI4E LBS #d3) FLJE 3A8 5C32 432 3CQ 3T3¢ IEFFP  A/F THEQ <€AT QL SE
TEvP (F) QATIO AlIR 3TJ/HR
3 Q 225 335.3 Oe
5 o] 22.3 11343 Ted L35 Led 261 Sles 12.57 5.13 2L17Q.
13 p] 2249 94.0 31756,
13 3 21.3 136.0 21170.
22 b) 2led 1300 10ed 1068 268 %3 220 5430 5.13 21170.
25 ) 2l.6 169.3 21L72.
33 b) 22.7 229.9 76336,
35 3 2J).5 L9749 LJeF Fe7 Lle9 323 53.8 6.51 6.13 21170,
Q 3 23.1 138.0 «234Q.
435 Q 15.6 L31.0 52925
39 Q 1942 186¢3 LUed LJed Lle7 340 529 7.32 5.13 53512.
$0 Q l3.1 194.2 42340.
55 2 17.2 195.0 lla7 3¢9 1leb 3.7 55.3 5.87 5.13 95263.
72 9 15.5 194,29 743968
75 2 15.7 135.0 34632,
30 3 15.2 139363 Lle7 8e7 Leb 266 5303 T7.19 6.13 52925.
35 3J l4.3 234.30 95287,
3Q ] 3.4 213.0 95267,
3 p] 2.8 225.2 12.% T7e9 Lol 2.5 5848 5.7% 5%5.13 63511
133 p] 1l.3 242.0 95267.
135 J LLleS 229.9 42341,
LLa 3 1.2 232.3 Lled 3.3 Llob6 2.5 37.3 7.2% 5.13 31754,
115 Q lJe3 1743 42341,
122 2 9.9 295.9 35247,
125 o] 343 213.2 l2e3 30 2.0 2.5 59.6 6.90 5H.13 35267,
L30 0 7.9 223.9 L16437.
135 2 5.8 229.9 116437,
144 o] 5.7 2239 LUed Jol Lles 1.2 63.4 3,64 5.13 L16%37.
145 J 5.6 193.0 13535.
153 J Se5 137.3 10535.
155 2 5.3 190.0 Te?7 (le8 le2 J.0 30.%5 13.29 9.13 21173
l6d 3 5.2 139.3 10%3%.
L85 Q Se.l 1d%.9
= ¢ ) 10585,
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130 . .
o] 3 1%3.0 105as.
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AVERAGE HEAT ELEASID:  52343.9 3TI/HA
AVERAGE HEAT JUTAUT @ 30533.3 3Tu/wR
AVERAGE ZFFIZISNCY : 53,7 3

“ICLING aaTER TE4Pw &0 E FEST Iy JO§ JUSER
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R-04/11/789

a 1-SEC, © 2-SEC, @ 3-sIC
w 300 , , , 150 , ! , !
= W 125 ; é g
w | % 3
2 £ 100 —
'u., o
= 27
% =4
&)
= 2 S0 o
w =]
2 150 , @ S 25
S R N 0 T B
<
O 20 80 S0 120 150 180 0 20 60 SO0 12C 150 18C
TIME MINUTES TIME MINUTES
(h) (J)
a |-3EC, o 2-SEC, @ 3-SEC A 1-SEC, © 2-SEC, @ 3-SEC
S L EE 360 1
T
406 _ : ; : ; 300
- ; : i
w A !
T 320 - : SR R— “ oyg
= 240 Yo W f ~ 180
@ %' k ' ; ; : 3
S 180 P Z 120
- w il & 2] :
2 80 == ’ 80
= | z %
Q : % 0 ! L ! | 1
0 30 60 SC 120 150 180 0 30 60 90 120 1SO i8¢

TIME MINUTES

(i)

Figure 27.

