
~~~ 
Air Pollution Control Association~-:::,,,~acific Northwest International Section 

~.-:;;:"~ ~~' ~ 

EMISSION FACTORS FOR PARTIOJlA'IT MATTER 

BY PHASE OF caEUSTION 

FRC14 PRESCRIBED BURNI NG 

BY 

Col fn C. Hardy, Research Forester 

and 


Darold E. Ward, Research Forester 


USDA Forest Servfce 

Pacfffc Northwest Research Statfon 


Ffre and Afr Resource Management Research 


Presented at the 1986 Ar.nual Meetfng 

PNWIS-APCA Nov8llber 19-21, 1966 


Eugene, Oregon 


...... 
()"1 ...... 

,. 


EMISSION FN:TORS FOR PARTIaJl.ATE MATTER 

BY PHAS£ OF caeumOtl 


FFQ4 PRESCRIBED BURNING 


Col1n C. Hardy. Research Forester 

and 


Darold E. Ward. Research Forester 


USDA Forest Servfce 

Pacffic Northwest Research Statfon 


Ffre and Afr Resource Nana~nt Research 


M3STRACT 

Prescrfbed ffres are used on about 155.000 acres of land each )'ear fn the 
Pacfffc Northwest states of Oregon and Washfngton. Part1culate .atter ..fssfon 
factors can be altered by selectfng optf.al burnfng cond1tfons to f8prove 
cOlllbustfon efffcfency. Thfs pap9r reports on tile effects of ffre b4thavfor and 
fuel varfables on partfculate .atter ..fssfons. Dab presented are fro. 
prescrfbed broadcast ffres and fro. burnfng of tractor-pfled loggfng sluh fn 
Oregon and Washfngton. Data are also presented fro. three test ffres fn 
Calffornfa chaparral. E.fssfons .ere sa.pled usfng cable and tower systa.s to 
support samplfng devfces fn the convectfon colu.n of near full-sca'e prescrfbed 
ff res. Measurements, of emfssfon factors .ere by the carbon aass balance 
_thode 
~fssfon factors for total partfculate .attar (EfPM) are hfgher than for 

partfculate utter less than 2.5 _ Man cutpofnt df..ter (EFPM2.S). EFPM2.S 
values for loggfng slash pfles are a factor of 2 less than tile SaDe ..terfa' 
burned by a broadcast prescrfbed ffre. Values for EFPM and EFPM2.5 fro. 
broadcast prescrfbed burns of hardwood loggfng slash are s1.flar to those for 
loggfng slash fran confferous spectes. 

Work contfnues fn developfng .. fssfon factor data for prescrfbed ffres fn 
dffferent fuel types and burnfng condftfons, fncludfng chaparral fuels, brush 
spectes, .fxed conffer specfes, the effect of herbfcldes on ..f55fons 
product ton, pfled slash, and underburnfng in the long-needled pfne type• 



INTROOOCTIOH 

The use of prescribed fire in Oregon and Washington 15 often necessary to 
...t forest .anage.ent objectfves on logging unfts after harvesting. 
Prescrfbed ffre fs also an f~ortant tool in vegetatfve .anagenent. In the 
chaparral cQMaUnftfes of Calffomfa, prescribed ffre fs used to .aintafn 
specfes d1versfty and the vegetative IIOsafc necessary for ffre hazard 
reductfon. Prescrfbed burnfng fs known to be a s1gnfffcant source of a1r 
pollutant enfssfons. There is a contfnu1ng need to assess the ~agnftude of the 
probl. and to reduce the adverse effects of smoke frOll prescr1bed fires. 

In thfs paper we report new know ledge of partfcul ate .atter prexluctfon and 
the relat10n wfth fuel and ffre behavfor varfables. Research by the Fire and 
A1 r Resource Management project, Paciffc Northwest Research Statfon, USDA 
Forest Service, has advanced the knowledge of the characterfstfcs of ..1ss10ns 
from prescrfbed burning of loggfng resfdues. Descrfbed here are the results of 
a ffeld study that fnvolved saap11ng of partfculate and gaseous .iuions frOID 
30 test f1 res fn C.tl ifomfa, O regon~ and Washington. A IIIOre cOIIIplete prof1l1ng 
of the chen1cal character1stics of the particulate matter can be found in a 
companion paper (Ward 1986). 

BAO<G~UND 

Why E~iss10ns Research? 

