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P a r t i c u l a t e  emissions a r e  the  most objectionable atmospheric con- 
taminant from f o r e s t  burning. L i t t l e  is  known of t h e  p a r t i c u l a t e  
s i z e s ,  and t h i s  research was done under laboratory condit ions t o  
obta in  p a r t i c l e  s i z e  information. Comments a re  made concerning 
techniques f o r  f u t u r e  work i n  t h i s  f i e l d .  
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Forest  burning cont r ibutes  a  sub- 
s t a n t i a l  amount o f  emissions t o  t h e  
atmosphere each year .  The p a r t i c u l a t e  
f r a c t i o n  of t h e  emissions i s  most ob- 
j ec t ionable  from t h e  s tandpoin t  of 
v i s i b i l i t y ,  e s t h e t i c s ,  and atmospheric 
degradation.  L i t t l e  i s  known of t h e  
s i z e s  and conf igura t ion  of t h e  pa r t i cu -  
l a t e s ,  and t h i s  study was conducted t o  
gain a  b e t t e r  understanding o f  pa r t i cu -  
l a t e  c h a r a c t e r i s t i c s  emit ted i n  s l a s h  
burning. Impactor s t u d i e s  revealed 
82 percent  of  p a r t i c u l a t e  mass was 
l e s s  than 1-pm (micrometer) aerodynamic 
diameter and 69 percent  was l e s s  than 
0 .3  ym. Scanning e l ec t ron  microscopy 
revealed four  types of p a r t i c l e s :  (1) 
s i n g l e  sphe r i ca l  submicrometer p a r t i -  
c l e s  0.05- t o  0.6-pm diameter with 
most of them c lose  t o  0 . 1  pm; (2) an 
agglomeration of t h e  f i r s t  p a r t i c l e  
type i n t o  chains up t o  4 Dm long o r  
spheres up t o  SO-ym diameter and con- 
t a i n i n g  a t  l e a s t  200 small p a r t i c l e s ;  
(3) near ly  sphe r i ca l  p a r t i c l e s  from 
< l - y m  t o  12-pm diameter; (4) angular  
p a r t i c l e s  from ~ 0 . 0 5  t o  about 20 ym 
i n  l a r g e s t  dimension. 

t h e  United S t a t e s .  Burning of  f o r e s t  
f u e l s  has been est imated t o  produce 
23.7 percent  of t h e  6 .1  mi l l i on  metr ic  
tons  of p a r t i c u l a t e s  emit ted t o  t h e  
atmosphere each year  and 6.9 percent  
of t h e  2.0 mi l l i on  metr ic  tons  of  
hydrocarbons (National A i r  Po l lu t ion  
Control Administration 1970) (a met r ic  
ton  equals  1 . 1 2  sho r t  t ons ) .  Increased 
pub l i c  awareness of a i r  p o l l u t i o n  has 
focused unfavorable a t t e n t i o n  on t h e  
burning of logging s l a s h .  The burning 
of 6 .3  mi l l i on  metr ic  tons  of  f o r e s t  
res idue  i n  Washington and Oregon 
annually r e l eases  45,000 metr ic  tons  
of hydrocarbons and 76,000 metr ic  tons  
o f  p a r t i c u l a t e  mat te r  i n t o  t h e  atmos- 
phere .l/ Wildfires  con t r ibu te  even 
more, but  es t imates  a r e  d i f f i c u l t  t o  
make. 

The purpose of  t h i s  paper i s  t o  
present  d a t a  on t h e  r e l a t i v e  mass of  
submicrometer (<l-pm o r  <10-~-m) ,  l a rge  
(1- t o  5-pm), and g i an t  (>5-~m) p a r t i c l e s  

G .  R .  Fahnestock. A problem analysis--  

Prescribed f o r e s t  burning i s  a  impacts of f o r e s t  residues and t h e i r  disposal  
on fo r e s t  land management and environment i n  source of  emissions i n t o  t h e  atmos- t he  Pac i f ic  Northwest. Unpublished rcpor t ,  

phere i n  t he  P a c i f i c  Northwest, a s  it 28 p . ,  1968. On f i l e ,  Pac i f ic  Northwest Forest 
is  i n  some o the r  fo re s t ed  regions i n  and Range Experiment S ta t ioq ,  Portland, Oreg. 



re leased  from t h e  labora tory  burning 
of  s lash- type  f u e l s .  In addi t ion ,  t h e  
s i z e  range and shape of  p a r t i c l e s  w i l l  
be reported.  In p a r t ,  t h i s  was a  p i l o t  
s tudy,  and w e ' l l  comment on appropr ia te  
techniques f o r  f u t u r e  s l a s h  burning 
a i r  po l lu t ion  s tud ie s .  