TIME MINUTEZS

(k)

Continued



75

DISCUSSTION OF TEST A-04/11/79 (Dry Pine Log)

In order to determine the influence of wood geometry, split logs

2 surface area were used. The

(the third geometry) with about 280 in
combustion results of burning logs under the same condition still vary

a lot depending on how the logs are fed in. Note that 4.8 pounds of

wood were not burned in this test. Air was always sufficient (see Fig.
27g9) with low burning rates (Fig. 27d). Pine logs which were used in
this test had been dried about twenty days. 45% of moisture and even
some volatile matters or resin in the wood were driven off. Since logs
are hard to ignite or start the fire, a good bed of hot coal was prepared.
Air in-let damper was. adjusted to the position 2 to make sure that suf-
ficiency oxygen was supplied. Note that the position 1 is about 1/4
open, while position 2 is 1/3 open. The combustion efficiency in this
test was high as compared with the other tests. Less Creosote or other
volatile matters passed through the surfaces of logs and went up the

chimney. Most of them were burned out because of the slow gases genera-

tion and the sufficient air supply (complete combustion).
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43J0 3JANLNG T=ST RESJLTS

TZ5T “U43ER PoA=04/12/7%

JATe SF TEST ¢ A2IL 13,1973
AMS[ENT TEMPERATURE : 7L OES F
JAMPER SETTING :

20SITICN L

FUEL :  wET 3Ja< STANOARD BRANU:S

4JISTURE CINTENT 29.3 3 HHV= -4351.1

TIME L3S w33JD FLJE GAS 2CT2 232 3c0 2
TE4? (F)
J o) 30.9 206.2
5 2 233 23442 “4e2 l&.7 Je 7
14} o) 23 .4 2lL.0
15 J 27.3 L36.2 5.4 15.0 l.1l
29 Ko ] 275 198.0 :
25 9 25.9 129.9 7.2 13.1L 1L.7
39 Jd 258.5 114,30
35 9 25.6 154.0 3.9 1l.3 2.3
LX) b 24.3 1563.9
%5 o] 22.7 132.3 1ll.5 3.4 3.0
1) d 2l.% 211.0
53 P 22.5 142.0 Llued Q.3 2.7
53 d 13.6 133.9
55 3 13.7 123.0 9.3 1l3.3 249
79 o} 13.1 125.0
75 o} 17.2 132.2 9.4 lJ.5 2.3
3Q 3 16.3 137.9
35 J 15.7 L35.0 13.5 9.7 2.3
e J t35.3 t23.2
3 2 14.3 123.9 T.4 L3.0 Ll.8
139 3 13.9 119.9
105 D] L3.% L18.3 de4 1L.3 L.S
L1 o] 13.3 L16.0
19§ 9 12.5 11442
129 b} t2.1 113.3 Te5 12.4% Le9
125 3 L1.9 L1l.2
130 J ll.5 tLl.3
L35 J 1.2 113.0 S¢3 13,9 lo7
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DISCUSSION OF TEST A-04/13/79 (Wet Oak Standard Brand)

The following eight test runs have several apparent results.so that
one can tell the differences of amount of creosote formation from dif-
ferent moisture content, wood geometry and kind of wood.

Six wet oak standard brands were tested using low level of under-
grate air (position 1). Damper was fully.opened in the first eight min-
utes because that these brands were hard to ignite with 28% of moisture
content. This is a very slow and low temperature (see Fig.28 d,28 h)
combustion. Figure 28 shows that percent of CO always below 3.0, and
there was no back puffing in the test. Very small amount of black creo-
sote droplets flew out with the mixture from the thirtieth minute to the
sixtieth minute. Huge amount of mixture was collected, but most of it
is .water, hence the optical density are very low. It is hard to compare
with the amount of creosote formation of different kind of wood or dif-
ferent size of wood by using wet wood (25% or above in the moisture con-

tent).



370 3JRNING TZ37T RESULTS
TEST NJ43ER T A=)/l T/TS
JATE CF TEST ¢ AP3[L 17,1479
A9 [EHT TZH4PZATYRE ¢ T3 JESG F

JAMPER SETTING =
PCSITION L

FJIEL ¢ 8T JAK 3AND 3,9

MCISTURE CINTENT 23.3 ¥ HHY= -8351.1

TIME L3S 002 FLJE 343 IC32 302 3LD 4L0v IEFF A/F THED HEAT WSE

TE4P (F) RATIJ  AfR  3TU/HR

3 a3 23.% 330.9 0.

