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Gomparison of Fuel Consumption Between High Intensity and
Moderate Intensity Fires in Logging Slash

Abstract

h igh ]n tens i t r1 i r r :s . t I igh in te l . . i t r f re .cou] t1beu:e

lntroduction
'lhousands 

of rcles in the Pacilic \.nthrrest are
brLrned each rear as an inLegral part oi lorest rnan-
agernent. Slash Lurnirrg is Lrseri  to preparc hancslctJ
sitcs lbr planting nnd to recluce lilcliire hu:rrd-s.

Air qualitr is directlv irnpacted bv -inolie tr(rnl
slash f ires. As a rcsul l .  scrcral sludics havc bccn
undeltaken h predir ' l  the consurnlrt ion of fuels dur--
ing s1ruh bulning. Emissions that are leleasecl into
thc air cluring slash burning can be controlled bv
. r r d ' r - t : r ' " l , r r 5  . r ' ' , 1 ' r r " r r i 1 , ' . l . r t  n g  i r r - 1 , ' , n . ' r r n p t i u n .

Certain ignit ion techni( lues are shor|n lcr
clccrcasc fucl consumption (National \t iltliire Coor
cl inating Croup 1985) and lo irnpfove air qual i tv
bv decrea-. ing erni-"sions. In a t9tt . l  f i lot - . lucl).
the Fire arrcl Air Resource N'[anagemcnt Projcct.
l)acif ic \olthlest Research Station. L SDA Forest
Service. me,rsuled i i rel tonsurnption in rapidLl ig-
dited. high intensiLv f ircs. R('sults frorn lhc pi lol
studv inrlicatecl that high intensitv lires consumed
less fuel than cl id lolcl  intcnsitr f i rcs. r ' i th thc ma-
joritl ol c-on-rurnption taking place during the llam-
| | r g  phasc .

The purposc ol this papr:r rras to fur-thcl in-
vestigate fuel consumption c[Lling high intensitl
f i res. The objectire \ \as to . lelernrine i f  high f ire

t ,  n - i l i ,  -  - i " r i f , . r n t  r  r " d r r ce  t u .  . ^  - , r ' n l ' t i ^ I  J -
,  n ' r r 1 ' r r - , 1  t , ,  r r , " l - r r r t '  ' l  '  i ' r r . ' r - i r i F - .

A nrorll las clcvclopccl to drtcrmine if dilfer
ences in the thenn: eDvirulnent c(ruld explRin dil-
felerrces in fuel consumption bctrrccn high and
nrodcl-atc inlcnsitv f i  rcs.

Literature Review and Background

Thc majori t l  of shsh burns in thc Northlest ale
ignited r i th hand-held torc,hcs. using str ip hracJ-
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iires. This ignit ion techiclue inr 'ohes ignit ing one
Io scvcral arJjaccnl st l ips of fucl l r t  onc t ime. As
the i i re spreads. these str ips burn together in the
flarning stage rrhich is charar:Lerized bv the mor.c-
rrrerrt  of r isible f larnr through the ftrcl .  As thc f lam-
ing i iont passes :urd the i i re "dies-dorn." enter-
irrg thr srnolclering,ctage (Nalional Si i l t l f i rc Coor-
J i r ' a l i r r 3  (  r ,  . r p  l q R 5 r .  r l r -  r - \ r  - . r i  '  ' - - i \ -  . t r i t ' s
alc ignitcd. Thc proccss is slor ' .  and onlv small
Rrea-c of the unit are in the llarning stage at r)ne
l ime. Fire intensit ies (heat release per area pcr
t jmc) r: lngc frorn lol to moderate. dependinpi on
the ignit ion rate. This faper refers to such burns
as rroclcr-atc inlcnsi lv f i rcs.

High intensitr iires difier'liom rnoderate inten-
siLv f irrs irr  se\eral \ravs. lhc rrosl obvious bcing
the method of ignition. A unit must be mass-ignited
to achiere a high inlensit \  f i re (CoLrnLrvrrrarr 1964).
\ ' l lss ignit ion can be aclonpl isheri bv hantl l ighting
or bv helitorch: the iE(nited strips interact quicklv.
and Lhe errLire unit  is sinul lancoush in f lamcs. lhe
resr t is longer llalne length-s. thich resrLlt irr liolent
f i r '  1 , ,  1 . r \ i , , r .  f i n  r ' l r i l l . .  . r n , l  h i g l r  i r r t o n . i t i e - .
B ' " r ' . '  . l n ,  I  Da r  i -  t  I  o ,  . 1 t  , l  - ,  u - -  l l r "  i n t e r r - i t i e -  i n
Lefrr ls of 'st i l i f -slep or a discontinuous-Lvpd'scalc.
Thcl suggcst this discontinuous scalc occurs be-
cause i ire intensitv increases lathel abrupth from
onc lcrcl to anolhcr- lcrcl of considcrabh higher
intensitv. Aho\e Lhis abfLrpL step is the region of
high intensitv lires. oiien acconpanied b,v large
, ^ r , \ , ,  r i , r , , . ' l ' . r r , r r - ' B r " r r r  l u i ; r  T l , i -  I ' J t , F f  r , -
fcrs to such burns as high irltensitl llres.