PREVIOUS WORK 

F i r s t ,  we might de l inea t e  some 
general  a i r  po l lu t ion  problems t h a t  
a r e  not  c rea ted  by f o r e s t  burning. 
Su l fu r  dioxide i s  not c rea ted  by f o r e s t  
burning, and temperatures a r e  t oo  low 
f o r  t h e  emission of  s i g n i f i c a n t  amounts 
of t h e  oxides of  n i t rogen.  The hydro- 
carbons formed a r e  genera l ly  no t  
photochemically r e a c t i v e ,  no r  have 
they been shown t o  be a  hea l th  hazard. 
The worst t h a t  can be s a i d  of  them i s  
t h a t  they may condense t o  form v i s i b l e  
aerosols  (Hall 1972). 

P a r t i c u l a t e  emissions, on t h e  
o the r  hand, can degrade g i r  q u a l i t y  by 
reducing v i s i b i l i t y .  Northwest a i r  i s  
po l lu t ed  more by p a r t i c u l a t e s  than  
o the r  po l lu t an t s  when compared by 
Federal s tandards ,L/ s o  reduction of  
p a r t i c u l a t e  emissions i n  smoke sens i -  
t i v e  a reas  i s  t h e  cur rent  p r i o r i t y  of 
most l oca l  a i r  p o l l u t i o n  a u t h o r i t i e s .  
Also, t h e r e  is a  genera l ly  negat ive  
pub l i c  r eac t ion  t o  any smoke o r  o the r  
mater ia l  t h a t  i s  added t o  t h e  atmos- 
phere,  whether o r  not i t  c o n s t i t u t e s  
a i r  po l lu t ion  (Cramer 1969). 

L i t t l e  is known d i r e c t l y  about 
t h e  quan t i t y  o r  q u a l i t y  of p o l l u t a n t s  
r e l eased  from burning of  f o r e s t  r e s i -  
dues; most o f  what i s  known is extrap-  
o l a t ed  from experiments of  burning 
o t h e r  a g r i c u l t u r a l  f u e l s .  Many com- 
ponents of  t h e  hydrocarbon f r a c t i o n  
have been described (Fr i t schen e t  a l .  
1970), and o the r  r e l evan t  experiments 
a r e  underway. Hall  (1972) summarizes 
t h e  knowledge. Of t h e  important 
p a r t i c u l a t e  f r a c t i o n ,  however, t h e  
very l e a s t  is known. 

Of a l l  t h e  p rope r t i e s  o f  p a r t i c l e s  
i n  t h e  a i r ,  none dominates t h e i r  be- 
havior  more (nor is more d i f f i c u l t  t o  
s tudy experimentally) than  s i z e .  The 

Washington S t a t e  Department of Ecology. 
Summary of the  implementation plan fo r  a t t a i n -  
ment of t he  nat ional  ambient a i r  qua l i ty  stand- 
ards.  Mimeographed, 30 p. ,  1972. 

laws governing many important p rope r t i e s  
of  aerosols ,  including l i g h t  s c a t t e r i n g ,  
coagulat ion,  predominance of  d i f fus ion  
o r  s e t t l i n g ,  r a t e  of  cooling,  and micro- 
scopic  v i s i b i l i t y ,  change fundamentally 
a s  t h e  p a r t i c l e  rad ius  approaches t h e  
mean f r e e  path of  t h e  gas molecules, 
0.07 um i n  a i r  a t  s tandard  condi t ions ;  
o r  with t h e  average wavelength o f  v i s i b l e  
l i g h t ,  0.55 pm. The e f f e c t  of an 
aerosol  on v i s i b i l i t y  i s  determined 
more by p a r t i c l e  s i z e  than  by concen- 
t r a t i o n .  In  genera l ,  a  p a r t i c l e  of 
1 pm o r  more i n  diameter s c a t t e r s  
l i g h t  i n  proport ion t o  t h e  square of  
i t s  r ad ius ;  a  submicrometer p a r t i c l e  
s c a t t e r s  l i g h t  i n  propor t ion  t o  t h e  
s i x t h  power of i t s  r ad ius  (Fuchs 1964). 

