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ABSTRACT 

To study mechanisms affecting particulate matter production from 

forest fires, a combustion chamber system was developed. This closed 

system was used primarily for producing cylindrical laminar diffusion 

flames by burning alpha-pinene under controlled conditions. The 

independent variables for the tests were type and supply rate of fuel, 

and oxygen index, temperature, and supply rate of primary diffusion air. 

The emission factors for particulate matter CEFp) were determined by 

filtering and weighing the mass of particulate matter produced and 

dividing that value by the mass of fuel consumed. 

The EFp values were found to be a function of flame volume for the 

cylindrical laminar diffusion flames. Increasing the air supply rate 

increased the EF for a con~tant . f~el supply rate. The EF increased 
p p 

proportionally when the fuel supply rate was increased. Generally 

speaking, the EF decreased as the oxygen content of the fuel increased. 
p 

This seems to agree with observations for composite forest fuel 

specimens. 
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1. INTRODUCTION 


Forest fires in the United States produce more than 3.6 million metric 

tons of particulate matter annually. This represents about 5 percent of 

the total man-produced suspended particulate matter (l) in the United States. 

Because about 10 percent of the particulate matter associated with forest 

fires originates from prescribed fires, it is important to understand the 

mechanisms of particulate matter production and combustion factors in such 

fires so that methods of burning can be recommended which will minimize 

the production of unwanted emissions. A number of investigators (~,~,±,~) 

have measured the rate of particulate matter production per unit of forest 

fuel consumed. This production-consumption ratio is defined as the particu

late matter emission factor, EFp' Except for the work that relates EFp to 

fire intensity (6,7), modeling EF relationships based on chemica.l and -- p 

physical properties of forest fuels has not met with much success--the 

diverse nature of forest fuels has undoubtedly hindered modeling efforts. 

One objective of this present study was to examine EF values for the 
p 

combustion of one component of a forest fuel complex as it is affected by 

different combustion variables. 

A forest fire progresses through three stages. First, the fire 

advances into virgin fuel through a process of fuel preheating--the 

volatilization of free water, low boiling-point hydrocarbons, which is 

the beginning of pyrolysis. Second, a flaming combustion zone is formed 

in which the pyrolyzed products of hemicellulose, cellulose, lignin, and 

volatile hydrocarbons are rapidly oxidized. Third, a postflaming combustion 

mode, called smoldering combustion, continues to produce aerosols and gases 

which do not enter the flaming combustion zone. 



Many of the oleoresin compounds are evaporated from the forest 

fuel substrate before pyrolysis of the polymeric compounds begins. Thus, 

considerable information on the emission structure of the initial combustion 

stage may be gathered by studying a model fuel volatilized independently 

from the substrate fuel. To accomplish this, a closed, steady-state flow 

reactor combustion chamber system CRCCS) was designed and built to provide 

the conditions necessary for studying EF values from the controlled 
p 

combustion of alpha-pinene CC10Hl6), a monoterpene. This work shows that 

factors affecting flame dimensions are important because the EFp magnitude 

appears to be related to flame geometry. 

2. EXPERIMENTAL PROCEDURE 

The RCCS was used to simulate reaction environments that occur in and 

around an advancing forest fire. The combustion system illustrated in Figure 

1 was modeled with five distinct zones: 

1. fuel preheating zone 

2. fuel vaporization zone 

3. variable fue1-to-oxygen ratio inside and outside the flame zone 

4. air entrainment or quenching zone 

s. combustion product equilibration zone in the free atmosphere. 

Particulate matter production, oxygen reduction, fuel consumption, 

and the production of oxidized combustion products vary throughout these 

five zones. Figure 1 diagrams the relative concentrations of the major 

components in relation to the location of the flame envelope. 
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Figure 1. Diagram of cross section of a line fire showing the 

relative concentrations of carbon dioxide, particulate 
matter, fuel, and oxygen along cross-section vectors AA 
and BB. 
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2.1. Apparatus 

The five zones were modeled by using the RCCS shown in Figure 2. 

The RCCS, which is capable of producing cylindrical laminar diffusion 

flames, has the following major components: 

1. Primary diffusion air preheating unit which consists of a 

cylindrical ceramic resistance heater regulated by a temperature 

controller to provide heated air for the RCCS combustion chamber. 