\ l u - t  u f  t h ,  1 , r  " r  J r - \ - l , r r n  , , 1 - , i m l ' t i o n
studics ha1'c investigated woocll iuei and dulI (con-

sisLing ol the fermenli t l ion and humus lavcr-s) con-
surnption iiom nloderate inten-sitv fire-s. ['oocll fuel
consumption studics havc bccn completed in ldaho.



NIontana. arrcl Ontal io (Norurn 1977. fr lcl lac
1980. Brorln et al.  1985. l lc inhart l t  et ol.  19891.
Duff consumption -rtudies hare been unrlcrtakcn
in cl j f fcrcnt gcographic locations and l irest tvpes
(\ ian \\ 'ngner 1972. , \hcrrcr 1975, \orunr 197i.
Sandhelg l9f i0. Bronn er al.  l9B5)

' l 'he 
! i rc and Air Rcsource Nlirragement Pfoj-

ecL. Pacif ic \orthr\,est Research Stadon. has con-
J . r ,  t ed  -e re r . r l  " oo , l '  I ' r "  u , J  J ' . t i  " , ' n - ' , ' , , t ' r : , ' r '

studies lbr logging slash using modelatc intcnsi lr '
f i r-c in $r:slcrn Oregon and $eslern Srlshi]r€iton
(Sandberg and (Jttnrar 1983. Ottmar 198,tr,  and
Ollnlar et al.  191]5). The-se studies provicle a
ba-sei ine aElainst lhich thc fucl consrlrnption dal i l
for this stucl l  ol  high intensitr i i les rdl l  be com

larecl. Data collected in the l irc ancl Ail Rcsource
1\lanagenent Project -stLrdies Nele the most rele-
vant to thc arca and condil ions under rrhit 'h the
high intensit l  l i res $rrc studicd. l 'o simpli fv the
compar-isr;n between rnodelate intensitv l l res and
high intensit l  f i rcs. lhc sanrc variable-" rele
mclsurerl  and the sarne rrethodohgv las used.

.-Sandberg and Ottmar (1983) founcl that Lhe
b ,  - t  p r , , l i ,  t " r  " f l r l g - .  " , , , , , 1 '  f r r - l '  , , ' n - u r n l ' t i o r r .

neasured bv diameter rcduction, is lhe intrrnal
moistule of large lop1-c. In atternptinpi to preclict fucl
consurnption Lv cornbustion stages (f laming and
srnoldeling). Ottmar lI9B,1) did a prcliminan sturir
ofrr 'ooch fucl thrt foruscd on pfed;ct ing ()nstrrnp-

l ion dLrr ing the l larning st:rge. \Vart l  (1983) had
eadl ibuncl that cmission fac tols differ fcrr flarn-

ing combustion and smolcle ng combllst ion.

Ottrnar'  (198lJ spe.Lrlales that consumption oi
-mr l l  t L '  .  , '  '  r r .  nu - t l ,  , l r r r i ns  r l , .  f l : r n i r !  - r ag ' :

and ihat dianletel reduction of largc. rrooclr l i rcls
cluring thc f luming stagc is dependent on lhe
amount ol small  luels consumed. Ottmar suggcsts
that the rat io of f laning vcr-sus srnolr ier ing t 'on-
surnption i i laming proport ionl for largc logs is
, 1 , p - n , J ' n t  u r  t l ' -  l t ) t ) - l r , ' r r r /  i . - l  , " r r - . r n r p t i " n .

Consunrption of duif  ras fcrund Lo be affected
bv the btrrning of loodv i i rel-".  depending on duff
moistulc (Ottmar et eL. l9B5l. Tto dif felent
lnoistufe condil ions \\ere l ;und to desfl ibe hr. '
duil consumption conclitions. Duff rcrluction for l et
clLrff  ( less than 25 davs sirrce 1.3 cm oi rain) is
dcpcnclcnt on lhe total heat load sLrlrpl iecl bv the

combuslion of large wood,v luels. DulT recluct ion
for rnoist duif hnore than 25 clavs since l-i:l cm
of rain) is depenclent on l l re duration. lhich is
dctcrmincd b,r cl iameLer redLrct ion oi the large
l irels. I ' rel iminarv lcsults lr-om l larrr irrg duff con-
sLrmplion studies suggest that l larning cluf l ' rcduc-
t ion is depcndcnt on f larning diarneler reduction
of toodr'  fLrel (Ottrnar'  198.1).