The mechanisms f o r  removal o f  
p a r t i c l e s  from t h e  atmosphere a l s o  
depend on p a r t i c l e  s i z e .  In genera l ,  
submicrometer p a r t i c l e s  have s e t t l i n g  
v e l o c i t i e s  l e s s  than 3.5 x  cm.s-l, 
a r e  dominated by Brownian motion, 
d i f f u s e  i n  a i r ,  and remain suspended 
f o r  days o r  more, while  l a r g e r  p a r t i c l e s  
w i l l  s e t t l e  out  of  s t i l l  a i r .  P a r t i c l e s  
with a  rad ius  comparable t o  o r  smaller  
than t h e  mean f r e e  pa th  o f  a i r  molecules 
w i l l  not  s e t t l e  out  (Green and Lane 
1964). 

Numerous authors ,  a s  summarized by 
Brown e t  a l .  (1950), have recognized 
t h e  r e l a t i o n s h i p  between p a r t i c l e  s i z e  
and lung pene t r a t ion  i n  man. They con- 
clude t h a t  nasa l  e f f i c i ency  f o r  screening 
out  a i rborne  p a r t i c l e s  en ter ing  t h e  
r e s p i r a t o r y  t r a c t  i s  100 percent  f o r  
p a r t i c l e s  above 5  pm and decreases with 
s i z e  t o  zero f o r  1-pm p a r t i c l e s .  They 
a l s o  found t h a t  a l v e o l a r  r e t e n t i o n  is 
complete f o r  p a r t i c l e s  l a r g e r  than 
1 micrometer t h a t  a r e  not  f i l t e r e d  out 
by t h e  upper r e s p i r a t o r y  t r a c t .  Optimum 
p a r t i c l e  s i z e  with t h e  h ighes t  p robab i l i t y  
of  a lveo la r  depos i t ion  is about 1-pm 
diameter .  Smaller p a r t i c l e s  down t o  
0.25 ym have about t h e  same p r o b a b i l i t y  
o f  being r e t a ined  i n  t h e  a l v e o l i  a s  
those  from 1 t o  5 pm. Wells (1955) 
pointed out t h a t  it is not  t h e  p ro j ec t ed  
diameter but  t h e  aerodynamic dimension 
t h a t  determines lung p e n e t r a b i l i t y .  



Aerodynamic dimension i s  t h e  s i z e  o f  a 
sphe r i ca l  p a r t i c l e  t h a t  would have t h e  
same f a l l i n g  v e l o c i t y  a s  t h e  p a r t i c l e  
described.  Projected diameter is  t h e  
diameter of  a c i r c l e  having t h e  same 
a rea  as  a c ross  s ec t ion  of t h e  p a r t i c l e .  

There i s  some controversy i n  t h e  
l i t e r a t u r e  concerning t h e  p a r t i c l e  
s i z e s  i n  wood f i r e  smoke. Fe lds t e in  
and h i s  a s soc ia t e s  (1963) est imated 
t h a t  50 percent  o f  t h e  p a r t i c u l a t e  
mass from t h e  burning of land c l ea r ing  
deb r i s  i s  i n  t h e  50- t o  100-ym s i z e  
range. The d a t a  were derived from t h e  
examination of  microscope s l i d e s  placed 
around f i r e s  t o  c o l l e c t  f a l l o u t .  How- 
ever ,  Meland and ~ o u b e l  (1966) measured 
smoke from f i e l d  burning and found t h a t  
p a r t i c l e s  were uniformly d i s t r i b u t e d  
i n  t h e  submicrometer range. Haessler  
(1965) s a i d  t h a t  smoke p a r t i c l e s ,  as 
i n i t i a l l y  formed, a r e  u sua l ly  about 
0 .1  u m .  MacArthur (1966) co l l ec t ed  
p a r t i c l e s  from bush-f i re  smoke i n  a 
thermal p r e c i p i t a t o r .  They ranged 
i n  s i z e  from 0.1 t o  1 .0  ym, with a 
marked preponderance a t  about 0 .1  -um 
diameter. Vines and o the r s  (1971) 
conducted extensive experiments. 
Using a v a r i e t y  of s i z i n g  techniques 
and a i r c r a f t  t r ave r ses  of smoke plumes, 
they found most of t h e  p a r t i c l e s  
co l l ec t ed  appeared t o  be c lose  t o  
0. l - u m  diameter, and t h a t  smoke con- 
t a ined  few p a r t i c l e s  l a r g e r  than 5 ym. 
Some agglomerates of smal le r  p a r t i c l e s  
were found as  l a rge  as 50 ym. Two 
types of small p a r t i c l e s  were found. 
Spher ica l ,  smooth p a r t i c l e s  thought t o  
be t a r  were 0.2 ym o r  more i n  diameter .  
Rough, c r y s t a l l i n e  ash and carbon 
p a r t i c l e s  between 0.05 and 0.03 ym 
were found t o  be l e s s  numerous than 
t h e  t a r  p a r t i c l e s .  Butcher and Charlson 
(1972) r epor t  t h a t  condensation of  
p a r t i c l e s  i n  flames produce submicrom- 
e t e r  p a r t i c l e s  t h a t  may coalesce o r  
agglomerate t o  clumps o r  chains before  
being emitted from t h e  source.  