Em1ssion reduction stategies are resulting fn meas urable fmprovements 1n 
regional a1r quality. and use of prescrf bed fire fn forest management remains 
an irreplaceable tool. Sandberg and others (1985) demonstrate a red uction in 
particulate .atter prO<luction fn. prescrfbed burning in Oregon and Washington 
of ne.t rly 30 percent. Thfs reductfon was ac~plfshed between an averaged 
basel ine perfexl 1976-79 and 1984 , even though the ntlllbe r of acres t reated 
aRnually inc reased ove r the s_ per tod . Figure 1 shows these trends for s lash 
burning activity in Oregon. ~is.i on-ch.ract.rfzatfon research, when linked 
wfth companion research on fuel variable. such as fuel .oisture and fuel 
consu.pt1on, has contributed signfffcant ly to ..1sston-reduction strategies and 
to the abllity to doc~nt and IIOnftor the il!lpact5 of prescrfbed burnfng on air 
quality. 

Figure 1.--Particulate 1_T T'1_ 
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Where is Ffre Used? 

Nearly 155,000 acres are treated with fire annuallJ fn Oregon and Washington 
(Sandberg and others 1985). About 35 percent of harvested unfts treated by 
fire 1n Washington and Oregon are preda.fnantly of the Douglas-f1r/ha.lock fuel 
type. Ponderosa pfne fuels east of the C.tscade Range are found on roughly 30 
percent; the r8l'la1n1ng 35 percent 15 dfvfded bebreen .fxed conifer (20 percent) 
and hardwood (15 percent) types. Burning fs used to tcCoap11sh .anagement 
objectives in other fuel types as well, fncluding chap.trral .anage.ent, range 
fmproyement, wildlife-habitat improvement, burning of fields for seed-bed 
preparation, and disposal of logging debris pfles. 

Particulate Matter Research 

Numerous research efforts have descrfbed the fonaation, prO<luction, and 
characteristfcs of partfculate natter fro. prescribed burning. Pollutant 
.issfons are typically descrfbed in tenas of ..issfon factors; that is, the 
IIlSS of 8IIIission prexluced per IlaSS of fuel consu.ed. 

Particulate .atter (PM) is defined to be uterial of ash, tar, and carbon 
suspended fn the air--regardless of particle size. The ffne puticle fraction 
(PM2.5) is particulate ~atter wfth partfcle dfa.eter of less than 2.5 
Bfcr~ters Cum). 

Emission factors have been derived fro- s-all-scale laboratory tests, 
ccabustion hood experiments, a1 rbome supl ing, and fro. ground-based saap11ng 
of nearly full-scale slash burns. In the first field seap11ng of ..fssions 
Ward (1983) described an ..issfon-rate .adel for backing and headfng fires fn 
the Palll8tto-Gall berry fuel t ype where the .iufon factor for PM was a 
functfon of f1 re intensity. That resea rch led to a s ..pling syst. des ign for 
..asuring _fssfons frOll West Coast prescrfbed fi res, whe re PM .. is5ion factors 
of 12 and 27 g/kg were reported for flaafng and aoldering cc.bustfon~ 
respectively (Ward and others 1982). o.ulled air1>orne Muureents of 
8IIissions from prescrfbed fi res in 1982 are reported by Radke and others 
(1985): results include ..ission factors for particulate .attar in several size 
classes. They report emission factors of 12.2 ~.6 gJkg for PM and 4.1 ±1.5 
g/kg for particles <2 UIII dfUl8ter. These values are in general ag~t with 
.are recent ground-based "issions-characterfzatfon research by Ward and Hardy 
(1984) fn the Douglas-ffr/hemlock fuel type. 

The emissfon factor data (Ward and Hardy 1964) was coupled with fuel 
consulllption algorithms (Sandberg and Ottmar 1983, Ot1:JNr and others 1985) to 
produce an fnventory of emissions by region within Oregon and Washington 
(Sandberg and others 1985). The results showed a decrease in the total 
..ission5 produced from burnfng for forest .anagement durfng the perfod 
1979-64. Fuel type-specific emission factor data frQD the present research 
will be used in the emfssions inventory system to calculate total emiss10ns 
productfon from indfvidual burnfng projects. 