(Temperature range from ambient to 1000 K at a flow rate up to 70.8 lpm 

at STP conditions.) 

2. Fuel supply system for vaporizing and injecting the fuel into 

the combustion chamber. The system uses a SOO-ml flask which is heated 

uniformly by a heating mantle with a temperature controller. A regulated 

flow of nitrogen gas is used for carrying a saturated flow of fuel vapor 

into the combustion chamber. 

3. RCCS pyrex cylinder with ports for extracting samples of the 

combustion products (height 400 mm, diameter 102 mm). 

4. Combustion product quenching unit for introducing selected gases 

400 mm above the burner surface through a series of jets on the perimeter 

of the cylinder. 

5. Particulate matter and gas sampling system made of a standard 

203 x 254 mm (8 by 10 in.) high-volume filter holder for removing nearly 

100 percent of the filterable particulate matter with Gelman~ type A, 

glass-fiber filter mat. 

-------ZT-The-useof trad-e- names-in thT~';-publication does not constitute 
endorsement by the U.S. Department of Agriculture or the Forest Service 
to the exclusion of other products that may be suitable. 
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Figure 2. Schematic of reactor combustion chamher system (RCCS) for creating combustion 

environments. 
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2.2. Testing Method 

Before each test, the temperature of the system was allowed to 

equilibrate for over 1 hour. Then a preweighed glass-fiber filter mat 

was installed in the filter holder. The fuel vessel was weighed and placed 

in the heating mantle. The primary diffusion air and quenching gas were 

adjusted to the preset experimental conditions and the vacuum system adjusted 

to equalize the pressure of the combustion chamber to atmospheric pressure. 

Finally, an electrode was introduced through the lower sampling port over 

the burner head and a specified flow of nitrogen gas bubbled through the 

fuel evaporation flask containing the alpha-pinene at 150°C. The fuel 

vapor was ignited by arcing the electrode, and then a tapered glass joint 

stopper was used to complete the seal. A typical test lasted 10 minutes, 

and 3S-mm photographs of the flame were taken at 4 and 8 minutes after 

ignition. The vacuum line was adjusted to compensate for the increasing 

differential pressure across the filter as the particulate matter accumulated. 

At the end of a test, the flow of nitrogen gas to the fuel evaporation flask 

was stopped, the remaining fuel weighed, the filter removed, and all carbon 

deposited on the filter and the walls was scraped onto preweighed sections 

of glass-fiber filter material. The emission factor, EFp ' was determined 

from the mass of particulate matter collected and divided by the weight of 

fuel consumed. 

2.3. The Experimental Design 

A modified 3n-factorial experimental design was used where dominant 

variables were allowed to change while holding others constant. These 

variables include three levels each of primary diffusion air temperature 

(300, 500, and 700 K), air supply rate (35.4, 47.2, and 70.8 lpm STP), 

fuel supply (0.3 to 0.5, 0.51 to 0.70, and 0.71 to 1.00 g min-I), and 
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oxygen concentration (14, 21, and 28 percent), and eight fuel types (ethyl 

alcohol, ethylene glycol, propane, hexane, cyclohexane, benzene , alpha-pinene, 

and high-resin content ponderosa pine wood plugs). A full factorial was run 

for air temperature, fuel supply, and rate of primary diffusion air supply. 

A partial factorial was run that held these three variables constant and 

varied the oxygen content of the air for one set, and the fuel type for a 

second set. A third set of tests was run where alpha- pinene was introduced 

into and allowed to diffuse into different temperature environments with no 

flaming combustion. 

The total particulate matter was sampled along with carbon monoxide, 

carbon dioxide, and aromatic hydrocarbons from C2 to C14 . Only the 

particulate matter data are discussed in this paper. The majority of the 

particulate matter data obtained for this study were for the fl~ming 

combustion of alpha-pinene. These data include 41 flaming combustion tests 

at ambient oxygen concentration (21 percent) and three tests each for 

reduced (14 percent) and enriched (28 percent) oxygen concentration environ

ments. Only eight tests were run where alpha-pinene was introduced into a 

heated stream of air with ambient oxygen concentration and no ignition. 

