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Fi g ur e 1 0 1. Si m ul at e d fl a m e z o n e wi dt h ( d e pt h) al o n g t h e fir e fr o nt f or si n gl e a n d m ulti- st e p 
p yr ol ysis s c h e m es.  ...................................................................................................................... 1 4 3 
Fi g ur e 1 0 2. T h e m ass l oss wit h ti m e f or diff er e nt wi n d s p e e ds a): si n gl e -st e p r e a cti o n. b): m ulti -
st e p r e a cti o n.  ............................................................................................................................... 1 4 4 
Fi g ur e 1 0 3. S p e cifi c h e at c a p a cit y m e as ur e d i n a D S C f or f oli a g e fr o m 1 1 s p e ci es of pl a nts 
n ati v e t o t h e s o ut h e ast er n U. S. [ 1 6 3] .......................................................................................... 1 4 5  

Fi g ur e 1 0 4. P yr ol ysis e missi o ns: a) tr a c e g as es b) m aj or m ass fl o ws d eri v e d.  .......................... 1 4 6 
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A S T M  A m eri c a n S o ci et y f or T esti n g a n d M at eri als  
B O S  B a c k gr o u n d Ori e nt e d S c hli er e n  
B Y U  Bri g h a m Y o u n g U ni v ersit y  
C F D  C o m p ut ati o n al fl ui d d y n a mi cs  
CI  C o nfi d e n c e i nt er v al  
C o D A  C o m p ositi o n al d at a a n al ysis  
D A F  Dr y as h fr e e  
D o D  D e p art m e nt of D ef e ns e  
E G A  E v ol v e d g as a n al ysis  
E R  E missi o n r ati o  
F B P  Fir e B e h a vi or P a c k a g e  
F D S, W F D S  Fir e D y n a mi cs Si m ul at or, Wil dl a n d e xt e nsi o n of t h e Fir e 

D y n a mi cs Si m ul at or  
F F B  Fl at fl a m e b ur n er  
F M C  F u el m oist ur e c o nt e nt ( m ass of w at er o n dr y m ass b asis)  
F P L  F or est Pr o d u cts L a b or at or y ( U S F S M a dis o n)  
F TI R  F o uri er Tr a nsf or m I nfr a R e d s p e ctr os c o p y  
G A  G e n eti c al g orit h m  
G C  G as c hr o m at o gr a p h y or c hr o m at o gr a p h  
G p yr o 3 D -F D S  Li n k e d G p yr o 3 D a n d Fir e D y n a mi cs Si m ul at or m o d els  
H R R  H e at r el e as e r at e  
I V C I n sit u Vi d e o C a m er a 
J F S P  J oi nt Fir e S ci e n c e Pr o gr a m  
K Br  P ot assi u m br o mi d e  
L E S  L ar g e e d d y si m ul ati o n  
Li D A R  Li g ht D et e cti o n a n d R a n gi n g  
L WI R  L o n g w a v e i nfr ar e d ( 7. 5 t o 1 3. 5 µ m)  
M C E  M o difi e d c o m b usti o n effi ci e n c y  
M C T  M er c ur y c a d mi u m t ell uri d e  
M L R  M ass l oss r at e  
M S  M ass s p e ctr o m etr y or s p e ctr o m et er  
O P A G -2 2  O p e n P at h G as A n al y z er  
PI  Pri n ci p al I n v esti g at or  
P M  P arti c ul at e m att er  
P N N L  P a cifi c N ort h w est N ati o n al L a b or at or y  
P P M  P arts p er milli o n  
R F L  Ri v ersi d e Fir e L a b or at or y ( U S F S Ri v ersi d e)  
S E R D P  Str at e gi c E n vir o n m e nt al R es e ar c h a n d D e v el o p m e nt Pr o gr a m  
SI P  S m all I nstr u m e nt e d Pl ot  
S O N  St at e m e nt of N e e d  
T C D  T h er m al c o n d u cti vit y d et e ct or  
T G A  T h er m al gr a vi m etri c a n al y z er  
T L S  T err estri al li d ar s c a n  
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T 3 7  Br u k er T e ns or 3 7 F TI R S p e ctr o m et er  
U A H  T h e U ni v ersit y of Al a b a m a i n H u nts vill e  
U A S  U n m a n n e d a ut o n o m o us s yst e m  
U C R  U ni v ersit y of C alif or ni a –  Ri v ersi d e  
U S D A  U. S. D e p art m e nt of A gri c ult ur e  
U S DI  U. S. D e p art m e nt of t h e I nt eri or 
U S F S  U. S. F or est S er vi c e  

 

K e y w o r d s  

p yr ol ysis, c o m b usti o n, a cti v ati o n e n er g y, l o n gl e af, Pi n us, F TI R, s p e ctr os c o p y, C O, C O 2 , C H4 , 
p h e n ol, tr a c e g as es, V a c ci ni u m, h e at fl u x 

A c k n o wl e d g e m e nts  

T his c o m pl e x pr oj e ct r e q uir e d t h e s u p p ort pr o vi d e d b y t h e p art n er i nstit uti o ns i n cl u di n g t h e fir e 
m a n a g e m e nt st aff at Ft. J a c ks o n, S C. T h e s u p p ort pr o vi d e d b y t h e t e c h ni c al st affs at U S F or est 
S er vi c es l a bs i n S e attl e, W A, M os c o w, I D, Miss o ul a, M T, M a dis o n , WI, At h e ns, G A, a n d 
Ri v ersi d e, C A w as i nt e gr al t o a c c o m plis hi n g t his t as k. T h e w or k p erf or m e d b y t h e t e c h ni c al 
st affs a n d st u d e nts at Bri g h a m Y o u n g U ni v ersit y, T h e U ni v ersit y of Al a b a m a i n H u nts vill e, 
U ni v ersit y of C alif or ni a – Ri v ersi d e, U ni v ersit y of W as hi n gt o n , C hi b a U ni v ersit y a n d t h e P a cifi c 
N ort h w est N ati o n al L a b utili z e d e q ui p m e nt a n d pr o d u c e d d at a criti c al t o t his pr oj e ct. T h e 
fi n a n ci al s u p p ort pr o vi d e d b y t h e b usi n ess m a n a g e m e nt st affs at all i nstit uti o ns w as i n v al u a bl e t o 
t h e c o n d u ct a n d a c c o u nta bilit y of t h e pr oj e ct. T h e fi n a n ci al s u p p ort pr o vi d e d b y t h e S E R D P 
pr o gr a m t hr o u g h pr oj e ct R C- 2 6 4 0 m a d e t his pr oj e ct p ossi bl e. T h e eff orts of all p ers o n n el, li k el y 
n u m b eri n g o v er 1 0 0 i n di vi d u als, i n m a ki n g t his pr oj e ct a s u c c ess is a c k n o wl e d g e d a n d gr e atl y 
a p pr e ci at e d.  L astl y, t h e g ui d a n c e a n d m e nt ori n g o n c o m p ositi o n al d at a a n al ysis pr o vi d e d t o t h e 
P.I. b y Dr. J a vi er P al ar e a -Al b al a d ej o , Bi o m at h e m ati cs a n d St atisti cs S c otl a n d  a n d D e p art m e nt of 
C o m p ut er S ci e n c e, A p pli e d M at h e m ati cs a n d St atisti cs, U ni v ersit y of Gir o n a, Gir o n a, C at al o ni a, 
S p ai n , gr e atl y i m pr o v e d t h e st atisti c al a n al ys es of t h e v ari o us c o m p ositi o n al d at a cr e at e d b y t his 
pr oj e ct.  
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A bst r a ct  
T h e D e p art m e nt of D ef e ns e ( D o D) us es pr es cri b e d fir e t o m a n a g e milli o ns of a cr es a cr oss a 
v ari et y of e c os yst e ms i n t h e U nit e d St at es t o a c c o m plis h m ulti pl e o bj e cti v es. T o pr o p erl y 
i m pl e m e nt pr es cri b e d fir e a n d li mit p ot e nti al es c a p es, a n i m pr o v e d u n d erst a n di n g is n e e d e d of 
f u n d a m e nt al s ci e n c e q u esti o ns r el at e d t o c o m b usti o n a n d fir e pr o p a g ati o n i n n at ur al f u el b e ds 
t h at ar e a mi x of b ot h li v e a n d d e a d f u els. T his st u d y e x a mi n e d as p e cts of p yr ol ysis, t h e t h er m al 
br e a k d o w n of s oli d wil dl a n d f u els t o pr o d u c e t h e g as es t h at c o m b ust r es ulti n g i n fir e. T o 
i m pr o v e t h e u n d erst a n di n g a n d m o d eli n g c a p a bilit y of p yr ol ysis i n p h ysi cs-b as e d fir e s pr e a d 
m o d els, t hr e e g o als w er e i d e ntifi e d: 1) pr o vi d e m or e d et ail e d d es cri pti o n of p yr ol ysis a n d t h e 
e v ol uti o n of its pr o d u cts f or a gr e at er v ari et y of s o ut h er n f u els t h a n is c urr e ntl y k n o w n, 2) 
d et er mi n e h o w c o n v e cti v e a n d r a d i ati v e h e at tr a nsf er fr o m fl a m es t o li v e f u el p arti cl es 
i nfl u e n c e d p yr ol ysis a n d i g niti o n at l a b or at or y a n d fi el d s c al es a n d 3) g ai n m or e d et ail e d i nsi g ht 
i nt o p yr ol ysis, c o m b usti o n a n d h e at tr a nsf er pr o c ess es i n wil dl a n d fir e s pr e a d t hr o u g h t h e us e of 
hi g h-fi d elit y p h ysi cs- b as e d m o d els.  

T h es e g o als w er e a c hi e v e d b y a c c o m plis hi n g t hr e e t e c h ni c al o bj e cti v es (t as ks) w hi c h w er e 
s u p p ort e d b y a 0 t h f o u n d ati o n al t as k: 0) c h ar a ct eri z e t h e p h ysi c al, c h e mi c al, c o m p ositi o n al a n d 
s p ati al str u ct ur e of wil dl a n d f u els us e d i n t his pr oj e ct, 1) c h ar a ct eri z e p yr ol ysis pr o d u cts b y 
m e as ur e m e nt of a v ari et y of li v e a n d d e a d f oli ar f u els i n l a b or at or y a n d s m all -s c al e fi el d 
e x p eri m e nts, 2) d et er mi n e t h e eff e cts of c o n v e cti v e a n d r a di a nt h e at tr a nsf er o n p yr ol ysis a n d 3) 
p erf or m h i g h-fi d elit y p h ysi cs- b as e d m o d eli n g of p yr ol ysis f or b e n c h-s c al e a n d wi n d t u n n el 
e x p eri m e nts. P h ysi c al a n d c h e mi c al pr o p erti es w er e d et er mi n e d usi n g a v ari et y of a n al yti c al 
m et h o ds. Wil dl a n d f u els w er e d es cri b e d usi n g a v ari et y of tr a diti o n al 2 D a n d i n n o v a ti v e 3 D 
s a m pli n g m et h o ds usi n g Li D A R a n d t err estri al l as er s c a n ni n g. P yr ol ysis g as es w er e g e n er at e d 
fr o m si n gl e l e a v es at b e n c h-s c al e b y sl o w h e ati n g i n p yr ol y z er a n d f ast h e ati n g usi n g 
c o m bi n ati o ns of c o n v e cti v e a n d r a di a nt h e ati n g i n a fl at- fl a m e b ur n er. P yr ol ysis g as es fr o m f u el 
b e ds of li v e a n d d e a d f u els w er e m e as ur e d i n a wi n d t u n n el a n d i n t h e fi el d i n s m all, pr es cri b e d 
b ur ns at Ft. J a c ks o n, S C b y c a pt uri n g g as es i n c a nist ers or i n r e al-ti m e usi n g n o ni ntr usi v e F TI R 
s p e ctr os c o p y. B e n c h s c al e, wi n d t u n n el a n d fi el d g as es w er e i d e ntifi e d usi n g G C/ M S a n d 
G C/ FI D. Wi n d t u n n el a n d fi el d g as es w er e als o i d e ntifi e d usi n g st ati c a n d d y n a mi c (ti m e -
d e p e n d e nt) g as c oll e cti o n a n d i d e ntifi c ati o n usi n g F TI R s p e ctr os c o p y. D at a w er e a n al y z e d usi n g 
a v ari et y of st atisti c al m et h o ds. M o d eli n g of b e n c h- s c al e p yr ol ysis e x p eri m e nts w as 
a c c o m plis h e d usi n g t h e G P Y R O m o d el c o u pl e d wit h t h e F D S m o d el. Wi n d t u n n el e x p eri m e nts 
w er e m o d el e d usi n g t h e F D S m o d el. 

C o m p ositi o n of f oli ar f u els w as f o u n d t o b e a p pr e ci a bl y diff er e nt fr o m w o o d. 3 D d es cri pti o n of 
f u el b e ds pr o vi d e d m or e i nf or m ati o n f or p h ysi cs- b as e d fir e m o d els t h a n tr a diti o n al 2 D s a m pli n g. 
T h e st atisti c al fi el d of c o m p ositi o n al d at a a n al ysis w as a p pli e d t o p yr ol ysis a n d c o m b usti o n g as 
mi xt ur es f or t h e first ti m e. I n t h e b e n c h- s c al e m e as ur e m e nts, t h e r el ati v e a m o u nts of p yr ol ysis 
g as es w er e aff e ct e d b y m oist ur e c o nt e nt a n d h e ati n g m o d e ( c o n v e cti v e v ers us r a di a nt). First 
s u c c essf ul m e as ur e m e nt a n d d es cri pti o n of p yr ol ysis g as es u n d er r e alisti c fir e c o n diti o ns w as 
a c c o m plis h e d, b ot h i n t h e wi n d t u n n el a n d i n t h e l o w i nt e nsit y pr es cri b e d b ur ns at Ft. J a c ks o n. 
F u el h e ati n g r at es, m a xi m u m f u el t e m p er at ur es a n d f u el c o n diti o ns w er e f o u n d t o b e si mil ar f or 
t h e wi n d t u n n el fir es a n d t h e pr es cri b e d b ur ns. T h e r el ati v e a m o u nts of p yr ol ysis g as es diff er e d, 
h o w e v er, b et w e e n t h e wi n d t u n n el a n d t h e fi el d e x p eri m e nts. D y n a mi c c h a n g es i n g as 
c o m p ositi o n m e as ur e d b y F TI R w er e c orr el at e d wit h fir e p h as e d et er mi n e d b y I R c a m er a  i n wi n d 
t u n n el e x p eri m e nts. T h e G P yr o m o d el w as m o difi e d s u bst a nti all y t o i m pr o v e m o d elli n g of 
e v a p or ati o n fr o m f oli ar f u els. R e pl a c e m e nt of a n Arr h e ni us - b as e d m o d el wit h a n e q uili bri u m 
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m o d el f or e v a p or ati o n h a d gr e at er i m p a ct o n hi g h f u el m oist ur e f u els. Dr yi n g d y n a mi cs fr o m t h e 
e q uili bri u m m o d el is m or e c o nsist e nt wit h t h e p h ysi cs of e v a p or ati o n. M o d eli n g r e v e al e d t h at 
fl ui d d y n a mi cs pl a y a disti n cti v e r ol e i n e v a p or ati o n, p yr ol ysis, i g niti o n, c o m b usti o n a n d b ur n o ut 
b e h a vi or of l e a v es. Fl ui d fl o w w as i nfl u e n c e d b y l e af ori e nt ati o n ( h ori z o nt al or v erti c al). T h e 
a d diti o n of r a di ati v e h e ati n g t o a c o m bi n e d h e at fl u x r e d u c e d t h e ti m e t h at a f u el p arti cl e l ost 5 0 
p er c e nt of i niti al m ass b y o nl y a t hir d s u g g esti n g t h at c o n v e cti v e h e ati n g h a d  a gr e at er i m p a ct o n 
p yr ol ysis a n d b ur ni n g of a n i n di vi d u al l e af. 

T h e pri m ar y b e n efits of t h e pr oj e ct ar e t h e i nf or m ati o n a n d m o d eli n g r el at e d t o p yr ol ysis of 
i nt a ct wil dl a n d f u els. Pri or p yr ol yti c w or k str o v e t o mi ni mi z e t h e eff e cts of h e at tr a nsf er a n d f u el 
m oist ur e o n p yr ol ysis. T h e pr es e nt st u d y s h o w e d t h at h e at tr a nsf er m o d e a n d f u el m oist ur e ar e 
b ot h i m p ort a nt f a ct ors t h at s h o ul d b e c o nsi d er e d w h e n m o d eli n g p yr ol ysis i n m o d er n p h ysi cs-
b as e d fir e m o d els. Si mil arl y, r es ults fr o m l a b or at or y fir es u n d er st a n d ar d c o n diti o ns diff er e d 
fr o m fi el d m e as ur e m e nts. C o m p aris o n of r es ults u n d er st a n d ar d c o n diti o ns wit h b e n c h- s c al e 
r es ults i n o xi di zi n g a n d n o n-o xi di zi n g e n vir o n m e nts will b e li mit e d t o a s m all s u bs et of t h e 
m e as ur e d g as es a n d is o utsi d e t h e s c o p e of t his pr oj e ct . I m pr o v e m e nts t o t h e m o d eli n g of 
e v a p or ati o n a n d a m or e c o m pl e x p yr ol ysis a n d c o m b usti o n fr a m e w or k i n G P Y R O -F D S b ett er 
m o d el t h es e pr o c ess es; h o w e v er, t h e i m p a ct of t h es e i m pr o v e m e nts o n fir e s pr e a d pr e di cti o ns is 
u n k n o w n a n d n e e ds t o b e e x pl or e d i n f ut ur e w or k t o d et er mi n e if t h e i m pr o v e m e nts w arr a nt t h e 
a d diti o n al c o m pl e xit y. T h e i ntr o d u cti o n of c o m p ositi o n al d at a a n al ysis, a br a n c h of st atisti cs t h us 
f ar o v erl o o k e d b y t h e wil dl a n d fir e c o m m u nit y a n d a si g nifi c a nt o ut c o m e of t his pr oj e ct , h as t h e 
p ot e nti al t o pr o vi d e s ci e ntifi c r es ults b as e d o n st atisti c al a n al ys es s uit e d t o t h e n at ur e of m a n y 
t y p es of wil dl a n d fir e d at a d es cri bi n g t h e c o m p ositi o n of t hi n gs. 



x vi 
 

E x e c uti v e S u m m a r y  
 

1  I nt r o d u cti o n  
T h e D e p art m e nt of D ef e ns e ( D o D) us es pr es cri b e d fir e t o m a n a g e milli o ns of a cr es a cr oss a 
v ari et y of e c os yst e ms i n t h e U nit e d St at es t o 1) pr e p ar e sit es f or milit ar y tr ai ni n g, 2) r e d u c e 
h a z ar d o us f u el, a n d 3) o bt ai n fir e’s e c ol o gi c al b e n efits. I n t h e s o ut h er n U. S., m a n y D o D l a n ds 
c o nt ai n st a n ds of l o n gl e af a n d l o bl oll y pi n e wit h a v ari et y of u n d erst ori es i n cl u di n g wir e gr ass, 
p al m ett o - g all b err y, a n d t ur k e y o a k t h at g e n er all y b ur n at r el ati v el y l o w fir e li n e i nt e nsiti es ( h e at 
r el e as e r at es). I nst all ati o ns als o m a n a g e d w arf pit c h pi n e, s a n d pi n e, a n d p o n d pi n e st a n ds w hi c h 
c a n b ur n wit h hi g h i nt e nsit y. All of t h es e f u el b e d t y p es ar e 1) h et er o g e n e o us i n n at ur e, 2) 
c o nt ai n m ulti pl e f u el c o m p o n e nts, a n d 3) c o nt ai n a mi xt ur e of li v e a n d d e a d f u els, all i m p ort a nt 
c h ar a ct eristi cs i nfl u e n ci n g t h e c o m b usti o n pr o c ess a n d fir e pr o p a g ati o n. T o pr o p erl y i m pl e m e nt 
pr es cri b e d fir e a n d li mit p ot e nti al es c a p es, a n i m pr o v e d u n d erst a n di n g is n e e d e d of t h os e 
f u n d a m e nt al s ci e n c e q u esti o ns r el at e d t o c o m b usti o n a n d fir e pr o p a g ati o n i n h et er o g e n e o us f u el 
b e ds t h at ar e a mi x of li v e a n d d e a d f u els.  
2  O bj e cti v e  
I n t h e U. S. c urr e ntl y, wi d el y us e d o p er ati o n al fir e b e h a vi or m o d els ar e b as e d o n d at a fr o m 
h o m o g e n o us b e ds of d e a d f u els a n d ass o ci at e d t h e or y. H o w e v er, m ost pr es cri b e d fir es at D o D 
i nst all ati o ns o c c ur i n h et er o g e n e o us f u el b e ds wit h a mi xt ur e of li v e a n d d e a d bi o m ass, u n d er 
diff eri n g c o n diti o ns. T h e o bj e cti v e of t his pr oj e ct w as t o a d dr ess s e v er al f u n d a m e nt al q u esti o ns 
t o i m pr o v e o ur u n d erst a n di n g a n d m o d eli n g c a p a bilit y of fir e pr o p a g ati o n i n n at ur al f u el b e ds 
i n cl u di n g 

1)  d et ail e d d es cri pti o n of p yr ol ysis a n d t h e e v ol u ti o n of its pr o d u cts f or a gr e at er v ari et y of 
s o ut h er n f u els t h a n is c urr e ntl y k n o w n, 

2)  h o w c o n v e cti v e a n d r a di ati v e h e at tr a nsf er fr o m fl a m es t o li v e f u el p arti cl es i nfl u e n c es 
p yr ol ysis a n d i g niti o n at l a b or at or y a n d fi el d s c al es, a n d  

3)  m or e d et ail e d i nsi g ht i nt o p yr ol ysis, c o m b usti o n a n d h e at tr a nsf er pr o c ess es i n wil dl a n d fir e 
s pr e a d t hr o u g h t h e us e of hi g h-fi d elit y p h ysi cs- b as e d m o d els. 

T his pr oj e ct t h us dir e ctl y r es p o n d e d t o S O N R C S O N- 1 6- 0 2 “I m pr o v e d U n d erst a n di n g of 
Wil dl a n d Fir e C o m b usti o n Pr o c ess es f or D e p art m e nt of D ef e ns e M a n a g e m e nt E c os yst e ms ” a n d 
all 4 of t h e S O N o bj e cti v es b y f o c usi n g o n n at ur al f u el b e ds m a n a g e d wit h pr es cri b e d fir e i n 
s o ut h er n pi n e f or ests. W hil e t h e S O N i n cl u d e d fi n e t o l a n ds c a p e s c al e, R C- 2 6 4 0 f o c us e d o n 
s c al e r a n gi n g fr o m fi n e  t o s m all-s c al e fi el d e x p eri m e nts. T h e pr oj e ct i n cr e as e d k n o wl e d g e of 
o p e n c o m b usti o n pr o c ess es at p arti cl e ( 0. 0 0 1 t o 0. 0 1 m) t o f u el b e d ( 1- 1 0s of m 2 ) s c al es ( S O N 
O bj e cti v e 1) b y m e as uri n g t h e m e c h a nis ms of p yr ol ysis, i g niti o n, a n d h e at tr a nsf er ( S O N 
O bj e cti v e 3) i n s e v er al li v e f u els a n d a si n gl e d e a d f u el at p arti cl e a n d f u el b e d -s c al es ( S O N 
O bj e cti v e 2). T h e r ol e of f u el c h ar a ct eristi cs (li v e a n d d e a d, str u ct ur e a n d c o m p ositi o n) o n h e at 
tr a nsf er, p yr ol ysis, a n d i g niti o n w er e e x a mi n e d e x p eri m e nt all y i n t h e l a b a n d i n t h e fi el d ( S O N 
O bj e cti v e 3). P h ysi cs- b as e d m o d elli n g of fir es w as c o n d u ct e d f or t h e l a b e x p eri m e nt al s et u ps 
( S O N O bj e cti v e 4) wit h a f o c us o n p yr ol ysis a n d i g niti o n i n li v e s hr u b c a n o pi es. A n i m pr o v e d 
u n d erst a n di n g of p yr ol ysis a n d h o w it is aff e ct e d b y h e at tr a nsf er i n h et er o g e n e o us f u el b e ds will 
e v e nt u all y l e a d t o a n i m pr o v e d a bilit y t o pr e di ct fir e b e h a vi or s u c h t h at m a n a g ers c a n m or e 
r e a dil y a c hi e v e d esir e d fir e eff e cts wit h pr es cri b e d b ur ni n g. 

T h e pr oj e ct w as str u ct ur e d t o a d dr ess s e v er al s p e cifi c n ull h y p ot h es es r el at e d t o t h e o bj e cti v es of 
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t h e st u d y. D at a a n d m o d eli n g w er e c oll e ct e d a n d p erf or m e d t o t est t h es e h y p ot h es es. M ost of t h e 
h y p ot h es es w er e t est e d d uri n g t h e pr oj e ct a n d t h e r es ults r e p ort e d. T h e d at a ar e a v ail a bl e t o t est 
t h e H 5  h y p ot h esi s. 

H 1 :  C o m p ositi o n a n d c o n c e ntr ati o ns of g as e o us a n d t ar p yr ol ysis pr o d u cts d o n ot diff er 
b et w e e n s o ut h er n s p e ci es; a c o m m o n p yr ol ysis s c h e m e c a n t h us b e us e d i n m o d els.  

H 2 :  T h e r at e at w hi c h f oli a g e is h e at e d d o es n ot aff e ct t h e c o m p ositi o n a n d c o n c e ntr ati o ns of 
d o mi n a nt g as e o us p yr ol ysis or t ar p yr ol ysis pr o d u cts. 

H 3 :  H e at t r a nsf er m e c h a nis ms (r a di ati o n a n d c o n v e cti o n) d o n ot aff e ct t h e c o m p ositi o n a n d 
c o n c e ntr ati o ns of d o mi n a nt g as e o us p yr ol ysis pr o d u cts. 

H 4 :  T h e w at er c o nt e nt of f oli a g e d o es n ot aff e ct t h e c o m p ositi o n a n d c o n c e ntr ati o ns of 
d o mi n a nt g as e o us a n d t ar p yr ol ysis pr o d u cts. 

H 5 :  L a b or at or y-s c al e m e as ur e m e nts of t h e pr o d u cti o n of g as e o us p yr ol ysis pr o d u cts u n d er 
c o ntr oll e d c o n diti o ns c a n n ot b e c orr el at e d wit h fi el d- s c al e m e as ur e m e nts u n d er pr es cri b e d fir e 
c o n diti o ns. 