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THE PRESENT RESEAR01 

ObJectfve 

The objectfve of the present research was to relate productfon of partfculate 
matter f~ prescrfbed burnfng to fuel and ffre varfab1es. Partfcu1ate matter 
.fufon factol"S descrfbe the .uses of PM and PM2.S produced per aus of fuel 
coos~ for each of fhe fuel types and two cOilbustfon phases. Three I14.Jor 
varfab1es were evaluated: 

1. 	Fuel typelarr&ngeaen~ (the preda.fnant specfes, ff 

broadcast burned; arrangaaent r.fel"S to tractor-pfled 

slash of .fxed specfes). Ffgure 2 f11ustrates the 

dfstrfbutfon of fuel types studfed. 


2. 	Fuel characterfstfcs (fuel loading and relative abundance 

of live vegetatfon). 


3. 	Ffre behavfor (phase of ca.bustfon). 

Ffgure 2.--Eaissfons 
characterfzatfon has 
been completed on 30 
tests fn five fuel 
types. 

HARDWOOD 

. 4~P1NE 
11 CHAPAAAAl 3 

nR / HEK.OCK 4_ 

PILED SlASH 

Number of Units By Fueltype 
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Calculatfng Emfssfon Factors 

The desfgn of thfs research requfred .easurfng the concentratfons of 
partfculate !latter by two sfze classes (PM and PM2.S), and of the 
carbon-bearfng specfes of gases produced f~ the cc.bust1on of the forest 
fuels~arbon dfoxfde (CO2). carbon -.onoxfde (a», .ethane (Qi4l. and 
non-tnethane hydrocarbons (tHiC). When the concentrat10ns of the partfculate 
utter and of these carbonaceous gases are .euured, the carbon contafned fn a 
unft volume of afr can be derfved and then converted to the equivalent .ass of 
fuel consl8l8d to produce the COIIbustfon pr'Oduc:ts. Thfs ch.1~l accountfng 
..thod. known as carbon-tlk\ss balance, provfdes all the 1nforwatfon necessary to 
detenafne .fssfon factors (EF) for each _asured COIIbustfoo product-fn thfs 
case. PM and PM2.S. The valfdfty of this applfcatfon of the car1>on-tlass 
balance ..thod requf res that (1) the carbon fn the fuel be released fn a 
on~to-one ratfo to the total uount of carbon contafned fn forest fuelsi (2) 
the carbon content of forest fuels be known (approxfutely SO percent by 
wefght); and. (3) the emfssfons be well-.fxed fn the s.-plfng envfronMent. 

It follows. then. that the !laSS of fuel cons~ (Wv) to produce the 
combustion products contafned fn a unft volu.e of gas can be calculated usfng 
the following equatfon: 

Wvz(E Cnl/Ri 
where. 

Wv= fuel cons~d, 1Ig/1I3; 
Cn- carbon fractfon of the _15sfoo, 1Ig/1I3; 
n • CO2. CO. ~. Qi4, PM; and 
R c carbon fraction of fuel (0.497). 

An emfssfon factor f5 calculated for a single pofnt wfthfn a serfes by 
dfvfdfng the 11455 concentratfoo of the .fssfon (PM or PM2.S) by the total MSS 
of the fuel cons~d to produce the ..fssfon at that ..asureMnt pofnt, as 
follows: 

efn- en/Wvi 
where. 

efn- emissfon factor at a s.-pl. po1nt for ..fssfon n. glkgi 
en - concentratfon of the .fssfon n, g1l13i and 
Wv • fuel consuned, kglM3. 
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Sup11ng Ii4ethodology 

W. used a un1que s&IIP11ng syst. that lle&Sured .fss10ns fro. nearly 
full-scal., operat1onal p~r1bed f1re••1thout d1sturbfng the fuel ca.plex. 
Th. sa.. s~l 1ng t«:hn1que was used on a'l 30 un1ts shown fn f1gur. 2. The 
only dev1at1on ... the way the supl. 1nstruMnts were suspended above the 
var10us fu.l types, ...n 1 b. descr1bed. 

F1v. sHlpl. pACkages .. ,.. suspended above the burn s1te on a st.., tower and 
cabl. apparatus. For the broadcast burns 1n clearcut logg1ng un1u-wh1ch 
1ncluded the fuel type•• ,th Douglas-ffr/h.lock, ha r"dwood , and ponderosa 
p1ne-the s-.pl. pKkages ..... suspended fro. a lIOVabl. cabl. syst_ stl"\lng 
between two steel tow.rs (ffgu", 3a). To pos1t1on the sa.apl. package. at the 
appropr1ate he1ght an<t pos1t10n .,th1n the goke plu.. ov.r the fire the 
hor1ZOf'1tal suspens10n cabl. cCMIld be lowered or ra1s.d (u h1gh as 80 feet), 
and cCMlld also be lIO"Ied forwar"d or backward. 