Twelve additional tests included all the fuel types except alpha-pinene. 

Several tests were conducted where alpha-pinene was introduced in conjunction 

with a second fuel creating a multicomponent fuel system. 

3. CYLINDRICAL LAMINAR DIFFUSION FLAME THEORY 

The RCCS produced cylindrical laminar diffusion flames up to 200 mm 

high by 30 mm wide. Figure 3 shows a typical flame structure and the dimensions 

measured. A laminar flow of air is introduced into the RCCS through 5 em 

of glass beads surrounding a 2S.4-mm diameter fuel supply port in the center 

of the pyrex combustion chamber. This allows the application of an existing 
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Figure 3. 	 Structure of cylindrica l l aminar diffusion f l ame il l ustrating length 

and wirlth vectors. 
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mathematical model for describing the flame envelope profile . Burke and 

Schumann (2) developed the model for the case where the fuel and oxidant 

enter the RCCS at equal velocities. Later, Barr (~ worked out a 

mathematical solution for the case of unequal fuel and oxidant velocities. 

Both studies (2,~ are based on Pick's law of diffusion where 

dc D ! dc + d2c (1)= dt r dr dr2 

for either fuel or oxygen where 

c = concentration of fuel (or oxygen) 

r = radial distance to that point 

D = coefficient of interdiffusion. 

Barr's solution to Equation (1) is 

(exp (-DA2y) + i~ exp(~~A2y)) (2) 
V2 a V2 VI 

where 

J = Bessel function of zero and first order 

A = the ninth root of the first-order Bessel function 

L = radius of inner tube 

R radius of outer tube 

y = flame height at radius r 

VI = velocity of fuel 

V2 = velocity of oxidant 

i = number of molecules of oxygen per molecule of fuel to effect 

complete combustion 

a = oxygen index. 
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In general, the flame shape is affected by changes ill tht' fuel and 

air supply rates. However, Equation (1) and the solution, Equation (2), 

ignore the effect of momentum transfer between the fuel and air streams 

upon mixing, and the resulting flame shape. Further, it is assumed that 

the oxidation reactions are infinitely fast and occur at the point where 

the fuel to air ratio first becomes stoichiometric. Also, a single diffusion 

coefficient has been used which is consistent with the work of Barr C?J 

but probably does not describe the interdiffusion of the alpha-pinene fuel 

with oxygen. A numerical evaluation of Equation (2) using different 

combustion variables demonstrates that as the interdiffusion coefficient 

increases, flame height tends to decrease. Whereas, the addition of oxygen 

tends to reduce the flame height; conversely, decreasing the oxygen 

concentration tends to lengthen the flame. 

A computer program was developed for solving Barr's Equation (2). 

The program iteratively solves the equation, finding the radial location 

at which the fuel and oxygen are at the stoichiometrically correct 

proportions for combustion to occur. The program computes flame height, 

plots the flame profile, and prints incremental flame volume with height 

above the burner surface. Calculated flame volumes are subsequently used 

to predict EF values for the combustion tests. 
p 
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4. RESULTS 


4.1. Flame Volume Dependency 

Measurements of flame width and length were taken from photographs 

made for each test. Flame height was measured from the burner surface to 

the tip of the visible portion of the flame and the width determined 2.5 cm 

above the burner surface. These measurements were used for computing the 

volume inside a cone. For most tests, two photographs were sampled. The 

height, width, and computed flame volume are given in Table 1. 

Flame volume is correlated with EFp values for each test . The 

best fit regression equation (coefficient of determination equals 0.85) 

after performing a logarithmic transformation on flame volume, ' isVfl ame 

EF = 0.072 + 0.032 lnVfl (3).
p a~ 

From Equation (3), it is inferred that the formation and combustion 

of carbon particles are correlated and to some extent dependent on the 

flame geometry resulting from a given set of combustion variables. The 

activity occurring in the flame zone and the volume of the flame in some 

way affects the chemical structure of the reactions occurring in that zone. 