P a r t i c u l a t e s  may be t h e  most 
important p o l l u t a n t  emit ted from f o r e s t  
burning, but  t h e  l e a s t  is  known about 
them. Aerodynamic p a r t i c l e  s i z e  i s  a 

most important c h a r a c t e r i s t i c  o f  p a r t i -  
c l e s ,  but  t he re  i s  disagreement on t h e  
proport ion o f  l a rge  p a r t i c l e s  i n  smoke. 
P a r t i c l e  s i z e  determines t h e  res idence  
time of  t h e  p a r t i c l e s  i n  t h e  a i r  and 
t h e i r  p e n e t r a b i l i t y  i n t o  human lungs. 
Large p a r t i c l e s  s c a t t e r  l i g h t  i n e f f i -  
c i e n t l y ,  f a l l  out  r ap id ly ,  and a r e  
l e s s  important a i r  po l lu t an t s  than 
submicromet e r  p a r t i c l e s .  

METHODS 
Douglas-f ir (Pseudotsuga rnenz-iesii 

(Mirb . ) Franco) s l a s h  was co l l ec t ed  
from a second-growth s tand  i n  western 
Washington 1 year  a f t e r  harves t ing .  
From branches and twigs,  a continuum 
of s i z e s  l e s s  than 3-in (7.6-cm) 
diameter, 17 f u e l  beds were constructed 
i n  t h e  labora tory .  The sur face- to-  
volume r a t i o  o f  each f u e l  bed was 
86 f t 2 / f t  (282 m2/m3). Poros i ty ,  t h e  
r a t i o  of  f u e l  bed volume t o  f u e l  p a r t i c l e  
volume, ranged from 9 t o  18 a t  i g n i t i o n .  
Fuel moistures ranged from 11 t o  23 
percent  of  ovendry f u e l  weight.  The 
fue l  beds weighed 13  l b  (5.9 kg),  
corresponding t o  a s l a s h  loading o f  
about 38 tons /acre  (84 metr ic  tons /ha) .  

The circumference of t h e  f u e l  beds 
was i g n i t e d  with a propane torch .  Fuel 
weight l o s s  was continuously recorded 
and converted t o  energy r e l e a s e  r a t e  
i n  Btu f t -2-min-1 (k ~ a l - m - ~ . r n i n - l  and 
J-m-2-min-1). Smoke from t h e  f i r e s  was 
contained i n  a hood vented by a 16-in 
(40.6-cm) diameter  constant-volume- 
flow induced-draft f l u e .  A sample was 
removed 15 f t  (4.6 m) from t h e  f u e l  bed 
v i a  a 25-in-long (63.5-cm) sample l i n e  
with a sharp i n l e t  nozzle of  3/8-in 
(0.95-cm) diameter .  The nozzle s i z e  
provided i s o k i n e t i c  sampling wi th in  
10 percent ,  using a constant  sample 
volume flow of 1 f t3 -min - I  (0.0283 
m 3  -mi,-  l )  a t  s tandard condi t ions .  