F1gu ... 3a.-A st..l 
tower and lIO"Iabl. 
cab1. syst. supports 
sa.pl. 1nstru.ents 
ov.r broadcast bums 
1n cl.arcut un1ts. 

6 

For supl fng .fssfons frc. tractor-pfled slash, the packages were sLispende<l 
fro. a 30 foot long, horfzontal bOCll at'tllChed to a carriage that was 
systeutfcally trav.rsed through the RIOk. pl ... betwen the two st..l towers 
(ffgure 3b). The three chaparral unfts ••re on t.rrafn that .as too adverse 
for the IIOvabl. cable sysu.s. InstNd, the packages were suspended above the 
ffres on a crane-l1ke tower (f1gur. 3c). 

F1gure 3b.--The h1gher 
1ntens1ty plu.es f~ 
tractor-p11.d slash 
..... supled by 
travers1ng the 
1nstru.ents .'th a 
boo. suspended on 
lIOVable cables. 

F1gure 3c.-The 
chaparral tests 
requ1red a crane-l1ke 
tow.r syst_ for 
pos1t1on1ng the 
1nstru.ents 1n the 
.15510n pl UIII8. 
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Each s~le package was connected to • vacuu. hose .nd electr1c.l u~111cal, 
.nd grab .a.pl.s of PM, PN2.5, .nd g.ses were collected concurrently with real 
t1__uu~ts of u.per.tur-e, ....rt1~l velocity, -CO, and CO2. PM UIIples 
were collected .t 5-7 lp. on 47__ glass fiber filters. Tn. PM2.5 
s1z....segreg.ted • ...,1" wer-e collected using cyclon....f1tted 37__ fllter 
cassettes, HllP1ed .t 2 lpll. For discrete saapl1ng of each c~ust1on phase 
(fl_1ng and .older1ng), the uaple pack.ges were per1od1c.lly r..aved fro. 
the s.-ple env1ro..-nt to exchange fllters. 

V.r1.bles 

Thr.. variables were ev.lu.ted for their effects on EFPM .nd EFPM2.5. A 
description of each of these variables and. discussion of he- each w.s 
ev.luated follows: 

fuel type .nd .rran~nt.-Fuel type refers to the pred~1nant 
species of residue (slash) to be tre.ted. A series of study units was 
selected in each of three br-oadeast fuel types~ouglu-f1r/h_lock, 
h.rdwood, and ponderosa pine. a..parr.l units were in southern 
Cal1forn1 •• Fuel arran~t refers to br-oadcast versus tr.ctor-plled 
debris. All plles wer-e cc.posed of .heed species. We will here.fter 
refer to the five respective fuel types .nd .rrange.-nts as follows: 
f1r/~lock, h.rdwood, pine, ch.parral, .nd piled slash. 

fuel cMracterist1cs.-These .re described by loading haass of fuel, 
...sured by s1z. cl.ss), fuel 801sture, and the .bundance of live 
herbaceous vegetation. In previous work, units were selected for both 
fuel loading and fuel lI01sture to achieve. wide r.nge of cOllbust1on 
env1roMeftts (W.rd .nd Hardy 1986). The r.te of heat release was a 
~1nant var1abl. when _1ss1on factors were correl.ted to the 
cc:.bust1on env1ro ...ntJ both fuel 10.d1ng .nd fuel 801rture .ffect the 
r.te of he.t ,..lea.se. Units for this study were selected to aCh1ev. a 
range of foel loadings and a range of fuel 801stures th.t wer-e s1.11 ar 
to prev1ou. wortc. The an.lys1s of the affect of these variables on 
_1ss1on factors 15 not co.plete, but the role th.t fuel 
c:tIaracter1st1cs AY play in .ubsequent .n.lyses 11 1l1Portant to 
understand. fuel loadings were ..asured, by .1ze clus, using the 
plan.r intersect technique (Brown 1974). The ASS of live herbac.ous 
vegetation was _uured on sever.l units to obt.1n • bas.l1ne .cale. 
The ,....1n1ng units we,.. est1..ted .g.1nst the b.sel1ne units f~ 
• uppl-.ntal stereo photogr.ph. taken of all the units. All units 
we,.. then given. rel.t1ve r.t1ngJ the unit with the gre.test INSI of 
live vegetation was r.ted as 1.00. 