Fucl cronsumlrt ion drrr ing hiplh intensitv l i les is
not lel l  documeltcd rnd is prirnarih qual i tal ive
raLhef than quanti tat i |e. The revie\\cd l i tcraturc
contdins discrepancies in r ihethel high intensit_v
f ires hale rnore or less fucl consumption than
modcrdtc intensi lr  f i res. -\er 'eral earlv workeh
oLserved that alrnost all luei las consumcd on high
intensitv f i r-cs (Clar and Chatten 1966. Bvrarn
1966. Brown and D:rvis I973). C)thcl obscnations
suggest LhaL les-< fLrel i-q consurned on high intensi-
n iircs (Hullcv anrJ Tavlol 197rtr. Ottrnar [personal
cornmunicationl) or that there is no cl i l fclcncc in
fucl consumption bel$'een high iniensitv and mod
erale intensitv f i res (XlcRae Lperson commum-
calronl l ,

[rhat factors might cr ist in the thelmal enri-
ronmenl of a high intensitl ilre that rroulcl causc
a rliffcrence in fuel crrnsrrrnption/ One possible iirc
tol is the duration of hcat sLrpplir:d lo wood,v fuel.
l i rc clurat ion on se\eral high intensitv f i res has
been observed as being verv sholt:  f i -om I to 2
hours for units ranging fronr 24, to 200 ha (Finnis

19i0. Hur' lev anclTavlor 1974. and Ottrnar' [pcr-
sonal conrnrunicatiorr l)- Fire clulat ion fol moderate
intensit l  f i lcs langcs bcL\feen:1 tr):16 hours. with
an a|erage of B to 12 hours. clcpcnding on fuel
rnoislufe anal t inre of r ear (Ottmar lpersonal com'
mun i ca t i on l ) .

The fale of c(rnsLrmption could be :rnother l i : rc
tor inl luencing f ircl  colsumption during high in-
t - r r - i t \  f i r - - .  I  he  | r r l e  o l  soo , l r  l  . r '  ,  u | l - u rnp l i o r l
bas bccn rneasured in laboraton and l ield ex-
periments. and thcrc appcars lo be a \\ ide range
" f ,  un .u rn l , t i o r r  f J l - -  i , ' ,  l , , , r h  r , , , dF  a l c  i r l . n - i l \
:rnd high intensitr fires pcr' 2.5 crn of diamctcr
rcdl lct ion. LaboraLorv ronsunrption rates varied
Irour 52 minutes (Schailer 1967t to 8 minutcs
(Anderson 1969. and I i .-s. Forest Produts Lab-
o r J t o r \  l ' , ;  I r .  1 " i , 1 , 1  , , 1 , . ,  - ' . r t i , , n -  , , f , , , r r . r r r n p t i , , r r

rates ranged 1fom 3.8 to I  I  minutcs olr rnodcr-alc
inlcnsi l !  f i rcs. lo 2.5 nrinLrtes on high intensit !  f i re-q

{Ottmar [pelsonal conrmunication] lmd CountN-
man  1969 ) .

' l  t rgc -  ro r r l r  nd"  r i l l  re fe r  ro  r lea t l  rood '  n r te r ie l  benreen

i .6  lnd  22 . i l  .d  iD  d i lmeter .
rl00-lnn,r kli rs ro d tinFhg nal rlN i,,r uurd"ood djaDeters

, , 1  2 . 5  1 , ,  i . 6  ( ! r  1 l ) . r n i n g . r  d l .  1 9 1 ; r .
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Thcre is a disparit,v in previous studv results
concern;ng fuel consurnption and rates of ftrel con-
sumption in high intensitv and rnodelate inten-qitv
i ires. This studl seeks to resohe that dispafi ty bl
determinirrg u,hether thcrc is a dif ference in {uel
consumption brtween moderate intensitv fire-q and
high intensitv f i res.

Study Areas and Methodology

Sites lere seleclcd using thc cri teria of Sandberg
and Ottmar (t9Bl3) and Oumar er o/.  (1985). Sir-
teen clcar-cut units t'ere selected lbr high fire in-
tensitv broadcast burns, lhich incluclcd three units
that *ere burned lor the 1984 pi lot study on high
inten-rit,y lire-q. Sites rlere locatecl on lancls bclong-
ing to the L.S. Forest Service. the l l .S. Bureau oi
l,and \'lanagernent. the Oregon Departrnent of For-
estry. and cq)perating p vatc companies. One site
rras located in Idaho. one in Ml)ntana. srx rn
Oregon. and cight in Washington.