H 6 :  I n cl usi o n of a n a d v a n c e d p yr ol ysis m e c h a nis m f or li v e a n d d e a d wil dl a n d f u els d o es n ot 
i m pr o v e fir e b e h a vi or pr e di cti o ns b y t h e hi g h-fi d elit y p h ysi cs- b as e d m o d els. 

H 7 :  I m pr o vi n g t h e e v a p or ati o n m e c h a nis m f or m oist ur e c o nt e nt i n wil dl a n d f u els d o es n ot 
i m pr o v e fir e b e h a vi or pr e di cti o ns b y t h e hi g h-fi d elit y p h ysi cs- b as e d m o d els. 

H 8 :  Si m ul ati o n of p yr ol ysis a n d i g niti o n of wil dl a n d f u els is n ot i m pr o v e d wit h 3 D f u els 
c h ar a ct eriz ati o n a n d c a n b e j ust as eff e cti v el y si m ul at e d i n 2 D.  

H 9 :  F oli ar f u els ar e n ot diff er e nt fr o m s oli d w o o d a n d c a n b e m o d ell e d usi n g p ar a m et ers 
ass o ci at e d wit h w o o d.  

3  T e c h ni c al A p p r o a c h  
L a b or at or y a n d fi el d e x p eri m e nts f o c us e d o n p yr ol ysis c o u pl e d wit h s uffi ci e nt d es cri pti o n of f u el 
c h ar a ct eristi cs a n d h e at tr a nsf er m e c h a nis ms a n d p h ysi cs- b as e d m o d eli n g w er e us e d t o i m pr o v e 
o ur u n d erst a n di n g of c o m b usti o n pr o c ess es i n mi x e d ( h et er o g e n e o us) f u el b e ds m a n a g e d wit h 
pr es cri b e d fir e o n D o D i nst all ati o ns. O ur c o n c e pt u al m o d el ( Fi g ur e 1 ) of t h e p h ysi cs a n d 
c h e mistr y of fir e s pr e a d i n h et er o g e n e o us f u el b e ds b uil ds u p o n pr e vi o us f or m ul ati o ns. T h e 
f or m ul ati o ns g e n er all y i n cl u d e d t h e h e at tr a nsf er m e c h a nis ms list e d. C o n d u cti o n, w hil e 
i m p ort a nt w h e n f u el p arti cl es p h ysi c all y c o nt a ct, w as n ot f o c us e d o n b e c a us e it is a r el ati v el y 
sl o w m e c h a nis m i n wil dl a n d f u els. Tr e at m e nt of p yr ol ysis v ari es s o m e w h at b et w e e n t h e 
f or m ul ati o ns r a n gi n g fr o m ass u mi n g Arr h e ni us-t y p e pr o d u cti o n of p yr ol ys at es t o si m pl y 
ass u mi n g a hi g h er h e at c o nt e nt f or t h e f u el. D e a d f u els d o mi n at e fir e s pr e a d i n m a n y f u el t y p es 
a n d t h us d o mi n at e o p er ati o n al m o d els; h o w e v er, li v e f u els ar e a n i m p ort a nt c o ntri b ut or i n m a n y 
f or est e d s yst e ms w h er e pr es cri b e d b ur ni n g is r o uti n el y us e d. O ur a p pr o a c h i n cl u d e d usi n g w ell-
c o ntr oll e d, tr a diti o n al m et h o ds s u c h as t h er m o gr a vi m etri c a n al ysis a n d wil dl a n d fir e fl a m es t o 
st u d y t h e t h er m al d e c o m p ositi o n ( p yr ol ysis) of li v e f u els a n d t h e r es ulti n g g as e o us pr o d u cts. 

P yr ol ysis is str o n gl y aff e ct e d b y t h e s oli d f u el p arti cl e t e m p er at ur e w hi c h is a f u n cti o n of h e at 
tr a nsf er fr o m t h e fl a m e t o t h e u n b ur nt li v e f u els. W e d et er mi n e d t h e eff e cts of v ari o us h e ati n g 
m o d es o n t h e pr o d u cti o n of p yr ol ys at es f or li v e s o ut h er n f u el t y p es. P yr ol y z at e pr o d u cti o n is a 
pr e c urs or t o t h e i g niti o n of li v e f u els a n d pr e vi o us w or k h as t y pi c all y st u di e d dri e d, gr o u n d f u el 
s a m pl es. I n v ol v e m e nt of li v e f u els i n t h e s pr e a di n g fl a m e fr o nt is a n i m p ort a nt c o nsi d er ati o n 
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w h e n pl a n ni n g pr es cri b e d b ur ns u n d er a f or est c a n o p y. W hil e t h e f o c us of t h e pr es e nt w or k w as 
o n h et er o g e n e o us f u el b e ds l o c at e d i n t h e s o ut h er n U nit e d St at es, t h es e r es ults m a y b e n efit ot h er 
c o nif er o us f or ests m a n a g e d wit h l o w i nt e nsit y pr es cri b e d fir e t h at als o h a v e s urf a c e f u el b e ds of 
c o ni f er litt er, li v e s hr u bs a n d r e g e n er ati n g tr e es. 

 

 

 

 

 

Pr e vi o us  p yr olysis w or k h as t y pi c all y us e d gr o u n d- u p s a m pl es, t h us eli mi n ati n g a n y eff e cts 
c a us e d b y m oist ur e c o nt e nt, f u el p arti cl e s h a p e, or h e ati n g m o d e. T h er m al gr a vi m etri c a n al ysis 
( T G A) c o u pl e d wit h g as c hr o m at o gr a p h y-m ass s p e ctr o m etr y ( G C - M S) a n d e v ol v e d g as a n al ysis 
( E G A) h a v e b e e n us e d f or d e c a d es t o d es cri b e t h e c o m p ositi o n a n d e n er g y c o nt e nt of p yr ol ysis 
pr o d u cts . W e m e as ur e d p yr ol ysis pr o d u cts ( p er m a n e nt g as es ( P G), li g ht g as es a n d t ars 
( c o n d e ns a bl e g as es)) at t hr e e s c al es – fr o m ti g htl y c o ntr oll e d h e ati n g r at e b e n c h-s c al e 
m e as ur e m e nts at B Y U a n d t h e F or est Pr o d u cts L a b or at or y ( F P L) t o l a b or at or y b ur n -s c al e i n a 
wi n d t u n n el at R F L w h er e f u el b e d c o m p ositi o n w as c o ntr oll e d a n d fl a m e l e n gt h a n d r at e of 
s pr e a d w er e r el ati v el y c o nst a nt r es ulti n g i n c o nsist e nt h e ati n g r at es t o s m all fi el d -s c al e b ur ns 
( 0. 0 9 h a) i n si mil ar f u els u n d er si mil ar w e at h er c o n diti o ns at F ort Ja c ks o n i n S o ut h C ar oli n a. T h e 
B Y U e x p eri m e nt al a p p ar at us c o nsist e d of a fl at -fl a m e b ur n er wit h m m-si z e fl a m es pr o d u ci n g h ot 
p ost- c o m b usti o n g as es ( c o n v e cti v e h e ati n g) a n d a r a di a nt p a n el (r a di a nt h e ati n g). T h e b ur n er 
s urf a c e w as w at er - c o ol e d r e d u ci n g p ossibl e r a di a nt h e ati n g fr o m t h e s urf a c e a n d t h e f u el g as 
mi xt ur e pr o d u c e d t hi n bl u e fl a m es wit h n o s o ot r es ulti n g i n n e gli gi bl e r a di a nt fl u x. F P L h e ati n g 
e x p eri m e nts w er e p erf or m e d usi n g e n h a n c e d c o n e- c al ori m et er t e c h ni q u es d e v el o p e d f or t his 
st u d y. I n all i n st a n c es i nt a ct f u els fr o m li vi n g pl a nts w er e us e d i nst e a d of gr o u n d a n d dri e d f u el 
s a m pl es. A s c h e m ati c s h o wi n g li n k a g es b et w e e n t h e v ari o us e x p eri m e nts, m o d el d e v el o p m e nt 
a n d t esti n g p erf or m e d d uri n g t his pr oj e ct ( Fi g u r e 2 ) ill ustr at es b ot h si mil ariti es a n d diff er e n c es i n 
t h e e x p eri m e nts d u e t o s c al e diff er e n c es a n d a bilit y t o c o ntr ol c o n diti o ns. At e a c h s c al e 
m e as ur e m e nts ass o ci at e d wit h t h e t hr e e o bj e c ti v es a n d f u el d es cri pti o n w er e c o n d u ct e d. T h e 
m et h o ds ass o ci at e d wit h a c c o m plis hi n g t h e o bj e cti v es ar e or g a ni z e d b y e x p eri m e nt al s c al e 
wit hi n e a c h o bj e cti v e. A s u m m ar y of t h e e x p eri m e nts p erf or m e d at t h e t hr e e s c al es c a n b e f o u n d 
i n T a bl e 1 . 
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T a bl e 1 . S y n o psis of e x p e ri m e nts c o n d u ct e d at 3 s c al es t o m e as u r e c o m p ositi o n of p y r ol ysis 
g as es ass o ci at e d wit h li v e pl a nts c o m m o n t o t h e s o ut h e ast e r n U nit e d St at es.  

S c al e  E x p eri m e nt al S u m m ar y  

B e n c h ( B Y U)  8 7 sl o w -h e ati n g, 8 7 r a di a nt, 8 7 c o n v e cti v e, 8 7 r a di a nt & c o n v e cti v e  
Wi n d t u n n el  9 1 e x p eri m e nt al fir es ( 2 2 d or m a nt s e as o n, 6 9 gr o wi n g s e as o n)  
Fi el d  7 Ft. J a c ks o n ( 5/ 1/ 1 8 –  2 4 Bt, 2 4 Bs; 5/ 2/ 2 0 1 8 –  2 4 As, 2 4 At; 5/ 3/ 2 0 1 8 –  

1 6 D 5, 1 6 D 6, 1 6 D 6); 2 T all Ti m b ers ( 4/ 2 0 1 7)  
 

O bj e cti v e 0 – F u el c h ar a ct eri z ati o n  

C o m bi ni n g o ur k n o wl e d g e of i m p ort a nt s o ut h er n f u els a n d pl a nts wit h t h e s p e ci es a v ail a bl e 
t hr o u g h c o m m er ci al n urs eri es a bl e t o s hi p t h e m at eri als t o Ut a h, Wis c o nsi n a n d C alif or ni a, 1 4 
pl a nt s p e ci es w er e s el e ct e d: Aristi d a stri ct a, S c hiz a c h yri u m s c o p ari u m,  Il e x gl a br a, Il e x 
v o mit ori a, L y o ni a l u ci d a, M or ell a c erif er a, P ers e a p al ustris, V a c ci ni u m ar b or e u m, V a c ci ni u m 
d arr o wii, Pi n us p al ustris, Q u er c us ni gr a, Q u er c us vir gi ni a n a, S a b al mi n or, S er e n o a r e p e ns.  
Pl a nt si z e v ari e d b et w e e n s p e ci es. O n e of t h e d o mi n a nt s hr u b s p e ci es at Ft. J a c ks o n is 
s p ar kl e b err y ( V a c ci ni u m ar b or e u m ). It w as c h os e n t o li n k b e n c h-s c al e m e as ur e m e nts t o fi el d -
s c a l e m e as ur e m e nts. S p e ci ali z e d s m all s c al e t ests a v ail a bl e at F P L a n d p h ysi c al pr o p erti es 
o bt ai n e d at B Y U a n d ot h er f a ciliti es c h ar a ct eri z e d t h es e pl a nt m at eri als.  E arl y i n t h e pr oj e ct w e 
d et er mi n e d t h at c o n v e nti o n al w o o d w et c h e mistr y c o ul d o nl y a c c o u nt f or a b o ut o n e- h alf of t h e 
li v e l e af dr y m ass, d es cri b e d as h e mi c ell ul os e, c ell ul os e, a n d kl as o n li g ni n s o a d diti o n al 
st a n d ar di z e d t ests d et er mi n e d t h e l e af c o m p o n e nts of gl u c os e, fr u ct os e, st ar c h, cr u d e pr ot ei n, a n d 
mi n er als al o n g wit h m o difi c ati o ns t o t h e st a n d ar d t ests f or d et er mi ni n g li pi ds, p e cti n, p h e n oli c, 
a n d sili c at es. C o m p ositi o n a n d f u el l o a di n g of wi n d t u n n el f u els w er e k n o w n. T w o t y p es of 
s a m pli n g t o ass ess l o a di n g of s urf a c e a n d u n d erst or y f u els at Ft. J a c ks o n w er e us e d: 1) 
tr a diti o n al, 2 D pl ot m et h o ds a n d 2) n o v el 3 D m et h o ds usi n g Li D A R a n d t err estri al l as er 
s c a n ni n g t o d es cri b e t h e s hr u b c o m p o n e nt of t h e f u el b e d.  
 
O bj e cti v e 1 – M e as ur e m e nt of p yr ol ysis pr o d u cts 

A fl at -fl a m e b ur n er ( F F B) a p p ar at us a n d a p yr ol y z er w er e us e d t o st u d y p yr ol ysis of f oli ar 
s a m pl es at hi g h ( 4 – 1 9 5 ° C s - 1) a n d l o w ( 0. 5 ° C s - 1) h e ati n g r at es. T ar v a p ors w er e c o n d e ns e d i n 
c o n d e ns ers a n d w er e a n al y z e d b y G C -M S aft er s ol v e nt e xtr a cti o n usi n g a T h er m o S ci e ntifi c ™ 
Tr a c e ™ 1 3 1 0 ( G C) e q ui p p e d wit h a t h er m al c o n d u c ti vit y d et e ct or ( T C D) w as us e d wit h a n H P 
5 8 9 0 G C c o m bi n e d wit h a n H P 5 9 7 2 M S. N o n- c o n d e ns a bl e g as es w er e c oll e ct e d i n g as 
s a m pli n g b a gs f or tr a nsf er t o g as a n al ysis d e vi c es. 

C a nist er s a m pl es w er e c oll e ct e d i n t h e wi n d t u n n el a n d fi el d b ur n e x p eri m e nts. C o m p ositi o n of 
t h e g as s a m pl es i n t h e wi n d t u n n el c a nist ers a n d s o m e of t h e fi el d c a nist ers w er e a n al y z e d usi n g 
a G C. T h e ot h er fi el d c a nist ers w er e a n al y z e d t h e e v e ni n g of e a c h fir e usi n g a Br u k er T e ns or 3 7 
( T 3 7) e xtr a cti v e F TI R. F or t h e wi n d t u n n el e x p eri m e nts, t h e T 3 7 w as us e d i n t w o m o d es, st ati c 
a n d d y n a mi c) t o d et er mi n e l u m p e d (st ati c) a n d ti m e r es ol v e d ( d y n a mi c) c o m p ositi o n of p yr ol ysis 
g as es. C a nist er s a m pl es w er e c oll e ct e d eit h er i n a d v a n c e of t h e fl a m e ( wi n d t u n n el) or at t h e b as e 
of t h e fl a m e (fi el d). 

O bj e cti v e 2 – D et er mi ni n g eff e cts of h e at tr a nsf er  

I n t h e b e n c h-s c al e t ests i n t h e p yr ol y z er a n d t h e fl at -fl a m e b ur n er, t h e h e ati n g r at es w er e k n o w n. 
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T e m p er at ur es of t h e l e af s a m pl es w er e m e as ur e d usi n g a l o n g w a v e I R ( L WI R) c a m er a. I n t h e 
wi n d t u n n el e x p eri m e nts, c o n v e cti v e h e at fl u x ar o u n d t h e n urs er y pl a nts w as esti m at e d usi n g a 
b a c k gr o u n d- ori e nt e d s c hli er e n t e c h ni q u e; r a di ati v e a n d t ot al h e at fl u x es i nt o t h e pi n e n e e dl e f u el 
b e d w er e m e as ur e d usi n g S c h mi dt- B o elt er h e at fl u x s e ns ors. A d o w n w ar d vi e wi n g L WI R 
c a m er a r e c or d e d t h e t e m p er at ur e of t h e f u el b e d as t h e fir e a d v a n c e d i n t h e wi n d t u n n el. C ust o m 
b uilt Fir e B e h a vi or P a c k a g es c o nt ai ni n g a t ot al a n d r a di a nt h e at fl u x s e ns or, a n arr o w a n gl e 
r a di o m et er, t h er m o c o u pl es a n d m ass fl o w s e ns ors w er e d e pl o y ed at Ft. J a c ks o n t o m e as ur e 
h ori z o nt al h e at fl u x es fr o m t h e fir es t o t h e s hr u bs. A n a dir d o w n w ar d l o o ki n g I R c a m er a w as 
us e d t o m e as ur e l e af t e m p er at ur es of t h e s hr u bs. Tr a diti o n al st atisti c al a n al ys es of p yr ol ysis 
pr o d u ct yi el ds a n d c o m p ositi o n w er e us e d i niti all y. R e c o g niti o n t h at t h es e d at a di d n ot m e et t h e 
ass u m pti o ns u n d erl yi n g tr a diti o n al st atisti c al a n al ys es r es ult e d i n t h e a p pli c ati o n of 
c o m p ositi o n al d at a a n al ysis ( C o D A) t e c h ni q u es t o t h es e d at a w hi c h w as a n e w a p pr o a c h f or t h e 
wil dl a n d fir e a n d at m os p h eri c s ci e n c e c o m m u niti es.  

O bj e cti v e 3 - Hi g h -fi d elit y p h ysi cs- b as e d m o d eli n g 

T hr e e m o d eli n g st u di es r el e v a nt t o t h e b e n c h- s c al e F F B e x p eri m e nts w er e p erf or m e d t o g ai n 
f urt h er u n d erst a n di n g of p yr ol ysis, i g niti o n a n d fl a mi n g of s oli d f u els r e pr es e nti n g m a n z a nit a 
(Ar ct ost a p h yl os gl a n d ul os a ) l e a v es. W hil e t his s p e ci es is n ati v e t o C alif or ni a a n d Or e g o n, its 
o v er all l e af c h ar a ct eristi cs s u c h as l e af m or p h ol o g y a n d h e at c o nt e nt ar e si mil ar t o s o ut h er n 
s p e ci es s u c h as i n k b err y, f ett e r b us h, a n d s w a m p b a y r es ulti n g i n si mil ar p h ysi c al ( as o p p os e d t o 
c h e mi c al) r es p o ns e i n t h es e st u di es. All si m ul ati o ns w er e v ali d at e d a g ai nst t h e e x p eri m e nt al d at a 
pr e vi o usl y o bt ai n e d usi n g t h e F F B. I n t h e first st u d y, t h e l e af w as ori e nt e d h ori z o nt all y i n t h e h ot 
u p w ar d c o n v e cti v e str e a m e xiti n g t h e F F B. P yr ol ysis, i g niti o n a n d c o m b usti o n of a t hi n s oli d 
f u el r e pr es e nti n g a br o a dl e af w er e st u di e d. I n t h e s e c o n d st u d y, t h e l e af w as ori e nt e d v erti c all y 
a n d h el d a b o v e t h e F F B. P yr ol ysis, i g niti o n, a n d c o m b ust i o n of a l e af-li k e s oli d f u el r e pr es e nti n g 
a v erti c all y ori e nt e d m a n z a nit a l e af w er e c o m p ut ati o n all y i n v esti g at e d usi n g m o difi e d G p yr o 3 D 
c o u pl e d wit h F D S. I n t h e t hir d st u d y, t h e eff e ct of h e ati n g m o d e, c o n v e cti o n vs r a di ati o n vs 
c o m bi n e d c o n v e cti o n -r a di ati o n, w as i n v esti g at e d f or a l e af i n t h e F F B a p p ar at us e q ui p p e d wit h a 
r a di ati v e p a n el. A f o urt h m o d eli n g st u d y w as p erf or m e d t o i n v esti g at e t w o m oist ur e e v a p or ati o n 
a p pr o a c h es ( Arr h e ni us vs e q uili bri u m) i n d e a d a n d li v e f u els. L astl y, F D S v ersi o n 6. 7 w as u s e d 
t o si m ul at e p yr ol ysis a n d c o m b usti o n of f u el b e ds of l o n gl e af pi n e n e e dl es o nl y ( 0. 3 9 6 k g m- 2) 
i n t h e wi n d t u n n el. B e c a us e t h e d et ail e d c h e mi c al a n al ysis of t h e f oli a g e of 1 2 of t h e pl a nt 
s p e ci es i n t his st u d y a n d ot h er pri or w or k h as s h o w n t h at f oli ar f u els ar e diff er e nt fr o m w o o d, 
t his pr oj e ct d e v el o p e d a m o d el of s p e cifi c h e at c a p a cit y b as e d o n t h e f oli ar c o m p ositi o n usi n g a 
c o m bi n ati o n of t h e or eti c al a n d st atisti c al m o d eli n g. T h e c h ar a ct eri z ati o n of t h e p h ysi c al a n d 
c h e mi c al c o m p ositi o n of t h e n urs er y pl a nts r e v e al e d t h e i n a d e q u a ci es of t h e e xisti n g V e g et ati o n 
m o d ul e i n F D S w hi c h e n a bl es F D S t o si m ul at e wil dl a n d a n d wil dl a n d -ur b a n i nt erf a c e fir e a n d 
t his n e w m o d el h as b e e n d e v el o p e d as a n alt er n ati v e. At pr es e nt ti m e it h as n ot b e e n a d d e d t o 
F D S, b ut t h e f or m ul ati o n is a v ail a bl e i n t h e lit er at ur e. 
 
4  R es ults a n d Dis c ussi o n  
F u els w er e c h ar a ct eri z e d f or all s ets of e x p eri m e nts. Pr o xi m at e a n d ulti m at e a n al ysis of t h e 
n urs er y pl a nts pr o d u c e d v al u es t h at w er e t y pi c al of li vi n g v e g et ati o n. Pr o xi m at e a n al ysis 
d et er mi n e d m oist ur e, as h, v ol atil e m att er a n d fi x e d c ar b o n c o nt e nt; ulti m at e a n al ysis d et er mi n e d 
C, H, O, N a n d S. F u el l o a di n g at Ft. J a c ks o n w as wit hi n t h e r a n g e of l o a di n gs r e p ort e d f or 
u n b ur nt st a n ds at E gli n Air F or c e B as e i n Fl ori d a a n d f or mi x e d sl a s h ( Pi n us elli ottii  E n g el m.) 
a n d l o n gl e af pi n e st a n ds i n c e ntr al G e or gi a. T h e l o w i nt e nsit y fir es at Ft. J a c ks o n d o n ot t y pi c all y 
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c o ns u m e all s urf a c e f u els s o t h er e is a r esi d u al d uff l a y er i n t h es e st a n ds. 3 D s hr u b f u els w er e 
s u c c essf ull y m o d el e d usi n g pl ot d at a a n d T L S m e as ur es; h o w e v er, t h e s hr u b c o m p o n e nt, w hil e 
si g nifi c a nt i n t er ms of v erti c al distri b uti o n a n d its i nfl u e n c e o n fir e b e h a vi or, w as o nl y a mi n or 
p orti o n of t h e f u el c o ns u m pti o n. 

O bj e cti v e 1 – M e as ur e m e nt of p yr ol ysis pr o d u cts 

D uri n g f ast p y r ol ysis i n t h e F F B, li v e f oli a g e s a m pl es l ost i niti al m ass at a sl o w er r at e a n d 
p yr ol ysis t o o k l o n g er t o c o m pl et e c o m p ar e d t o air- dri e d f oli a g e s a m pl es. T his diff er e n c e i n m ass 
l oss r at e is attri b ut e d t o t h e f a ct t h at m or e w at er w as pr es e nt i n t h e f oli a g e of t h e li v e pl a nts as 
pr e vi o us st u di es h a v e s h o w n. Fi g ur e 3  s h o ws a c o m p aris o n of t h e p yr ol ysis pr o d u ct yi el ds fr o m 
l o n gl e af pi n e litt er i n t h e diff er e nt h e ati n g m o d es as a f u n cti o n of t e m p er at ur e ( e v e n t h o u g h t h e 
h e ati n g r at es a n d b a c k gr o u n d g as c o m p ositi o n w er e diff er e nt). T h e t ar yi el ds fr o m t h e p yr ol y z er 
p e a k e d at 5 0 0 ° C a n d t h e n d e cr e as e d d u e t o s e c o n d ar y r e a cti o ns of t ar. H o w e v er, t h e t ar yi el ds i n 
t h e F F B s yst e m c o nti n u e d t o i n cr e as e wit h fi n al t e m p er at ur e, r e a c hi n g o v er 6 0 % of t h e m ass of 
t h e dr y pl a nt. T his diff er e n c e i n tr e n d i n di c at es t h at t e m p er at ur e alo n e c a n n ot b e us e d t o d es cri b e 
p yr ol ysis b e h a vi or, b ut t h at h e ati n g r at e a n d p er h a ps t h e t e m p er at ur e of t h e a m bi e nt e n vir o n m e nt 
als o c o ntri b ut e t o p yr ol ysis b e h a vi or. O n a w ei g ht b asis C O w as t h e m ost pr e v al e nt s p e ci es, 
f oll o w e d b y C O2 , wit h m u c h s m all er am o u nts of C H 4  a n d H2 . O n a m ol ar b asis, H2  c o m pri s e d 
a b o ut 3 0 m ol % of t h e li g ht g as. T h e a m o u nt of C O i n cr e as e d wit h i n cr e asi n g s e v erit y of t h e 
h e ati n g, w hil e t h e a m o u nt of C O 2  d e cr e as e d ( Fi g ur e 4 ). Pl a nt-t o-pl a nt v ari ati o ns i n li g ht g as 
s p e ci es w er e r el ati v el y s m all, es p e ci all y c o nsi d eri n g t h at t h e li g ht g as o nl y c o m pris e d a b o ut 2 5 
wt % of t h e p yr ol ysis g as es. 

 

  

Fi g u r e 3 . P y r ol ysis p r o d u ct yi el ds 
( p e r c e nt a g e of t ot al m ass ( d r y as h f r e e 
b asis)) vs. fi n al t e m p e r at u r e f o r l o n gl e af 
pi n e litt e r o bt ai n e d i n a p y r ol y z e r (s oli d 
li n es) at 0. 5 ° C/s a n d f r o m t h e fl at fl a m e 
b u r n e r s yst e m ( d as h e d li n es) u n d e r  
diff e r e nt m o d es of h e ati n g: r a di ati o n o nl y 
( 5 5 0 ° C), c o n v e cti o n o nl y ( 7 5 0 ° C), a n d 
r a di ati o n pl us c o n v e cti o n ( 8 0 0 ° C).  