s 3 22.9 253.3 7.3 13.3 1.2 1.5 4.9 3.153 4432 137134,
19 2 23.5 193.9 114329,
15 3 139.3 15720 1U0.2 L0.3 2.7 5.2 35.7 &.66 %.52 53349,
20 3 13.3 198.0 114320.
25 3 1T.2 LoLe0 9.6 LLe2 248 %e7 3l.7 %.83 4.52  33335.
39 3 ls.i 133.0 33834,
3% 0 15.2 138.9 LlJed ll.d 3.8 5.5 23.5 3.74 4.52 33335.
»3  )  13.9 137.0 33835S.
45 3 12.3 135.9 1le» 3.9 3.0 5.2 33.6 4.29 .52 83335,
9 9 1l.9 135.0 68592.
55 3 Ll.3 1263 11.3 9.5 3.l 4.7 36.0 4.21 %.52 $3592.
80 3 2.6 120.9 45728.
85 9 5.7 LL7.) Ll.o% 9ol 2.3 %.3 39.4 %433 %.52 53369,
72 0 9.0 113.2 53349,
75 9 3.5 L113.0 LLed 9¢3 2.4 3.4 %5.2 %.35 4%.52 32435,
50 0 3.2 110.2 30685.
55 9 7.7 1360 13e% 2.8 2.1 2.7 +3.4 5.45 .52 331l07.
CY I 7.5 195.9 15243,
35 0 7.1 105.0 3.3 1l.4 2.1 2.4 47.2 6.2L %.52  3043S.
1oV 5.6 137.3 38107,
135 3 6.6 109.9 9.3 llel 2.3 3.2 2.2 5.53 .52 15243,
1o 9 6.9 139.3 30485.
115 0 5.5 1IJ7.0 Lles 3.7 2.9 3.7 43.6 .49 %.52 38107,
120 2 5.1 197.9 33485.
125 2 o3 137.0 13.5 9.5 2.5 2.8 7.9 35.20 %.52 15243,
130 ) 4.6 199.0 22364,
135 2 a6 109.9  9¢d LOel 2.6 2.7 7.3 5.47 4.52 15243.
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155 3 «.0 LO7.9 10ed 9¢5 2.6 1.7 5%.2 S5.77 4.52 13243,
159 9 3.7 137.9 22864,
155 2 3.5 LLle0 9.9 9.7 2.7 2.2 SL.O S5.6L %.32 152¢3.
163 2 3.% 139.0 7621.
185 23 3.2 119.0 15243.
170 2 2.9 1L7.9 - 22864,
17s 9 2.8 117.9 22364,
133 9 2.5 120.9 7621,
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DISCUSSION OF TEST A-04/17/79 (Wet Oak Brand B)

A11 conditions and results in this test are similar to the last
test (A-04/13/79) except using wood of brand B geometry. Figure 29g
shows that air-fuel ratios were always around theoretical line (4.52).
One can obtain a very good combustion result under this situation.
Burning rate is slow with a very stable flue temperature. Figure 29h,
291, 29k, 29j show that all temperatures in this test are stable.
Percents of CO are always below 3.0 except the 35th minute, and there
was no back puffing too. No thicker creosote droplet was coming out

after reheating the chimney by steam.
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#J30 JJAINING TEST =ISJLTS

TIST wuM3dEa SoA=)e/l3/7Y

JATE SF TEST ¢ APR(IL 14,1979
AMBIEMNT TEMPESRATURE : 79 DEG F
DAMPER SETTING :