The samples were drawn through an 
e ight -s  t age  h d e r s e n  impactor (Andersen 
1966) .?/ According t o  t h e  manufacturer,  

31 Mention of products by name does not 
constitute an endorsement by the U.S. Depart- 
ment of Agriculture. 



t h e  f i r s t  two s t ages  remove nea r ly  a l l  
ma te r i a l  over 5-pm aerodynamic diameter ,  
t h r e e  s t ages  remove l a r g e  ma te r i a l ,  
and two s t  ages remove submicrometer 
p a r t i c l e s  t o  about 0 .3  vm. A 47-nrm 
i n l i n e  Gelman Type A g l a s s - f i b e r  
f i l t e r  a s  t h e  l a s t  s t a g e  removes 
nea r ly  a l l  remaining s o l i d s  o r  con: 
densed l i q u i d s .  Temperatures at t h e  
sample l i n e  i n l e t  never exceeded 200° F 
(930 C ) .  That temperature i n  t h e  impac- 
t o r  produces only a 10-percent e r r o r  
i n  t h e  ind ica t ed  diameter of  p a r t i c l e s  
on each s t age .  The seven s t a i n l e s s  
s t e e l  impactor s t ages  and t h e  f i l t e r  
mat were weighed before  and a f t e r  
sampling. The c o l l e c t i o n  p l a t e s  were 
cleaned only a f t e r  f i v e  f i r e s  were 
sampled t o  al low adequate accumulation 
f o r  accura te  weight measurement. 

Smoke from four  o f  t h e  f u e l  beds 
was sampled during t h e  smoldering 
(post flaming) per iod  only.  The average 
i n t e n s i t y  of t h e  fou r  f i r e s  was 126 
Btu f t - 2  emin-l (342 k c a l  -min- l 
o r  1.43 x l o 4  ~ - m - ~ - m i n - l ) .  Five f i r e s ,  
with i n t e n s i t i e s  ranging from 353 t o  
1,417 Btu ft-2-min-.1(958 t o  3845 k 
~ a l * m i n - ~ = m i n - l  o r  4.01 x l o 4  t o  
16.1 x l o 4  J om-2*min-1), were sampled 
during t h e  e n t i r e  flaming per iod .  
Eight f i r e s  were sampled only while  
t h e  i n t e n s i t y  was g r e a t e r  than  one-half 
t h e  peak f o r  t h a t  f i r e .  I n t e n s i t i e s  
f o r  t h a t  s e r i e s  r an  ed from 1,000 t o  
1,857 Btu f t -2-min-f  (2712 t o  5040 k 
~ a l * m ' ~ - m i n - l  o r  11.4 x l o 4  t o  21.1 x , 

l o 4  ~ - m - ~  emin-l) . 

Five add i t i ona l  f u e l  beds were 
burned t o  ob ta in  samples o f  0.4-pm 
pore diameter nucleopore f i l t e r  media 
f o r  e l ec t ron  photomicrographs. Th i r ty -  
fou r  samples, represent ing  a l l  phases 
o f  f i r e  a c t i v i t y ,  were c o l l e c t e d ,  One 
f i l t e r  was placed on each s t a g e  of t h e  
Andersen sampler. Oblique photographs, 
with a 30-degree tilt angle,  were taken 
on a scanning e l ec t ron  microscope. The 
photographs were used t o  determine t h e  
shape and s i z e  range of  t h e  p a r t i c l e s .  

RESULTS 
The e l ec t ron  microscope revealed  

fou r  d i s t i n c t  types o f  p a r t i c l e s .  By 
f a r  t h e  most prevalent  was t h e  s ingu la r  
s p h e r i c a l  submicrometer p a r t i c l e  repor ted  
by o the r  i n v e s t i g a t o r s  ( f i g .  1 ) .  The 

Figure 1 .--Spherical submicrometer smoke 
p a r t i c l e s  from burning Douglas- f ir  
s l a s h  (Scanning E l e c t r o n  M i  crograph-SEM) . 

observed range o f  p ro j ec t ed  diameters 
was from l e s s  than 0.05 t o  0.6 um. The 
l i m i t  of r e so lu t ion  i n  t h e  photographs 
was s l i g h t l y  l e s s  than 0.05 pm. Most 
of  t h e s e  sphe r i ca l  p a r t i c l e s  were very 
c l o s e  t o  0.1 pm. These p a r t i c l e s  adhered 
t o  f i l t e r  media, and so lven t s  were r e -  
qui red  t o  remove them from metal su r f aces .  