 

Fi g u r e 4 . Li g ht g as s p e ci es o bs e r v e d 
d u ri n g p y r ol ysis of li v e s p a r kl e b e r r y 
pl ott e d as a f u n cti o n of fi n al t e m p e r at u r e.  
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T ars ar e g as es e v ol v e d i n t h e p yr ol ysis e n vir o n m e nt t h at c o n d e ns e w h e n c o ol e d t o r o o m or i c e 
t e m p er at ur e. T h e i niti al t ar s p e ci es r el e as e d fr o m a s urf a c e m a y r e a ct f urt h er i n a h ot 
e n vir o n m e nt t o ( a) cr a c k a p art a n d f or m s m all er li g ht g as s p e ci es, or ( 2) p ol y m eri z e t o f or m 
l ar g er s p e ci es c all e d p ol y ar o m ati c h y dr o c ar b o ns ( P A H) w hi c h c a n e v e nt u all y p ol y m eri z e t o f or m 
s o ot. T h e y ell o w p art of fl a m es is d u e t o r a di a nt e missi o n fr o m h ot s o ot p arti cl es f or m e d l ar g el y 
fr o m th e t ar. S o ot is t h e d o mi n a nt s o ur c e of r a di ati o n fr o m fl a m es.  

T h e G C/ M S a n al ysis of t ars w as a bl e t o d et er mi n e 6 0 t ar s p e ci es wit h c o n c e ntr ati o ns of m or e 
t h a n 1 m ol % of t h e t ar i n t h e F F B e x p eri m e nts, a n d o v er 3 0 c o m p o u n ds i n t h e p yr ol y z er 
e x p eri m e nts. T h er e w er e m a n y m or e c o m p o u n ds t h a n t h es e b ut i n s u c h l o w c o n c e ntr ati o ns t h at 
si g n al- t o- n ois e b e c a m e a pr o bl e m. Fi g ur e 3 s h o ws t h e distri b uti o n of c o m p o u n ds m e as ur e d i n t h e 
F F B s yst e m i n t h e t hr e e h e ati n g m o d es f or l o n gl e af pi n e (li v e, d e a d, a n d pi n e litt er). L ar g e 
v ari ati o ns i n t h e a m o u nt of i n di vi d u al t ar s p e ci es w er e o bs er v e d as a f u n cti o n of pl a nt s p e ci es. 
O n e of t h e m aj or t ar s p e ci es t h at w er e o bs er v e d i n e v er y e x p eri m e nt w as p h e n ol f or all f o ur 
m o d es of h e ati n g ( Fi g ur e 5 ). T h e yi el ds of p h e n ol a n d 1, 2-b e n z e n e di ol w er e q uit e diff er e nt f or 
e a c h pl a nt s p e ci es, wit h n o cl e ar tr e n d wit h h e ati n g m o d e t h at is c o m m o n t o all pl a nt s p e ci es. A n 
e x a m pl e of t h e eff e cts of h e ati n g m o d e, r at e a n d t e m p er at ur e o n t ar c o m p ositi o n s u m m ari z e d i n 
gr o u ps c a n b e e asil y s e e n ( Fi g ur e 6 ). 

 
Fi g u r e 5 . M ol e p e r c e nt p h e n ol (l eft) a n d 1, 2 -b e n z e n e di ol ( ri g ht) i n t a r d u ri n g p y r ol ysis of 
1 4 li v e pl a nt s p e ci es. E r r o r b a rs r e p r es e nt t h e 9 5 % c o nfi d e n c e i nt e r v al.  
 

 
Fi g u r e 6 . A n e x a m pl e of h e ati n g m o d e o n dist ri b uti o n of f u n cti o n al g r o u ps i n t a r f o r 
p y r ol ysis of li v e l o n gl e af pi n e f oli a g e.  
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Usi n g c o m p ositi o n al d at a a n al ysis ( C o D A) p er mitt e d t h e pr o p er a p pli c ati o n of m ulti v ari at e 
a n al ysis ( a n d ot h er st atisti c al m et h o ds) t o t h e b e n c h -s c al e p yr ol ysis d at a. T h e c o m p ositi o n of t h e 
p yr ol ysis g as es w as si g nif i c a ntl y aff e ct e d b y pl a nt s p e ci es, m oist ur e c o nt e nt, h e ati n g m o d e. 
P air wis e c o m p aris o ns of l o g -r ati os of gr o u ps of p yr ol ysis pr o d u cts ( b al a n c es) s h o w e d t h at t h e 
r el ati v e a m o u nts of t h e v ari o us gr o u pi n gs diff er e d b et w e e n m ost h e ati n g m o d es; h o w e v er, o nl y a 
f e w of t h e gr o u pi n gs w er e aff e ct e d b y t h e f oli a g e m oist ur e st at us (T a bl e 2 ). 

I n t h e 8 8 wi n d t u n n el e x p eri m e nts, 2 2 li g ht g as es w er e i d e ntifi e d i n t h e 1 5 3 c a nist er s a m pl es a n d 
3 5 g as es w er e i d e ntifi e d usi n g t h e F TI R i n 3 7 e x p eri m e nts. Of t h es e g as es, 8 w er e c o m m o n t o 
b ot h i nstr u m e nts ( C O, C O 2 , C H4 , C2 H 2 , C2 H 4 , C2 H 6 , C3 H 6  a n d C4 H 6 . T h e b e n c h-s c al e 
e x p eri m e nts m e as ur e d C O, C O 2  a n d C H 4 . W hil e w e c o m p ar e d g as c om p ositi o n at t h e b e n c h, 
wi n d t u n n el a n d fi el d s c al es s e p ar at el y, w e di d n ot c o m p ar e t h e r el ati v e a m o u nt of C O, C O 2  a n d 
C H 4 a cr oss t h e 3 s c al es. At Ft. J a c ks o n, 4 2 c a nist ers w er e c oll e ct e d f or G C/ M S a n d 7 w er e 
c oll e ct e d f or F TI R a n al ysis. L o gisti c r e gr essi o n c orr e ctl y cl assifi e d 7 4 p er c e nt of t h e wi n d t u n n el 
s a m pl es as p yr ol ysis or fl a mi n g a n d t his m o d el a p pli e d t o t h e Ft. J a c ks o n c a nist ers i d e ntifi e d 1 7 
of t h e 4 2 as p yr ol ysis s a m pl es. As e x p e ct e d, g as c o m p ositi o n diff er e d si g nifi c a ntl y b et w e e n 
p yr ol ysis a n d fl a mi n g c o m b usti o n. T h e g as c o m p ositi o n w as als o aff e ct e d b y t h e s a m pl e l o c ati o n 
( wi n d t u n n el vs fi el d) (Fi g ur e 7 ). F u el h e ati n g r at es, m a xi m u m f u el t e m p er at ur es a n d f uel 
c o n diti o ns (l o a di n g, m oist ur e c o nt e nt) w er e si mil ar b et w e e n t h e wi n d t u n n el e x p eri m e nt a n d t h e 
fi el d pr es cri b e d b ur ns t h us w arr a nti n g c o m p aris o n. 

T h e d y n a mi c F TI R wi n d t u n n el s a m pl es aff or d e d t h e o p p ort u nit y t o li n k t h e m e as ur e d 
c o n c e ntr ati o ns of g as es t o t h e i nfr ar e d i m a g er y t o e x a mi n e ass o ci ati o n wit h diff er e nt st a g es of 
t h e pr e h e ati n g, p yr ol ysis a n d c o m b usti o n p h as es (Fi g ur e 8 ). T h e t o p s eri es of s p e ctr a s h o w t h e 
pr es e n c e of et h e n e ( C 2 H 4 ), pr o p e n e ( C3 H 6 ) a n d nitr o us a ci d ( H O N O) b e c o m e m or e e vi d e nt 
d uri n g t h e p yr ol ysis p h as e of t h e b ur n a n d r e a c h t h eir hi g h est mi xi n g r ati os as s e e n i n s c a ns 1 5-
2 0, a n d a m m o ni a ( N H 3 ) at it s hi g h est mi xi n g r ati o d uri n g t h e fl a mi n g a n d s m ol d eri n g p h as es of 
t h e fir e. T h e b ott o m s eri es of s p e ctr a d e pi cts t h e pr o gr essi o n of t h e b ur n r el ati v e t o c ar b o n 
m o n o xi d e ( C O), wit h mi xi n g r ati os i n cr e asi n g a n d p e a ki n g d uri n g t h e p yr ol ysis p h as e w hil e 
d e cr e asi n g d uri n g t h e fl a mi n g p orti o n of t h e fl a m e.  

A gr e at d e al w as l e ar n e d fr o m t h e Ft. J a c ks o n F TI R m e as ur e m e nts, i n cl u di n g a b o ut t h e 
t e c h ni q u e its elf. First a m o n gst t h es e is t h at w h e n usi n g I R s p e ctr os c o p y d eri vi n g t h e mi xi n g 
r ati os fr o m t h e c o n g est e d s p e ctr a o bt ai n e d fr o m wil dl a n d s m o k e s a m pl es is f ar m or e c h all e n gi n g 
t h a n i n ot h er a p pli c ati o ns d u e t o m ulti pl e o v erl a p pi n g s p e ctr al f e at ur es. S o p histi c at e d s oft w ar e 
a n d a n al ysis ar e r e q uir e d wit h c ar ef ul it er ati v e a n al ysis c arri e d o ut i n s el e ct e d s p e ctr al 
“ mi cr o wi n d o ws. ” Usi n g s u c h m et h o ds, s u c c essf ul a n al ysis w as c arri e d o ut t h at r es ult e d i n first 
i nfr ar e d d et e cti o n of fi v e c o m p o u n ds g e n er at e d d uri n g pr es cri b e d f or est fir e b ur ns: m et h yl nitrit e 
( C H3 O N = O), all e n e ( 1, 2- pr o p a di e n e, C H 2 = C = C H 2 ), t h e ar o m ati c c o m p o u n d n a p ht h al e n e 
( C1 0 H 8 ), a n d t h e t w o al d e h yd es a cr ol ei n ( C H 2 = C H C H O) a n d a c et al d e h y d e ( C H 3 C H O). M ost of 
t h e c o m p o u n ds ( e x cl u di n g a c et al d e h y d e), h a d t h eir pri m ar y f e at ur es b e c o m e a p p ar e nt o nl y aft er 
t h e l ar g er s p e ctr al f e at ur es h a d b e e n fitt e d a n d s u btr a ct e d.  
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T a bl e 2. P ai r w is e c o m p a ris o n of h e ati n g m o d e a n d m oist u r e st at us eff e cts o n b al a n c es of 
g as c o m p o u n ds p r o d u c e d b y t h e p y r ol ysis of 1 5 pl a nt s p e ci es n ati v e t o t h e s o ut h e ast e r n 
U nit e d St at es. “ X ” i n di c at es a si g nifi c a nt diff e r e n c e. Sl o w = p y r ol y z e r, R a d = r a di ati v e o nl y, 
C o n v = c o n v e cti v e o nl y, R a d C o n v = c o m bi n e d r a di ati v e a n d c o n v e cti v e. 

 H e ati n g M o d e  M oist ur e  
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T ar s vs p er m a n e nt g as ( P G)  X  X  X  X  X  X   
C O vs Ot h er P G   X  X  X  X  X  X  
H 2  vs C H 4  X  X  X   X  X  X  
T ars vs P h e n ol  X  X    X  X  X  
Pri m ar y vs Ot h er T ars  X  X  X  X  X  X   
Ot h er T ars vs P h e n ol d eri vs  X  X  X  X  X  X   
A ci d, Al c o h ol vs Ot h er H C  X  X   X  X    
Al d e h y d e vs K et o n e  X  X  X  X  X    
A ci d vs Al c o h ol  X  X   X  X  X   
B e n z e n e vs Ri n gs  X  X  X  X  X  X   
2 & 3 vs 4 & 5 Ri n g  X  X  X  X  X  X   
2 vs 3 -Ri n g T ars  X  X  X  X  X  X   
4 vs 5 -Ri n g T ars   X  X  X  X  X   

 

 

 
Fi g u r e 7. Eff e ct of l o c ati o n o n g as c o m p ositi o n of p y r ol ysis s a m pl es c oll e ct e d i n a wi n d 
t u n n el a n d i n p r es c ri b e d b u r ns i n l o n gl e af pi n e st a n ds l o c at e d at T all Ti m b e rs P e b bl e Hill 
Pl a nt ati o n a n d F o rt J a c ks o n i n t h e s o ut h e ast e r n U. S. C o m p ositi o n e x p r ess e d as d e vi ati o n 
(l o g-r ati o s c al e) f r o m o v e r all g e o m et ri c m e a n b y g as. V al u es b el o w z e r o i n di c at e g as 
c o n c e nt r ati o ns l ess t h a n t h e o v e r all m e a n a n d v al u es a b o v e z e r o i n di c at e g r e at e r 
c o n c e nt r ati o ns.  
 

c o, C 3 H e t ci s- 2- b ut e n e J 
c o 

C 3 H 4 -- C, He ? 
H, 

-!. b ut a n e p e n t an e 
L o c a ti o n --C H, I Wi n dt u n MI .. _ Ft . J;i c h o n 

i s o b ut a n e i s o p e nt a n e 

" 
T a•r m b er s :.. " " C 2 H e _. _ -: b ut e n e 1- p e nt e n e 

C 2 H 4 

C 2 H 2 
i s o b ut e n e r tr a n s- 2- p e nt e n e l 

C 3 H 1 tr a n s- 2- b ul e n e ci s- 2- p e nt e n e --- 0.5 0 - 0. 2 5 0. 0 0 0. 2 5 0. 5 0 - 0 .5 0 - 0. 2 5 0. 0 0 0. 2 5 0. 5 0 - 0 .5 0 - 0 .2 5 0. 0 0 0. 2 5 0. 5 0 
A v er a g e d e vi ati o n A v er a g e d e vi ati o n A v er a g e d e vi ati o n 
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Fi g u r e 8. B u r n 8 6 ti m e- r es ol v e d m e as u r e d I R s p e ct r a ( N o v e m b e r 2 0 1 8) f o r r e gi o ns 1 1 5 0 -
8 0 0 c m - 1 a n d 2 2 5 0- 2 0 0 0 c m-1 r e s p e cti v el y.  
 
O bj e cti v e 2 – D et er mi ni n g eff e cts of h e at tr a nsf er  

I nfr ar e d i m a g es t a k e n usi n g a n I R c a m er a d uri n g t h e p yr ol ysis of t h e l e a v es i n di c at e t h at t h e 
l e a v es di d n ot h e at is ot h er m all y u n d er c o n v e cti v e h e ati n g. At t h e b e gi n ni n g of t h e e x p eri m e nts, 
t h er e w er e t e m p er at ur e gr a di e nts wit hi n t h e l e a v es; t h e e d g es of t h e l e a v es h a d hi g h er 
t e m p er at ur es t h a n t h e mi d dl e of t h e l e a v es. As ti m e p ass e d, t h e h e at tr a v el e d fr o m t h e e d g es 
t o w ar ds t h e c e nt er u ntil t h e t e m p er at ur e w as u nif or m a cr oss t h e e ntir e l e af. T h e m a xi m um f u el 
s urf a c e t e m p er at ur e m e as ur e d d uri n g t h e c o n v e cti o n- o nl y e x p eri m e nts w as 7 5 0 ° C. 

M a xi m u m o bs er v e d f u el t e m p er at ur es i n t h e wi n d t u n n el e x p eri m e nts w er e si mil ar ( o n t h e or d er 
of 6 5 0 ° C). T e m p er at ur es d eri v e d fr o m t h e ti m e s e q u e n c e of I R i m a g es ( Fi g ur e 9 ) w er e 
s y n c hr o ni z e d wit h F TI R d at a t o pr o d u c e Fi g ur e 8 . H e at fl u x es i nt o t h e wi n d t u n n el f u el b e d 
r a n g e d u p t o 2 5 k W m- 2. T h e h ori z o nt al c o n v e cti v e fl u x es esti m at e d b y t h e b a c k gr o u n d ori e nt e d 
s c hli er e n w er e g e n er all y 1 or 2 or d ers of m a g nit u d e s m all er. I n c o ntr ast, t h e h ori z o nt al h e at 
fl u x es m e as ur e d in t h e Ft. J a c ks o n b ur ns ( F i g ur e 1 0 ) w er e o n t h e or d er of 5- 1 5 k W m- 2 w hi c h 
w er e li k e ot h er r e p ort e d v al u es f or si mil ar v e g et ati o n t y p es.  

 

B ur n 8 6 - S p ar kl e b err y a n d 1 k g l o n g-l e af pi n e n e e dl e s 
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Fi g u r e 9 . F LI R t h e r m al i m a g es of fi r e p r o g r essi o n t h r o u g h a f u el b e d of l o n gl e af pi n e 
n e e dl es a n d i n k b e r r y pl a nts.  
 

O bj e cti v e 3 – Hi g h -fi d elit y p h ysi cs- b as e d m o d eli n g 

T h e G P yr o m o d el w as m o difi e d s u bst a nti all y t o i m pr o v e m o d elli n g of e v a p or ati o n fr o m f oli ar 
f u els. R e pl a c e m e nt of a n Arr h e ni us- b as e d m o d el wit h a n e q uili bri u m m o d el f or e v a p or ati o n h a d 
gr e at er i m p a ct o n hi g h f u el m oist ur e f u els. Dr yi n g d y n a mi cs fr o m t h e e q uili bri u m m o d el is m or e 
c o nsist e nt wit h t h e p h ysi cs of e v a p or ati o n (  Fi g ur e 1 1). M o d eli n g r e v e al e d t h at fl ui d d y n a mi cs 
pl a y a disti n cti v e r ol e i n e v a p or ati o n, p yr ol ysis, i g niti o n, c o m b usti o n  a n d b ur n o ut b e h a vi or of 
l e a v es. Fl ui d fl o w w as i nfl u e n c e d b y l e af ori e nt ati o n ( h ori z o nt al or v erti c al). T h e a d diti o n of 
r a di ati v e h e ati n g t o c o n v e cti v e h e ati n g r e d u c e d t h e ti m e t o c o m b ust 5 0 p er c e nt of t h e i niti al m ass 
b y 1/ 3 s u g g esti n g t h at c o n v e cti v e h e ati n g h a d a gr e at er i m p a ct o n p yr ol ysis a n d b ur ni n g of a n 
i n di vi d u al l e af c o m p ar e d t o r a di ati v e h e ati n g. 
 
5  I m pli c ati o ns f o r F ut u r e R es e a r c h  
T his pr oj e ct h as a p pli e d n e w t e c h ni q u es t o c h ar a ct eri z e a n d m o d el e v a p or ati o n a n d p yr ol ysis i n 
wil dl a n d f u els wit h a n  e m p h asis o n t h e li v e s hr u b c o m p o n e nt of f u el b e ds tr e at e d wit h pr es cri b e d 
b ur ni n g i n t h e s o ut h er n U nit e d St at es. W hil e it h as b e e n k n o w n f or s e v er al d e c a d es t h at t h e 
c o m p ositi o n of t h es e f u els is c o m pl e x a n d aff e ct e d b y t h e c o n diti o ns u n d er w hi c h p yr ol ysi s h as 
o c c urr e d, t h es e s u btl eti es h a v e n ot b e e n i n c or p or at e d i nt o wil dl a n d fir e m o d els f or a v ari et y of 
r e as o ns. S e v er al u ni q u e c o ntri b uti o ns h a v e r es ult e d fr o m t his pr oj e ct. T h e us e of a ct u al f u els t h at 
r et ai n e d t h eir ori gi n al s h a p e a n d w at er c o nt e nt t h us r ei ntr o d u ci n g t h e eff e cts of w at er a n d h e at 
tr a nsf er i nt o t h e r es ults pr o vi d e a m or e r e alisti c c h ar a ct eri z ati o n of p yr ol ysis t h at li k el y o c c urs i n 
t h e wil dl a n d s etti n g. W hil e pri or p yr ol ysis w or k wit h bi o m ass h as o c c asi o n all y o c c urr e d i n a n 
o xi di zi n g e n vir o n m e nt, m ost w or k h as t y pi c all y o c c urr e d i n i n ert e n vir o n m e nts. O ur 
m e as ur e m e nt of g as c o n c e ntr ati o ns i n a n o xi di zi n g e n vir o n m e nt m a y h a v e u n d er esti m at e d 
p yr ol ysis g as es b e c a us e t h e s a m pli n g t e c h ni q u e w as n ot s uffi ci e ntl y q ui c k t o c a pt ur e t h e g as es 
b ef or e o xi d ati o n. P ost pr oj e ct f ut ur e w or k c a n c o m p ar e t h e g as c o m p ositi o n r es ulti n g fr o m t h e 
i n ert e n vir o n m e nts of t h e p yr ol y z er a n d fl at-fl a m e b ur n er wit h t h e o xi di zi n g e n vir o n m e nts of t h e 
wi n d t u n n el a n d fi el d b ur ns at Ft. J a c ks o n t o d et er mi n e w h at t h e eff e cts ar e usi n g t h e c oll e ct e d 
d at a. It will b e k e y t o p erf or m t his a n al ysis usi n g c o m p ositi o n al d at a a n al ysis t e c h ni q u es b e c a us e 
t h e i nf or m ati o n i n t h e r el ati v e a m o u nts of g as es wit hi n t h e c o m p ositi o n ar e c o nt ai n e d wit hi n t h e 
r ati os of t h e g ases a n d n ot t h e a bs ol ut e a m o u nts. If f ut ur e w or k s h o ws t h at t h e g as r ati os d o n ot 
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c h a n g e b et w e e n t h e i n ert a n d o xi di zi n g e n vir o n m e nts, t h e n t h e a p pli c a bilit y of b e n c h- s c al e 
r es ults t o m o d el t h e l ar g er s c al e, o xi di zi n g e n vir o n m e nt w h er e pr es cri b e d fir es t a k e pl a c e is 
str e n gt h e n e d. T h e d y n a mi c F TI R d at a ill ustr at e d t h at p yr ol ysis g as c o m p ositi o n w as n ot st ati c; 
f urt h er a n al ysis is r e q uir e d t o c o nfir m tr e n ds as t h es e d at a w er e a c q uir e d l at e i n t h e pr oj e ct. 
A p pli c ati o n of t h e i m pr o v e d s p e ctr al a n al ysis t e c h ni q u e s w hi c h r es ult e d i n t h e first i nfr ar e d 
d et e cti o n of fi v e g as c o m p o u n ds d uri n g pr es cri b e d f or est fir e b ur ns m a y p ot e nti all y i m pr o v e o ur 
a bilit y t o n o n-i ntr usi v el y i d e ntif y ot h er c o m p o u n ds pr e vi o usl y i d e ntifi e d o nl y usi n g i ntr usi v e 
s a m pli n g m et h o ds. W hil e t h e f o c us of t h e pr es e nt w or k w as o n h et er o g e n e o us f u el b e ds l o c at e d 
i n t h e s o ut h er n U nit e d St at es, t h es e r es ults m a y b e n efit ot h er c o nif er o us f or ests m a n a g e d wit h 
l o w i nt e nsit y pr es cri b e d fir e t h at als o h a v e s urf a c e f u el b e ds of c o nif er litt er, li v e s hr u bs a n d 
r e g e n er ati n g tr e es. 

D et ail e d a n al yti c al w or k s u p p ort e d t h e h y p ot h esis t h at f oli ar f u els ar e q uit e diff er e nt c h e mi c all y 
fr o m w o o d a n d s h o ul d b e m o d el e d a c c or di n gl y. W hil e t his diff er e n c e is c urr e ntl y m o d el e d usi n g 
diff er e nt h e at c o nt e nt f or f oli ar f u els  i n fir e s pr e a d m o d els, t his diff er e n c e als o e xt e n ds t o t h e 
c o m p ositi o n of t h e p yr ol ysis a n d c o m b usti o n pr o d u cts. F u el h e at c o nt e nt, w hil e i m p ort a nt t o fir e 
s pr e a d a n d fir e e n er g y r el e as e, m a y b e l ess i m p ort a nt t o s m o k e a n d air q u alit y iss u es w hi c h 
str o n gl y i m p a ct t h e a bilit y t o us e pr es cri b e d fir e. M ost p h ysi c all y b as e d fir e m o d els d o n ot 
c o nt ai n a s o p histi c at e d d es cri pti o n of t h e c h e mistr y of c o m b usti o n d u e t o l a c k of i nf or m ati o n o n 
c o m b usti o n p at h w a ys a n d c o m p ut ati o n al d e m a n ds. T h e g as c o m p ositi o n i nf or m ati o n d e v el o p e d 
b y t his pr oj e ct c a n b e us e d t o m et h o di c all y e x a mi n e t h e eff e cts of i n cr e as e d c h e mi c al 
c o m p ut ati o ns o n t h e pr e di cti o n of fir e b e h a vi or v ers us t h e c o m p ut ati o n al d e m a n d w hi c h is 
n e e d e d f ut ur e w or k. I m pr o v e d c h e mi c al c o m p ut ati o ns m a y pr o vi d e a d es cri pti o n of t h e c h e mi c al 
c o m p ositi o n of p yr ol ysis a n d c o m b usti o n pr o d u cts w hi c h c a n b e us e d i n s m o k e pr o d u cti o n a n d 
tr a ns p ort m o d els. E x a mi ni n g t h e i m pr o v e m e nt i n m o d el pr e di cti o n r es ulti n g fr o m i n cr e as e d 
d et ail i n c h e mi c al c o m pl e xit y is a l o gi c al n e xt st e p b uil di n g u p o n t his pr oj e ct. Si mil arl y, s c ali n g 
u p t h e m o d eli n g of m oist ur e fr o m a si n gl e l e af t o e ntir e s hr u bs or d e a d litt er f u el b e ds t o 
d et er mi n e t h e i m pr o v e m e nt b y usi n g t h e e q uili bri u m m oist ur e m o d el i nst e a d of t h e m or e 
c o m m o n Arr h e ni us m o d el is a l o gi c al n e xt st e p i n t h e d e v el o p m e nt of i m pr o v e d p h ysi cs- b as e d 
fir e m o d els. 
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F i g u r e 1 0 . Fi r e b e h a vi o r i n pl ot 2 4 As (l eft) a n d ( ri g ht) h e at fl u x es m e as u r e d usi n g Fi r e 
B e h a vi o r P a c k a g es i n p r es c ri b e d b u r ns i n l o n gl e af pi n e at Ft. J a c ks o n, S C. H a r m o ni c m e a n 
wit h 9 5 p e r c e nt c o nfi d e n c e i nt e r v al s h o w n.  