POSITION L

FUEL : AET HICSK3I?Y 3RAND 9,0

MIISTURE CINTENT 27.0 % HiHY= -$54639.3

TIME L3S #3230 FSLJE GAS LC2 332 40T IC3M LEFF  A/F THE€] 4EAT RLSE

TE4P (F) RATIO AlR 3TJ/HR

3 Q 2645 338.9 Qe

) D] 22.9 293.9 o3 1243 Led 2.3 379 5.49 4,58 123635,
10 2 2l.6 217.2 1004653,
%] ] 20.3 153.9 Fe3 11eQ 2e7 3.9 36.2 S5.0¢ 4,58 54391,
29 3 23.3 130.0 46362,
2§ Q 3.8 129.3 13.3 10.3 3.3 5.0 32.1 4.25 4.53 54990
30 9 i9.0 123.9 48364,
35 9 3.3 124.9 9.0 Lle5 2.3 3.3 3.0 5.863 4.58 54999,
40 Jd L7.5 133.3 30309.
5 3 17.3 139.0 9¢3 LJe3 2.3 3.8 39.7 5.21 %.53 69544,
59 o] ls.1 136.90 59544,
S5 9 15.4% £32.9 vel Lllel 263 4.0 36.9 5.08 4,53 54391,
59 3 ls.3 123.9 : %0363,
45 9 l2.3 115.9 1043 1305 2.0 3.7 %l.5 S.12 *%.38 38536,
79 P 13.3 Lle,d 39309%.
5 ) 13.7 Li5.0 9¢» lleo 1.3 3.7 33.9 95.50 4%.54 154354,
39 b} 13.2 L14.9 384136,
55 0 13.3 L14.0 Yer LLloS 2.0 3.8 38.3 5.39 4,53 15454,
30 0 12.3 113.0 15454,
935 Q 12.3 125.9 3.0 Lle3 Le3 2.3 50.3 5.82 4.53 38636,
139 9 lL.7 128.0 46363,
L05 0 11.2 119.2 Fe6 Llee 2.2 %¢3 35.3 S5.04 %.53 33536,
119 9 td.d 123.9 309499.
LLS 0 Ce> 126.3 3¢5 Llls6 2.8 5.3 30.1 4.00 %.53 309439.
129 o] 7.9 132.3 33636,
125 3 9.5 12903 de LZ.“ t.a 302 3905 6OZJ “053 33909.
130 o] EXY) 127.9 38636,
135 J 3.8 128.0 3.0 12,7 2.0 3.2 37.3 5.27 .58 33309.
143 J 3.3 129.3 23132.
125 9 T¢2? 134.0 ded 128 Llebd 2.5 448 5.97 .53 30309.
150 ? 7.5 136.9 30339.
LSS J 7.3 134,90 15454,
1§-1v) 3 7.1 L36.2 Ter 13e8 1o L8 43.7 3,18 +.53 l5+54,
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A {-SEC, © 2-SEC, [ 3-3EC
« 300 ; T 150 T !
— é
> 750 ' L 1235
w |
2 600 £ 100 :
Z =
= uso ol q;,f:—- | 3 75 2 ‘
< i : 3 =\ 2 = > = ‘
: ; f 3 ; = ; }
: ! : : ) : :
w : % = ? ?
S, . ) 3 : :
3150 : 2 25 :
w ] ] :
0 35 70 105 148 175 210 35 70 105 140 175 2ig
TIME MINUTES TIME MINUTES
(h) (J)
A 1-SEC, © 2-SEC. @ 3-SEC A [-SEC, © 2-SEC, @ 3-SEC
480 —— ! g ‘ 360 ! ! 9 ,
-
400 : : 300 z g
= | ; s
3 E i ?
= 240 : ;
S S |
ul :
E - 180 ;
i 4
o ; e .
& ; Z 120 A
| ot H - e o -
w o - ; i ;
vt { i 60 ; : :
* I
0 1 i i 0 | i i ;
0 35 70 105 140 175 210 35 70 105 140 175 216

TIME MINUTES

(1)

Figure 30.

TIME MINUTES

(k)

Continued



92

DISCUSSION OF TEST A-04/18/79 (Wet Hickory Brand B)

To understand the characteristics of different kind of wood as a
fuel, hickory was introduced in the test. Still huge amount of water
with the creosote mixture and a relatively Tow optical density of it.
Low burning rate, stable cooling wall temperature, but unstable flue
temperature at stove exit and in first section. Test started with high
temperature, there is a pit on the Figure30g and a peak on the Figure
30e at 25th minute, show that there is not enough air to burn the com-
bustibles, gases fled from wood surface up to the chimney. Three big
black puffings with blue smoke happened at 115th minute, probably due
to slow stream, too much carbon monoxide reacted to the oxygen, a pit
and a peak can be found on the Figure 303 and3Qe at the 115th minute.

Note the amount of the creosote generated is proportional to the per-

cent of carbon monoxide in the flue.
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4010 3URNi‘'we TE3T ASSULTS