Thirteen LrniLs tcre cabie-,varclccl and the re-
lnaining three *ere tractorlogged. Second-grolth
f)ouglasJir' lPseudotsuga menzi,esii plirb.] Franco)
and nrcstern hemlock (7iuga heterophtLltt lRal.l
Salp1.) rvere the rnain species on l3 of thc units.
ft'o units consisted of lodgepole pine (Pinlr cr-,n-
li)rlat Dougl.) and onc unit rras predominantly
suhalpl ine f ir  (Abies lusiocu,rpa [Hook.l  Nutt.) .

The sarne variables collected in the -Sandberg
and Ottmal studies (Sandberg and Ottmar 198iJ.
OtLmar 1984,, and Othnal er al.  l9B5) t 'ere col-
lected l i rr  thi-q studv of high ;ntensitv f i res. Thcsc
variables \rele rnoisture content oI u'oodr' luel
material i  diameLer rcduction for both f laming ancl
tota.l cons!mption: lalge and srrall lroodr. fucl con-
-ump l i nn :  a r r J  Ju  l l  l ed r r r r i , , . , -  r l r r r i r , p  l , o r l -  r h -  f l r n -
ing stage and in tolel.

Fi, 'e ol the sirLeen uni ls lcrc cl iminated from
the studv after the bLrrns lere carr ied out bccal lsc
of high linc fuel rnoistures lhich impeded the
spread of the f ire; or- bccausc of sustaincd \\ inds
during the srnolderimg stage" \rhich incrcased fucl
consumption (Sandberg and Ottmar l9B3). The
remaining ele\,en burns lere usecl for stat ist ical
comparisons of luel consumption behreen high in-
t e n : i t r .  r n o , l ,  r r l ,  i n l ,  I . . l \ .  J n d  n o t r ' J l l s i r , m e  r l
f i res. Non-atlainment f ires are f ires that did not
rcach high intensities. These iire-" are defined as
non-atlainmcnt f ir 'cs unti l  i t  can be deternl ined
stat ist ical lv i f  thev are modefate intcnsitv f i r 'cs or '
outliers. The rnoderate intensiLv fires uscrl for fuel
consumption comparisons are from studics bv

Sandbelg and Ottmar (1983). Ottmar (I984) and
Ottmar "r al.  (1985).

Alerages for each of the lbur variables in the
high intensitv. moderate intensitv. and non-
attainnlenl f i res \\ 'ere determincd. Thcsc ar.erages
\ \ . r 1  l hcn  l c - l p , l  [ o r ' - i g r r i l i ean t  J i l l e r ' n ,  e .  r r s i ng
the 2-tai led. l- test at d = 0.05 bcLreel lol-
attairrrnent and moderate intensilv fife,<. and be-
twecn high intcnsiry'and moderate intensitv f i res.

The procedure-" fr-onr OLtmar and Sandberg
'  l . ,B  l r  . r nJ  O t tmr r  , unp rb l i . h "d  mrn r r . e r i f t .
Flaming consumption rates lbr moderate intensitv
fires. On Jile r.r,llh, tl.sDA For. Ser.. Firc and Air
Rcs. I ' lgrnt. Proj. .  Seatt le.) lere used to measure
lL rn . r r g  d . r "u t . un  . r n , l  f l . rm ing  '  un : rmp l i on  ra l c . .
!laming duration r\,as determined br visually
estimating the percenlage of thc arca inlolr.ed in
Lhe flanring stagc and the time that the area was
flaming. I-laminpl consumpti.m rate rr'as calculated
br dividing f laming duration bv f laming diameter
reduction.

A hlpothetical maxirnum llaming consumplion
rate lor high inLensitv f i res las dcrivcd from the
conduction equation discussed in Jakob and
Hal kins (1957). The rneasured high intensitv and
rnoderate inten-citv f i re crnsumption r-atcs $ere
crorrpared to lhc hvpothctical mariirnum consump-
t ion rate. I f  the measured high intensitr.  f i re r-ates
. rpp r " . r ,  h  t h .  h rpo the l i c r l  m . r r imu r r  co r r -um l t i o r r
rate bLrl  do not eroeed i t .  and therc {ppcals to be
a brcak or step betreen the moderate and high
intensit,v fire consurnption rates. there l,ould ap-
p - . r r  t u  l , - . r , l r i f ,  r ,  n , r  i n  t h r  t hn r rn r l  " n r i l on rnen l

lbr high intensitv frres.

Results

Ofthe l l  i i res used ibl this strrdr. 7 burned at
high intensitv. Thc rcmaining four f ires did not
burn at high intensit_v. and are referred to as non-
Rttairrrnent f i res. Fuel consumption and f laming
consLlmption ratcs lbr the high intensitv and non-
:rt tairrrnent l i res are reported in Table l .