 
 

 
Fi g u r e 1 1. P r ofil es of e v a p o r ati o n ( a, b) f o r a n e xt e r n al r a di a nt fl u x of 4 0 k W m - 2. F M C = 
2 6 a n d 1 0 0 %, l eft a n d ri g ht, r es p e cti v el y. E M is e q uili b ri u m m o d el a n d A M is A r r h e ni us 
m o d el.  
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1  I nt r o d u cti o n  

T h e D e p art m e nt of D ef e ns e ( D o D) us es pr es cri b e d fir e t o m a n a g e milli o ns of a cr es a cr oss a v ari et y 
of e c os yst e ms i n t h e U nit e d St at es t o 1) pr e p ar e sit es f or milit ar y tr ai ni n g, 2) r e d u c e h a z ar d o us f u el, 
a n d 3) o bt ai n fir e’s e c ol o gi c al b e n efits. I n t h e s o ut h er n U. S., m a n y D o D l a n ds c o nt ai n st a n ds of 
l o n gl e af a n d l o bl oll y pi n e wit h a v ari et y of u n d erst ori es i n cl u di n g wir e gr ass, p al m ett o- g all b err y, a n d 
t ur k e y o a k t h at g e n er all y b ur n at r el ati v el y l o w fir e li n e i nt e nsiti es [ 1] ( h e at r el e as e r at es). 
I nst all ati o ns als o m a n a g e d w arf pit c h pi n e, s a n d pi n e, a n d p o n d pi n e st a n ds w hi c h c a n b ur n wit h hi g h 
i nt e nsit y. Th es e f u el b e d t y p es ar e 1) h e t er o g e n e o us i n n at ur e, 2) c o nt ai n m ulti pl e f u el c o m p o n e nts, 
a n d 3) c o nt ai n a mi xt ur e of li v e a n d d e a d f u els, all i m p ort a nt c h ar a ct eristi cs i nfl u e n ci n g t h e 
c o m b usti o n pr o c ess a n d fir e pr o p a g ati o n. T o pr o p erl y i m pl e m e nt pr es cri b e d fir e a n d li mit p ot e nti al 
es c a p es, a n i m pr o v e d u n d erst a n di n g is n e e d e d of t h os e f u n d a m e nt al s ci e n c e q u esti o ns r el at e d t o 
c o m b usti o n a n d fir e pr o p a g ati o n i n h et er o g e n e o us f u el b e ds t h at ar e a mi x of li v e a n d d e a d f u els [ 1]. 

2  O bj e cti v e  

T o d a y’s wi d el y us e d  o p er ati o n al fir e b e h a vi or m o d els ar e b as e d o n d at a fr o m h o m o g e n o us b e ds of 
d e a d f u els a n d ass o ci at e d t h e or y [ 2]. H o w e v er, m ost pr es cri b e d fir es at D o D i nst all ati o ns oc c ur i n 
h et er o g e n e o us f u el b e ds wit h a mi xt ur e of li v e a n d d e a d bi o m ass. T h e o bj e cti v e of t h is pr oj e ct w as t o 
a d dr ess s e v er al f u n d a m e nt al q u esti o ns t o i m pr o v e o ur u n d erst a n di n g a n d m o d eli n g c a p a bilit y of fir e 
pr o p a g ati o n i n n at ur al f u el b e ds i n cl u di n g  

4)  d et a il e d d es cri pti o n of p yr ol ysis a n d t h e e v ol uti o n of its pr o d u cts f or a gr e at er v ari et y of 
s o ut h er n f u els t h a n is c urr e ntl y k n o w n, 

5)  h o w c o n v e cti v e a n d r a di ati v e h e at tr a nsf er fr o m fl a m es t o li v e f u el p arti cl es i nfl u e n c es p yr ol ysis 
a n d i g niti o n at l a b or at or y a n d fi el d s c al es, a n d  

6)   m or e d et ail e d i nsi g ht i nt o p yr ol ysis, c o m b usti o n a n d h e at tr a nsf er pr o c ess es i n wil dl a n d fir e 
s pr e a d t hr o u g h t h e us e of hi g h-fi d elit y p h ysi cs- b as e d m o d els. 

T his pr o j e ct t h us dir e ctl y r es p o n de d  t o S O N R C S O N- 1 6- 0 2 “I m pr o v e d U n d erst a n di n g of Wil dl a n d 
Fir e C o m b usti o n Pr o c ess es f or D e p art m e nt of D ef e ns e M a n a g e m e nt E c os yst e ms ” a n d all 4 of t h e 
S O N o bj e cti v es b y f o c usi n g o n h et er o g e n e o us f u el b e ds m a n a g e d wit h pr es cri b e d fir e i n s o ut h er n 
pi n e f or ests. T h e pr o j e ct i n cr e as ed k n o wl e d g e of o p e n c o m b usti o n pr o c ess es at p arti cl e ( 0. 0 0 1 t o 
0. 0 1 m) t o f u el b e d ( 1- 1 0s of m 2 ) s c al es ( S O N O bj e cti v e 1) b y m e as uri n g t h e m e c h a nis ms of 
p yr ol ysis, i g niti o n, a n d h e at tr a nsf er ( S O N O bj e cti v e 3) i n s e v er al li v e f u els a n d a si n gl e d e a d f u el at 
p arti cl e a n d f u el b e d -s c al es ( S O N O bj e cti v e 2). T h e r ol e of f u el c h ar a ct eristi cs (li v e a n d d e a d, 
str u ct ur e a n d c o m p ositi o n) o n h e at tr a nsf er, p yr ol ysis, a n d i g niti o n w er e  e x a mi n e d e x p eri m e nt all y i n 
t h e l a b a n d i n t h e fi el d ( S O N O bj e cti v e 3). P h ysi cs- b as e d m o d elli n g of fir es was  c o n d u ct e d f or t h e 
l a b e x p eri m e nt al s et u ps ( S O N O bj e cti v e 4) wit h a f o c us o n p yr ol ysis a n d i g niti o n i n li v e s hr u b 
c a n o pi es. A n i m pr o v e d u n d erst a n di n g of p yr ol ysis a n d h o w it is aff e ct e d b y h e at tr a nsf er i n 
h et er o g e n e o us f u el b e ds will e v e nt u all y l e a d t o a n i m pr o v e d a bilit y t o pr e di ct fir e b e h a vi or s u c h t h at  
m a n a g ers c a n m or e r e a dil y  a c hi e v e d esir e d fir e eff e cts wit h pr es cri b e d b ur ni n g . 

2. 1  S p e cifi c h y p ot h es es a d d r ess e d b y t his p r oj e ct  

H 1 :  C o m p ositi o n a n d c o n c e ntr ati o ns of g as e o us a n d t ar p yr ol ysis pr o d u cts d o n ot diff er b et w e e n 
s o ut h er n s p e ci es t h us a c o m m o n p yr ol ysis s c h e m e c a n b e us e d i n m o d el s. 

H 2 : T h e r at e at w hi c h f oli a g e is h e at e d d o es n ot aff e ct t h e c o m p ositi o n a n d c o n c e ntr ati o ns of 
d o mi n a nt g as e o us p yr ol ysis or t ar p yr ol ysis pr o d u cts. 

H 3 :  H e at tr a nsf er m e c h a nis ms (r a di ati o n a n d c o n v e cti o n) d o n ot aff e ct t h e c o m p ositi o n a n d 
c o n c e ntr ati o ns of d o mi n a nt g as e o us p yr ol ysis pr o d u cts. 
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H 4 :  T h e w at er c o nt e nt of f oli a g e d o es n ot aff e ct t h e c o m p ositi o n a n d c o n c e ntr ati o ns of d o mi n a nt 
g as e o us a n d t ar p yr ol ysis pr o d u cts. 

H 5 : L a b or at or y -s c al e m e as ur e m e nts of t h e pr o d u cti o n of g as e o us p yr ol ysis pr o d u cts u nd er 
c o ntr oll e d c o n diti o ns c a n b e c orr el at e d wit h fi el d- s c al e m e as ur e m e nts u n d er pr es cri b e d fir e 
c o n diti o ns. 

H 6 :  I n cl usi o n of a n a d v a n c e d p yr ol ysis m e c h a nis m f or li v e a n d d e a d wil dl a n d f u els d o es n ot 
i m pr o v e fir e b e h a vi or pr e di cti o ns b y t h e hi g h-fi d elit y p hysi cs -b as e d m o d els.  

H 7 :  I m pr o vi n g t h e e v a p or ati o n m e c h a nis m f or m oist ur e c o nt e nt i n wil dl a n d f u els d o es n ot 
i m pr o v e fir e b e h a vi or pr e di cti o ns b y t h e hi g h-fi d elit y p h ysi cs-b as e d  m o d els.  

H 8 : Si m ul ati o n of p yr ol ysis a n d i g niti o n of wil dl a n d f u els is n ot i m pr o v e d wit h 3 D f u els 
c h ar a ct eri z ati o n a n d  c a n b e j ust as eff e cti v el y si m ul at e d i n 2 D.  

H 9 : F oli ar f u els ar e n ot diff er e nt fr o m s oli d w o o d a n d c a n b e m o d ell e d usi n g p ar a m et ers 
ass o ci at e d wit h w o o d. 

T h es e h y p ot h es es w e r e t est e d wit h d at a d eri v e d fr o m t h e t e c h ni c al o bj e cti v es. As t h e p h ysi c al a n d 
c h e mi c al c h ar a ct eristi cs of t h e wil dl a n d f u els ar e f o u n d ati o n al t o u n d erst a n di n g t h e t hr e e t e c h ni c al 
o bj e cti v es, a 0 t h t e c h ni c al o bj e cti v e is i d e ntifi e d i n t his fi n al r e p ort. T h e w or k w as pr e vi o usl y 
i n cl u d e d i n t h e ori gi nal t hr e e o bj e cti v es, b ut it h as b e e n el e v at e d as a s e p ar at e o bj e cti v e d u e t o its 
f o u n d ati o n al n at ur e. T h e ori gi n al t hr e e a n d t h e el e v at e d f o u n d ati o n al t e c h ni c al o bj e cti v es w er e: 

0)  c h ar a ct eri z e t h e p h ysi c al, c h e mi c al, c o m p ositi o n al a n d s p ati al str u ct ur e of wi l dl a n d f u els us e d i n 
t his pr oj e ct 

1)  c h ar a ct eri z ati o n of p yr ol ysis pr o d u cts b y m e as ur e m e nt f or a v ari et y of li v e a n d d e a d f oli ar f u el 
p arti cl es i n l a b or at or y a n d s m all -s c al e fi el d e x p eri m e nts  

2)  d et er mi n ati o n of t h e eff e cts of c o n v e cti v e a n d r a di a n t h e at tr a nsf er o n p yr ol ysis 

3)  p erf or m a n c e of hi g h- fi d elit y p h ysi cs- b as e d m o d eli n g of p yr ol ysis a n d i g niti o n f or b e n c h-s c al e, 
wi n d t u n n el a n d s m all- s c al e fi el d e x p eri m e nts.  

3  T e c h ni c al A p p r o a c h  

L a b or at or y a n d fi el d e x p eri m e nts f o c us e d o n p yr ol ysis c o u pl e d wit h s uffi c i e nt d es cri pti o n of f u el 
c h ar a ct eristi cs  a n d h e at tr a nsf er m e c h a nis ms  a n d p h ysi cs- b as e d m o d eli n g w er e  us e d t o i m pr o v e o ur 
u n d erst a n di n g of c o m b usti o n pr o c ess es i n mi x e d ( h et er o g e n e o us) f u el b e ds m a n a g e d wit h pr es cri b e d 
fir e o n D o D i nst all ati o ns. O ur c o n c e p t u al m o d el (Fi g ur e 1 ) of t h e p h ysi cs a n d c h e mistr y of fir e 
s pr e a d i n h et er o g e n e o us f u el b e ds b uil ds u p o n pr e vi o us f or m ul ati o ns [ 2– 5]. T h e f or m ul ati o ns 
g e n er all y i n cl u d e d t h e h e at tr a nsf er m e c h a nis ms list e d. Tr e at m e nt of p yr ol ysis v ari es s o m e w h at 
b et w e e n t h e f or m ul ati o ns r a n gi n g fr o m ass u mi n g Arr h e ni us-t y p e pr o d u cti o n of p yr ol ys at es t o si m pl y 
ass u mi n g a hi g h er h e at c o nt e nt f or t h e f u el. F u el b e d f or m ul ati o ns als o v ari e d s o m e w h at [ 2– 5]. D e a d 
f u els d o mi n at e  fir e s pr e a d i n m a n y f u el t y p es a n d t h us d o mi n at e o p er ati o n al m o d els; h o w e v er, li v e 
f u els ar e a n i m p ort a nt c o ntri b ut or i n m a n y f or est e d s yst e ms w h er e pr es cri b e d b ur ni n g is r o uti n el y 
us e d [ 6– 8]. O ur a p pr o a c h i n cl u d e d usi n g w ell- c o ntr oll e d, tr a diti o n al m et h o ds a n d wil dl a n d fir e 
fl a m es t o st u d y t h e t h er m al d e c o m p ositi o n ( p yr ol ysis) of li v e f u els a n d t h e r es ulti n g g as e o us pr o d u cts 
w hi c h m a y i g nit e pr o d u ci n g t h e visi bl e fl a m e.  

P yr ol ysis is str o n gl y d et er mi n e d b y t h e s oli d f u el p arti cl e t e m p er at ur e w hi c h is a f u n cti o n of h e at 
tr a nsf er fr o m t h e fl a m e t o t h e u n b ur nt li v e f u els. Wit h t his a p pr o a c h, w e d et er mi n ed t h e eff e cts of 
v ari o us h e ati n g m o d es o n t h e pr o d u cti o n of p yr ol ys at es f or li v e s o ut h er n f u el t y p es. P yr ol y z at e 
pr o d u cti o n is a pr e c urs or t o t h e i g niti o n of li v e f u els a n d pr e vi o us w or k h as t y pi c all y st u di e d dri e d, 
gr o u n d f u el s a m pl es. I n v ol v e m e nt of li v e f u els i n t h e s pr e a di n g fl a m e fr o nt is a n i m p ort a nt 
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c o nsi d er ati o n w h e n pl a n ni n g pr es cri b e d b ur ns u n d er a f or est c a n o p y. W hil e t h e f o c us of t h e pr es e nt  
w or k w a s h et er o g e n e o us f u el b e ds l o c at e d i n t h e s o ut h er n U nit e d St at es, t h es e r es ults m a y b e n efit 
ot h er c o nif er o us f or ests i n t h e U. S. m a n a g e d wit h l o w i nt e nsit y pr es cri b e d fir e t h at als o h a v e s urf a c e 
f u el b e ds of c o nif er litt er, li v e s hr u bs a n d r e g e n er ati n g tr e es. 

 
Fi g u r e 1. C o n c e pt u al di a g r a m of h e at t r a nsf e r m e c h a nis ms a n d p r o c ess es i n h et e r o g e n e o us f u el 

b e ds f o r p r es c ri b e d fi r es ( a d a pt e d f r o m [ 2]).  

3. 1  B a c k g r o u n d 

W hil e c o ntr oll e d b ur ni n g h as b e e n us e d i n s o ut h er n f or ests f or mill e n ni a, t h e c oll e cti v e k n o wl e d g e of 
h o w t o us e fir e as a m a n a g e m e nt t o ol w as n ot c o difi e d u ntil 1 9 6 5 a n d s u bs e q u e ntl y u p d at e d [ 9]. T his 
pr es cri b e d fir e g ui d e pr es e nt e d  firi n g t e c h ni q u es a n d w e at h er i nf or m ati o n t o m a ni p ul at e fir e b e h a vi or 
t o a c hi e v e r es o ur c e o bj e cti v es; m ost of t h e fir e b e h a vi or i nf or m ati o n w a s b as e d o n e x p eri e n c e a n d 
o bs er v ati o n a n d t h e ori gi n al d at a ar e diffi c ult t o fi n d. F or e x a m pl e, t h e fir e b e h a vi or pr es e nt e d i n t h e 
S o ut h er n F or estr y S m o k e M a n a g e m e nt G ui d e b o o k [ 1 0] w as esti m at e d usi n g t h e R ot h er m el 
o p er ati o n al m o d el a n d a c ust o m p al m ett o- g all b err y f u el m o d el [ 6]. M u c h of t h e f o c us of fir e r es e ar c h 
i n t h e s o ut h er n U. S. h as b e e n li n ki n g pr e-fir e c o n diti o ns t o fir e b e h a vi or t o fir e eff e cts. U ntil 
r e c e ntl y, d et ail e d st u d y a n d m o d eli n g of t h e p h ysi c al m e c h a nis ms of fir e s pr e a d, p arti c ul arl y 
pr es cri b e d fir e s pr e a d, i n s o ut h er n f u els w as g e n er all y li mit e d t o t h e w or k of B yr a m a n d N els o n [ 1 1–
1 4]. 

C h e mi c al st u d y of s o ut h er n f u els h as g e n er all y f o c us e d o n d et er mi ni n g t h e h e at c o nt e nt a n d h e at of 
c o m b usti o n [ 1 5, 1 6] ; t h e e v ol uti o n of c o m b usti bl e g as es fr o m h e ati n g ( p yr ol ysis) of g all b err y, 
p al m ett o, a n d w a x m yrtl e h as b e e n st u di e d usi n g gr o u n d s a m pl es [ 1 7 – 2 1] . H o u g h’s w or k e x a mi n e d a 
wi d e v ari et y of s o ut h er n f u els a n d f o u n d t h at t h e l o w h e at c o nt e nt f or li v e f u els r a n g e d fr o m hi g h 
v al u es of 2 0, 5 7 0 a n d 2 2, 1 9 0 kJ k g - 1 f or g all b err y l e a v es a n d s a n d pi n e fr es h n e e dl es t o l o w v al u es of 
1 9, 3 8 5 a n d 1 6, 4 2 5 kJ k g - 1 f or wir e gr ass a n d h er b a c e o us s p e ci es, r es p e cti v el y. W hil e t his li mit ati o n is 
tr u e f or pr es cri b e d fir e b e h a vi or i n m u c h of t h e U. S., its i m p a ct is p er h a ps m ost a c ut e i n t h e s o ut h er n 
U. S. w h er e 2. 6 × 1 0 6  h a ar e pr es cri b e d b ur n e d a n n u all y [ 2 2]. As t h e S E R D P Fir e S ci e n c e Str at e g y [ 1] 
r eit er at es, f u el c o nsu m pti o n a n d fir e b e h a vi or ar e cl os el y li n k e d t o s m o k e pr o d u cti o n a n d tr a ns p ort 
a n d t h e e c ol o gi c al eff e cts of fir e w hi c h ar e t y pi c all y t h e v al u es a n d ris ks wit h w hi c h s o ci et y is m ost 

C o m b u sti o n 

~ s O-, ga s e s, P yr o !t) , _ 
:,t ur e c h ar m o 1 s , 

N et C o ~ ;o " 
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c o n c er n e d. 

C urr e nt o p er ati o n al fir e s pr e a d m o d els w er e d e v el o p e d b as e d o n h o m o g e n e o us f u el b e ds c o m p os e d 
of a si n gl e f u el t y p e c o nsisti n g of d e a d f u els s u c h as pi n e n e e dl es or m a c hi n e d w o o d [ 2] . F e w 
l a b or at or y e x p eri m e nts us e d h et er o g e n e o us f u el b e ds c o m p os e d of diff er e nt f u el t y p es or a mi x of 
li v e a n d d e a d f u els a n d f u el p arti cl e si z es [ 1 2, 2 3]. It is i m p ort a nt t o n ot e t h at pr e di cti o ns usi n g t h e 
R ot h er m el m o d el i n mi x e d f u el b e ds of t h e m a c hi n e d w o o d f u els di d n ot m at c h w ell wit h 
o bs er v ati o ns [ 2 4]. W hil e t h e R ot h er m el m o d el w as r e c e ntl y r ef or m ul at e d t o r e c o g ni z e t h e 
h et er o g e n eit y i n n at ur al f u el b e ds, it h as n ot b e e n wi d el y v ali d at e d [ 2 5]. I n c o ntr ast, t h e m aj orit y of 
all fi el d - b as e d fir e b e h a vi or e x p eri m e nts h a v e o c c urr e d i n n at ur al f u el b e ds t h at ar e i n h er e ntl y 
h et er o g e n e o us [ 1 3, 1 4, 2 6, 2 7]. F o ns d es cri b e d fir e s pr e a d i n li g ht f or est f u els as a s eri es of i g niti o ns 
w h er ei n h e at is tr a nsf err e d fr o m b ur ni n g f u el p arti cl es t o u n b ur nt f u el p arti cl es [ 3] t hr o u g h 
c o n v e cti v e a n d r a di ati v e h e at tr a nsf er. C o n d u cti o n w as ass u m e d t o b e i m p ort a nt i n t h er m all y t hi c k 
f u els. 

Fr o m t his e arl y f or m ul ati o n, v ari o us l a b or at or y, fi el d, a n d n u m eri c al e x p eri m e nts h a v e b e e n 
c o n d u ct e d t o d et er mi n e t h e r el ati v e i m p ort a n c e of c o n v e cti o n a n d r a di ati o n t o i g niti o n a n d fir e s pr e a d 
i n si m pl e a n d c o m pl e x f u el b e ds [ 2 8 – 3 0]. L a b or at or y w or k h as s h o w n t h e i m p ort a n c e of wi n d t o fir e 
s pr e a d i n m oist d e a d a n d li v e f u els [ 3 1, 3 2] e v e n t h o u g h it w as n ot s p e cifi c all y l a b el e d as c o n v e cti o n. 
R e c e nt w or k h as s h o w n t h at r a di ati v e h e at tr a nsf er at l e v els e x p eri e n c e d i n wil dl a n d fl a m es is n ot 
s uffi ci e nt t o i g nit e fi n e f u els [ 3 3 –3 5]  a n d f urt h er t h at c o n v e cti v e h e ati n g is a n i m p ort a nt f a ct or t o 
s u c c essf ul fir e s pr e a d i n li v e f u el b e ds [ 3 6, 3 7]. R e c e nt fi el d m e as ur e m e nts h a v e b e e n p erf or m e d at 
E gli n Air F or c e B as e d esi g n e d t o q u a ntif y t h e a m o u nt of h e at tr a nsf err e d b y r a di ati o n a n d c o n v e cti o n 
t o u n b ur nt f u els d uri n g pr es cri b e d b ur ns [ 3 8, 3 9]. N e w m at h e m ati c al m o d els i n cl u d e a d diti o n al 
p h ysi cs w hi c h l e d t o t h e n e e d f or a d diti o n al m e as ur e m e nts, p arti c ul arl y of t h e b asi c h e at a n d 
c h e mi c al pr o c ess es o c c urri n g i n fir e. T his n e e d h as b e e n a d d r ess e d t hr o u g h b ot h fi el d [ 4 0, 4 1, 4 1, 4 2] 
a n d l a b or at or y e x p eri m e nts [ 4 3]. 

It h as l o n g b e e n r e c o g ni z e d t h at wil dl a n d fir e s pr e a d i n v ol v es t w o m ai n pr o c ess es – p yr ol ysis a n d 
c o m b usti o n. I n o p er ati o n al m o d els, p yr ol ysis h as n ot b e e n e x pli citl y i n cl u d e d; h o w e v er, f u el t y p es 
s u c h as p al m ett o - g all b err y a n d p o c osi n t h at pr o d u c e m or e v ol atil es t h a n d e a d w o o d d o es ar e assi g n e d 
hi g h er h e at c o nt e nt v al u es t o c o m p e ns at e f or t his o mi ssi o n [ 6, 1 5, 1 9] . As c o m p ut ati o n al r es o ur c es 
h a v e i n cr e as e d, t h e tr e at m e nt of p yr ol ysis a n d c h e mi c al r e a cti o ns of c o m b usti o n h a v e b e e n d es cri b e d 
m at h e m ati c all y a n d i n cl u d e d i n fir e m o d els [ 4 4] i n cl u di n g a r e c e nt m o d el b as e d o n c o u pli n g t h e 
G p yr o 3 D a n d Fir e D y n a mi cs Si m ul at or ( F D S) m o d els [ 4 5, 4 6]. V ali d ati o n a n d c o m p aris o n of t h es e 
m o d el c o m p o n e nts i n wil dl a n d f u els is li mit e d.  Bi o m ass p yr ol ysis c a n b e cl assifi e d b as e d o n h e ati n g 
r at e a n d s oli d r esi d e n c e ti m e [ 4 7, 4 8]: sl o w ( v er y l o w h e ati n g r at e < 1 ° C s- 1, 3 0 0- 7 0 0 ° C, r esi d e n c e 
ti m es of h o urs t o d a ys), f ast ( hi g h h e ati n g r at e > 1 0- 2 0 0 ° C s- 1, r esi d e n c e ti m e of 0. 5 – 1 0 s), a n d 
fl as h ( h e ati n g r at e 1 03 -1 0 4  ° C s - 1, r esi d e n c e ti m e < 0. 5 s). Pri or p yr ol ysis w or k h as ar g u e d t h e n e e d t o 
c o n d u ct e x p eri m e nt al w or k u n d er w e ll- c o ntr oll e d c o n diti o ns d u e t o t h e c o m pl e xit y of t h er m al 
b e h a vi or c h e mi c all y a n d p h ysi c all y as o p p os e d t o c o n d u cti n g t his w or k d uri n g a ct u al fir es u n d er 
fi el d c o n diti o ns wit h li mit e d c o ntr ol of c o n diti o ns [ 4 9]. H o w e v er, w e fi n d n o q u a ntit ati v e 
c o m p aris o n of r es ults fr o m t h e w ell - c o ntr oll e d e x p eri m e nts wit h r es ults fr o m a ct u al fir es t o s u p p ort 
a p pli c ati o n of t his a p pr o a c h.  

T h e F D S m o d el, d e v el o p e d a n d t est e d e xt e nsi v el y f or str u ct ur al fir es, h as b e e n m o difi e d ( W F D S) t o 
a c c o m m o d at e wil dl a n d f u el b e ds wit h li mit e d t esti n g t h us f ar [ 5 0]. W hil e it h as l o n g b e e n r e c o g ni z e d 
t h at f u el m oist ur e c o nt e nt of li v e f u els is a si g nifi c a nt s o ur c e of w at er i n t h e c o m b usti o n e n vir o n m e nt 
[ 1 1], m o d eli n g of t h e i m p a ct of t his m oist ur e o n c h e mi c al r e a cti o ns i n v ol v e d i n fl a m es h as o nl y 
r e c e ntl y b e e n i niti at e d [ 5 1]. R e c o g niti o n t h at t h e c o m p ositi o n of li v e f u els c h a n g es s e as o n all y d u e t o 
p h ysi ol o gi c al pr o c ess es wit h att e n d a nt i m p a ct o n i g niti o n a n d fir e s pr e a d h as als o r e c e ntl y r es urf a c e d 
as a t o pi c of i n v esti g ati o n  wit h r e g ar d t o p yr ol ysis a n d c o m b usti o n [ 5 2, 5 3]. T h er e is e xt e nsi v e 
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lit er at ur e c o n c er ni n g p yr ol ysis of bi o m ass, p arti c ul arl y as it r el at es t o p ot e nti al e n er g y s o ur c es [ e. g. 
2 1]; h o w e v er, t h e bi o m ass is t y pi c all y m o difi e d p h ysi c all y a n d s o m eti m es c h e mi c all y s o a p pli c ati o n 
of t h e r es ults i n t h e wil dl a n d fir e s etti n g ar e q u esti o n a bl e. 