TEST NJ43ER I d=14/19/73

JATES 3F TEST APALL L9, L9373

AMITENT TEMVOERATJURE : 77 DJEG P

0A4PER SETTING :
2JSITION L
FUEL ¢ WET HICAJY STANQARD 3RANO, S

40ISTURE CSMTENT 27.0 2 rHvs -5+39.3

TIME LAS 433D PLJE G343 4852 <32 3C0 3C3M 3EFF  A/F THEJ HEAT RULSE

TEMP (F) RATIO Al STU/HR

3 Q 27.54 348.0 O.

5 P 2642 256.3 lles 9.3 2.4 3.1 92.6 5.23 +.583 l281al.
13 ] 2443 204.9 100654,
L5 9 2449 182.0 Ll.6 J.9; 3.6 5.6 3l.9 3.76 4.58 69544,
20 9 23.1 150.2 69544,
25 J 22.3 135.9 13.% (0.6 2.8 5.2 3l.6 431 %.58 51813,
30 9 2l.6 13L.9 S5409Q.
35 9 29.3 1550 1Je2 93 340 3% @lel %.93 4,53 10045<.
49 3 13.2 157.9 35333.
45 9 1s.3 136.3 Llle5 3.9 3.6 4.9 35.7 4.31 4.38 69546,
s 9 i7.6 120.0 54090,
55 J 17.2 120.3 Yer Lled 2.3 3.5 39.% S5.37 &.53 33909.
59 d L6.5 119.0 54090.
635 o) L5.1 113.0 3.5 Lll.3 2.3 3.5 39.9 5.4% +.53 33908.
73 J 15.7 133.3 30909.
75 b 15.3 L%5.0 Ll.2 3.3 1.9 3.i 7.5 S.13 4.53 $4390.
39 o le.l 157.9 53545,
35 o] 13.%» 155.3 1ll.0 9.6 1.5 2.9 483.9 5.40 .58 54390,
9J 3 13.9 151.2 30909.
95 9 12.3 170.Q0 Llde2 10ea Lloo 2.9 %6.6 S.77 %.58 §4090.
133 o] ll.9 133.3 30909.
L35 Q 11.2 179.0 Lle.2 9.5 l.& 2.3 99.3 5.63 %2.33 54J30.
1190 9 19.8 233.9 33909.
L15 9 lJd.s 147.9 9e5 Lle?7 2.2 46 31.38 2.91 2.58 33309.
129 Q 3.9 128.0 338636,
125 3J 3.5 128.2 9.2 12.3 2.4 4.9 29.3 4.35 ~.58 33909.
139 P 3.3 125.9 336356,
L35 d 3.8 122.9 LY. LJ.7 2.9 3.5 42.2 5.33 +.38 15454,
l-Q J 3.6 122.3 15454,
145 0 3.4 L21.9 15454,
159 9 l.9 1299 Jed 1lead Lled 2.3 %4.l 5.1) #.33 33536,
155 J 7.7 129.9 15454,
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L5535 3 5.3 123.9 3.0 l2.3 1.3 3.4 33,3 S5.33 ».58 23132,
L7 J S5.5 L31.9 390909.
175 J 549 135.3 327909.
133 J 5¢5% L35.2 Jed L2.4 led 2.9 4J.3 5,72 *.58 3848136,
L35 J S.¢ L33.3 727,
153 b 5.3 L36.0 1727,
REMARKS

AVERAGE HEAT AELE2ASED: #5360.% ITU/MR
AVERAGE HEAT JUTPJT 13724.8 3TU/HR

AVERAGE EPFFICIENCY : l.3 3

SJILING naATER TEMP= 62 F TEST 3v JOE JJGER
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DISCUSSION OF TEST A-04/19/79 (Wet Hickory Standard Brand)

Having generated the data indicated in Figure 31, it must be em-
phasized that this test can not tell too much difference from last
test. This is due to high levels of moisture content of the wood. Water
vapor dilution effect were apparent in these tests (A-04/13/79, A-04/
17/79, A-04/19/79, A-04/19/79). Creosote number of these test vary from
26 to 34. It is estimated that the thicker creosote will not be formed
if the creosote number is below 6Q0. It is important that under the con-
ditions tested, the level of moisture content has large influence on
the creosote formation. The flue temperatures of the test A-04/18/79
and A-04/19/79 are apparently more unstable than that of the test
A-04/13/79 and A-04/17/79 (see Figure 28, 29, 3Q, 31). It seems that