The objecti le ol the stat i ,qt ical analvsis $as to
determinc (1) i f  thc four non-attainment l i res had
the sarne i i rel consurnpti{)n $ the rnoderale intcn-
sity f i res. ancl (2) i i  the scvcn high intcnsitv l i res
hacl cliffcrcnt fucl consurnption liom the rnoderate
intensit_"- i i res. Woodv and dulf consumption from
the t\ro groups of {ircs. high intensitv and non-
attainment. \rere compared to the rvood,v and duf{
consumption data from the moderate intensitt' fires.
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Tr\BLE l. Sunrnlr ol rLoodr fuel and duff consurnption.

Flaming Duff f laming l )u11 llarning

HtglL Intensitt Fu cs

Little Deschute-.

Trh Harbors

High Diride

.q.\.EPdGE

\on attainncnt Fic:

Darn Creek

Steethonr Aru +2

Srr tLhorre Area r3

Creel Rock

4\:ER{CE

1 . 8

2 . J

2. t-

7 . 1

1 . 7

, l .B

] . i

1 . 8

8 . L

6 . 2

1 . 0
1 . 0
l 0
1 .0
0..)
0 .9
1 . 0
l L)

0.r;
0 . ;

3 .0
.l .0

2 .3

: l . l

2.9
t] .g
'1.5
.1,:l

1 . 2
L.]

2..1

2 .0
1 . 5

0 .9
1 . ;

1 . 1
t . l

J .  I

2 .8
2.u
2 .9

5 .0

1 .3
t .  t '

* l ) ! la  , rL .o l lec ted

The forrl frrel consumption variablcs uscd frrr

comparison beh\,een the groups rrerc diamder re-
duction. Ilarning proportion (proporlion of fiarning
diameler recluct ion to total diametcr rcduction).
cluff  r-ccluct ion" and f laming du{f reduction. Di-
arneter reduction is clcpcnclcnt on fuel moisture.
flaming proportion i,. depcndcnt on J00-hour time-
lag fuel con-sumption. duff reduction dcpends on
large woody fuel consumption. and f luming dufi
fedoctiorl is dependent on flaming diameter redrrc-
Lion. Because of these dependcncics. onlr.  those

modcrate intensitv fires thich lell tithin the rangc
of the independcnt lar iables for eithel high inten-
sitv lires or non-attainmcnt ilre,. l,ere Lrsed.

Ail  frrrrr consumption variables for non-

altainment flre-r were detelmined to hilve no signifi-
cant dif ferences l iom moderatc intcnsi lv f i res
(Tablc 2). ancl are ass[med k] belon€i to that group.
High intensity f i rcs hacl signif icanth higher f lam-
ing proport ion ancl signif icantl , '  less dlameter
reduction than rnodcratc inlensitv f i res (Table 2i.
Hence. t 'oodv fucl consumption tas 2i: i  pelcent
less fol high intensi l !  f i res than for moderate in-
t ,  n - i r \  f i r - . .  F r r r n i n g  a r r d  t , , t d l  d u t [ . o ' , - r r m l ' t i u n
for high intensit_,- fifes are stati-rtically the sarne as
those for noderate inlensit,v i]res ibr the range of
largc rrooclv fuel consumption investigated.

Discussion

Flaming proportion rvas higher for high intensitv
f ires than lbr moderate intensitv l i res. lhis sug-
gests thcrc is ver' ,v l i t t1e srnolclel ing druing high in-
tensitv f i res ber:aLrse l laming propolt ion is depen-
dent on 1O0-hour consumplion. r, ;hich prinarih
takes placc during the l laming stage. Yet. the sta
tistical anal_rsis suligcsts that tolal fuel consurnp-
t ion is less (Table l) .  What is l i rnit ing fucl con-
sumption during high intensitv i i re-"? Broln and
Davis (19731 suggcst lhal heat t trnduelion controls
coDsumption of fuel in logging sla-sh. Based on this
a-rsurnptioD. a moclel of hcat conrluct ion into large
fucls during high inLensiL\ f i res rra-r dereloped ior
this studv.

Th r  r r r i . r l , l - .  l l r n l  c ' , n l r o l  ,  o r r J . r r  l i n r rnn . rn  i ' r
l ini tclv thick loorlcn slatr cluring a sLrdden change
in ternperalLrfe are time. temperature. and diffusir'-
i tv ( lakob and Halkins 1957). Tt is assumed that
di l lusivi t l  t i l l  not change behleen moderate in-
tensity iires and high intensit_-v fircs. Alcragr: sur-
fare ternperatures of loE(-s fluctuate in high intensi-
t l  i i res. thich affects thc conduction equalion. but
the equation is not ovcrlv scnsitil'c to cntlngcs ro
temperalure. Therefore. i t  is h,vpothesized that
tirne hot'long heat is supplicd to thc surfacr: o[
the largc fucl- must be Lhe main l imit ing val iable.
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TlB l . l l  2 .  Summar \  o l  s ld l in ic l l  I  tes r  resu l ts .