Pri m ar y p yr ol ysis pr o d u cts ar e  d efi n e d as t h e g as es t h at ar e r el e as e d dir e ctl y fr o m t h e f u el d u e t o 
c h a n g es i n t e m p er at ur e, as i n di c at e d b y t h e i ns et b o x i n Fi g ur e 1 . I n bi o m ass f u els a n d c o als, t h es e 
pri m ar y p yr ol ysis pr o d u cts c o nsist of C O, C O 2 , H2 O, li g ht h y dr o c ar b o ns, a n d h e a v y h y dr o c ar b o ns 
a n d c h ar [ 5 4]. T h e h e a v y h y dr o c ar b o ns t h at c o n d e ns e at r o o m t e m p er at ur e ar e oft e n r ef err e d t o as 
t ars. Aft er t h es e p yr ol ysis g as es ar e r el e as e d, t h e y h e at u p i nsi d e t h e fl a m e a n d t h e h e a vi er 
h y dr o c ar b o ns r e a ct f urt h er, a n d t his r e a cti o n of p yr ol ysis g as es is c all e d s e c o n d ar y p yr ol ysis. 
S e c o n d ar y p yr ol ysis m a y cr a c k t h e h e a vi er h y dr o c ar b o ns t o f or m li g ht er g as es or  m a y p ol y m eri z e t h e 
t ars t o f or m s o ot. T h e or a n g e c ol or of wil dl a n d fl a m es is d u e t o r a di ati o n fr o m ti n y s o ot p arti cl es i n 
t h e f u el-ri c h p art of t h e fl a m e. U n b ur n e d s e c o n d ar y p yr ol ysis pr o d u cts a p p e ar as s m o k e w hi c h is 
c o m p os e d of p er m a n e nt g as es a n d p arti c ul at e m att er f or m e d fr o m c h ar a n d c o n d e ns e d g as es 
pr o d u c e d b y pri m ar y a n d s e c o n d ar y g as es. As a q u a ntit ati v e e x a m pl e of s e c o n d ar y p yr ol ysis, 
p yr ol ysis of a bir c h w o o d g a v e al m ost 6 0 % t ars at 5 0 0 ° C, b ut t h e t ars d e cr e as e d t o o nl y 5 % if t h e 
p yr ol ysis pr o d u cts r e a c h e d 9 0 0 ° C [ 5 5]. Pri m ar y p yr ol ysis m o d els of c ell ul os e, h e mi c ell ul os e, a n d 
li g ni n h a v e b e e n d e v el o p e d f or bi o m ass f u els [ 5 6– 5 8] . A c h e mi c al str u ct ur e a p pr o a c h [ 5 9] w as 
c o m bi n e d wit h m o d els of s e c o n d ar y t ar p yr ol ysis t o m o d el t h e hi g h h e ati n g r at e p yr ol ysis of bi o m ass 
f u els [ 6 0]. T h es e m o d els a n d ot h ers will b e i n v esti g at e d f or a p pli c ati o n t o li v e f u els i n t his pr oj e ct.  

Pr e vi o us p yr ol ysis w or k h as t y pi c all y us e d gr o u n d- u p s a m pl es, t h us eli mi n ati n g a n y eff e cts c a us e d 
b y m oist ur e c o nt e nt, f u el p arti cl e s h a p e, or h e ati n g m o d e. T h er m al gr a vi m etri c a n al ysis ( T G A) 
c o u pl e d wit h g as c hr o m at o gr a p h y- m ass s p e ctr o m etr y ( G C -M S) a n d e v ol v e d g as a n al ysis ( E G A) 
[ 6 1, 6 2] h a v e b e e n us e d f or d e c a d es t o d es cri b e t h e c o m p ositi o n a n d e n er g y c o nt e nt of p yr ol ysis 
pr o d u cts. W e m e as ur e d p yr ol ysis pr o d u cts ( p er m a n e nt g as es ( P G), li g ht g as es a n d t ars ( c o n d e ns a bl e 
g as es)) at t hr e e s c al es – fr o m ti g htl y c o ntr oll e d h e ati n g r at e b e n c h-s c al e m e as ur e m e nts at B Y U a n d 
t h e F or est Pr o d u cts L a b or at or y ( F P L) t o l a b or at or y b ur n-s c al e i n a wi n d t u n n el at R F L w h er e f u el 
b e d c o m p ositi o n w as c o ntr oll e d a n d fl a m e l e n gt h a n d r at e of s pr e a d w er e r el ati v el y c o nst a nt r es ulti n g 
i n c o nsist e nt h e ati n g r at es t o s m all fi el d-s c al e b ur ns ( 0. 0 9 h a) i n si mil ar f u els u n d er si mil ar w e at h er 
c o n diti o ns at F ort J a c ks o n i n S o ut h C ar oli n a. T h e B Y U e x p eri m e nt al a p p ar at us c o nsist e d of a fl at-
fl a m e b ur n er wit h m m-si z e fl a m es pr o d u ci n g h ot p ost-c o m b usti o n g as es ( c o n v e cti v e h e ati n g) a n d a 
r a di a nt p a n el (r a di a nt h e ati n g). T h e b ur n er s urf a c e w as w at er- c o ol e d r e d u ci n g p ossi bl e r a di a nt 
h e ati n g fr o m t h e s urf a c e a n d t h e f u el g as mi xt ur e pr o d u c e d t hi n bl u e fl a m es wit h n o s o ot r es ulti n g i n 
n e gli gi bl e r a di a nt fl u x. F P L h e ati n g e x p eri m e nts w er e p erf or m e d usi n g e n h a n c e d c o n e -c al ori m et er 
t e c h ni q u es d e v el o p e d f or t his st u d y. I n all i nst a n c es i nt a ct f u els fr o m li vi n g pl a nts wer e  us e d i nst e a d 
of gr o u n d a n d dri e d f u el s a m pl es. A s c h e m ati c s h o wi n g li n ka g es b et w e e n  t h e v ari o us e x p eri m e nts, 
m o d el d e v el o p m e nt a n d t esti n g p erf or m e d d uri n g t his pr oj e ct (Fi g ur e 2 ) ill ustr at es b ot h si mil ariti es 
a n d diff er e n c es i n t h e e x p eri m e nts d u e t o s c al e d iff er e n c es a n d a bilit y t o c o ntr ol c o n diti o ns. At e a c h 
s c al e m e as ur e m e nts ass o ci at e d wit h t h e t hr e e o bj e cti v es a n d f u el d es cri pti o n w er e c o n d u ct e d.  T h e 
m et h o ds ass o ci at e d wit h a c c o m plis hi n g t h e o bj e cti v es ar e or g a ni z e d b y e x p eri m e nt al s c al e wit hi n 
e a c h o bj e cti v e.  A s u m m ar y of t h e e x p eri m e nts p erf or m e d at t h e t hr e e s c al es c a n b e f o u n d i n  T a bl e 1 . 
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T a bl e 1 . S y n o psis of e x p e ri m e nts c o n d u ct e d at 3 s c al es t o m e as u r e c o m p ositi o n of p y r ol ysis 
g as es ass o ci at e d wit h li v e pl a nts c o m m o n t o t h e s o ut h e ast e r n U nit e d St at es.  

S c al e  E x p eri m e nt al S u m m ar y  

B e n c h ( B Y U)  8 7 sl o w -h e ati n g, 8 7 r a di a nt, 8 7 c o n v e cti v e, 8 7 r a di a nt & c o n v e cti v e  

Wi n d t u n n el 9 1 e x p eri m e nt al fir es ( 2 2 d or m a nt s e as o n, 6 9 gr o wi n g s e as o n)  

Fi el d  7 Ft. J a c ks o n ( 5/ 1/ 1 8 –  2 4 B -tri a n gl e, 2 4 B-s q u ar e; 5/ 2/ 2 0 1 8 –  2 4 A -s q u ar e, 
2 4 A-tri a n gl e; 5/ 3/ 2 0 1 8 – 1 6 D 5, 1 6 D 6, 1 6 D 6); 4 T all Ti m b ers ( 4/ 2 0 1 8) 

 

 

Fi g u r e 2 . S c h e m ati c li n ki n g p r o c ess es a n d a cti viti es/d at a t o R C - 2 6 4 0 e x p e ri m e nt al a n d 
m o d eli n g w o r k.  

3. 2  O bj e cti v e 0 – F u el c h a r a ct e ri z ati o n  

C o m bi ni n g o ur k n o wl e d g e of i m p ort a nt s o ut h er n f u els a n d pl a nts wit h t h e s p e ci es a v ail a bl e t hr o u g h 
c o m m er ci al n urs eri es a bl e t o s hi p t h e m at eri als t o Ut a h, Wis c o nsi n , a n d C alif or ni a ( a c h all e n g e d u e 
t o a gri c ult ur al r estri cti o ns), 1 4 pl a nt s p e ci es w er e s el e ct e d (T a bl e 2 ). B e c a us e of q u a ntit y a n d pri c e, 
t h e pl a nt si z e or d er e d w as g e n er all y a c ell p a c k m e a ni n g t h e pl a nts w er e 1-2 y e ars ol d; pl a nt si z e 
v ari e d b et w e e n s p e ci es. O n e of t h e d o mi n a nt s hr u b s p e ci es at Ft. J a c ks o n is s p ar kl e b err y ( V a c ci ni u m 
ar b or e u m ). Si n c e t his pl a nt is d e ci d u o us, t h e f oli a g e c a n c a us e a si g nifi c a nt i n cr e as e  t o pr es cri b e d 
fir e b e h a vi or d uri n g t h e gr o wi n g s e as o n. S p ar kl e b err y w as c h os e n t o b e t h e li v e pl a nt s p e ci es t o li n k 

A n a lyti c al B e n c h Wi n d T u n n el 
, -,., t s: _..:tll 
~- •. "·ii::'\.· 

O bj e cti v e s 
· ~ . ,.. . 

' ~ 

3. P h y si c s-
Ki n eti c s- T G A , 

b a s e d m o d el- D A E M , c o m p o-
M o d ifie d G p yr o/ F D S/ V e g et ati o n 

i n g n e nt s 
F D S M o d ul e 

H e a ti n g mo d e N at ur al fl a m e s, N at ur al fl a m e s, 

2. H e at tr a n s- H e ati n g r at e i n ( c o n v e cti v e/ m e a s ur e d fl a m e m e a s ur e d fl a m e 

f er eff e ct s 
P yr ol y z e r ( N 2) & r a d iat iv e) &  & f u el t e m p er a- & f u el t er n p er a-

T G A/ D S C ( H e) h e at in g r at e t ur e, r a di ati v e & t ur e, r a di ati v e & 

(f a st/sl o w) c o n v e cti v e c o n v e cti v e 

1. P yr ol y z at e Li g ht g a s e s & 
C o m p o siti o n of 

c o m p o siti o n/ Li g h t g a s e s & tar s yi el d s - C o m p o siti o n of 
t ar s c h e m i str y h e at e d b e d a n d 

li g ht g a s e s a n d 
li g ht g a s e s q u a ntit y c o n e c a lor im e tr y 

t ar s 

0. F u el c h ar- P h y s ic al pr o p er- C o ntr oll e d f u el N at ur al l o a di n g, 
Li v e f u el c h e mi- 3 D str u ct ur e, 

a ct eri sti c s c a l a n al y s i s 
ti e s- H2 O a ct ivi - l o a di n g, c o m p o-

c o m p o siti o n, 
t y siti o n 

c o n s u m pti o n 
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b e n c h- s c al e m e as ur e m e nts t o f i el d-s c al e m e as ur e m e nts.  

3. 2. 1  S oli d f u el pr o p erti es ( F P L) 
V ari o us p h ysi c al pr o p erti es of t h e li v e a n d d e a d l e a v es s uit a bl e f or p yr ol ysis m o d eli n g w er e s c a nt or 
i n a d e q u at e i n t h e lit er at ur e f or utili z ati o n i n F D S or G P Y R O. S p e ci ali z e d s m all s c al e t ests w er e 
a v ail a bl e at F P L a n d i n s o m e c as es c o m pl e m e nt t h e p h ysi c al pr o p erti es t ests o bt ai n e d at B Y U [ 6 3] 
a n d ot h er f a ciliti es. I n or d er t o p erf or m c al c ul ati o ns r el at e d t o g as a n d t ar c o m p ositi o n as w ell as 
m o d eli n g t h e pl a nts wit h p h ysi c al fir e b e h a vi or m o d els, m a n y c h e mi c al a n d p h ysi c al pr o p erti es of 
t h e pl a nt m at eri al i n T a bl e 2  w er e d et er mi n e d usi n g a v ari et y of m et h o ds (T a bl e 3 ).  
 
D et ail e d m et h o ds ass o ci at e d wit h d es cri bi n g t h e c o m p ositi o n of t h e s el e ct e d s p e ci es ar e d es cri b e d 
els e w h er e [ 6 4]. E arl y i n t h e pr oj e ct w e d et er mi n e d t h at c o n v e nti o n al w o o d w et c h e mistr y c o ul d o nl y 
a c c o u nt f or a b o ut o n e -h alf of t h e li v e l e af dr y m ass, d es cri b e d as h e mi c ell ul os e, c ell ul os e, a n d kl as o n 
li g ni n. It w as f o u n d t h at a d diti o n al st a n d ar di z e d t ests f or d et er mi ni n g t h e l e af c o m p o n e nts of gl u c os e, 
fr u ct os e, st ar c h, cr u d e pr ot ei n, a n d mi n er als al o n g wit h m o difi c ati o ns t o t h e st a n d ar d t ests f or 
d et er mi ni n g li pi ds, p e cti n, p h e n oli cs , a n d sili c at es, w hil e a c c o u nti n g f or i nt erf er e n c es, w as s uffi ci e nt 
f or o bt ai ni n g 1 0 0 % of t h e dr y l e af m ass [ 6 4]. T h os e c o m p o n e nts t h at w o ul d b e t h e d o mi n ati n g m ass 
fr a cti o ns (li pi ds, pr ot ei n, h e mi c ell ul os e, c ell ul os e, a n d str u ct ur al li g ni n) w er e m e as ur e d. F urt h er t ests 
o n t h e s u b- str u ct ur es of h e mi c ell ul os e i n di c at e d t h e pri m ar y pr es e n c e of x yl a n, c ell ul os e as b ei n g 
v er y a m or p h o us, a n d li g ni n as h a vi n g m or e p h e n oli c u nits s u c h as c o n d e ns e d t a n ni ns. T h es e t ests 
c o m pr e h e nsi v el y s h o w t h e li v e l e af t o b e s uffi ci e ntl y  diff er e nt fr o m t h at of w o o d a n d bi o m ass t o 
m erit n e w b e n c h s c al e t ests wit h Pr o xi m at e/ Ulti m at e A n al ysis, T G A, D S C, e v ol v e d g as a n al ysis, 
w at er a cti vit y m et er, a n d c o n e c al ori m et er f or d eri vi n g t h e h e at/ m ass pr o p erti es f or us e i n p yr ol ysis 
m o d els, s u c h as i n F D S. 

T h e d e v el o p m e nt of a n al yti c al t ests f or p e cti n, p h e n oli cs, a n d sili c at es w er e e asil y a d a pt e d fr o m t h e 
lit er at ur e, w h er e as t h e t est f or li pi ds pr o v e d t o b e c h all e n gi n g. At first, o ur i nt e nti o n w as t o o bt ai n 
e xtr a cti v es i n t h e m ost e xtr e m e w a y k n o w n, i n cl u di n g t h e s o x hl et e xtr a cti o n wit h a c et o n e/ w at er. T his 
l e d t o si g nifi c a nt i nt erf er e n c es of c ar b o h y dr at es, p h e n oli cs, a n d ot h ers w hi c h w er e alr e a d y m e as ur e d 
i n ot h er t ests. Lit er at ur e r e vi e w i n di c at e d s o m e pr es e n c e of t er p e n oi ds a n d ess e nti al oils, l e a di n g us 
t o us e h e x a n e s ol v e nt t o diss ol v e t h os e c o m p o u n ds. T h e li vi n g c ell w alls c o nt ai n e d hi g h a m o u nts of 
hi g h m ol e c ul ar w ei g ht li pi ds t h at n e e d e d st ai nl ess st e el b e a ds i nt e ns e m as hi n g of li v e l e a v es t o l o w er 
m ol e c ul ar w ei g hts al o n g wit h is o pr o p o n al s ol v e nt t o h el p o p e n u p t h e c ell w alls t h at t h e n, al o n g wit h 
ot h er cl ass es of li pi ds, diss ol v e d i niti all y i n t h e 5 0 h e x a n e/ 5 0 is o pr o p o n al, f oll o w e d b y 9 0 a c et o n e/ 1 0 
w at er t o e ns ur e t h e diss ol vi n g of wi d e r a n g e of p ol ar a n d n o n- p ol ar li pi ds. Si n c e o nl y a b o ut 5 % o f 
t h e e xtr a cti v e dr y m ass w as d et er mi n e d t o b e c ar b o h y dr at es, a n d u nli k el y t o c o nt ai n pr ot ei n a n d 
p h e n oli c, gi v e n t h e n at ur e of s ol v e nts t h e ot h er p orti o n ( 9 5 %) c a n d efi nit el y b e d et er mi n e d as li pi ds. 
T h e li pi ds h a v e a l ar g e r a n g e of p yr ol ysis t e m p er at ur es  gi vi n g off v ol atil es wit h v er y hi g h h e at of 
c o m b usti o n d u e t o t h eir s m all o x y g e n c o nt e nts.  
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T a bl e 2 . S o ut h e r n pl a nt s p e ci es us e d i n p y r ol ysis e x p e ri m e nts. 

C o m m o n n a m e  S ci e ntifi c n a m e 1  E x p eri m e nt  N urs er y  

Wir e gr ass  Aristi d a stri ct a  Mi c h x.  B ( b e n c h -s c al e) S a n d hill N ati v e Gr o w ers, Ar c a di a, F L  
Littl e bl u est e m  S c hiz a c h yri u m s c o p ari u m  ( Mi c h x.) 

N as h  
B  H off m a n N urs er y, R o u g e m o nt, N C  

I n k b err y Il e x gl a br a ( L.) A. Gr a y B, W ( wi n d t u n n el)  Or n a m e nt al Pl a nts a n d Tr e es, H a wt h or n e, 
F L ( O P T)  

Y a u p o n  Il e x v o mit ori a Ait o n ‘ S c h elli n g D w arf’  B  O P T  
F ett er b us h  L y o ni a l u ci d a  ( L a m.) K. K o c h B, W  O P T, V a n D er Gi ess e n N urs er y, S e m m es, 

A L ( V D G)  
W a x m yrtl e  M or ell a c erif er a  ( L.) S m all B  O P T  
S w a m p b a y  P ers e a p al ustris  ( R af.) S ar g. B  O P T  
S p ar kl e b err y  V a c ci ni u m ar b or e u m  M ars h all  B, W, F (fi el d)  O P T, V D G  
D arr o w’s bl u e b err y  V a c ci ni u m d arr o wii  C a m p “ R os a’s 

Bl us h ”  
B, W  O P T, V D G  

L o n gl e af pi n e f oli a g e  Pi n us p al ustris  Mill.  B  O P T  
L o n gl e af pi n e litt er  Pi n us p al ustris  Mill.  B, W, F  T h e Pi n e Str a w St or e, A u g ust a, G A  
W at er o a k  Q u er c us ni gr a  L.  B  O P T  
Li v e o a k  Q u er c us vir gi ni a n a  Mill.  B  O P T  
D w arf p al m ett o  S a b al mi n or (J a c q.) P ers. B  O P T  
S a w p al m ett o  S er e n o a r e p e ns  ( W. B artr a m) S m all B  O P T  

 

1.  U S D A, N R C S. 2 0 1 8. T h e P L A N T S D at a b as e ( U S D A Pl a nts D at a b as e  , 2 0 O ct 2 0 2 1). N ati o n al Pl a nt D at a T e a m, Gr e e ns b or o, N C 
2 7 4 0 1- 4 9 0 1 U S A; R a df or d, A. E., A hl es, H. E., B ell, C. R. 1 9 6 8. M a n u al of t h e v as c ul ar fl or a of t h e C ar oli n as, U ni v ersit y of N ort h 
C ar oli n a Pr ess, C h a p el Hill, N C  

https://plants.sc.egov.usda.gov/home
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Fi g u r e 3 . S p e ci ali z e d h ol d e r us e d f o r f oli a g e s a m pl es i n c o n e c al o ri m et e r. 
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T a bl e 3 . S u m m a r y of p h ysi c al a n d c h e mi c al c h a r a ct e risti cs d et e r mi n e d f o r s o ut h e r n f u els. 

Pr o p ert y  Q u a ntit y  R ef er e n c e  
M oist ur e c o nt e nt  wt %  A S T M D 7 5 8 2  
As h c o nt e nt  wt %  A S T M D 7 5 8 2  
V ol atil e M att er  wt %  A S T M D 7 5 8 2  
Fi x e d C ar b o n  wt %  A S T M D 7 5 8 2  
S ulf ur  wt %  A S T M D 4 2 3 9  
C ar b o n  wt %  A S T M D 5 2 9 1  
H y dr o g e n  wt %  A S T M D 5 2 9 1  
Nitr o g e n  wt %  A S T M D 5 2 9 1  
O x y g e n b y Diff er e n c e  wt %  A S T M D 5 2 9 1  
L o w H e at V al u e  kJ/ g  A S T M E 7 1 1  
Hi g h H e at V al u e  kJ/ g  A S T M E 7 1 1  
W at er  %  A S T M D 6 3 0 4  
Mi n er al c o nt e nt ( T ot al N, P, K, C a, M g, S, T ot al 
mi n er al)  

wt %  U ni v ersit y of Wis c o nsi n 
F or a g e L a b  

Sili c o n c o nt e nt  wt %  F P L a n al yti c al 
l a b or at or y 

Mi n er al c o nt e nt ( Z n, M n, B, F e, C u)  p p m  U ni v ersit y of Wis c o nsi n 
F or a g e L a b  

Pr o xi m at e c o m p ositi o n a n al ysis ( c ell ul os e, p e cti n, 
st ar c h, s ol u bl e s u g ar, h e mi c ell ul os e, pr ot ei n, li pi ds, 
s ol u bl e li g ni n, str u ct ur al li g ni n, a n d sili c at es)  

wt %  F P L a n al yti c al 
l a b or at or y wit h H P L C 
a n d c h e mi c al kits  

D e nsit y  k g/ m 3  F P L gr e e n h o us e  
T hi c k n ess  m m  F P L gr e e n h o us e  
E missi vit y   F P L gr e e n h o us e  
H e at c a p a cit y of v ari o us dri e d r esi d u es  J/ g K D S C  
P yr ol ysis ki n eti cs of c o m p o n e nts  A, E a , a n d zo  T G A a n d c o n e 

c al ori m et er/ G p yr o  
T h er m al c o n d u cti vit y, i g niti o n crit eri o n, & 
c o m b usti o n pr o p erti es vi a e n h a n c e d c o n e t ests  

  

 

3. 2. 2  F u el b e ds us e d i n wi n d t u n n el fir es 
Ei g ht y- ei g ht f u el b e ds 2 m l o n g a n d a p pr o xi m at el y 1 m wi d e c o m p os e d of l o n gl e af pi n e n e e dl es a n d 
v ari o us c o m bi n ati o ns of f ett er b us h ( L y o ni a l u ci d a  ( L a m.) K. K o c h), s p ar kl e b err y (V a c ci ni u m 
ar b or e u m  L.) , bl u e b err y ( V. d arr o wii  C a m p) a n d i n k b err y  (Il e x gl a br a ( L.) A. Gr a y) ( T a bl e 1) w er e  
b ur n e d u n d er 0 a n d 1 m s - 1 wi n d c o n diti o ns i n N o v e m b er 2 0 1 7 (fir es 3 – 4 9), F e br u ar y 2 0 1 8 ( 5 0- 7 3) 
a n d N o v e m b er 2 0 1 8 ( 7 4- 9 7) . F u el m oist ur e c o nt e nt a n d f u el l o a di n g as w ell as a m bi e nt t e m p er at ur e 
a n d r el ati v e h u mi dit y i n t h e wi n d t u n n el v ari e d b et w e e n e x p eri m e nts. T h e li vi n g pl a nts w er e w ell -
w at er e d r es ulti n g i n n or m al l e v els o f m oist ur e c o nt e nt. T h e d e a d pi n e n e e dl e m oist ur e c o nt e nt 
r es ult e d fr o m t h e n e e dl es e q uili br ati n g t o t h e a m bi e nt c o n diti o ns of t h e u n c o n diti o n e d b uil di n g 
h o usi n g t h e wi n d t u n n el. T h e l o n gl e af pi n e n e e dl e dr y m ass r a n g e d fr o m 8 6 2 t o 9 4 3 g u nif or ml y 
distri b u t e d o v er t h e 2 m2  f u el b e d. Dr y m ass of t h e li v e pl a nts c o ul d n ot b e m e as ur e d  wit h o ut killi n g 
t h e pl a nts. Ass u mi n g t h e dr y m ass of t h e st e m a n d f oli a g e of a si n gl e pl a nt r a n g e d fr o m 5 t o 1 5 g 
r es ult e d i n a li v e pl a nt dr y m ass r a n gi n g fr o m 1 5 0 t o 6 0 0 g i n t h e hi g h-d e nsit y f ett er b us h f u el b e ds. 
F u el b e ds w er e i g nit e d wit h a li n e fir e w hi c h s pr e a d t h e l e n gt h of t h e f u el b e d.  
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W e i niti all y pl a n n e d t o us e a c a m er a - b as e d st er e o p h ot ogr a m m etri c  t e c h ni q u e [ 6 5] t o d es cri b e t h e 3 D 
n at ur e of t h e wi n d t u n n el f u el b e ds ( Fi g ur e 4 ), b ut t h e n urs er y pl a nts w er e s m all er t h a n a nti ci p at e d 
a n d t h e t e c h ni q u e w as u n a bl e t o s e p ar at e t h e pl a nts fr o m pi n e n e e dl es.  
 

 

Fi g ur e 4. V erti c al st er e o p h ot o gr a p hs of wi n d t u n n el f u el b e d us e d t o pr o vi d e 3 D i m a g e. 

3. 2. 3  S a m pli n g f u els at Ft. J a c ks o n ( fi el d s c al e) 
T h e m et h o ds o utli n e d h er e c o ntri b ut e d t o b as eli n e f u els d at a. T h e b as eli n e d at a pr o vi d es e xt e nsi v e 
f u el a n d f u el c o ns u m pti o n i nf or m ati o n t h at c a n b e c orr el at e d wit h p yr ol ysis d at a. F u els w er e 
c h ar a ct eri z e d at si x r es e ar c h b ur n u nits l o c at e d wit hi n t hr e e m a n a g e m e nt bl o c ks ( 1 6 D, 2 4 A, 2 4 B) o n 
F ort J a c ks o n, S o ut h C ar oli n a ( Fi g ur e 5 ). 