This is likely manifested through the formation and recombination of free 

radicals. The time-temperature history of the fuel molecules in the 

combustion zone is important in the particle formation process. However, 

no information on the flame velocity or temperature structure of the flame 

was collected during this study. Only the final combustion products and 

initial combustion variables were monitored. 
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Table 1. Flame height and width measurements scaled from photographs for 

each test 

Test Flame dimensions Flame 
no. volume 

Height Width 
hhI h2 Y1 Y2 Y 

------------------------cm------------------------ --cm3-

70 12.4 15.0 13.70 2.2 2.2 2.20 17.4 
71 10.2 14.0 12.10 2.2 2.2 2.20 15.3 
72 16.5 16.5 16.50 2.2 2.2 2.20 20.9 

73 10.7 10.7 10.70 2.0 2.6 2.30 14.8 
74 13.0 15.8 14.40 2.7 2.7 2.70 27.5 
75 16.5 17.0 16.75 2.6 2.6 2.60 29.6 

76 6.4 6.4 6.40 1.0 1.0 1. 00 1.7 
77 11.0 16.5 13.75 2.0 2.1 2.05 15.1 
78 15.8 16.0 15.90 1.9 2.0 1. 95 15.8 

79 13.4 14.5 13.95 2.1 2.1 2.10 16.1 

80 20.4 14.8 17.60 2.1 1.9 2.00 18.4 

81 11.0 8.5 9.75 1.1 1.2 1.15 3.4 


82 
83 17.0 19.4 18.20 2.1 2.2 2.15 22.0 
84 15.0 12.2 13.60 2.0 1.9 1. 95 13.5 

85 18.5 19.0 18.75 4.9 4.8 4.85 115.4 
86 2.4 2.4 2.40 3.1 3.0 3.05 5.8 
87 5.0 8.0 6.50 3.5 3.2 3.35 19.1 

88 8.0 9.1 8.55 2.5 2.4 2.45 13.4 

89 13.3 15.0 14.15 3.2 3.1 3.15 36.8 

90 9.0 13.5 11.25 2.5 2.5 2.50 18.4 

92 8.5 10.8 9.65 1.8 1.9 1.85 8.6 
93 5.0 13.0 9.00 2.5 2.6 2.55 15.3 

94 12.7 17.1 14.90 2.6 2.5 2.55 25.4 


96 12.5 18.3 15.40 1.0 1.5 1. 25 6.3 

97 18.5 18.50 2.0 2.00 19.4 
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4.2. Predicting Particulate Matter Production 

If flame volume can be predicted from the monitored combustion 

variables then these variables can be used for developing a parameter 

for predicting EF values. The works of Burke and Schumann (l) and Barr 
p 

(~) offer an opportunity for exploring this correlation. Equation (1) 

describes the radial diffusion of fuel and oxygen in a cylindrical 

coordinate system. The flame envelope location is represented by the locus 

of points where a combustible mixture occurs. It is recognized that the 

photographed flame perimeter probably does not represent the same locus of 

points. The photograph is a recording of the visible radiation emanating 

from the carbon particles. 

The coordinates for the flame envelope surface were computed according 

to Barr's Equation (2). This program (called FLMSS) integrates the volume 

inside the computed flame envelope surface from the burner surface to the 

flame tip. See Figure 4 for an example of the computer output from FLMSS (~). 

The model is sensitive to those variables controlled during the 

course of this investigation. The variables of interest and the range 

of conditions tested were: 

1. fuel injection velocity (0.18 to 1.40 cm s-l) 

2. oxidant injection velocity (7.8 to 35.6 cm s-l) 

3. concentration of oxygen in the primary diffusion air (0.21) 

4. diameter of outer cylinder (10.2 cm) 

5. diameter of inner cylinder (2.54 cm) 

6. interdiffusion coefficient (benzene - air equals 0.08 cm2 s-l). 
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FLAME ENVELOPE SURFACE PROFILE COMPUTED BY BARR EQUATION 


OUTER TUBE DIN-tETER = 2.0 OXIDANT VELOCITY 0.61 RATIO O-TO-FUEL 2.00 

INNER TUBE DIAMETER 1.0 FUEL VELOCITY = 0.61 PERCENT OXYGEN 20 


R A 0 I A L DIS TAN C E FRO M C E N T R A L A X I S 
RADIAL VOL. 