hickory is more active in the combustion than the oak.
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#3330 S3JAINING TEST RESJULTS
TEST NUH4ER P A=Q%/2S5/75
JATE 2JF TEST :  APYLIL 25,1973
AMB[ENT TEMPERATURE : 73 Jég F
JAMPER SETTING :
PASITICN 1L
FUEL : JRY QAL STANJARD 3RAND,A
4JISTJURE COMTENT 3.0 % nHYs -3321.90
TIME L83 220 FLJE 345 3C02 362 4CO 2TJv 3EFF
TEMP (F)
J ] L3.2 353.9
] 9 1d.3 155.9 9.3 11.6 4.l T.6 24.2
19 d 17.9 128.0
L5 3 17.6 76.0 l2.1 3.5( 3.2 3.2 43.6
20 9 17.2 137.0
25 J 15.5 L05.0 L15.d 7.6 5.6 12.7 22.0
30 0 15.3 198.3 1546 6.0 6.4 1l.9 24.7
is 9 13.4 l#3.0
%9 p) 2.5 133.0 l¥es 7.3 S.6 ll.3 22.3
*5 J 11.5 123.9
Sq b 13.3 L37.0 l4e3 7ol 5.0 9.% 29.6
3 3 .1 13t.0
50 3 9.7 126.3 1Jd.53 9.8 2.3 5.% 53.6
65 D] 9.3 125.3
1o 9 7.3 125.0 12.6 7.+ 2.4 3.3 37.6
75 o] 3.6 125.0
32 J .4 127.0 12.5 7.2 262 2.7 59.7
85 ] 9.2 1239.0
30 J 7.3 128.3 12.7 7.4 2.1 2.3 59.4%
95 J T.5 129.9
130 3 7.3 139.3 12.8 7.5 2.1 2.8 59.3
105 3 T.1 139.9
119 o] 5.8 L30.0 Llie.+ Jd.7 2.1 2.5 58.2
L5 P 6.6 129.2
129 3 S.4 128.0 1Qe.+ 3.3 1.9 2.4 358.0
125 J 5.3 130.0
132 3 6.2 129.9 346 Q.2 2.1 1.3 51.5
135 3 6.3 L129.0
L49 0 5.8 123.0
i35 ) 5.7 13L.0 9.3 L0.3 2.4 2.1 S6.5
150 Q 5.6 12%5.0
155 J 5.5 125.0
160 3 3.3 124.9 3ol LL.3 2.4 2.2 53.3
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DISCUSSION OF TEST A-04/25/79 (Dry Oak Standard Brand)

The brands of these following four tests were in the oven dry condi-
tion (0.0% moisture content). One of the objectives of this overall re-
search effort is to determine the effects of the moisture conteii. -f wood
on their combustion characteristics and creosote formation in the chimney.

Six dry oak standard brands were tested in this run. From Figure
32b, 32e, 32f, 32g it can be concluded that for the first fifty five minutes,
a lot of creosote or volatile matters were driven from the wood and fled
to the chimney. No sufficient oxygen was supplied in these higher burning
rate period. Therefore, the combustion efficiency is very low comparing
with the iatter period of the test run. Creosote mixture getting tiicker
and darker from 10th minute to 80th minute. Real creosote droplets flew
out with thinner mixture. Thicker creosote then gathered together, first
floated on the surface of the mixture, then, getting heavier and deposited
ty the bottom of the breaker. This happened only on the first section of
the chimney. Relative optical density of this fest higher than that of
last four tests (wet brand tests). More distinct phenomenon will be seen in

the latter three tests.
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DISCUSSION OF TEST A-04/27/79 (Dry Hickory Standard Brand)

The test data shown in Figure 33 were for combustion of six dry
hickory standard brands, so that one can tell the difference of amount
of creosote formation in the chimney between burning the oak and the
hickory. Burning rate of this test is higher than that of last test.
There were about fifteen 1ittle back puffings every five minutes be-
ginning at 40th minute ending at 70th minute. Huge amount of thicker
creosote were formed in this period, due to large amount of thick smoke
with high partial pressure of the creosote. The effect of combustion
water dillution on the creosote formation was very small. As noted in
Figure 33b, 33e, 33f, 339, the first seventy minutes of the test was in
higher heat release, low efficiency, very low air fuel ratio- and with
high contents of carbon monoxide, unbusned combustibles and volatile mat-
ters in the flue. These are the good conditions for the creosote forma-
tion in the chimney. After the test was finished, reheating the chimney,
large amount of pure creosote (highly combustible) flew out and quickly
sank to the bottom of the beaker in the first section. It is concluded
that the amount of creosote formation of burning the hickory is 305 . .

than that of burning the oak.
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DISCUSSION OF TEST C-04/28/79 (Dry Oak Brand B)