W e us e d t w o t y p es of s a m pli n g t o ass ess l o a di n g of s urf a c e a n d u n d erst or y f u els: 1) tr a diti o n al, 2 D 
m et h o ds a n d 2) n o v el 3 D m et h o ds as d et ail e d i n t his r e p ort a n d s u m m ari z e d i n [ 6 6]. T h e n o v el 3 D 
m et h o ds w er e o nl y a p pli e d t o m e as uri n g s hr u b f u els, w hi c h c o m pris e d a mi n or c o m p o n e nt of t ot al 
c o ns u m pti o n, b ut w hi c h m a y h a v e h a d dis pr o p orti o n at e i nfl u e n c e o n t h e p yr ol ysis pr o d u cts s a m pl e d 
i n t his st u d y. F u els w er e s a m pl e d b ef or e a n d aft er b ot h t h e 2 0 1 7 a n d 2 0 1 8 b ur ns. T h e t w o 2 0 1 7 b ur ns 
w er e c o nsi d er e d “ pr a cti c e b ur ns ” t o t est o ur f u el s a m pli n g d esi g n a n d w h et h er it n e e d e d m o difi c ati o n 
t o i m pr o v e o ur a bilit y t o ac hi e v e o ur pr oj e ct o bj e cti v es d uri n g t h e pri m ar y b ur n s e as o n of 2 0 1 8. 
M o difi c ati o ns w er e m a d e t o o ur 2 0 1 7 s a m pli n g d esi g n w hi c h m erit e x pl a n ati o n h er e.  

I n 2 0 1 7, f o ur p air e d cli p pl ots (f o ur pr efir e a n d f o ur p ostfir e) 0. 5- m × 0. 5-m i n si z e h ori z o nt all y ( 0. 2 5 
m 2 ), w er e est a blis h e d t o esti m at e f u el c o ns u m pti o n of s hr u bs, gr ass, fi n e d o w n e d w o o d y d e bris 
( < 7. 6 2 c m di a m et er), litt er, a n d d uff i n 2 0 1 7 (Fi g ur e 6 ). B as e d o n a pr eli mi n ar y a n al ysis of t h e 2 0 1 7 
s a m pl es i n t h es e “ pr a cti c e ” pl ots, t h e pl ot si z e w as q u a dr u pl e d a n d t h e s a m pli n g eff ort d o u bl e d i n 
2 0 1 8 t o o v er c o m e hi g h er-t h a n- a nti ci p at e d f u el v ari ati o n; i. e., ei g ht pr efir e a n d ei g ht p ostfir e 1 -m × 1 -
m cli p pl ots w er e est a blis h e d t o esti m at e f u el c o ns u m pti o n of s hr u bs, gr ass, a n d fi n e d o w n e d w o o d y 
d e bris i n 2 0 1 8 ( Fi g ur e 7 ). T h e p air e d pl ots w er e l ai d o ut s yst e m ati c all y at 5- m ( 2 0 1 7) or 8-m ( 2 0 1 8) 
i nt er v als, wit h 2 m ( 2 0 1 7) or 6 m ( 2 0 1 8) s e p ar ati n g e a c h pr e- a n d p ost-fir e p air. B e c a us e of t h e hi g h 
v ari a bilit y i n litt er a n d d uff d e pt h o bs er v e d i n 2 0 1 7, 1 6 c o ns u m pti o n pi ns p er p air e d c o ns u m pti o n 
pl ot ( Fi g. 4) w e r e a d d e d i n 2 0 1 8 t o m e as ur e litt er a n d d uff c o ns u m pti o n [ 6 7].  
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Fi g u r e 5. L o c ati o n of si x e x p e ri m e nt al b u r n u nits at Ft. J a c ks o n, S C.  B a c k g r o u n d i m a g e 

ill ust r at es i n di vi d u al t r e e c r o w ns f r o m t h e c a n o p y h ei g ht m o d el i nt e r p ol at e d f r o m ai r b o r n e 
l as e r s c a n ni n g d at a at 0. 5 m x 0. 5 m r es ol uti o n. Fi g u r e f r o m [ 6 6]. 

3. 2. 3. 1  Tr a diti o n al F u el L o a di n g, M oist ur e, a n d C o ns u m pti o n M e as ur es  
D estr u cti v e h ar v est s a m pl e pl ots ( cli p pl ots) w er e s yst e m ati c all y arr a n g e d i n si x 4 0 m x 4 0 m b ur n 
u nits t o m e as ur e bi o m ass of s hr u bs, h er bs ( gr ass es a n d f or bs), d o w n e d w o o d y d e bris ( 1- hr, 1 0- hr, 
1 0 0- hr a n d 1 0 0 0- hr), litt er a n d d uff. I n 2 0 1 8, f or est fl o or f u els (i. e., litt er a n d d uff) w er e m e as ur e d 
wit h d e pt h m e as ur e m e nts (f or est fl o or pi ns). W e c al c ul at e d l o a di n g of s urf a c e f u el str at a pri or t o a n d 
aft er pr es cri b e d b ur n e v e nts. Pr efir e  d at a w er e c oll e ct e d l ess t h a n o n e w e e k pri or t o e a c h b ur n t o 
mi ni mi z e c h a n g es i n t h e f u el b e d d u e t o v e g et ati v e gr o wt h or wi n df all. P ost- fir e d at a w er e c oll e ct e d 
wit hi n t w o d a ys of t h e b ur n e v e nt t o mi ni mi z e c h a n g es i n f u els d u e t o r ai nf all a n d r e - gr o wt h. W e 
c oll e ct e d f u el m oist ur e gr a b s a m pl es fr o m t h e s a m e f u el str at a i m m e di at el y pri or t o i g niti o n. B ot h 
l o a di n g a n d f u el m oist ur e d at a w er e a v er a g e d f or t h e 4 0 m x 4 0 m r es e ar c h b ur ns.  

o 3 D s hr u b pl ot 

0 B ur n u nit s 

C a n o p y h ei g ht ( m) 

2 4 

1 2 

D M a n a g e m e nt z o n e s a 

N 

A 
0 3 0 6 0 

I I I 
M et er s 

1 2 0 
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Fi g u r e 6 . Pl ot l a y o ut f o r p r efi r e a n d p ostfi re f u el m e as u r e m e nts at t h e t w o 2 0 1 7 b u r n u nits: 
1 6 D 2 (l eft) a n d 1 6 D 1 ( ri g ht) [ 6 6]. 

 

 

Fi g u r e 7. Pl ot l a y o ut f o r t h e 2 0 1 8 b u r n u nits: 2 4 A 7, 2 4 B 8, 1 6 D 1 a n d 1 6 D 5 [ 6 6]. 

 

F or est Fl o or Pi n Pl ots . Ei g ht f or est fl o or pi ns w er e i nst all e d f or e a c h pl ot i n 2 0 1 8 (Fi g ur e 8 ). F or t his 
pr oj e ct w e pl a c e d 1 5. 2 5 c m n ails at h alf m et er i nt er v als fr o m pl ot c e nt er i n t h e f o ur c ar di n al 
dir e cti o ns a n d m ar k e d t h e m wit h r e d pi n fl a gs. T o m e as ur e f or est fl o or d e pt h w e p us h e d n ails i nt o 

N W N E

S W S E

N W N E

S W S E

D 1 6 -L o w D e n sit y D 1 6 -Hi g h D e n sit y

4 0 m

V o x al pr e -fir e cli p pl ot
V o x al p o st -fir e cli p pl ot

Pr e -fir e cli p a n d d uff pl ot

P o st -fir e cli p a n d d uff pl ot

V o x al pr e -fir e cli p pl ot
V o x al p o st -fir e cli p pl ot

Pr e -fir e cli p a n d d uff pl ot

P o st -fir e cli p a n d d uff pl otIi 0  • Ii 0  • 

•  0 o • •  0 o • 

0 0 

• o • • o • 
• 0 • 0 

o • o • 
•  0 •  0 

f ,o rt J a c k . so n- 2 0 1 8 n- - - - - - ;- : T: - - -~- = - - - 11 
11° I 
I ,, 

I ~ = • I 
~ ,: 

0 • l a 
11 _ _ _ . _, 

I M,Jl;:: 1'.,I;: ~ 

••• l • I 
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t h e gr o u n d u ntil t h e t o p of t h e n ail w as fl us h wit h t h e t o p of t h e s urf a c e m at eri al. W h e n t h e n ail c o ul d 
n ot b e dri v e n t o t his l e v el w e r e c or d e d t h e dist a n c e fr o m t h e t o p of t h e n ail t o t h e t o p of t h e s urf a c e 
m at eri al. W h e n o bstr u cti o ns li k e l o gs, tr e e b as es, or r o c ks w er e e n c o u nt er e d w e di d n ot i nst all f or est 
fl o or pi ns. T h e e x c e pti o n w as w h e n litt er c o v er e d a l o g; i n t his c as e w e dr o v e a n ail i nt o t h e l o g t o a 
d e pt h w h er e it w as u nli k el y t o f all o v er.   

W h e n s a m pli n g pr efir e f or est fl o or d e pt h, w e m e as ur e d t h e dist a n c e fr o m t h e t o p of t h e pi n t o t h e 
b ott o m of t h e litt er l a y er. W h e n d uff w as e n c o u nt er e d, w e m e as ur e d dist a n c e t o t h e litt er/ d uff 
i nt erf a c e [ 6 8], h o w e v er m ost d e pt h m e as ur e m e nts w er e fr o m t h e t o p of t h e litt er l a y er d o w n t o 
mi n er al s oil. Litt er w as d efi n e d as w h ol e or br o k e n l e a v es a n d n e e dl es, a n d d uff as p arti all y 
d e c o m p os e d or g a ni c m att er. Litt er t y p e w as r e c or d e d f or e a c h pi n a n d if m ulti pl e litt er t y p es w er e 
pr es e nt, w e r e c or d e d t h e d o mi n a nt t y p e wit hi n a 2 c m ar e a ar o u n d t h e n ail. W h e n n o litt er or d uff 
w as pr es e nt, w e r e c or d e d M S f or mi n er al s oil. Aft er t h e fir e, e a c h n ail w as r e -l o c at e d a n d t h e 
dist a n c e fr o m t h e n ail h e a d t o t h e d uff s urf a c e or mi n er al s oil w as r e - m e as ur e d. Usi n g a 
r e pr es e nt ati v e b ul k d e nsit y f or t h e litt er a n d d uff of a f or est fl o or t y p e f or t h e r e gi o n [ 6 9], t h e pr efir e 
d e pt h a n d p ostfir e r e d u cti o ns i n litt er a n d d uff w er e c o n v ert e d t o l o a di n g. As h w as n ot cl assifi e d as 
litt er or d uff b e c a us e it d o es n ot r e pr es e nt u n b ur n e d bi o m ass. 

 

Fi g u r e 8. F o r est fl o o r pi n pl ot l a y o ut. 

2- Di m e nsi o n al Bi o m ass I n v e nt or y . Cli p pl ot b o u n d ari es w er e m ar k e d wit h a o n e-i n c h di a m et er P V C 
fr a m e wit h a n i nsi d e l e n gt h of 1. 0 m et er (i n 2 0 1 8). T h e fr a m e w as pl a c e d fl us h wit h t h e f or est fl o or 
a n d a pl ot p h ot o w as t a k e n fr o m 2 m s o ut h of t h e pl ot. D o w n e d w o o d y d e bris a n d st a n di n g 
v e g et ati o n f u el str at a w er e cli p p e d at gr o u n d l e v el a n d s ort e d i nt o l a b el e d p a p er b a gs. V e g et ati o n w as 
cli p p e d al o n g a v erti c al pl a n e e xt e n di n g 1. 8 3 m u p fr o m t h e cli p pl ot b o u n d ari es i n or d er t o o bt ai n a 
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v ol u m etri c s a m p l e. T h e pr o c e d ur e f or s a m pli n g pr efir e a n d p ostfir e cli p pl ots w as t h e s a m e. S a m pl e 
b a gs w er e st a pl e d s h ut, tr a c k e d o n a d at a s h e et, a n d pl a c e d i n l ar g e d ur a bl e g ar b a g e b a gs f or 
tr a ns p ort.  

D a y - of- B ur n F u el M oist ur e. T e n f u el m oist ur e s a m pl es f or e a c h f u el  str at u m w er e c oll e ct e d b ef or e 
i g niti o n t o c orr el at e f u el m oist ur e l e v els t o c o ns u m pti o n. F u el m oist ur e s a m pl es w er e pl a c e d i n 1 2 ” x 
1 2 ” 4- milli m et er t hi c k zi p -l o c k pl asti c b a gs. S a m pl es f ull y o c c u pi e d b a g v ol u m e a n d c ar e w as t a k e n 
t o c o m pl et el y s e al b a gs. M a xi mi zi n g s a m pl e b a g v ol u m e r e d u c es t h e p er c e nt err or ass o ci at e d wit h 
h a n dli n g a n d w ei g hi n g s a m pl es. F u el m oist ur e s a m pl es r e pr es e nt e d t h e c o m p ositi o n of s p e ci es, 
p arti cl e si z es, a n d arr a n g e m e nt i n b ur n u nits. F or i nst a n c e, gr a mi n oi ds h a d gr e at er c o v er t h a n f or bs 
a n d c o ns e q u e ntl y, o ur h er b a c e o us s a m pl es c o nt ai n e d m or e gr ass t h a n f or b cli p pi n gs. W e c oll e ct e d 
i n di vi d u al s a m pl es fr o m a l ar g e ar e a ( ~ 4 0 0 m2 ) t o r e d u c e t h e i nfl u e n c e of mi cr osit e c h ar a ct eristi cs. 
O n c e a b a g w as s uffi ci e ntl y fill e d wit h m at eri al  a n d f ull y s e al e d, w e r e c or d e d t h e ti m e a n d d at e of 
t h e c oll e cti o n o n t h e b a g a n d pl a c e d it i n a g ar b a g e b a g f or s af e tr a ns p ort.  

T h e w et w ei g ht of all s a m pl es w as r e c or d e d wit hi n o n e h o ur of c oll e cti o n a n d a g ai n i n t h e e v e ni n g i n 
or d er t o t est if w et w ei g hts of f u el m oist ur e s a m pl es c h a n g e d o v er t h e c o urs e of a d a y. W e di d n ot 
s a m pl e 1 0 0 0- hr f u els i n e a c h u nit, as t h os e f u els w er e n ot al w a ys pr es e nt. All s a m pl es w er e c oll e ct e d 
wit hi n 1 h o ur pri or t o  i g niti o n, a n d fi n e f u els (i. e., litt er, s us p e n d e d litt er, 1-hr) w er e c oll e ct e d d uri n g 
t h e i g niti o n of a b ur n u nit . 

Dr yi n g Pr o c e d ur es. F u el l o a di n g a n d f u el m oist ur e s a m pl es w er e s hi p p e d t o t h e P a cifi c Wil dl a n d 
Fir e S ci e n c es L a b or at or y i n S e attl e a n d o v e n - dri e d i n c o n v e cti o n o v e ns f or 4 8 h o urs at 7 0 ° C wit hi n 
t w o w e e ks of c oll e cti o n. Wit hi n 7 d a ys of c oll e cti o n s a m pl es w er e o p e n e d a n d all o w e d t o air dr y. 
F u el c o ns u m pti o n of t h e s hr u bs, gr ass, a n d s m all d o w n w o o d y d e bris w as c al c ul at e d b y s u btr a cti n g 
t h e p ostfir e l o a di n g fr o m t h e pr efir e l o a di n g f or e a c h f u el c at e gor y.  

Pl ot G e ol o c ati o n. At e a c h pl ot, t h e c e nt er of t h e f or est fl o or pi ns ( Fi g ur e 8 ) a n d t h e N W c or n er of 
p ost-fir e cli p pl ots w er e m o n u m e nt e d wit h w el di n g r o ds a n d t h e N W c or n er of pr efir e cli p pl ots w er e 
m o n u m e nt e d wit h c o n d uit. E a c h c o n d uit w as m ar k e d wit h r e d fl a g gi n g a n d s e q u e nti all y n u m b er e d 
st e el t a gs. W h e n p ost -fir e cli p pl ots w er e cl os e t o t h e 3 D s hr u b f u el pl ots ( d es cri b e d b el o w), t h e y 
w er e offs et 1 t o 2 m t o t h e w est t o a v oi d i nt erf er e n c e.  

W e t o o k p h ot os fr o m 2 m s o ut h of e v er y cli p a n d f or est fl o or pl ot. P h ot os w e r e t a k e n fr o m a st a n di n g 
p ositi o n at e y e l e v el. Pl ot c o or di n at es w er e c oll e ct e d wit h a r es o ur c e - gr a d e Gl o b al N a vi g ati o n 
S at ellit e S yst e m ( G N S S) r e c ei v er ( G e o 7 X, Tri m bl e I n c.) at t h e pl ot m o n u m e nts ( w el di n g r o ds, m et al 
c o n d uit) l o c at e d at t h e n ort h w est c or n ers of cli p pl ots a n d i n t h e c e nt er of f or est fl o or pi n pl ots a n d 
3 D s hr u b f u el pl ots.  



1 6 

 

Fi g u r e 9 . 3 D s h r u b f u el pl ots. 

3. 2. 3. 2  3 D S hr u b F u el Pl ots 
F o ur p air e d 3 D s hr u b pl ots (f o ur pr efir e a n d f o ur p ostfir e) p er b ur n u nit w er e s u bj e cti v el y s el e ct e d 
wit hi n e a c h b ur n u nit, c h o osi n g s p ar kl e b err y s hr u bs ( or s hr u b cl u m ps) of c o m p ar a bl e si z e i n cl os e 
pr o xi mit y. S hr u bs w er e cli p p e d b e gi n ni n g fr o m t h e s hr u b t o p ( < 2 m) a n d cli p pi n g at 0. 1- m v erti c al 
i nt er v als d o w n t o gr o u n d l e v el (Fi g ur e 9 ). All s hr u b m at eri al w as cli p p e d, b a g g e d, a n d l a b el e d 
s e p ar at el y b y v erti c al str at a at 1 0 c m i nt er v als. Fr a m e d esi g n, c o nstr u cti o n, a n d 3 D s a m pli n g pr ot o c ol 
ar e f urt h er d es cri b e d i n [ 7 0], a n d d et ails wit h r e g ar d t o R C- 2 6 4 0 c a n b e f o u n d i n [ 6 6].  

T h e 3 D s hr u b pl ots w er e m ar k e d b y m et al c o n d uit i n t h e c e nt er of t h e s hr u b pl ot, f or m or e a c c ur at e 
g e ol o c ati o n of t h e s hr u b ( or s hr u b cl u m p) s el e ct e d f or s a m pli n g. R efl e cti v e t a p e w as us e d at t h e t o p 
of t h e c o n d uit t o m a k e it m or e visi bl e i n t h e T L S p oi nt cl o u d. T h e a bilit y t o s e e t h e c o n d uit i n t h e 
p oi nt cl o u d d at a pr o v e d criti c al, as t h e g e ol o c ati o n e v e n aft er diff er e nti al c orr e cti o n c o ul d b e off b y 
1- 2 m, w hi c h is a l ar g er err or t h a n t h e 0. 5 m x 0. 5 m s a m pl e pl ot. T h er ef or e, t h e c o n d uit l o c ati o ns 
w er e c o ns i d er e d pr eli mi n ar y a n d j ust us e d t o fi n d t h e c orr e ct c o n d uit i n t h e p oi nt cl o u d; l at er, e a c h 
3 D s hr u b pl ot c o n d uit l o c ati o n w as a dj ust e d s u c h t h at it ali g n e d wit h t h e “ virt u al ” c o n d uit visi bl e i n 
t h e p oi nt cl o u d. T his m ar k e dl y i m pr o v e d t h e a c c ur a c y of t h e r el ati o ns hi p b et w e e n t h e 3 D s hr u b pl ot 
bi o m ass s a m pl es a n d p oi nt cl o u d d at a [ 6 6].  

3. 2. 3. 3  T err estri al Li d ar S c a n ni n g ( T L S)  
T h e T L S us e d f or t h e pr e- a n d p ost-fir e p oi nt cl o u d d at a w as a L M S 5 1 1 ( SI C K I n c.). T h e p ort a bl e 
T L S s yst e m w a s s et u p o n a tri p o d f or e as e of m o v e m e nt t o p ositi o ns i n t h e b ur n u nit l ess aff e ct e d b y 
tr e e b ol es or d e ns e s hr u b cl u m ps t h at c a us e o c cl usi o n. A mi ni m u m of ei g ht s c a ns p er b ur n u nit w er e 
c oll e ct e d, i n cl u di n g at e a c h pl ot c or n er pl us t h e mi d p oi nts b et w e e n  pl ot c or n ers al o n g t h e s q u ar e 
b o u n d ar y. I n 2 0 1 8, a mi ni m u m of t w o s c a ns p er 3 D s hr u b pl ot w er e c oll e ct e d; s o m eti m es, t hr e e t o 
f o ur s c a ns w er e r e q uir e d t o e ns ur e t h at s hr u bs w er e s c a n n e d wit h o ut o c cl usi o n b y tr e es or ot h er 
o bj e cts. B ef or e s c a n ni n g a n e w ar e a, f o ur t o ei g ht r efl e cti v e t ar g ets w er e p ositi o n e d ar o u n d t h e 
p eri p h er y of t h e s c a n ar e a; t h es e t ar g ets r e m ai n e d st ati o n ar y a n d pr o vi d e r el ati v e ti e p oi nts f or 
m er gi n g p oi nt cl o u ds fr o m s e p ar at e s c a ns as t h e T L S w as m o v e d ar o u n d t h e pl ot. F urt h er d et ails m a y 
b e f o u n d i n [ 6 6].  
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3. 2. 3. 4  U n m a n n e d A eri al V e hi cl es ( U A V)  
Q u a d - c o pt er dr o n es e q ui p p e d wit h 3- b a n d or 4-b a n d di git al c a m er as w er e fl o w n a b o v e tr e et o p l e v el 
at b ot h t h e 2 0 1 7 a n d 2 0 1 8 b ur ns. P h ot o gr a m m etri c p oi nts w er e d eri v e d fr o m t h es e st er e o i m a g es 
usi n g Str u ct ur e fr o m M oti o n ( Sf M) t e c h ni q u es a n d e x pl or e d t o c h ar a ct eri z e u n d erst or y f u els. 
H o w e v er, t h e p oi nt cl o u d d at a pr o v e d t o o n ois y t o d o s o r eli a bl y s o t h e U A V d at as ets w er e r e m o v e d 
fr o m t h e pr es e nt a n al ysis w hi c h f o c us e d o n t he T L S p oi nt cl o u d d at as ets al o n e. W e c o n cl u d e t h at 
p h ot o gr a m m etri c p oi nt cl o u d d at a l a c k t h e c a n o p y p e n etr ati o n c a p a bilit y of li d ar, a n d t h us h a v e 
gr e atl y r e d u c e d s e nsiti vit y t o u n d erst or y a n d s urf a c e f u el v ari ati o n b e n e at h t h e o v erst or y. W e 
r e c o m m e n d U A V-m o u nt e d li d ar as a r e m ot e s e nsi n g t o ol wit h gr e at p ot e nti al f or pr o vi di n g us ef ul 
i nf or m ati o n a b o ut u n d erst or y a n d s urf a c e f u el c o n diti o ns.  

3. 3  O bj e cti v e 1 – M e as u r e m e nt  of p y r ol ysis p r o d u cts  

W hil e m ost p yr ol ysis w or k a p pli e d t o wil dl a n d fir e is b as e d o n sl o w- h e ati n g, i n wil dl a n d fir e 
r e p ort e d air h e ati n g r at es n e ar f oli ar f u els r a n g e d 3 0 t o 5 0 0 0 ° C s - 1 [ 2, 7 1 – 7 4]. W hil e a f u el p arti cl e 
will n ot n e c ess aril y h e at at t h e s a m e r at e as t h e a dj a c e nt air d u e t o its t h er m al pr o p erti es [ 7 5] a n d t h e 
n at ur e of t h e h e at tr a nsf er m et h o d [ 7 6, 7 7], t h e r at e of t e m p er at ur e ris e i n wil dl a n d f u el p arti cl es is 
m or e a ki n t o f ast p yr ol ysis r at es. Hi g h er h e ati n g r at es a n d hi g h t e m p er at ur es ar e als o t y pi c al of 
p yr ol ysis i n w o o d -b as e d str u ct ur es [ 7 8]. 

3. 3. 1  Hi g h a n d l o w- h e ati n g r at e e x p eri m e nts ( B Y U) 
A fl at -fl a m e b ur n er ( F F B) a p p ar at us w as us e d t o st u d y p yr ol ysis of f oli ar s a m pl es fr o m t h e pl a nts i n 
T a bl e 2 . T h e a p p ar at us d es cri b e d i n [ 7 9] w as i n cr e as e d i n si z e a n d a gl ass c hi m n e y w as a d d e d t o 
eli mi n at e e ntr ai n m e nt ( Fi g ur e 1 0 ) [ 8 0]. A h ori z o nt al f u el s a m pl e w as att a c h e d t o a h ori z o nt al r o d a n d 
w as s us p e n d e d i n t h e mi d dl e of t h e gl ass d u ct. T h e r o d w as att a c h e d t o a M ettl er 1  T ol e d o X S 2 0 4 
s c al e. T h e s c al e w as pr o gr a m m e d t o r e c or d t h e c h a n g e of m ass b y a L a b Vi e w c o d e  usi n g a N ati o n al 
I nstr u m e nts S C XI- 1 0 0 0 m o d ul e. T h e t e m p er at ur e at t h e l e v el w hi c h t h e s a m pl e w as l o a d e d w as 
m e as ur e d b y a K -t y p e t h er m o c o u pl e wit h 0. 3 8 m m b e a d di a m et er ( O M E G A E n gi n e eri n g). T h e fl at-
fl a m e b ur n er str u ct ur e w as pl a c e d o n w h e els w hi c h e n a bl ed t h e str u ct ur e t o b e m o v e a bl e. T h e fl at-
fl a m e b ur n er w as o p er at e d u n d er f u el-ri c h c o n diti o ns wit h a n e q ui v al e n c e r ati o of 1. 1 3. T h e f u el- ri c h 
c o n diti o n pr e v e nt e d t h e pr es e n c e of O 2  i n t h e h ot ( 8 1 0 ° C) p ost-fl a m e g as, pr o vi di n g p yr ol ysis 
c o n diti o ns i nsi d e t h e gl ass d u ct. A mi xt ur e of m et h a n e ( C H 4 ) a n d h y dr o g e n ( H2 ) w as us e d as t h e f u el 
a n d air w as us e d as t h e o xi di z er. T h e fl o w r at es of g as es w er e 2 5 8. 8 L/ mi n, 1 6. 6 3, a n d 2 6. 5 6 f or air, 
h y dr o g e n, a n d m et h a n e, r es p e cti v el y. T h e p ost- fl a m e g as es w er e m ai nl y N2 , C O2 , H2 O, C O, a n d H 2 . 
T h e p yr ol ysis s a m pli n g s yst e m c o nsist e d of a gl ass f u n n el c o n n e ct e d t o st ai nl ess st e el t u bi n g 
wr a p p e d wit h h e ati n g t a p e a n d i ns ul ati o n wit h h ot a n d c ol d tr a ps t o s e p ar at e t h e p yr ol ysis pr o d u cts i n 
t w o st a g es. 