The second type of  p a r t i c l e  observed 
was an agglomeration of t h e  sphe r i ca l  
p a r t i c l e  above. Branched chains o f  p a r t i -  
c l e s  up t o  4 vm long and containing a t  
l e a s t  200 submicrometer spheres were seen,  
but  not  commonly ( f ig .  2) .  Roughly spher- 
i c a l  agglomerates o f  a few t o  an est imated 
l o 8  small p a r t i c l e s  were commonly ob- 
served ( f i g .  3 ) .  The l a r g e s t  c l u s t e r  
seen had a pro jec ted  diameter of  about 
80 u m  (not shown). The agglomerates 
accounted f o r  t h e  vas t  major i ty  o f  a l l  
p a r t i c l e s  p re sen t  with aerodynamic 



diameters over 1 pm. Agglomeration 
was apparent ly  enhanced by t h e  wal l s  
of t h e  sampling l i n e .  When a 6 - f t -  
long (1.83-m) , 1/4-in-diameter  
(0.64-cm) sampling l i n e  was used, 
nea r ly  a l l  submicrometer p a r t i c l e s  
agglomerated t o  l a r g e  c l u s t e r s .  
Agglomeration was s t i l l  very common 
when a sho r t  (4-in o r  10.16-cm), 
large-diameter  (5/8-in o r  1.59-cm) 
sample l i n e  was used, however. 

Figure  2 .  --Agglomerated c h a i n  of smoke 
p a r t i c l e s  from b u r n i n g  D o u g l a s - f i r  
s l a s h  (SEM) , 

Figure  3, --Large c l u s t e r s  of s p h e r i c a l  
submi c rometer  smoke p a r t i c l e s  from 
b u r n i n g  D o u g l a s - f i r  s l a s h  (SEM) . 

Sol id ,  nea r ly  sphe r i ca l  p a r t i c l e s  
were a l s o  seen,  ranging from l e s s  than 
1 pm t o  12 urn ( f i g .  4 ) .  The su r face  of 

F i g u r e  4.--Large, smooth ,  s o l i d  smoke 
p a r t i c l e  from b u r n i n g  D o u g l a s - f i r  
s l a s h  (SEM) . 

t h e  p a r t i c l e s  was t ex tu red  with round 
p ro t rus ions  o f  l e s s  than 1-pm diameter ,  
suggest ing t h a t  they  a r e  a l s o  agglom- 
e r a t e s  of t h e  submicrometer spheres 
above. These p a r t i c l e s  were r a r e  and, 
In  t h i s  s tudy,  were never observed 
from a smoldering f u e l  bed. 

F ina l ly ,  some s o l i d ,  angular  
p a r t i c l e s  were seen i n  t h e  photographs. 
These ranged i n  s i z e  from l e s s  than 
0 .05  t o  about 20 pm. These p a r t i c l e s  
were very common from smoking f u e l  t h a t  
had no t  y e t  produced flames ( f i g .  5) 
but  were p re sen t  i n  l e s s e r  q u a n t i t i e s  
during a l l  phases o f  f i r e  a c t i v i t y .  
These p a r t i c l e s  d i d  no t  adhere t o  f i l t e r  
media o r  t o  each o the r .  Occasionally, 
a g i an t  p a r t i c l e  of t h i s  type d id  not  
remain on t h e  impactor p l a t e  where i t  
had been co l l ec t ed ;  t h i s  caused a small 
underest imation of  t h e  number of g i a n t  
p a r t i c l e s .  

Comparison of pho tog~aphs  revealed 
t h a t  t h e  preflaming smoking f u e l  bed 
r e l eased  a high propor t ion  of  g i a n t  
p a r t i c l e s .  The smoldering phase appeared 



F i g u r e  5.  --Sol i d ,  a n g u l a r  smoke 
p a r t i c l e s  from p r e i g n i t i o n  phase  
o f  b u r n i n g  Doug1 as -  f i r  s l a s h  '(SEM 

t o  have t h e  h ighes t  propor t ion  of 
submicrometer p a r t i c l e s ,  but  no p a r t i -  
c l e  count could be inade. 