The conditions which were used to generate the data shown in Figure
34 were repeatea except that standard brands were changed to brand B's.
There were two interesting phenomenon in this test, one phenomena was
that there were two huge back puffings (explosions) which binded the
stove and made two distinct curves on the surface of the left side of it.
A1l temperatures in this test are relatively higher than that of the
last two tests, probably due to frequency of back puffing. Temperature
was getting higher every time after back puffing. Figure 34b, 34d show
that the burning rate was very high in the first thirty minute, also in
Figure 34e and 34g, it is shown that huge amounts of combustible gases,
carbcn monoxide and volatile matters were generated and fled to the flue.
Smoke w2z changed from thick and brown color to thin and light blue color
at 35th minute. It is concluded that the amount of creosote formation
of burning the brand B (surface area 414 inz) is 27% more than that of

burning the standard brand (surface area 610 1n2).
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w330 3JRAMING TT3T RESULTS
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DISCUSSION OF TEST D-04/30/79 ( Dry Hickory Brand B8)

Six dry Hickory Brand B's were testad in this run. Test started
with good bed of coal, Figure 35 shows the burning rate in the first
twenty five minutes was relatively much higher than that of latter
test period. Most volatile matters were generated during the period
of high heat release rata. There were a lot of 1ittle back puffings
at the fifth minute and several big back puffings during the period
of 20th to 25th minute, then, the pyrolysis stopped. Smoke became white
and clean with Tow burning rate, but the temperature was kept very
stable. Some of thick creosote was found in the beaker of middle sec-
tion because of the higher flue gas temperature in the early burning
stage. It is observed from these dry wood tests that the high volatile
generation rate in the early burning stage causes the incomplete com-
bustion. Thus, sufficient air supply is needed in the early burning

period to help to burn out the volatile matters (creosote components).
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DISCUSSION OF TEST A-05/09/79 (Wet Pine Log)

The test data shown in the Figure 36 were for combustion of split
yello pine logs. Figure 36b and 36 c show that this test kept lower
burning rate simply because of the heat loss in vaporizing the water
within the logs (42% moisture content). Nevertheless, the combustion
efficiencies were higher (Figure 36a) in the whole test periods. Huge
amount of water mixed with pyroligneous acid was collected. No thicker
creosote was collected during the test or after reheating the chimney.
Figure 36 ¢ shows the low content of CO and combustibles in the flue

gases. No pollution and creosote problems will happen in this test.
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DISCUSSION OF TEST B-05/10/79 (Wet Hickory Log)

Split hickory logs with high moisture levels (25.0%) were tested
using relative higher levels of undergrate air (i.e. air inlet position
2). The creosote number of this test is 51. It is observed from last
fourteen tests that no thicker creosote will be formed if the creosote
number is below 60. It may be found in Figure 37e that percents of CO
and combustibles are higher than 3.0 in the first sixty minutes. This
is the reason for the higher creosote number. Nevertheless, still no

thicker creosote was collected after the reheating process.
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DISCUSSION QF TEST A-05/11/79 (Wet Hickory Log)

Comparing this test with the last test (B-05/10/79), one can see
that these two tests were under the same conditions. However, the
result of the amount of creosote formed is different. This test had
a creosote number of 14. A conclusion can be made from these two tests
that the burning characteristics of hickory and oak are very similar.

Hickory can produce more creosote than oak.
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DISCUSSION QF TEST B-05/12/79 (Dry Hickory Log)

In order to determine the influence of moisture content of wood,
split oven dry hickory logs were introduced in this test. Figure 339d
shows that 17.9 pounds of wood were fed, but only 50% of it was con-
sumed. Part of logs fell down to the cormer of the combustion chamber
and did not ignite. However, large amounts of CO and combustibles
were measured within the flue gas during the early stage of combustion.
Figure 3% shows the highest contents of CO and combustibles (volatile
matters) in the flue gases were 7.2% and 3.5%, respectively. The
creosote number in this. run was the highest of the eighteen test runs

(164).
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DISCUSSION OF TEST A-05/21/79 (Ory Qak Log)

Again, it is concluded from this and the last tests that hickory
can generate more creosote than the ocak. Split oak logs of 0.0%
moisture content were used in this test. A1l figures of this test are
similar to that of last test (8-05/12/79). Figure 40g shows a low air-
fuel ratio during the first 45 minutes. It is observed that during this
period of the test, the concentration of the pyroligenous acid was much
higher than that of the burning latter period. Finally, it is also

concluded that logs can produce more creosote than the brands.
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