COIIIbust1on ph....- The data we,.. .tr.t1f1ed by phase of combustion: 
fl_1ng ph..e, the active .tage of cOllbust1on where rad1.t1on .nd 
convection d~1n.teJ .nd uolder1ng phase, where glowing cOlDbust1on 
tak.s place and conduct1on ~1n.tes. Discrete gr.b slllpl.s and 
subsequent c.rbon--.a.ss balance calculations wer-e obtained over t1_ 
for e.ch cOllbust1on ph•••• 

~ 
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Weighting of c.1ss1on Factors 

Bec.use the sa.pl. p.ck.ges extended in • line across the test fir., the 
concentr.t1ons of ..asured _1ss10ns were higher .t sc.e SlllPl. points than .t 
others for the SIM test .nd c~ust1on ph.... We ...-.d that the napl. 
points with the highest conc.ntr.t1ons of _15s1ons .lso represented regions of 
the burn area with the highest rate of fuel con • .-pt1on. Therefor., to 
c.lculate .n .voerage _1ss1on factor. weighting procedu,.. wu used whereby the 
_1ss10n factor ..asur.ed .t • given sa.ple point was we1gtlted by the total 
c.rbon ..uure<! .t that suple point. The products for the fh. s8l)1e PQ1nts 
were s~ .nd then divided by the toul c.rbon .-pled fro. .11 five suple 
points, according to the folle-1ng equationl 

EFn - ( i .fn1 C1) Ii C1 J 
1-1 1-1 

where, 
EFn - w.1ghted ..1ss10n factor for ..1ss1on nJ 
efn1- .1ss1on factor for n at pack.ge 1 J 

n - PM or PN2.5J 
C1- .ass of carbon ..asured .t package 1 J .nd 
j - nu.ber of packages (in this cue, 5). 

This procedure was used to c.lcul.te ..1ls10n factors for each combustion 
phase for each test. The weighted _15510n factors for .ach CQIII)ust1on phase 
were then averaged <.5 s1.ple ..ans) for .11 units within each fuel type. 

EMISSION FICTOR RESUlTS 

Combustion Phase Dur.t1on 

The average dur.t1on for the fl ..1ng phase .-ple in the pine, h.~, .nd 
f1r/h.lock tests was 15 :t3 .1nutes. Fl_ing ph... dur.t1on for each of the 
four plled slash tests w.. con.1derably longer-fro. 20 .1nvtes to as long as 
53 .1nutes. In the ch.parr.l tests the ..oke plu.e w•• p~1n.ntly fraa 
flu1ng calbust10n lasting the ent1'" test-as long .. 60 .1nvtes. 

The dur.t1on of the SIIOl der1ng co.bust1on procesl ranged fro. 1 hour to as 
long as 4-112 hours. Typ1c.lly, two to four sets of grab • ...,le fl1ters and 
b.gs were requ1 red to suple for the extended ..01 der1ng period• 

All emission factors were tabulated by ca.bust1on phase and .re presented in 
Tables I and II. 

http:c.lcul.te
http:c.rbon--.a.ss
http:photogr.ph


9 

Table I.--S~ry of aafssfon factors for the five fuel types, 
expressed fn grlaS of partfculate per kf1ogra. of fuel cons~ 
for each co-bustfon phase. The coefffcfent of varfat10n (CY) fs 
given as percent. 

FUEl eoteJSTION PM PM2.5 
TYPE PHASE EFPM CV EfPM2.5 CY 

Douglu-ffrl Flue 12.3 ±6.6 55 7.~ ±S.O 70 
.lock s.old.r 17.9 ±6.0 ~ 13.0 :t2.~ 19 

Hardwood Flue 13.5 ±.8.5 65 7.3 ±4.~ 63 
s.older 26.7 ±.18.3 71 15.9 :t9.3 60 

Ponderosa- Flue 9.2 ;to.8 9 5.9 1:.1.3 2~ 
pfne s.older 2~.9 ±.S.7 38 16.0 1:7.0 ~7 

Tractor- Flue 6.9 .t~.1 6-4 ~.6 %,2.5 58 
pfled .lash s.older 15 .1 .t6.1 ~3 6.5 .tl.8 30 

Chaparral Ff re 1~.9 .t6.0 ~3 7.2 .tl.0 15 

Table II.--The dffference between EFPM and EfPM2.5 fs 
expressed by reportfng EFPM2.5 values as percentage of EFPM. 