The impactor was used t o  s epa ra t e  
smoke p a r t i c l e s  a t  5-,  1-, and 0.3-ym 
aerodynamic diameters .  The r e l a t i o n -  
s h i p  of  p a r t i c l e  mass t o  f u e l  weight 
l o s s  f o r  each s i z e  c l a s s  was ca l cu la t ed .  
The c o e f f i c i e n t s  of  v a r i a t i o n  between 
f i r e s  wi th in  s e r i e s  were h igh ,  from 
0.30 t o  1.43. The s e r i e s  of  f i r e s  f o r  
which t h e  flaming po r t ion  was sampled 
r e l eased  82 percent  of  t h e  p a r t i c u l a t e  
mass i n  t h e  submicrometer range. The 
smoldering per iod  submicrometer f r a c t i o n  
represented  87 percent  of t h e  mass. 
However, t h e  v a r i a t i o n  was too  high t o  
make a s t a t i s t i c a l l y  v a l i d  comparison 
between t h e  emission behavior  of d i f -  
f e r e n t  periods of  t h e  f i r e ,  o r  d i f f e r e n t  
i n t e n s i t i e s  o f  burning.  

The d a t a  from a l l  1 7  f i r e s  were 
pooled and weighted by t h e  r e l a t i v e  
amount of f u e l  consumed by each. I t  
was found t h a t  8 percent  of t h e  t o t a l  
p a r t i c u l a t e  mass i s  l a r g e r  than 5-ym 
aerodynamic diameter; 10 percent  i s  
between 1 and 5-pm; 13 percent  i s  be- 
tween 0.3- and 1-urn; and 69 percent  
i s  smal le r  than 0.3-ym. 

SOURCES OF ERROR 
Several  poss ib l e  sources of  e r r o r  

were present  i n  t h i s  experiment. The 

f u e l  bed included only small  limbs and 
twigs,  t o  t h e  exclusion of  t h e  l a r g e  
chunks, stumps, l i v e  f u e l ,  needles ,  
r o t t e n  logs ,  and f o r e s t  f l o o r  p re sen t  
i n  any f i e l d  burn. The i n t e r a c t i o n  
between wind and flames t h a t  causes 
e r r a t i c  f i r e  behavior  on f i e l d  burns 
was absent  i n  t h e  labora tory .  I t  i s  
poss ib l e  t h a t  t h e  h igher  l o c a l  f i r e  
i n t e n s i t y  , more powerful f l u i d  dynamic 
forces ,  and t h e  va r i ed  f u e l  bed com- 
p o s i t i o n  i n  a f i e l d  burn might i nc rease  
t h e  f r a c t i o n  of  g i a n t  p a r t i c l e s  emit ted.  

The Andersen sampler used was 
designed as an ambient a i r  sampler but  
was used he re  a s  a source sampler. The 
add i t i on  of  an i n l e t  sampling l i n e  prob- 
ab ly  increased t h e  agglomeration of 
p a r t i c l e s .  Some impaction o f  g i a n t  
p a r t i c l e s  occurred on t h e  f i r s t  j e t  
s t a g e  of  t h e  sampler. This impaction 
sys t ema t i ca l ly  removed a small f r a c t i o n  
of t h e  very l a r g e  (20-pm) p a r t i c l e s .  

Occasionally, a p a r t i a l l y  consumed 
needle,  wood s l i v e r ,  o r  bark fragment 
could be ent ra ined  i n  t h e  plume and 
deposi ted on a f i l t e r .  These p a r t i c l e s  
would c o n s t i t u t e  only a f r a c t i o n  of  
1 percent  o f  t h e  p a r t i c u l a t e  ma t t e r  
sampled. Such p a r t i c l e s  would f a l l  out 
very quickly .  By chance, none were 
included on any of t h e  impactor p l a t e s  
i n  t h i s  s tudy,  and t h e i r  ex is tence  i s  
mentioned he re  only a s  a poss ib l e  
source of e r r o r  i n  f u t u r e  s t u d i e s .  



The weight o f  smoke p a r t i c l e s  i n  
one s i z e  c l a s s  co l l ec t ed  from one f i r e  
was f requent ly  i n  t en ths  o f  mil l igrams.  
Weighing e r r o r s  could be  a s  l a r g e  a s  
20 percent  i n  t h e s e  cases.  This was 
avoided somewhat by t h e  accumulation 
o f  t h e  smoke p a r t i c l e s  from seve ra l  
f i r e s  on one p l a t e .  Some s l ippage  o f  
t h e  l a r g e s t  p a r t i c l e s  through t h e  f irst  
c o l l e c t i o n  p l a t e s  occurred,  al lowing a 
small  underest imation o f  t h e  g i a n t  
p a r t i c l e s .  