DLrring a high intensitv f i re. a given:rmounL of
f laming consumption ocutr-s during a shor-ter-pc-
r iod of t i rne than during a rnoderatc intensitv Jlre:
l l r .  l l r r n i n ! . o r - | | m , , t i u n  r J t ,  i -  I r - r c r .  l l i y -  . r r r ,  r '
s i tv f i r-es arc rnas-.- ignited. so small  Iuels bLrr.n
rapit l lv. producing high intensit ies. Thr:rclole. the
su ;ce (| l  thc l l rge l i rels is intensclr.  heated for
()nh a shofi  t i rne. creating a stccp temperaLurc grt l-
dient rr i thin the log. This steep tenrlJeralulc gla
dienl causcs moisture t(r be rJl ivcn oiT ancl the log
,curl ircc to be corrsrrnrcd almost simullancouslv.
Once thc small  fuels are consumed. the l larning
stage is o\ef and consumption of thc large l i rels
slol)s hcr usc consLlnl)t ion lo thc depth to \ \hirh
rnoistule \ras driven o1T has alreadl occulred.
Because the f larr ing consumplion ratc is faster and
consLrnrption is l i rnited to tLc l laming phase. rhu.c
i .  l e - -  t , , t . r l  n u , , , l r  l r r ,  |  . , ,  , \ .  n t , t  , i n .

Conrerselv. cJuringl a noderatc inlcnsi iv 1ire.
a gircn amount of f larr ing cons mption cx?urs clur-
ing a longer lrel iod of t ime. Thereforc. the l lam-
ing c(|nsLrnpl ion r-ate i-s slor er than clul ing a high
intensit l  l lc. Hent i-s srrppl ied to the sul i i r :e of thc
large luel-. orer a longcl period ol tirne antl a deep,
er lempcrttule gladierrt  is clclcloped. dr 'ving thc
log to a gfeaLcr dcpth. \ \ ihen thc srnol l  l i rel-s stotr

l iurning in the f laming stage. the largcr fuels con-
t inue to smolder to the clcpth to which Lhev have
Leen dried. This is cluc to a slo\\er l laming con-
sumption rate. so consunption occurs not onlv clul.
i r ' e  t r -  f l . r m i r r g  o , a - e  l , u t  , l r r r . n g  r l r -  - r r , , l J e r i n g
phasc as lel l .  Conseclucntl , l .  there is more total
luel consun4rt ion.

A hvpothetical lna\imum consumpLion rate
model was devcloped lbl high intcnsitv i i res. us-
i r r e  r l r -  J . r l ' , b  r r r d  H . r " k i n .  1 l a J .  '  . , , r r , 1 . r ,  t i o r ,
equation. to . luanti lal ir 'c lr  deter 'rninc i f  t ime is
l imit ing consrrrnption.

Thc equation is r lccmed appropfiatc for use
'\r i th high intcnsitv l i res evcn though slash burn
ing mav r iolaLe some ol dre assumptions. For er-
arnple. hcat is noi being conducted into an inl ini te
slab. Also. lhe lcmper'ltule at thc log -lurface is
r lot consLanL but is rr idelv l lucrtuatiDg. The equa-
t ion is considered sulf ir , icnt lv lobusl ro or:clcome
lhcsc ir lconsisLencics.

' lo 
derelop thc model of rnarimum consurnp-

t i(rn falc. a mil irnurn dr-pth or thicl iness must be
determined to thich a log nrust be preheatcd
befole thc init iat ion of l laming combrrsLion. tr  rand-
scn (1973) descri lrcs an el l ict ire hcating numbcr
lhich vielcis thc proport ion oi thc part icle (thick-
ness of thc shelL) thar has to be heared before
ignit ion :rs a funcl ion of part icle sizc. ! ' ranrlsen's
- ' l u . r t i un  p .ed : ,  t -  l l r r l .  J -  l ' . ' f r i i  l -  - i z ,  i ne re . r -e . -
the effer,Li lc heating nrrnbel clccreases. Thc pro
porl ion or thickness of the shel l  necessarr, to heal
t he  pa  t i ,  ' , . r r r  l n  3 r . r l , l r - , 1  . r g . r , r r - l  t he  d i r r r r - r ,  r
ol the part i t lc using Frandscn's equatiorr.  As the
size of the p:ul icle ino-cases. the Lhickncss ol the
shell rises shurplr. peaLs. then graclualll decreascs.
Ilowcver. Frandsen on\'collected rJala for particles
less than 1.3 cm in diarneter. thc diameter at lhich
lhc curve ol the gr-aph peahs. For thc thickness to
aclrrallv dccrcase does rrct makc intuiti\e sensc and
\\as dctcrrnined onh rnalhcmaticall\'. noL cmpirical-
1r. I  propose-in a phvsical sense ofthe prolrern-
that the Lhicknes-r sharplv incretrses. reachcs a
pcak. :urd Ierels off .  At this lerel ing-off poinr, rhc
thiclrress ranges l iom 0.08 to 0.18 cnr" dcpend-
ing orr lhether thc part icle is hcatcd i j .om al l  siclcs
or lronr onc t l i rect ion. {ssuming that this talue
holls t lue ibl al l  part icles larger Lhan 1.3 cm. rhe
average of 0.08 crn and 0.l  B cnt las used as the
' r r ' r r i r r . , r r  t l r  '  k r ' e - -  t , '  l , -  l r ,  . r t " , l  l , e i , , r ' ,  gn i r i on .