P yr ol ysis pr o d u cts w er e a n al y z e d usi n g ( 1) a T h er m o S ci e ntifi c ™ Tr a c e ™ 1 3 1 0 g as c hr o m at o gr a p h 
( G C) e q ui p p e d wit h, a t h er m al c o n d u cti vit y d et e ct or ( T C D), a n d ( 2) a H P 5 8 9 0 G C c o m bi n e d wit h a 
H P 5 9 7 2 m ass s p e ctr o m et er ( M S). Hi g h m ol e c ul ar w ei g ht h y dr o c ar b o ns w hi c h ar e n ot d et e ct a bl e b y 
G C - M S w er e c o n d e ns e d i n t h e h ot tr a p. I n t h e c ol d tr a p, t h e r e m ai ni n g h y dr o c ar b o ns w er e c o n d e ns e d 
t o b e a n al y z e d b y G C- M S aft er s ol v e nt e xtr a cti o n usi n g di c hl or o m et h a n e G C gr a d e fr o m Si g m a-
Al dri c h, I n c. T h e n o n- c o n d e ns a bl e g as es w er e c oll e ct e d i n T e dl ar ® g as c oll e cti o n b a gs a n d a n al y z e d 
wit h G C -T C D. A d diti o n al m e as ur e m e nts i n cl u d e d: ( 1) m ass of t h e s a m pl e v ers us ti m e; ( 2) g as 
t e m p er at ur e a b o v e t h e b ur n er at t h e l e v el of t h e s a m pl e ( 3) s urf a c e t e m p er at ur e distri b uti o n of t h e 
s a m pl e usi n g a F LI R mi d -i nfr ar e d c a m er a, ( 4) t e m p er at ur es of t h e tr a nsf er li n e at f o ur p oi nts; ( 5) 
r a di ati v e, c o n v e cti v e, a n d t ot al h e at fl u x. T hr e e r e pli c ati o ns of e a c h e x p eri m e nt al c o m bi n ati o n w er e 
r u n f or a t ot al of 3 4 2 o bs er v ati o ns. A d diti o n all y w e us e d F T I R t e c h n ol o g y fr o m P N N L i n s o m e of 

 
1  T h e u s e of tr a d e or fir m n a m es i n t his p u bli c ati o n is f or r e a d er i nf or m ati o n a n d d o es n ot i m pl y e n d ors e m e nt b y t h e U. S. 
D e p art m e nt of A gri c ult ur e o f a n y pr o d u ct or s er vi c e. 
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t h es e e x p eri m e nts b ut w er e u n a bl e t o e xtr a ct m e a ni n gf ul d at a fr o m t h e m e as ur e m e nts d u e t o a v ari et y 
of iss u es [ 6 7]. P arti c ul at e m att er w as n ot c oll e ct e d i n t h e pr es e nt st u d y si n c e it f or ms fr o m s m all 
pi e c es of c h ar a n d c o n d e ns e d g as es. T h e o bj e cti v e of t h e pr oj e ct, as d efi n e d i n t h e ori gi n al pr o p os al, 
w as t o c h ar a ct eri z e p yr ol ysis pr o d u ct yi el ds a n d t o c h ar a ct eri z e t h e c o m p ositi o n of b ot h t h e 
p er m a n e nt g as es a n d s o m e of t h e c o n d e ns a bl e g as es pr o d u c e d d uri n g pri m ar y a n d s e c o n d ar y 
p yr ol ysis. 

 

 

Fi g u r e 1 0 . Fl at-fl a m e b u r n e r s et u p us e d t o m e as u r e p y r ol ysis p r o d u cts r es ulti n g f r o m h e ati n g 
s o ut h e r n wil dl a n d f u els at a hi g h r at e. 

A n a p p ar at us us e d pr e vi o usl y t o m e as ur e p yr ol ysis pr o d u cts fr o m oil s h al e [ 8 1, 8 2] w as us e d t o 
m e as ur e p yr ol ysis pr o d u cts at sl o w h e ati n g r at e a n d l o w t e m p er at ur e  t o g e n er at e g as a n d t ar s a m pl es 
(Fi g ur e 1 1 ). Pri or t o p erf or mi n g t h e p yr ol ysis c o m p ositi o n e x p eri m e nts, a st u d y w as p erf or m e d 
v ar yi n g t e m p er at ur e ( 4 0 0 – 8 0 0 ° C), sl o w h e ati n g r at e ( 5 – 3 0 ° C mi n − 1 ), a n d c arri er g as fl o w r at e ( 5 0–
3 5 0 ml mi n − 1 ) t o fi n d t h e o pti m u m c o n diti o ns f or m a xi m u m t ar yi el d. T h e r es ults s h o w e d t h at t h e 
hi g h est t ar yi el d w as o bt ai n e d at a t e m p er at ur e of 5 0 0 ° C, h e ati n g r at e of 3 0 ° C mi n − 1 , a n d s w e e p g as 
fl o w r at e of 1 0 0 ml mi n− 1  [ 8 3]. A p pr o xi m at el y 2 gr a ms of s a m pl e w er e p ositi o n e d i n a U -li k e 1 9 m m 
st ai nl ess st e el t u b e pl a c e d i n t h e h e at er . A s m all fl o w of 3 0 0 ml mi n- 1 of N 2  w as us e d t o p ur g e t h e 
p yr ol ysis g as es a n d pr o vi d e a n o x y g e n-fr e e e n vir o n m e nt f or p yr ol ysis. G as c o n d e ns ers w er e 
c o nstr u ct e d b y p a c ki n g fi n e gl ass w o ol i nt o t est t u b es a n d usi n g r u b b er st o p p ers t o cl os e t h e t o p. T h e 
st o p p ers h a d t w o h ol es drill e d i nt o t h e m t hr o u g h w hi c h 6. 3 5 m m st ai nl ess st e el t u bi n g w as ti g htl y 
fitt e d. T h e g as es e nt er e d a n d p ass e d t hr o u g h t h e gl ass w o ol b ef or e e xiti n g. F o ur c o n d e ns ers w er e 
pl a c e d i n a n i c e b at h fill e d wit h dr y i c e t o ai d c o n d e ns ati o n. T ar v a p ors w er e c o n d e ns e d i n 
c o n d e ns ers a n d w er e a n al y z e d b y G C - M S aft er s ol v e nt e xtr a cti o n usi n g G C gr a d e di c hl or o m et h a n e. 
A T h er m o S ci e ntifi c ™ Tr a c e ™ 1 3 1 0 ( G C) e q ui p p e d wit h a t h er m al c o n d u cti vit y d et e ct or ( T C D) w as 
us e d wit h a n H P 5 8 9 0 G C c o m bi n e d wit h a n H P 5 9 7 2 M S. N o n- c o n d e ns a bl e g as es w er e c oll e ct e d i n 
g as s a m pli n g b a gs f or tr a nsf er t o g as a n al ysis d e vi c es. T h e r e a cti o n w as st o p p e d at 5 0 0 ℃  a n d t h e 
a p p ar at us w as c o ol e d t o pr e v e nt f urt h er r e a cti o n.  T hr e e r e pli c ati o ns of e x p eri m e nts i n t his a p p ar at us 
r esult e d i n 8 7  o bs er v ati o ns of p yr ol ysis c o m p ositi o n. 
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Fi g u r e 1 1 . S c h e m ati c of p r o g r a m m a bl e h e at e r us e d f o r g e n e r ati n g p y r ol ysis p r o d u cts f r o m 
s o ut h e r n wil dl a n d f u els at a l o w h e ati n g r at e.  

3. 3. 2  O pti c al a bs or pti o n m et h o ds f or d et e cti o n of p yr ol ysis g as es  
R e g ar dl ess of w h et h er vi a F TI R or vi a l as er m et h o ds, t h e b asi c pri n ci pl es of a n i nfr ar e d s p e ctr o m et er 
m e as ur e m e nt ar e s e e n  i n Fi g ur e 1 2 . I n eit h er c as e t h e s p e ctr o m et er c o nsists of t h e I R li g ht s o ur c e (i. e. 
a l as er or a br o a d b a n d I R s o ur c e s u c h as a gl o w b ar), a w a v el e n gt h s el e ct or or m o d ul at or, t h e s a m pl e, 
a n d a n i nfr ar e d- s e nsiti v e d et e ct or s u c h as a c o ol e d m er c ur y – c a d mi u m – t ell uri d e ( M C T) 
s e mi c o n d u ct or. F or all e x p eri m e nts a b a c k gr o u n d s p e ctr u m m ust b e r e c or d e d or a p pr o xi m at e d; t his is 
t h e Io  r ef er e n c e s p e ctr u m. T his is f oll o w e d b y r e c or di n g t h e s a m pl e (I) s p e ctr u m; i n t h e pr es e nt c as e 
t his is w h er e t h e s m o k e eit h er drifts i nt o t h e b e a m (f or a n o p e n p at h e x p eri m e nt) or is l et i nt o t h e g as 
c ell (f or a l a b or at or y e x p eri m e nt). T h e d at a t y pi c all y c o nsist of t h e r ef er e n c e or Io  s p e ctr u m ( w h er e 
n o s a m pl e, or o nl y a “ bl a n k ” is pr es e nt ), t h e s a m pl e (I) s p e ctr u m, a n d fi n all y t h e a bs or b a n c e 

s p e ctr u m A w hi c h ar e r el at e d b y t h e B e er-L a m b ert L a w: ( )1 0 0l o gA l C I Iε= = −  w h er e ε  is t h e 

i nfr ar e d e xti n cti o n c o effi ci e nt as a f u n cti o n of w a v el e n gt h ( a n i ntri nsi c pr o p ert y of t h e m ol e c ul e) [ 8 4] 
(Fi g ur e 1 2 ). T h e us e of s p e ctr os c o p y a n d t h e B e er- L a m b ert l a w is e xt e nsi v e t hr o u g h o ut s ci e n c e, 
es p e ci all y i n c h e mistr y a n d p h ysi cs. T h e pr o gr a m us e d f or q u a ntit ati v e s p e ctr al a n al ysis d uri n g t h e 
c o urs e o f t h e S E R D P pr o gr a m w as t h e M A L T 5 pr o gr a m [ 8 5, 8 6] w hi c h is n o w c o m m er ci all y 
a v ail a bl e.  
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Fi g u r e 1 2. C a rt o o n r e p r es e nt ati o n of g e n e r ali z e d i nf r a r e d s p e ct r o m et e r.  

T h e M A L T pr o gr a m a n al y z es t h e s p e ctr a o n c e t h e y h a v e b e e n c o n v ert e d t o a bs or b a n c e m o d e as s e e n 
i n t h e l o w er ri g ht-fr a m e of Fi g ur e 1 2 . T h e d at a fr o m fir es, h o w e v er, ar e n e v er “ pristi n e ” s p e ctr a s u c h 
as t h os e s e e n i n t h e Fi g ur e – t h er e is al w a ys i nstr u m e nt al n ois e a n d t h er e ar e al w a ys m ulti pl e 
c h e mi c al s p e ci es ( a n al yt es) i n t h e b e a m of t h e i nfr ar e d i nstr u m e nt; s p e ctr a wit h m ulti pl e a n al y t es 
t h us t e n d t o b e v er y “ b us y ” or “ cl utt er e d ”. T o dis e nt a n gl e s u c h s p e ctr a t h e M A L T s oft w ar e us es b ot h 
br o a d b a n d r ef er e n c e s p e ctr a fr o m t h e P N N L d at a b as e [ 8 7 –9 1]  a n d a bs or pti o n li n e i nt e nsiti es fr om 
HI T R A N [ 9 2] [i n u nits of c m – 1 /( m ol e c × c m– 2 )] t o it er ati v el y fit a si m ul at e d s p e ctr u m t o t h e m e as ur e d 
s p e ctr u m b y o pti mi zi n g t h e fit s o as t o mi ni mi z e t h e m e a n -s q u ar e d r esi d u al, i. e. t h e diff er e n c e 
b et w e e n t h e m e as ur e d a n d si m ul at e d s p e ctr a. P ar a m et ers s u c h as p at h l e n gt h, r es ol uti o n, a p o di z ati o n, 
t e m p er at ur e, pr ess ur e, s p e ctr al d o m ai n, t ar g et c o m p o u n ds a n d  o v erl a p pi n g c o m p o u n ds ar e all us e d as 
i n p uts t o t h e s p e ctr al fit. T h e M A L T a n al ysis t e c h ni q u e h as pr e vi o usl y b e e n us e d i n b ot h o p e n- p at h 
a n d e xtr a cti v e F TI R s yst e ms wit h a cti v e s o ur c es [ 9 3 – 9 7].  

 

Fi g u r e 1 3. M e as u r e d I R s p e ct r u m ( M a y 2 0 1 8) a n d i n di vi d u al s p e ct r al c o nt ri b uti o ns f o r t h e 
m aj o r c o m p o n e nts a n d ass o ci at e d r esi d u al wit h a n d wit h o ut a c r ol ei n i n cl u d e d i n t h e fit.  

As  a n e x a m pl e of t h e c o m pl e xit y of t h e s p e ctr al a n al ysis, Fi g ur e 1 3  dis pl a ys a v er y c o n g est e d 
bi o m ass b ur ni n g s p e ctr u m (r e d tr a c e) wit h i n di vi d u al c o ntri b uti o ns f or s e v er al s p e ci es i n cl u d e d i n t h e 
fit [ c o ntri b uti o ns f or f urf ur al ( C4 H 3 O C H O) , a c et al d e h y d e, C H4 , a n d C2 H 4  ar e i n cl u d e d, b ut n ot 
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pl ott e d] as w ell as t h e r esi d u al wit h a n d wit h o ut a cr ol ei n ( C 3 H 4 O) i n cl u d e d i n t h e fitti n g pr o c ess. All 
s p e ctr a ar e at 0. 6 c m – 1  r es ol uti o n a n d h a v e b e e n offs et f or cl arit y. T h e c al c ul at e d mi xi n g r ati o of 
a cr ol ei n i n t his m e as ur e d s p e ctr u m is 9 9. 9 p p m. W h e n a cr ol ei n is n ot i n cl u d e d i n t h e fit, f e at ur es n e ar 
1 1 6 8 a n d 1 1 5 8 c m – 1  t h at r es e m bl e a cr ol ei n ar e o bs er v e d i n t h e r esi d u al s p e ctr u m as s e e n i n t h e gr e e n 
tr a c e. W h e n a cr ol ei n is i n cl u d e d i n t h e fit, t h e f e at ur es ar e r e m o v e d. P art of t h e c o nfir m ati o n str at e g y 
i s t h us t o pr o c ess t h e e x p eri m e nt al s p e ctr a wit h/ wit h o ut t h e t ar g et g as i n t h e fit a n d t h e n t o vis u all y 
i ns p e ct t h e r esi d u al. I n e a c h c as e a n I R-a cti v e vi br ati o n al m o d e is us e d f or e a c h s p e ci es i n t h e fit, 
t y pi c all y t h e s p e ci es’ str o n g est b a n d i n t h e l o n g w a v e I R wi n d o w, al o n g wit h a list of s p e ci es wit h 
o v erl a p pi n g b a n ds i n t h at d o m ai n. T hr o u g h o ut t h e st u d y, M A L T w as us e d t o i d e ntif y m ulti pl e g as-
p h as e s p e ci es e mitt e d d uri n g t h e b ur ns a n d q u a ntif y t h e g as mi xi n g r ati os vi a s p e ctr os c o p y, fi v e 
g as es f or t h e first ti m e as d et ail e d b el o w.  

As pr e vi o usl y r e p ort e d b y R C- 1 6 4 9 [ 9 8] , t h e s p e ctr al c h ar a ct eristi cs of m a n y g as es ass o ci at e d wit h 
bi o m ass a n d wil dl a n d f u els ar e u n k n o w n. R C- 1 6 4 9 s u bst a nti all y i n cr e as e d t h e n u m b er of g as es 
ass o ci at e d wit h s m o k e e missi o ns i n t h e s p e ctr al d at a b as e. As p art of t h e pr es e nt pr oj e ct, s p e ctr a f or 
a d diti o n al g as es w er e  d e v el o p e d or i m pr o v e d a n d ar e n o w a v ail a bl e i n t h e s p e ctr al d at a b as e [ 9 9]. T h e 
e x p eri m e nt al m et h o ds a n d e v al u ati o n of r es ults ar e pr es e nt e d i n d et ail els e w h er e [ 8 9, 1 0 0, 1 0 1]. T h e 
g as es a d d e d t o t h e d at a b as e i n cl u d e h y dr o x y a c et o n e, cr ot o n al d e h y d e, m et h yl vi n yl k et o n e as w ell as 
t h e ort h o- , m et a-, a n d p ar a - is o m ers of x yl e n e. It is u n k n o w n if t h es e c o m p o u n ds ar e pr o d u c e d b y 
p yr ol ysis or, if pr o d u c e d, o c c ur i n d et e ct a bl e c o n c e ntr ati o ns. H o w e v er, t h e s p e ctr a ar e n o w a v ail a bl e 
f or us e i n t h e pr o c essi ng al g orit h ms w hi c h will b e us e d t o i d e ntif y t h e p yr ol ysis g as es b y F TI R 
i nstr u m e nts. 

3. 3. 3  M e as ur e m e nt of p yr ol ysis i n a w i n d t u n n el e x p eri m e nt 
I n t h e 8 8 wi n d t u n n el fir es  (T a bl e 1 0 ) p yr ol ysis g as es w er e  s a m pl e d i n r e al -ti m e usi n g a v ari et y of 
m et h o ds a n d i nstr u m e nts ( Fi g ur e 1 4 , Fi g ur e 1 5 , Fi g ur e 1 6 , Fi g ur e 1 7 ). 

3. 3. 3. 1  C a nist er s a m pli n g  
S a m pli n g p yr ol ysis g as es i n a n o p e n e n vir o n m e nt is a c h all e n g e as p yr ol ysis is a tr a nsi e nt pr o c ess. 
T h e l o c ati o n a n d ti mi n g of t h e g as s a m pl e pr o b e is criti c al t o eff e cti v el y c a pt uri n g p yr ol ysis 
pr o d u cts. I n t h e wi n d t u n n el e x p eri m e nts, t h e s a m pli n g a p pr o a c h w as t o fill a s a m pl e c a nist er wit h 
m ulti pl e s m all al i q u ots of p yr ol ysis g as es a n d s a m pl e a s e p ar at e c a nist er t o c h ar a ct eri z e fl a mi n g 
e missi o ns f or c o m p aris o n. I nst all e d al o n g t h e l e n gt h of t h e f u el b e d w as a n arr a y of 8 st ai nl ess -st e el 
s a m pl e t u b es, c o n n e ct e d t o a p u m p/ m a nif ol d c oll e cti o n s yst e m wit h s e p ar a t e s wit c h es t o c o ntr ol e a c h 
p oi nt ( Fi g ur e 1 4 ). As t h e fl a m e pr o gr ess e d al o n g t h e f u el b e d t h e s p ott er c all e d o ut w h e n t o i niti at e 
a n d e n d s a m pli n g, wit h a s h ort s a m pli n g i nt er v al at e a c h t u b e. O n e c a nist er at t h e first p oi nt c oll e ct e d 
fl a mi n g e missi o ns o nl y, a diff er e nt c oll e cti o n m et h o d w as us e d f or t his c a nist er – fl a mi n g e missi o ns 
w er e c oll e ct e d f or 3 0 s e c o n ds w ell b ef or e t h e fl a m e fr o nt r e a c h e d t h e s a m pl e pr o b e. O n e p yr ol ysis 
c a nist er p er fir e w as s a m pl e d, fill e d wit h t h e s m all ali q u ots of p yr ol ysis g as es.  

 



2 2 

 

Fi g u r e 1 4. S et u p of wi n d t u n n el c a nist e r s a m pl e p oi nts . 

T h e g as s a m pl es w er e c oll e ct e d i n 8 5 0 ml st ai nl ess st e el S U M M A c a nist ers. B a c k gr o u n d air s a m pl es 
w er e t a k e n d uri n g t h e e x p eri m e nt a n d a n al y z e d. T h e c a nist er s a m pl es of e missi o ns w er e a n al y z e d 
( E P A m et h o d T O- 1 4 A) f or C O2 , C O, C H4 , a n d C2  t o C5  h y dr o c ar b o n g as es wit h a n A gil e nt m o d el 
7 8 9 0 g as c hr o m at o gr a p h c o nfi g ur e d wit h t w o c ol u m ns r u n ni n g si m ult a n e o usl y. A 1/ 8 ” di a m et er, 2 m 
C ar b os p h er e p a c k e d c ol u m n wit h a ni c k el c at al yst m et h a ni z er w as us e d f or a n al ysis of C O 2  a n d C O. 
fl a m e i o ni z ati o n d et e ct or ( FI D). T h e s e c o n d c ol u m n, a 0. 5 3 m m di a m et er x 5 0 m l e n gt h A gil e nt Al/ S 
c ol u m n, s e p ar at es h y dr o c ar b o ns a n d m et h a n e. B ot h c ol u m ns g o t o FI D d et e ct ors a n d r u n 
si m ult a n e o usl y. C hr o m at o gr a m d at a w er e c oll e ct e d a n d pr o c ess e d b y A gil e nt O p e n L a b s oft w ar e. A 
m ulti p oi nt s et of 3 st a n d ar ds br a c k eti n g t h e s a m pl e c o n c e ntr ati o ns w er e a n al y z e d wit h e a c h s et of 
s a m pl es t o c o nstr u ct a st a n d ar d c ur v e f or e a c h c o m p o u n d. B as e d o n t h e i nt e gr at e d p e a k ar e as, t h e 
s a m pl e c o n c e ntr ati o ns w er e c al c ul at e d fr o m t h e st a n d ar d c ur v es  a n d writt e n i nt o a s pr e a ds h e et f or 
a n al ysis. NI S T S R M g as st a n d ar ds f or C O, C O 2 , C H4 , a n d pr o p a n e w er e r u n e a c h d a y t o v ali d at e t h e 
st a n d ar d c ur v e. D u pli c at e G C r u ns of c a nist ers w er e p erf or m e d f or e a c h si xt h s a m pl e. F or 
m e as ur e m e nt of H 2  c o n c e ntr ati o ns a  Tr a c e A n al yti c al R G A 3 r e d u cti o n g as a n al y z er w as us e d. T his is 
a c hr o m at o gr a p hi c i nstr u m e nt wit h a m ol e c ul ar si e v e c ol u m n, a n d U V m er c uri c o xi d e d et e ct or t h at 
pr o vi d es hi g hl y s e nsiti v e pr e cis e m e as ur e m e nt of tr a c e l e v el H 2 . T h e r a n g e is 0 – 1 0 p p m H2 , m ost 
s a m pl es w er e dil ut e d wit h U H P nitr o g e n t o b e i n t his r a n g e.  A n H 2 st a n d ar d ( S c ott S p e ci alt y G as es) 
w as us e d f or c ali br ati o n. C hr o m at o gr a ms of H 2  fr o m t hi s i nstr u m e nt w er e c oll e ct e d a n d i nt e gr at e d 
wit h A gil e nt O p e n L a b s oft w ar e i nt erf a c e d t o t h e i nstr u m e nt. O n a s u bs et of c a nist ers wit h si g nifi c a nt 
d et e ct a bl e p yr ol ysis g as es , G C/ M S a n al ysis w as p erf or m e d usi n g a n A gil e nt 6 8 9 0 G C wit h a n H P- 5 
. 3 2 0 m m x 3 0 m c ol u m n, H e c arri er g as, a n d A gil e nt 4 5 9 0 N M S d et e ct or.  

Fir e -i nt e gr at e d e missi o n f a ct ors w er e c al c ul at e d usi n g t h e c ar b o n m ass b al a n c e ( C M B) a p pr o a c h 
[ 1 0 2] i n w hi c h t h e c o n c e ntr ati o ns of e mitt e d c ar b o n- c o nt ai ni n g s p e ci es ar e a pr o x y f or t h e m ass of 
dr y f u el c o ns u m e d d uri n g t h e fir e. T h e “fir e - a v er a g e d a p pr o a c h ” w as us e d i n t his first att e m pt t o 
c a pt ur e p yr ol ysis g as es i nst e a d of usi n g t e m p or al s a m pli n g. T h e e missi o n f a ct or f or s p e ci es I e mitt e d 
b y a f u el wit h c ar b o n m ass fr a cti o n ( x c ) of t h e dr y f u el m ass is gi v e n b y: 
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is t h e s u m of t h e t ot al m ass of C c o nt ai n e d i n g as- p h as e h y dr o c ar b o ns, esti m at e d as t h e s u m of t h e 
m e as ur e d C 1 – 6  h y dr o c ar b o ns. Δ d e n ot es t h e a m o u nt a b o v e b a c k gr o u n d at m osp h eri c c o n c e ntr ati o ns.  

C o m b usti o n effi ci e n c y ( C E) – t h e fr a cti o n of f u el c ar b o n c o n v ert e d t o c ar b o n as C O 2  – w as esti m at e d 

b y m o difi e d c o m b usti o n effi ci e n c y ( )2 2C O  C O  C OM C E = +  [ 1 0 3 – 1 0 5]. P ur e fl a mi n g h as a n M C E 

n e ar 0. 9 9 w hil e t h e M C E of s m ol d eri n g v ari es fr o m 0. 6 5 t o 0. 8 5) a n d is t y pi c all y n e ar 0. 9 0 f or 
pr es cri b e d fir es t h at ar e a mi x of t h e t w o p h as es. It is i m p ort a nt t o n ot e t h at as a r es ult of t h e pr es e nt 
st u d y, M C E h as b e e n r e c e ntl y s h o w n t o b e a n i n d e x t h at is n ot st atisti c all y i n d e p e n d e nt of ot h er 
wil dl a n d fir e e missi o ns [ 1 0 6] a n d s h o ul d n ot b e us e d as a pr e di ct or f or ot h er e missi o n f a ct ors . As 
p yr ol ysis g as es aris e b ef or e c o m b usti o n, t h e utilit y of t his r ati o is u n k n o w n f or p yr ol ysis. 