Errors  due t o  non- isokine t ic  
sampling and leakage and those  caused 
by no t  compensating f o r  temperature 
a r e  thought t o  have been he ld  t o  l e s s  
than  5 percent .  

DISCUSSION 
Elec t ron  photomicroscopy o f  p a r t  i- 

c u l a t e  emissions from t h e  labora tory  
burning of logging r e s idues  confirmed 
t h e  exis tence  of  two b a s i c  p a r t i c l e  
s t r u c t u r e s .  The most abundant p a r t i c l e  
was a smooth, s p h e r i c a l ,  submicron 
p a r t i c l e  suspected t o  be  condensed t a r s .  
These sphe r i ca l  p a r t i c l e s  ranged from 
smal ler  than  0.05 um t o  agglomerates 
of  80 pm. There was a marked pre-  
ponderance of  p a r t i c l e s  o f  about 
0.1-pm diameter. The second b a s i c  
p a r t i c l e  group was polydisperse  i n  
s i z e  from i n f i n i t e s i m a l  t o  at l e a s t  
20 pm and d id  not  tend t o  agglomerate. 

Impactor s epa ra t ion  of p a r t i c l e s  
r evea l s  t h a t  82 percent  o f  t h e  p a r t i c -  
u l a t e  mass was i n  t h e  submicrometer 
range,  69 percent  with an aerodynamic 
diameter l e s s  than  0.3 pm. The s i z e  
d i s t r i b u t i o n  d id  not  depend on f i r e  
i n t e n s i t y  i n  t h e  range sampled, a s  
long as  flaming ex i s t ed .  Smoldering 
f u e l  beds seemed t o  produce a h igher  
percentage o f  submicrometer p a r t i c l e s ,  
b u t  t h i s  was not  demonstrated s t a t i s t i -  
c a l l y .  Samples co l l ec t ed  from a 
smoking f u e l  bed before  flaming s t a r t e d  
cons is ted  almost e n t i r e l y  of g i a n t ,  
s o l i d ,  angular  p a r t i c l e s .  

An Andersen sampler designed f o r  
descr ib ing  p a r t i c l e  s i z e  d i s t r i b u t i o n  

i n  ambient a i r  was found t o  be  s a t i s -  
f a c t o r y  but  imperfect  f o r  source sampling. 
However, t h e  sample i n l e t  el iminated 
some g i a n t  p a r t i c l e s  and enhanced agglom- 
e r a t  ion .  

In  experiments t o  determine emission 
f a c t o r s  from f o r e s t  f u e l s ,  i sok ine t  i c  
sampling is  probably no t  a c r i t i c a l  r e -  
quirement due t o  t h e  r a r i t y  o f  g i a n t  p a r t i -  
c l e s .  I s o k i n e t i c  sampling i s  gene ra l ly  
thought t o  be  important f o r  p a r t i c l e s  
l a r g e r  than 3-vm aerodynamic diameter. 

The research  repor ted  he re in  measured 
p a r t i c l e s  only a few f e e t  above t h e  
source.  Addit ional  sampling f a r t h e r  
downstream might show a d i f f e r e n t  d i s t r i -  
but ion  a s  hydrocarbons continued t o  con- 
dense, and p a r t i c l e s  agglomerated. A 
companion s tudy could be accomplished by 
a e r i a l  sampling downwind from f i e l d  burns, 
o r  wi th in  a  duct  system i n  t h e  labora tory .  

A mu l t i s t age  impactor seems t o  be  
a  good t o o l  f o r  desc r ib ing  an aerosol  
with t h e  wide range of  s i z e s  i n  s l a s h  
f i r e  smoke. However, a  sampler spec i f -  
i c a l l y  designed f o r  source sampling 
would be  b e t t e r .  A t  any r a t e ,  a  sepa- 
r a t e  sampler should be used t o  desc r ibe  
p a r t i c l e s  l a r g e r  than 20 pm. The 
sample l i n e  should be a s  s h o r t  and a s  
l a r g e  i n  diameter a s  p r a c t i c a l ,  t o  
reduce agglomeration. 

A dense emission of  smoke j u s t  
before flaming occurs i n  f o r e s t  f u e l s  
i s  common. Further  work with e l e c t r o n  
microscopy i s  requi red  t o  conf ident ly  
descr ibe  t h i s  ae roso l ,  which seems t o  
be unique. 
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