The conduci ion eclual ion is as lbl lols { lakoh
and  Ha r r  k i r r s  1957 ) :
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t " \ , . , x .

tr-t" 21'<rT

rrhere thc laridbles are as ftr l lons:
t,  is ini t ial  -srLl i ice tcmpc'raLure bei ir le hcating.
t,  is temperaturc lo $hich the surf:rcc is raised.
I,  is temperalurc at the depth r in lhe log.

tr is diffusivitl of rrood.
x is thc radial dist.rnce into the 1og i iorn the

crf( )  .  is Gauss' efrof integlal.  and
2liaT

T is the timc il lakes io leach \ al a specilied t..

To cler 'elop thc rnarinrrnr consumption rale. the
follorr'ing r alucs are a-qsLLined:

t ,  =  2 1 " C .
t,  :  925'( i .  an cst irnaLed a\erage tcmpera-

turc fol the -qurlace of thr: log clrrring the
flarning sta[ ie for high intensit \  f i rcs"

l ,  :  j l13oC. rninirnl lrn tempelature al l rhich
flames appcu-lhen lapid heating takes
place (I lronn 19i>1).

o = 1.6* lO-aon'? per second ( l l .-q. Forest
[ ' rorlrrct-q Laboratorr l974)
0 . 0 8  +  0 . l 8

for the group of high intensit,v fires than for the
moderate intensitv gforlp. This suppolts the quali-
lative interplclaliorr rnade previouslv. IIorlerer'. this
modcl cannoL be testecl against the observed high
intensitr l i re ratcs ( lue Lo insul l lcicnt data.

\ , r  e \ i dence  r '  r .  l uL r r r , l  I n r  t he  , l i '  un r i n '  , ,  r -
jurnp in inten-sit--v suggesled earlier bctlccn nrod-

erate intensit !  l i rcs ancl high intcnsit \ . f i res. E).-

arrining the graph shorls n(r st:rir stcp or break he-
hreen thc noderale intensit l  f i l -cs g|oLrp and the
high intensity l i res group. but rather thelc scems
to be a continnous range of variation. 

'l'his indicates
lh : r l .  . s  t h '  f l a rn i ng  r . r t e  o l  ,  un . . r ' n l r i on  i nc r c : l - i  - .

thc loLal fLrel consurnpl ion . lecrea-(es. depcnding
un  : r  - uh jee t i r e ,1 r . - i f r ' . r t i u r r  o f  i r r e ' e l l - i ng  i n t ,  n - i -

'fllc 
resLrlls iiom this studv were ba-"ed on onll

seren high intensit-y f i res. This small  sample size
-(uggests that i l  is cl i f f icult  to achicvc high intensitv
fir-cs Lrnder the rnodclalc rnoistLrfe conditions used
in this stud,v. The rcason for- lhis mav be tht l  nranr
ra| iables affect ing a hLrrn cannot bc control led.
One eramplc is Lhc diilicultv in having a large arer
in the f laming stage simultantouslv. Anolher er-
amplc is that manv wcdther variables. such as
wind. rain. luel moisturc, ancl atmosphcl ic slabi l-
i tv. can affcct the l ,av a slash f irc l i l l  buln.

Conclusion and Becommendations

Nla-.s-i€rr i tccl.  higlr intensitv f i rcs arc cl i f f icrr l t  to
achicrc. For this lelson. thc rcsLrl ts of this studr
rrcrc b:rsed on a '.rnall sample size. N'lass-ignitccl.
high iDtensitr lircs are shorter iD durntiolr and ha\e
rr fastcf f larr ing consurnptjon rale than modelate
;n t . ' r . i t .  f i f . - .  l l  , -  [ . r - t ,  r  f l r r r r i r r g ,  n r - .mp l i un  f . r l "

sugge-rts that thc lhcrnral enrironment for high in-
tensit,v lires diffd s fron thai Ibr modcr-ulc Intensl-
h f i les. Becausc of this dif ierencc. high irrtensit \
liles halc lcss fuel consLLmptioll than rnoderate in-
tcnsi lv l l fes.