COMBUSTION EFPM2.5 
FUEl TYPE PHASE J OF PM 

Dougl u-ff rl Flue 56 
.lock s.,lder 81 

tt.rdwood Flue 59 
s.old.r 62 

Ponderosa Flue 6-4 
pfne s.older 63 

Tractor-pf1ed Fl ... 71 
slash SIIol der 49 

Chaparral Ffre 55 

....... 

0"1 
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PM Emfss10n Factors 

Em1ssfon factors for ~ durfng the fl,,'n9 phase ranged froa 6.8 g/kg for 
pfled slash to 13.5 g/kg for the hardwood tests. Although the EFPM dffferences 
between fndivfdual fuel types (and arr&rl~) were not found to be 
.fgnf ffcant at the 95J level of conffdence, diu f~ additional observations 
aay contrfbute to the sfgnfffcance of the d1ffer.nces, partfcularly for 
cc.parfsons to the pine fuel type, where only three observat1ons .. re aade. 

The relatfve dffferences are pr esented here a1\4 are 111llstrated fn f1gyre 
.... SaIolder1ng phase EFPM ranged froll 15.1 glkg for pf1ed slash to 26.6 glkg 
for the hardwood un1ts. Note that tne lowest and hfghest val,," for both 
PMses were fn. pf1ed slash &rid hardwoods, respectfvely. For b~dcut bums, 
the fl ..fng phase EfPM was lower 1n ponderou p1ne logg1ng .lash east of the 
Cascade Range than 1n the oth.r broadcut-bumed fuel types-2S percent lower 
than fn ff r/t.e.lock and 32 percent lower than 1n hardwoods. The overall EfPM 
for the chaparral tests (14.9 glkg) cc.pares well w1th fl.fng EFPM for 
ffr/ha.lock and hardwoods. 

Ffgure ~a.--Eafssfon factors for PM can be cc.pared by fuel type for each 
combustfon phase. 30 , LCOCNO."......,"'" 
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Varfab11fty 1n EFPM2.S 

Fuel arran~nt.-The l18an .fu10n factors for both PM and PM2.S were 
s1gnff1cantly d1fferent (at the 9S per-cent 1 .....1 of conf1dence) betwen the 
pooled broadcast-burned unfts (f1r/healock, hardwood, p1ne) and p11ed slash 
burns. PM2.S emiss10n factors for both phases were lowest 1n the tests on 
tractor-pfled slash, wfth the f1,,'ng EFPM2.S of 4.6 glkg «nd a s.olderfng 
EFPM2.S of 6.5 g/kg (these relatfons are shown 1n f1gure 4b). 
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F1gure 4b.--E.1ss1on factors for PMl.S can be compared by fuel type for 
each cc.bust10n phase. 30 ~,______________--, 
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F\JE1.. TYPES 

Fuel type.-A non-s1gn1f1cant d1fference (less than 2 percent) 1n n ..1ng phase 
EFPM2.5 was found between the f1 r/hMl ock (7.4 glkg) and hardwood (7.3 glkg) 
fuel types. In the ponderosa p1ne tests. EFPM2.S for the flUl1ng phase was S.9 
glkg. lower then both Doug1as-f1r/~lock and hardwood by 20 and 18 percent. 
respect1vely. The saolder1ng phase EFPM2.5 for the p1ne fuel type was s1.11ar 
to the other two broadcast-bum fuel types (less than 1 percent h19her than the 
hardwood values). For the chaparral type. the overall average EF?M2.S 
(7.2 glkg) 11 w1th1n 3 percent of the fl ..1ng EFPM2.S for f1r/h.lock and 
ha rdwood types. 

Calbust10n Phase 

EFPM.-The ,..1at1ve d1fference between fl ..1ng and SIIOlder1ng .15110n factors 
ranged f~ ponderosa p1ne. where the EFPM was 63 percent higher for the 
uolder1ng phase versus the fl ..1ng phase. to 31 percent 1n f1r/h.lock. The 
respective difference in hardwoods was 49 f)4IrcentJ in tractor-pl1ed slash the 
d1fference was 55 percent. None of the differences between PM 81115510n factors 
for fl.1ng and ..,lder1ng was s1gn1f1cant at the 95 percent level of 
c:onf1dence. 

EFPM2.5.--D1fferences between ..1ss1on f.c:tors for PM2.5 were relatively 
.1.11ar to those for PM. For tracto....pl1ed .lash. however. YOlder1ng EFPM2.S 
..5 only 29 percent h1gher than the fl ..1ng phase EFPM2.5. All the d1fferences 
between fl.1ng. and ~lder1ng _fss1on t.ctor. for PM2.5 were found to be 
s1gn1f1cant at the 95 percent level of confidence (except 1n the ponderosa pine 
tests. where no s1gn1f1cant d1fference w.. found). 