HT 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 DIST. 0.9 INC. 1. 0 
****************************************************************************************************** 

0.00* F . 0 * 
0.10* F 0 	 0.566 0.093 * 
0.20* F 0 0.580 0.103 * 
0.30* F . 0 	 0.580 0 ~ 106_* 
0.40* F . 0 	 0.580 0.106 * 
0.50* F . 0 0.573 0.105 * 
0.60* F . 0 	 0.570 0.102 * 
0.70* F . 0 	 0.560 0.099 * 
0.80* F . 0 	 0.550 0.096 * 
0.90* F 0 	 0.530 0.092 * 
1.00* F 0 	 0.510 0.085 * 
1.10* F 0 	 0.049 0.078 * 
1.20* F 0 	 0.460 0.070 * 
1.30* F . 0 0.430 0.062 	 * 
1. 40* F 0 0.380 0.053 * 
1.50* F . 0 	 0.330 0.041 * 
1.60* F . 0 	 0.260 0.028 * 
1.70* 	 F . 0 0.140 0.014 * 

****************************************************************************************************** 
0.0 0.1 0.2 0.3 	 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

VTOT = 1.332 

Figure 4. Computed locus of points identifying those points where oxygen and fuel are in stoichiometric 

correct proportions. 

-10A



Fuel and oxidant velocities were varied and the resulting calculated 

flame volume from FLMSS is plotted in Figure 5. The relative flame volume 

is used as the independent variable in predicting EFp and is plotted in 

Figure 6. In other words, the conroustion conditions associated with the 

measured EF for the tests were employed for computing the relative flame 
p 

volume which was then used as the independent variable for EF. The result
p 

ing regression equation 

EF = -0.60 + 0.047 In(Vfl ) (4)
p arne 

has a coefficient of determination of 0.73. Given the volume as calculated 

by FLMSS, Equation (4) can be used for predicting EF values. 
p 

The coefficient of determination of 0.73 for Equation (4) indicates 

a good correlation between the variables. From the variables used for 

predicting flame volume, through dimensional analysis procedures one would 

anticipate finding a group which can be correlated with EF. The parameter
p 

derived should have units of volume and contain the fundamental parameters 

affecting flame volume. One such grouping of variables involves the 

velocity of the fuel, the equivalence ratio (defined as the ratio of 

air to fuel actually present in the system divided by the air to fuel ratio 

for stoichiometric combustion), the diameter of the fuel supply duct, and 

the kinematic viscosity of the fuel (assumed constant for these experiments 

since the fuel was introduced into the combustion chamber at a constant 

temperature). Figure 7 shows the distribution of EFp data points plotted 

as a function of 

(5) 

-11



40~1------------------~----------~--------~-------------------r------------------~ 


- OXIDANT VELOCITY 
en 
a:: 
w 7.77 CM S-I .... 30
loU 
~ 
.... 
Z 
IJJ 
U 
u 
iD 
a20-IJJ 
~ 
:> 
...J 
o 
>
w 
~ 
<t 10 
-l 
lL. 

IO.34CMS'" 

15.52 CM 5- 1 

20.88 CM 5- 1 . 

.;..__ 31.04 CM S- 1 
. 41.40 CMS- 1 

0' ! ! I I 
o .20 .40 .60 .80 

FUEL VELOCITY (CENTIMETERS PER SECOND) 

Figure 5. Flame volume for different velocities of primary diffusion air as computed from Equation (2), 

-llA



- .25r'--~~~~~'--r'-TlII------~--~~~ 


.20 0/ 
/ 

C/) 

fJ) 


~.15 
z 
o ~0 
C/) o z o w 
~ o_. 10o 

0. 
I.L oW 

.05 

0' I _ 4~ ~'1·- 

I 2 4 ' & _ 8 10 20 50 
VOLUME (CUBIC CENTIMETERS) 

Figure 6. Particulate matter production as a function of computed flame volume. 

-118



I I 1 I 
.30I I 

I
i

.25~ / 1
I 

. . ' Io ~_ ~", ' } 
....-,.." 