Thcse units rr 'ele oprul ional burns rr 'here a l ie
manager had detcrnincd Lhe burn plan. As in al l
{}perational burns. i t  is cl i f i icult  to conlrol al l  the
rariables that dctclnine uhether a high interrsiLr
f ire l i l l  bc achieverl- El idence ofthis facl rras that
on I  I  o ' r t  , ' r  l t ,  l , L r r r r -  r e . r '  h , . ]  h i , . : h  f i r '  i r t e r r - i t i " - .

Sti l i .  I  bcl icre that the rnethod of burning rr i th
high inLensit,v l i le is a viablr tool thich the land
nanager can usc to rccluce luel consumption. I t
could bc possible for the mana[icr to evaluate ser-
era] variables that r loulcl detcnnine uhat lelel oi
intensitv is needed to achieve a high inLensitr f i re.
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2
ness eeded bcforc flarning combustion.

\  I r - t r

-cince erii _) : -= 0.6,1311.
21io1 l i  L,

t hen  :  0 .65 .
2\,aT

Solr ing for T:

1 .69c r

SLrbsti tLrt ing Lhe \alues ibl x and cv:
T  =  6 .0  sec  onds .
' l  

hc hvlxrLhetical maximurn rrrnsumption r.alc:
1br high irrten-citv l l res is 0. l i l  cnl ol dirnrclcr
leducl ion in 6.0 secontls. or 2.5 f ln ol di i lnreler
Ied,rct ion in 2 nrinuie-..

l ' ] lott ing this nra\ inrLlm coi lsurnpLion rate on d
g r r l ' l '  s i t h  I nuJ '  r i , l -  i r l cn - i h  f l . 11n :ag , , ' 1 ' - r r n rp l i , " r
rales shorrs thdl the high iDtensin {laming crrnsump
Li()n rate-r are opproaching. but nrf t \c]ceding. the
na r im . rm  l ' r g l '  i r l - r r - i l \  f r r n r i t r :  ,  ' i n :  ,m l ' l : o l l  f  r lP
r l  i pn r r "  l r .  \ -  r r  u r , , ' r 1 ' .  n roJc r i r l ,  i r l - r r - i l * a lP -  . r r .
slorrer than lhc rneasured high intorsitr  gloup antl
h_rpothetir:al maximum high intensiti' r'alcs. There
is. thelefrrre. a di lTercnl consurnption rate-l i rsler-

:  0.1; i  t  rrr.  rninirnunr Lhicl-

F r r . l  f . , , n -ump t i on  i n
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Frorr these variables. a classilir:ation of intensities
could be dctermined lhich t 'ould be a factor in
the calculat ion of i iel  consurnpl ion. Size of uniL.
ignit ion mcthod. length of t ime to ippite unit .  f ine
luel moistule. and lhc formation of a large con-
lect ion column are the rariablcs nceded. Becaust:
there is lcss fuel consurnption during high intcn-r i ,
tr . i i res this toulcl lead to a reductiol rn Lne re-

l lof lcd tota. l  luel consumption. -{ ince rhis method
reduces fuel consumption. this burning recnnrquc
could be used br.ail qualitr personncl to give cr.edir
ibr less cmissions.

-Scvcral of the assurnptions made irr Lhis siudv
could be lurthcr inre-rt igated. One such assulrp-
t ion rras the nirr imurn thickness dcrived l torn
Frandsen's ei lect ire heating number. A bcttcr ap-
ploximation ol rninirnum thichness ncccls to be in-
vestigated bccause the nulrrbcr i \ 'as e-rtr-apolated
from particles thaL rro-c srnalLer than those used
in this -stLrdr. I  r 'oulcl suggesL conducting a lah-
olatory studr lor-cleterrnining lhc minimurn thick-
ness nccded to be heatccl before ignirion lor larger
part icle sizes.

Since the mcasure of intensit ies las verr, sub-
ject ivc. another appr-oach fol deLermining f ire in-
tensit ies should be strLdied. A rnore quanti tat ive
ag ' r ' r ' o . r ,  h  l o r  de t . " r n i r r . r r p  t l r e  t h , rn ' r l  .  \ i r . n rncn l
surr-oundin€i large. loodv fLrels should be der.cl-
oped. Orre possible approach rrould be to mcasure
the radiation to r{hich thc log i-r subjected and liom
this measrrremcnt the intensitv of the f ire could be
delermined.

Krrol lcdge oi a f ire's intensit \ ,  r 'ould prol ide
nranagers \\ilh vet another tool to cstimate fLrel con-
sumption Ior prescribed burninEl.
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