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Co.par1son of EFPf4 and EFPf42.S 

Because PM2.S 1s clearly A fract10n of the PM...1ss10n factors for PM2.S 
we,.. cons1stently less than those for PM. The d1fference 1s ~ressed by 
"'port1ng EFPM2.5 values AS a percentAge of EFPM. as shown 1" Table II. 
Referring to f1gure 5 is helpful when the ,..lat1ve d1fferences for each fuel 
type. by phase. are compa red. 

Calbust10n pha.se.-The dHferences .e,.. h1gher for n.1ng-phue ..15510n 
factors than for the YOlder1ng phase values (except 1n the tests on 
tracto....pl1ed slash). For axulple. fl.1ng-phase EfPM2.5 for fir/tlealock was 
only 56 percent of EFPM. but the seolder1ng EFPM2.S was .uch closer (81 
percent) to EFPM. The contrast between fl ..1ng and ..,lder1ng d1fferences was 
.uch less d1st1nct 1n the other fuels. 

Fuel type and arrange.ent.--D1ffe~e VAlues for the fla.1ng phase 1n 
Douglas-fir/h.lock (56 percent) and hardwood (59 f)4Ircent) are s1.11ar to the 
overall fire value for chaparral (55 percent). In the ponderosa p1ne type. 
very 11ttle contrast 15 seen between phases. In tracto....pl1ed slash. the 
relat10n 1s 1nverse to the other fuel types. 

Figure S.--EFPM2.5 values here a,.. calculated as percentage of EFPfoI 
and are shown for each fuel type by phase of ~ust10n. 
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Effects of L1ve Vegetation P'UO.. ~£s 

Ea1ss10n factors for fl ..1ng phase PM2.5 are plotted in figure 6 for seven 
tests in the hardwood fuel type. The dependent variable. lfve vegetat10n. is a 
relat1ve rating: the un1t with the greatest abundance of live vegetation (EAA) 
was rated as 1.00. The preburn MIS of live v~t1on on EM was 1264.4 
kg/ha. These data offer 1nconclu51ve results on the effects of live vegetation 
on flUl1ng EFPM2.5 1n the hardwood fuel type. 
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Ffgure 6.--E~fssfon factors for f1amfng phase EF~.5 are plotted 
against the re1atfve abundance of lfve vegetatfon for seven hardwood 
unfts. 
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Further analysfs of real tfDe data (fnc1udfng ta.perature and vertfcal flux 
.easurements) wf11 provfde fnsfght to the dfffe~s between E~ and 
EFPM2.5. Ponderosa pine, for instance, exh1b1ts difference values that are 
nearly the sam. for both phases. The presence or lack of duff .aterfal and the 
degree of consumption of duff fn each phase aay contrfbute to the sf.f1arity 
between phases. Combustfon pnocesses fn pf1ed sla~h are ~h d1fferent than in 
b~dcast burns. The arrangement and .ixfng of fuels fn tractor-piled slash 
encoorages IlUch IIOre evenly sustaine<l and coap1ete CQIIbustfon. with a ftJch 
less-defined transftion f~ f1 ..fng to the later s.olderfng ca.oustion • 
Durfng s.oldering combustion, tractor-pf1ed slash tends to collapse into the 
core of the fuel be<l, entrafning ash and gfant partfc1es through aechan1cal 
dfsturbances. 

Research underway is desfgned to _uure the dffference in .f55fons 
productfon for tractor-piled slaSh versus landfng piles built .fth loaders or 
cranes versus broadcast burns. Clearly, the fuel coapos1tfon of piles 15 
significantly different than the co.pos1tfon of clearcut unfts. E.fssfons fro. 
the burnfng of loggfng resfdues piled by crane on landfngs are expected to 
dfffer from efther broadcast burns or tractor-pf1ed sl lsh burnfng. 

Data presented here on the effects of lfve vegetatfon on EFPM2.S (ffgure 6) 
do not support the authors' prevfous observatfons that EFPM values fncrease as 
1tve fuel fncreases (Ward and Hardy 19M). The prevfous observatfons fnc1 uded 
data speciffc to Douglas-ff r/h.1ock tests fn 1982 and 1983. Data fro. the 
present study are speciffcally fro. hardwood unfts, and the scatter of data 15 
fafr1y evenly dfstrfbut.ed for both the dependent (fl.fng EFPM2.S) and 
fndependent (lfve vegetatfon) varfab1es. The inter.ct.fon of 1fve vegetatfon 
and ff re fntensfty for hardw~ unfts aay hage obscured the expected sf.flarfty 
to results observed for Oouglas-ff r/~lock unfts. 