,./" i 
_.....~.....I I 

, I 


(') o ,/"/ //
U;.20 ,,' ~ 
(J) . I 

,,"", 0 // 
o "" (') .xl" 

c. ~ I cJP (') ,~(')0(')0 (') 
(/--') II o 
.::.. ,() Q.~Q:5 0 
w .15 o ~\) 0">~ 
c 0 0/£/
" I.L..: 

W L 
-1.10 I 

EFp= 0.0628+0.0281 In{Vd 4 ¢ V- I ) 

,., 
RL:: 0.65 

.05 

o l 

I 
-L.___...L....__..J.__._l __...L...L..L.Lj.__-----L.-._~_..L.......J. 

2 5 10 20 
j ....L...L I 

50 
i J 

100 
I 

200 
__ 

Figure 7. Particulate matter production as 

Vd 4 ¢V- I (CUBiC CENTIMETERS) 

a function of the dimensional volume variable 

-11C

(Vd4 0 v-I). 

....' _--'-_L--~~A..._L-' 

500 



where 

v = fuel supply velocity (constant for all tests) (m s-l) 

d = fuel supply duct diameter (m) 

o= equivalence ratio (dimensionless) 


v = fuel kinematic viscosity (m2 s-l). 


The flame volume would be expected to change as the ratio of air-to


fuel velocities change. Essentially, the parameter Vd4 0 v-I (Equation 

(5)) is directly proportional to the fuel supply rate since d is constant 

and the air supply rate cancels when only the fuel supply rate i s allowed 

to vary. If the fuel supply rate is held constant and the equivalence 

ratio, 0, is allowed to change by altering the air supply rate, then a 

series of curves can be developed for the different air supply rates which 

show the partitioned effect of fuel and air supply rates (Fig. 8). The 

dominant effect is still the fuel supply rate. However, as the air supply 

rate is increased, EFp values increase along a given fuel supply rate 

isopleth line. The mechanisms contributing to the increased EFp values 

are likely due to a combination of increased quenching, lower reaction ~empera

ture, and decreased residence time for particles in the active combustion zone. 

Thermal quenching is most rapid for high air-to-fuel ratios which Sawyer (~ 

claims tends to "freeze" the reactant products at a nonequilibri um state. 

4.3. Particulate Matter Production from Other Fuels 

Particulate matter production from the combustion of other fuels 

demonstrateg an inverse relationship with the oxygen content of the fuel 

molecules. Neither ethyl alcohol nor ethylene glycol produced measurable 

quantities of particulate matter under the conditions tested. When these 

fuels were burned in combination with alpha-pinene, a reduction in the EFp 

for the alpha-pinene was noted. 

-12



.30 

70.8 

1.0 

FUEL 

AIR SUPPLY 
(L MIN-I) 

.24 47.2 

- ,35.4
V> 
(/) 4,5::1 .18 
z 
o 
en 
z 

SUPPLY 
:i: 
w 

(G MIN-I)
C.-'12 

0. 
lJ... 
W 

.06 

o .......___...-_~_....L____L._L _L.L....I....l-_____ _ . _ _.J.•_ .•_.__l_......L-J__ L..L.L...l ...I__ 


,01 	 .02 .05 .I .2 .5 I 2 3 
¢ (EQUIVALENCE RATIO) 

Figure 8. Particulate matter production as a function of equivalence ratio with 

volume of primary diffusion air and fuel supply variables partitioned. 

-l2A



Two tests were made with ponderosa pine wood plugs of high-resin 

content, which represent natural composite fuel. The wood plugs were ignited 

by applying a small aliquat of ethyl alcohol over the plug in the combustion 

chamber. Upon ignition, the resinous material appeared to volatilize rapidly 

leaving a blackened charcoal skeleton of the original wood plug . The yield 

of particulate matter per gram of fuel consumed is low in comparison to the 

pure alpha-pinene combustion tests. 

The EF for the wood plug fuel is in the neighborhood of 10 percent of 
p 

that for pure alpha-pinene. The oxygen content of the wood plugs is not 

known, but the cellulose, hemicellulose, fatty acids, etc. have a significant 

oxygen level. The implication is strong that particulate matter production 

is inversely related to the percentage of oxygen in the fuel. Whether the 

oxygen atoms contained in the fuel tend to form oxidized species in advance 

of the diffusion flame envelope as would occur in a premixed flame is not 

known at this time. 