,.,1 though the nUliber of observatfons fn the Doug1u-ff r/h.1ock and hardw~ 
fuel types hu been adequate to de.onstrate no sfgnfffcant dffferences fn 
.fssfon factors between the two fuel types, we belteve tbat real dffferences 
can be d8llOnstrat.d between these fuel types and the ponderosa pfne fuel type 
east of the Cascade Range. Data reported here for EFPM and EfPM2.S fn. 
ponderosa pfne unfts fnc1uded only three tests. The statfstfc:a1 sfgnf ffcance 
of dffferences between pfne and other types <:Mnot. be deter.fMd .fthcxJt 
further dau. Research hu not been done fn several other kfnds of burnfng 
fnc1udfng underburns, ffe1d burnfng, range-fllpl"OY_nt burns, and bro.dc&st 
burnfng of uncured slaSh. 

E.fssfon factors for the gaseous ..fssfons, co.bustfon efffc:fency, and ffre 
fntensfty can be calculated and .f11 be present.d 1n a subsequent report after 
the real tfne ~asura.ents have been fully evaluated. The addftfona1 
fnfo~tfon fs expected to resolve sa-e of the varfances observed for 
partfcu1ate matter productfon as functfons of the variables dfsc:ussed fn thfs 
paper. 
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After the Inalyses of real tf.a data are completed, values will be avaflable 
for the rate of fuel consu.ptfon and for the rate of heat release. These data 
are crftfca1 to a conplete ana1ysfs of the re1atfons between emfssfon factors 
and ffre behavfor. 

The analysfs of dfffe~es between EFPM and EFPM2.S cannot. be co.p1eted 
wfthout real t1.. data. We have, however, prevfous1y reported difference 
values fro. 12 tests fn the Doug1as-ffr/~lock fuel type (Ward and Hardy 
1~). In that report, .e ~strated a sfgnfffcant. posftfve re1atfon 
between the percentage of dffference «EFPM-EFPM2.S)/EFPM2.S) and ffrelfne 
fntensfty (the rate of energy release). Thfs re1atfon, plotted fn ffgure 7 for 
the 12 tests. fs partfa11y exp1afned by the entrafnment of larger sfzed 
particles fn the hfghly buoyant p1u.. of the fl ..fng phase. 

Figure 7.-The percentage of dffference between EFPM and EFPM2.S 
has been shown fn prevfous research to fncrease proportfonally to 
the rate of energy release. 
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CONClUSIONS 

We showed that .fufon factors for partfculate utter are affected by the 
two dfstfnct ca.bustfon phases. EFPM values for fl ..fng coebustfon fn 
Dougl as-ff r/"-lock. hardwood. ponderoM pf ne. tractor-p11ed sl ash. and 
chaparral were 12.3 glkg. 13.5 ~kg. 9.2 glkg. 6.8 g/kg. and 1 •• 9 g/leg. 
respectively. EFPM2.s values w.re consfstently lower than EfPM values. 
although thfs dfff.renc. wu saaller for the AOlderfng phase than for the 
flufng phue. 

No sfgnfffcant dfff.renc. can b. described for efther PM or PM2.S .fssfon 
factors between Douglu-ffr/"-lock and hardwood fuel types. For the n.fng 
phase, .fufon factors f~ ponderosa pfne tests are consfderably lower than 
respectiv. val u.s fn .fther Ooc.iglas-ff r/~l ock or hardwoods. As expected, the 
lowest .fssfOft factors for efther phase for both PM and PM2.5 wer...uured fn 
tractor-pfled slash burns-fl ..fng EFPM and EF'PM2.S were 6.8 g/kg and ••6 klkg, 
respectfvely. E..fufon f.ctors .ere ..asured for chaparral burns of 15.0 g/kg 
and 7.2 g/kg for PM and PM2.S, respectfvely. These values are sf.flar to those 
...sured for the fl.fng phase of other fu.l types. 

1986. In: Proceedings; 1986 annual meeting 
of the Pacific Northwest International 
Section, Air Pollution Control Association; 
1986 November 19-21; Eugene, OR. (Pittsburg: 
Air Pollution Control Association). 
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