Nonflaming tests where alpha-pinene fuel was introduced into a stream 

of heated air with ambient oxygen concentration failed to produce polymers 

or particles. Either the reaction time was too short, the concentration too 

low, or the mixing too rapid. Addition and condensation reactions were 

anticipated (.!...!) but failed to materialize. However, gaseous samples 

showed that considerable bond rupturing of the alpha-pinene had taken place. 

This indicates that particulate matter does not form from the oleoresin 

compounds vaporized in front of a moving flame front. The concentration 

of alpha-pinene was below that required for spontaneous ignition at all 

times. 
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5. DISCUSS ION 

Studies have been conducted with other hydrocarbon fuels that identify 

the combustion parameters which affect the point in the flame where smoke 

formation first occurs (~,ll), but few researchers have studied the rate 

of production of particulate matter. It was recognized that residence time 

of soot particles in the flame zone is important for completing the oxidation 

process Cll). However, as the flame length becomes greater and the oxidation 

reactions become less concentrated, the temperature decreases. Also, 

radiation heat loss becomes greater which, in turn, slows the fuel molecule 

fragmentation and enhances particle growth. These mechanisms, occurring in 

the flame zone, tend to support the hypothesis that smoke production is 

correlated with flame volume. 

Most experiments investigating EFp for forest fuels have suffered 

from confounding factors which obscure mechanisms active in forming 

particulate matter. For example, fuel compaction of a natural forest fuel 

alters fire intensity as does fuel moisture content. The reactor combustion 

chamber system CRCCS) has served as one technique for isolating a number 

of combustion variables and for testing their effect on particulate matter 

production. 

Alpha-pinene generated copious amounts of particulate matter 

regardless of the combustion conditions. The EF values produced are a 
p 

function of equivalence ratio and velocity of primary combustion air into 

the chamber. ll1ese are also two of the main factors affecting flame volume. 

Apparently, there is a direct correlation between hydrocarbon residence time 

in an oxygen deficient atmosphere and the magnitude of the EF values. 
p 
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However, these results are not directly related to the full-scale 

mode.! because there is considerable turbulent mixing in the vicinity 

of a forest fire both from mechanical processes and by other means. 

Thus, turbulent regime tests would likely be more representative of a 

forest fire situation, but, to date, tests have not been conducted in a 

nonlaminar flow regime. 

Interestingly, EF values were similar for the enriched and ambient 
p 

oxygen concentration tests. However, for the reduced oxygen concentration 

tests, the EF values were approximately 50 percent of the others, and 
p 

there was an increase in the mass of unburned hydrocarbons. This result 

conforms to what would be expected relative to combustion efficiency in 

lower oxygen concentration environments. As the oxygen concentration is 

decreased, the flame temperature would be expected to decrease and the 

flame length become greater. However, the result does not conform to the 

flame volume relationships for predicting EFp values. 

Other fuels such as benzene, cyclohexane, hexane, propane, and 

high-resin content wood produced EFp values which decreased in magnitude 

from a ratio of 0.172 for benzene to a low of 0.030 for wood. These 

results agree with observations made for the smoke-point of diffusion 

flame combustion of different classes of compounds. For example, Glassman 

Cli) reports decreasing carbon formation for different classes of compounds 

in the following order: aromatics> alkynes > alkenes > alkanes. At least 

for the aromatic compound benzene and alkane compounds, the smoke-point 

results compare favorably with the EF results. Alpha-pinene seems to 
p 

compare most closely to benzene as far as potential particulate matter 

production is concerned. 
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6. CONCLUSIONS 


1. In tests where alpha-pinene was burned, in cylindrical laminar 

diffusion flames, the particulate matter production emission factors 

(EF ) increased proportionally to the volume inside the flame envelope . 
p 

A parameter Vd4 0 v-I can be correlated with EFp ' R2 = 0.65. 

2. Smoke production, as expressed by EF , decreases from a high
p 

for alpha-pinene to benzene, cyclohexane, hexane, propane, high-resin 

content wood, ethylene glycol, and ethyl alcohol. 

3. EFp values for the fuels tested during these experiments are 

inversely related to the oxygen content of the fuel molecules. 
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