3. 3. 3. 2  F TI R  det e cti o n  
D uri n g t h e N o v e m b er 2 0 1 7 a n d N o v e m b er 2 0 1 8 wi n d t u n n el b ur ns w e c o u pl e d F TI R i nstr u m e nts. 
F or t h e N o v e m b er 2 0 1 8 b ur ns o nl y, a q u a nt u m c as c a d e l as er ( Q C L) dir e ct -pr o b e s yst e m w as a d d e d 
as w ell.  N o m e as ur e m e nts w er e t a k e n as p art of  t h e F e br u ar y 2 0 1 8 b ur ns. A c o n c e pt u al l a y o ut a n d 
p h ot o gr a p h of t h e i nstr u m e nts c o u pl e d t o t h e t u n n el ar e s e e n i n Fi g ur e 1 5 . I n F e br u ar y 2 0 1 8, a 
T E L O P S i nstr u m e nt w as als o d e pl o y e d, b ut t h e s e ns or s at ur at e d d u e t o pr o xi mit y t o t h e fl a m e s o n o 
us ef ul d at a w er e e xtr a ct e d ( Fi g ur e 1 6 ). 

 

Fi g ur e 1 5. ( a) C art o o n r e n d eri n g of bl o c k l a y o ut f or t h e e xtr a cti v e T 3 7 s p e ctr o m et er/ g as c ell wit h 
i nl et t u bi n g. T h e g as c ell a n d F TI R s yst e m ar e s h o w n as y ell o w a n d p ur pl e b o x es, r es p e cti v el y.  Als o 
s h o w n is t h e Q u a nt u m C as c a d e L as er s ys t e m ( bl u e); t h e l as er s yst e m dir e ctl y pr o b e d t h e fl a m e. ( b) 
B ot h s yst e ms o n sit e at R F L .  

T h e e xtr a cti v e Br u k er T e ns or 3 7 ( T 3 7) s p e ctr o m et er/ g as c ell s yst e m w as c o u pl e d vi a h e at e d i nl et 
t u bi n g ( 7 0 o C) t o e xtr a ct t h e g as es b ef or e, d uri n g a n d aft er t h e p ass a g e of t h e fl a m e fr o nt d o w n t h e 
wi n d t u n n el. T h e W hit e c ell w as h el d at a p pr o xi m at el y  5 5 °C t o k e e p t h e g as es a n d p arti c ul at es fr o m 
c o n d e nsi n g i nsi d e t h e c ell. D at a w er e a n al y z e d as d es cri b e d i n 3. 3. 2 . T h e c hi ef r es e ar c h o bj e cti v e 
w as t o d et er mi n e t h e s p e cifi c (s m all) g as es ass o ci at e d wit h t h e diff er e nt p h as es of c o ns u m pti o n of 
t h e pl a nts, p arti c ul arl y t h e p yr ol ysis p h as e. I d e all y, w e wis h e d t o u n d erst a n d if t h er e w er e diff er e n c es 
i n t h e g as c o m p ositi o n f or t h e diff er e nt pl a nt  s p e ci es, e. g., s p ar kl e b err y vs. y a u p o n. A n a d d e d 
o bj e cti v e w as t o us e t e m p or al r es ol uti o n i n t h e a c q uisiti o n f or s o m e of t h e e x p eri m e nts t o tr y t o 
u n d erst a n d t h e c o m p o siti o n d uri n g t h e diff er e nt p h as es of t h e b ur n. 

F or t h e wi n d t u n n el e x p eri m e nts, t h e r es ol uti o n of t h e  T 3 7 w as s et t o 4 c m – 1 , t h e a c q uisiti o n m o d e 
w as s et t o d o u bl e si d e d, f or w ar d - b a c k w ar d, t h e a p o di z ati o n f u n cti o n w as Bl a c k m a n-H arris 3 -T er m, 
a n d p h as e c or r e cti o n m o d e w as M ert z [ 1 0 7] wit h a  z er o  filli n g f a ct or of 2. T o  i n cr e as e t e m p or al 
r es ol uti o n, t h e n u m b er of s c a ns w as s et t o 1 wit h c o nti n u o us m e as ur e m e nts t o o bt ai n a s p e ctr al ti m e 
r es ol uti o n of 0. 2 s e c o n ds. T his i nstr u m e nt c o nfi g ur ati o n is r ef err e d t o as a n “ e xtr a cti v e F TI R ” 
b e c a us e it c o nsists of a pr o b e wit h 3/ 8 ” m et al t u bi n g c o n n e ct e d t o e xtr a ct t h e g as i nt o t h e W hit e c ell 

a. 
P reli ef v al v e 

I R lig ht 

B n.t k er T e n s or 3 7 

TI 7- F TI R 

S ptttr o ~t ~r 

I 

b. 



2 4 

usi n g a r o u g hi n g p u m p. T h e pr o b e w as pl a c e d a b o v e a pl a nt d uri n g m e as ur e m e nts ( Fi g ur e 1 7 ) a n d 
g as es w er e e xtr a ct e d fr o m t h e wi n d t u n n el i nt o t h e g as c ell b ef or e, d uri n g a n d aft er t h e fl a m e h a d 
p ass e d t h e pl a nt. A bs or b a n c e s p e ctr a ( A ) w er e c oll e ct e d i n r e al ti m e. T h e r ef er e n c e m e as ur e m e nt w as 
c oll e ct e d w h e n t h e i nstr u m e nt a n d g as c ell w er e p ur g e d wit h hi g h p urit y nitr o g e n g as; N2  d o es n ot 
a bs or b i n t h e I R. 

T h e ot h er F TI R i nstr u m e nt us e d f or g as p h as e m e as ur e m e nts w as t h e Br u k er O P A G - 2 2, w hi c h is a n 
o p e n p at h g as a n al y z er. U nli k e t h e e xtr a cti v e F TI R, t his i nstr u m e nt is n o n -disr u pti n g si n c e it d o es 
n ot r e m o v e a n y of t h e g as es fr o m t h e wi n d t u n n el, i. e. it d o es n ot p ert ur b t h e s a m pl e. T h e O P A G w as 
m o u nt e d o n a tri p o d o n o n e si d e of t h e wi n d t u n n el wit h t h e gl o w b ar I R s o ur c e o n t h e o p p osit e si d e. 
T h e p at h b et w e e n t h e O P A G a n d t h e s o ur c e w as 1. 2 m a n d w as dir e ctl y i n li n e wit h a r o w of pl a nts 
(Fi g ur e 1 6 ). T h e O P A G i s e q ui p p e d wit h a K Br b e a m s plitt er  a n d a Stirli n g -c y cl e c o ol e d M C T 
d et e ct or. I nt erf er o gr a ms w er e c oll e ct e d i n t h e r a n g e of 4 0 0 0 t o 0 c m – 1  at a r es ol uti o n of 2 c m – 1  a n d at 
a n a c q ui siti o n m o d e s et t o d o u bl e- si d e d f or w ar d - b a c k w ar d. T o a c hi e v e b ett er ti m e r es ol uti o n 
b et w e e n m e as ur e m e nts, i nt erf er o gr a ms w er e c o n v ert e d t o s p e ctr a vi a p ost pr o c ess pr o c e d ur es. T h e 
a p o di z ati o n f u n cti o n w as Bl a c k m a n- H arris 3 -T er m [ 1 0 8] a n d p h as e c orr e cti o n m o d e w as M ert z 
[ 1 0 7] wit h a z er o -filli n g f a ct or of 2. T h e n u m b er of s c a ns p er m e as ur e m e nt w as s et t o 1 a n d t h e 
m e as ur e m e nts w er e r e p e at e dl y c oll e ct e d t o o bt ai n a ti m e pr ofil e wi t h a r es ol uti o n (ti m e b et w e e n 
s p e ctr a) of 0. 5 3 s e c o n ds. T h e t hir d i nstr u m e nt d e pl o y e d w as t h e T E L O P S, a n i nfr ar e d h y p ers p e ctr al 
i m a gi n g s yst e m t h at h as hi g h s p e ctr al a n d s p ati al r es ol uti o n. Li k e  t h e O P A G, t h e T E L O P S w as 
m o u nt e d o n a tri p o d o n o n e si d e of t h e wi n d t u n n el wit h a bl a c k b o d y s o ur c e o n t h e o p p osit e si d e 
(Fi g ur e 1 6 ).  

F TI R s p e ctr al a n al ysis h as b e e n, a n d c o nti n u es t o b e, b ot h v ers atil e a n d p o w erf ul. H o w e v er, t h e 
m et h o d is s o m e w h at li mit e d i n its ti m e r es p o ns e. T h e b est t e m p or al r es ol uti o n d e m o nstr at e d i n t h e 
wi n d t u n n el fir es  w as o n t h e or d er of 1 0- 3 0 s e c o n ds. F or r a pi dl y m o vi n g fl a m e fr o nts t h er e c a n b e 
a m bi g uit y as t o t h e fir e p h as e fr o m w hi c h t h e g as es w er e c a pt ur e d ( p yr ol ysis v. c o m b usti o n, 
c o m b usti o n v. s m ol d eri n g). T h e fl a m es i n t h e wi n d t u n n el a n d fi el d t e n d t o b e m or e c h a oti c i n n at ur e 
a n d t h er e m a y b e s o m e cr oss - c o nt a mi n ati o n of t h e p yr ol ysis g as es wit h fl a m e g as es pr o d u c e d i n t h e 
c o m b usti o n r e a cti o ns. O n e of t h e pr oj e ct g o als w as t o tr y t o b ett er d e c o u pl e t h e si g n als/ p h as es t o 
b ett er u n d erst a n d t h e dis cr et e p yr ol ysis a n d c o m b usti o n pr o c ess es. T o a c hi e v e b ot h b ett er t e m p or al 
r es ol uti o n a n d b ett er s e nsiti vit y, a Q C L s yst e m w as us e d i n t h e wi n d t u n n el f or t h e N o v e m b er 2 0 1 9 
e x p eri m e nts. I n pr e vi o us a p pli c ati o ns Q C L s yst e ms h a d d e m o nstr at e d i n cr e as e d s e nsiti vit y as w ell as 
i n cr e as e d t e m p or al r es ol uti o n as c o m p ar e d t o ot h er o pti c al s yst e ms [ e. g. 1 0 9]. W h er e as t h e F TI R 
r e q uir es s e c o n ds t o mi n ut es p er s p e ctr u m, t h e Q C L c a n c oll e ct > 1 0 0 s p e ctr a/s e c o n d. T h e Q C L 
s yst e m w as d e pl o y e d i n t a n d e m t o t h e F TI R s yst e m b ut wit h a diff er e nt o pti c al c o nfi g ur ati o n. I nst e a d 
of a n e xtr a cti v e t u b e, t h e Q C L I R o p e n p at h l as er b e a m dir e ctl y tr a v ers e d t h e g as pl u m e i nsi d e t h e 
t u n n el vi a o pti c al p orts. T h e Q C L l as er d at a a c q uisiti o n w as s y n c hr o ni z e d wit h ti m e st a m ps as t o 
ass o ci at e t h e d at a wit h t h e diff er e nt p h as es of t h e fir e pr o c ess es: pr e - h e ati n g, p yr ol ysis, fl a mi n g, 
s m ol d eri n g, et c.  
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Fi g u r e 1 6 . S et u p of 3 i nst r u m e nts us e d t o m e as u r e c o m p ositi o n of g as e o us p y r ol ysis p r o d u cts i n 
mi x e d f u el b e ds of l o n gl e af pi n e n e e dl es a n d s m all s h r u bs.  

 

 

Fi g u r e 1 7 . F u el b e d c o m p os e d of l o n gl e af pi n e n e e dl es a n d L y o ni a l u ci d a pl a nts. S a m pl e p r o b e 
t o c oll e ct p y r ol ysis g as es f o r t h e B r u k e r T e ns o r 3 7 is i n di c at e d b y t h e a r r o w. 

3. 3. 4  M e as ur e m e nt of p yr ol ysis i n Ft. J a c ks o n fi el d b ur ns 
A tri al fi el d d e pl o y m e nt w as c o n d u ct e d at F ort J a c ks o n i n M a y 2 0 1 7 i n or d er t o t est t e c h ni q u es  i n 
ar e a 1 6 D at Ft. J a c ks o n. As a r es ult of t h e d e pl o y m e nt , t h e f u el m e as ur e m e nt a n d c a nist er g as 
s a m pli n g t e c h ni q u es w er e m o difi e d. D et ails of t h e tri al d e pl o y m e nt c a n b e f o u n d i n t h e I nt eri m 
T e c h ni c al R e p ort [ 6 7]. T h e r e vis e d m et h o ds w er e us e d i n 4 e x p eri m e nt al b ur ns at t h e T all Ti m b ers 
R es e ar c h St ati o n P e b bl e Hill Pl a nt ati o n pri or t o t h e F ort J a c ks o n b ur ns t o g ai n e x p eri e n c e. A 2. 5 m 
s a m pli n g pr o b e of 6 m m st ai nl ess st e el t u bi n g c o n n e ct e d  t o t h e s a m pli n g p a c k a g e wit h fl e xi bl e 
st ai nl ess  t u bi n g. T h e s a m pli n g p a c k a g e c o nsists of a s wi n g Pist o n K N F N e u b er g er P u m p, 1 2- v olt g el 
c ell r e c h ar g e a bl e b att er y, st ai nl ess st e el t u bi n g t o a pr ess ur e  r eli ef v al v e a n d g a u g e. T h e fl o w r at e t o 
fill t h e c a nist ers w as 1 5 lit ers/ mi n ut e. T h er e w er e 2 i d e nti c al c a nist er s a m pli n g p a c k a g es, wit h o n e 
f or 0. 8 5 l S U M M A c a nist ers ( 2 5 psi a) f or G C a n al ysis (3. 3. 3. 1 ), a n d a s e c o n d p a c k a g e f or 3-lit er 
S U M M A c a nist ers ( 2 0 psi a) f or F TI R a n al ysis  (3. 3. 3. 2 ). T h e r eli a bilit y of S U M M A c a nist ers u s e d i n 

B O S  s et u p  

St a n d wit h l a bj a c k 
{ at l e ast 8 I n x 8 I n) 

T u bi n g f or T 3 7 

t o m p ut e r d e slt 
F ar 

O M G( atl e at 
2 5 1 n x 2 5 1 n) 

T o p Vi e w 

P L A N T S 

·--• --• --•--
• • • 
• • • 

Gl o w b ar a n d mirr or 
b olt e d t o pl y w o o d , e q u al 

h ei g ht wit h Z n S e 

wi n d o w s) 
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b ot h t h e wi n d t u n n el g as c oll e cti o n a n d i n t h e Ft. J a c ks o n fi el d s a m pli n g h a v e b e e n e v al u at e d i n 
s e v er al st u di es a n d h a v e b e e n f o u n d t o b e a c c e pt a bl e [ e. g. 1 1 0 – 1 1 2]. T h e s a m pli n g str at e g y w as t o 
i d e ntif y pl a nts al o n g t h e e d g e of t h e pl ot t h at h a d suffi ci e nt f oli a g e t o i g nit e a n d all o w t h e c h a n c e of 
s a m pli n g p yr ol ysis. As t h e fl a m e fr o nt a d v a n c e d, w e p ositi o n e d t h e pr o b e a h e a d of fl a m e fr o nt as it 
a p pr o a c h e d ( Fi g ur e 1 8 ). W e s a m pl ed at t h e b as e of a p pr o a c hi n g fl a m e, t a ki n g s h ort i nt er v al s a m pl e 
ali q u ots w h e n it w as li k el y t h at p yr ol ysis w as o c c urri n g. 

 

Fi g u r e 1 8 . Gat h e ri n g p y r ol ysis p h as e g as s a m pl es usi n g a n e xt r a cti v e w a n d c o u pl e d t o a p u m p 
a n d g as c a nist e r ( n ot s e e n)  d u ri n g p r es c ri b e d b u r ns at Ft. J a c ks o n, S C, M a y 2 0 1 8. 

3. 3. 5  C o m p ositi o n al d at a a n al ysis ( C o D A) 
As p art of t his pr oj e ct w e h a v e est a blis h e d  t h at s m o k e e missi o ns a n d p yr ol ysis mi xt ur es m e et t h e 
c h ar a ct eristi cs of s o - c all e d c o m p ositi o n al d at a a n d t h at c o m p ositi o n al d at a a n al ysis ( C o D A) 
t e c h ni q u es s h o ul d b e a p pli e d usi n g d at a t h at ori gi n at e d fr o m e arli er S E R D P pr oj e cts [ 1 0 6, 1 1 3, 1 1 4]. 
P yr ol ysis mi xt ur es ar e i n h er e ntl y m ulti v ari at e a n d t h e q u a ntit y of e a c h p art of t h e c o m p ositi o n 
( mi xt ur e) is r el ati v e t o t h e ot h er p arts of t h e c o m p ositi o n. T his m ulti v ari at e, r el ati v e n at ur e of t h e 
d at a is als o tr u e f or ot h er as p e cts of fir e d at a s u c h as f u el c o m p ositi o n a n d s p e ci es c o m p ositi o n.  I n 
C o D A t o d a y, i n or d er t o us e f a mili ar st atisti c al t e c h ni q u es s u c h as e x pl or at or y d at a a n al ysis, li n e ar 
r e gr essi o n, m ulti v ari at e a n al ysis of v ari a n c e, ti m e s eri es a n al ysis, et c., t h e m ai nstr e a m a p pr o a c h is t o 
tr a nsl at e c o m p ositi o ns fr o m t h e si m pl e x (t h e s a m pl e s p a c e w h er e t h e y r esi d e) t o t h e or di n ar y r e al 
s p a c e usi n g l o g -r ati o tr a nsf or m ati o ns [ 1 1 5 – 1 1 8]. T h e li n e ar al g e br a t h e or y s u p p orti n g t h es e 
tr a nsf or m ati o ns als o pr o vi d es t h e u n d er pi n ni n gs for “st a n d ar d ” or “ cl assi c al ” st atisti cs r o uti n el y us e d 
i n t h e s ci e n c es [ 1 1 9]. S e v er al t e xts d es cri b e t h e t h e or y a n d m et h o ds of c o m p ositi o n al d at a a n al ysis 
[ 1 1 5, 1 1 8, 1 2 0 – 1 2 3]. 

As t his is a r el ati v el y n e w fi el d of st atisti cs t h at w e h a v e i ntr o d u c e d t o t h e wil dl a n d fir e c o m m u nit y 
a n d m ost of  t h e t e a m ar e n ot f a mili ar wit h it, o nl y a p orti o n of t h e d at a i n t his r e p ort w er e a n al y z e d 
usi n g C o D A t e c h ni q u es. I n t h e i niti al p u bli c ati o ns fr o m t h e B Y U p yr ol ysis st u di es, h y p ot h es es H 1  t o 
H 7  w er e t est e d usi n g f a mili ar m et h o ds t h at w er e a p pli e d t o t h e ori gi n al d at a ( m ol e fr a cti o n or m ass 
fr a cti o n) [ 6 3, 8 3, 1 2 4, 1 2 5]. T h e B Y U  d at a h a v e b e e n r e a n al y z e d i n li g ht of o ur r e c e nt a w ar e n ess of 
t his fi el d of st atisti cs [ 1 2 6] a n d a d diti o n al m a n us cri pts ar e c urr e ntl y i n d e v el o p m e nt a n d r e vi e w f or 
t h e wi n d t u n n el a n d fi el d fir es. A p pl yi n g C o D A m et h o ds t o a n al y z e t h e c o m p ositi o n al as p e cts of t h e 
d at a c o nsist e d of esti m ati n g v a l u es of a c o m p ositi o n t h at w er e b el o w d et e cti o n li mits ( B D L) usi n g 
t e c h ni q u es s uit a bl e t o t h e r el ati v e n at ur e of c o m p ositi o n al d at a wit h t h e z C o m p ositi o ns  p a c k a g e 
[ 1 2 7, 1 2 8]. T h e d at a w er e t h e n tr a nsf or m e d i nt o v ari o us l o g-r ati os usi n g t h e C o m p ositi o ns  p a c k a g e 
[ 1 1 5] a n d st a n d ar d st atisti c al t e c h ni q u es s u c h as m ulti v ari at e a n al ysis of v ari a n c e a n d l o gisti c 
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regression were applied to the log-ratios. The log-ratio approach eliminated the possibility of 
“spurious correlation” [120]. Spurious correlation can occur when analyzing data expressed as 
proportions and the results of the numerical analyses are influenced by the presence or absence of 
one or more parts of the composition [129]. These analyses were performed using the R statistical 
package [130]. Multivariate analysis of variance (MANOVA) was used to test hypotheses H1 to H7. 
Scientifically meaningful log ratios of groups of pyrolysis compounds known as balances [131] were 
formed (Table 4) and the effects of heating mode and rate, moisture content, and plant species were 
tested. Pairwise comparisons between the levels of these experimental factors were made while 
controlling the false discovery rate to keep the experiment-wise Type 1 rate at 0.05 [132]. The 
relationship between pyrolysis composition in the bench-scale data and the lab and field scale data 
(hypothesis H8) was examined by 1) using the wind tunnel pyrolysis canister data to predict which 
field canister data resulted from pyrolysis using logistic regression and 2) using MANOVA and 
pairwise comparisons to determine if scale was significant. 

Table 4. Schematic illustrating the construction of balances of groups of compositional parts of 
scientific interest determined by sequential binary partition. “+” denotes parts in numerator 
and “–” denotes parts in denominator of balance (an additional 74 balances not shown 
completed the full partition). PG denotes permanent gases (CH4, CO, CO2, H2). 
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Balance
 

Tars vs PG1 
− − − − + + + + + + + + + + + 

CO vs Other PG + − − −            
H2 vs CH4  +  −            
Tars vs Phenol     − + + + + + + + + + + 
Primary vs Other Tars      − + + + + − − − − − 
Other Tars vs Phenol derivs      −     + + + + + 
Acid, Alcohol vs Other HC       + + − −      
Aldehyde vs Ketone         + −      
Acid vs Alcohol       + −        
Benzene vs Rings           + − − − − 
2&3 vs 4&5 Ring            + + − − 
2 vs 3-Ring Tars            + −   
4 vs 5-Ring Tars              + − 

 

3.3.6 Summary statistics 
Several measures of central tendency exist (e.g. mean, median). There are several types of means as 

well. Unlike the arithmetic mean 
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means can only be used with positive values. It is well-known that nn n AG H ≥≥. Oftentimes the 

arithmetic mean, the mean that is most familiar of these three, has been reported in many of the 

I I _ J 



2 8 

p u blis h e d arti cl es r es ulti n g  fr o m t his pr oj e ct. W hil e t h e v al u es of t h es e m e a ns ar e oft e n cl os e, i n t his 
r e p ort, b ot h t h e p u blis h e d arit h m eti c m e a n v al u es as w ell as r e c o m p ut e d v al u es a p pl yi n g t h e m e a n 
t h at is a p pr o pri at e t o t h e m e as ur e ar e r e p ort e d. S p e cifi c all y, th e g e o m etri c m e a n is r e p ort e d f or f u el 
l o a di n g a n d p yr ol ysis g as c o m p ositi o n si n c e t h es e d at a ar e c o m p ositi o n al. T h e h ar m o ni c m e a n is 
c o m p ut e d f or v ari o us r at es s u c h as r at e of s pr e a d, h e at fl u x es a n d a cti v ati o n e n er gi es.  

3. 4  O bj e cti v e 2 – D et e r mi ni n g eff e cts of h e at t r a nsf e r  

3. 4. 1  B e n c h -s c al e t ests  
I n t his st u d y, t h e p yr ol ysis of 1 4 li v e pl a nt s p e ci es n ati v e t o t h e f or ests of t h e s o ut h er n U nit e d St at es 
w as i n v esti g at e d at f o ur h e ati n g c o n diti o ns usi n g ( 1) a l o w h e ati n g r at e p yr ol y z er ( Fi g ur e 1 1 ), ( 2) a 
t h er m al gr a vi m etri c a n al y z er ( T G A) at sl o w h e ati n g r at es, a n d ( 3) a fl at-fl a m e b ur n er ( F F B) 
a p p ar at us u n d er t hr e e diff er e nt h e ati n g m o d es ( Fi g ur e 1 0 ). T h e p yr ol y z er w as o p er at e d at 0. 5 ° C s- 1 
u p t o fi n al t e m p er at ur es as hi g h as 8 0 0 ° C usi n g i nt a ct l e af s a m pl es of a p pr o xi m at el y 1 gr a m i n or d er 
t o c oll e ct s uffi ci e nt a m o u nts of p yr ol ysis pr o d u cts (li g ht g as es a n d t ar) f or s u bs e q u e nt a n al ysis. T h e 
T G A w as o p er at e d wit h 2 m g s a m pl es of l e a v es at h e ati n g r at es of 1 0, 2 0, a n d 3 0 ° C mi n - 1 u p t o fi n al 
t e m p er at ur es of 8 0 0 ° C i n or d er t o d et er mi n e ki n eti c r at e c o effi ci e nts f or m o d els of p yr ol ysis. T h e 
F F B s yst e m w as o p er at e d wit h w h ol e l e af s a m pl es ( a p pr o xi m at el y 1 gr a m) i n t hr e e diff er e nt m o d es 
of h e ati n g: ( 1) r a di ati o n- o nl y, w h er e t h e pl a nts w er e p yr ol y z e d u n d er a m o d er at e h e ati n g r at e of 4 ° C 
s - 1 (r a di ati v e fl u x of 5 0 k W m- 2) i n a str e a m of N2 , r e a c hi n g a fi n al t e m p er at ur e of 5 5 0 ° C; ( 2) 
c o n v e cti o n- o nl y, w h er e t h e F F B a p p ar at us w as o p er at e d i n f u el -ri c h m o d e wit h a s a m pl e h e ati n g r at e 
of 1 8 0 ° C s - 1 ( c o n v e cti v e h e at fl u x of 1 0 0 k W m- 2), r e a c hi n g a fi n al t e m p er at ur e of 7 5 0 ° C; a n d ( 3) a 
c o m bi n ati o n of c o n v e cti o n a n d r a di ati o n, w h er e t h e pl a nts w er e e x p os e d t o b ot h c o n v e cti v e a n d 
r a di ati v e h e at tr a nsf er m e c h a nis ms ( h e ati n g r at e of ~ 1 9 5 ° C s - 1 wit h a fi n al t e m p er at ur e of 8 0 0 ° C) i n 
f u el-ri c h p ost-fl a m e g as es (Fi g ur e 1 9 ). F oli a g e fr o m w at er e d li vi n g pl a nts, u n w at er e d air -dri e d 
pl a nts, a n d d e a d l o n gl e af pi n e litt er w er e e x p os e d t o t h e diff er e nt h e ati n g r at es. 
 

 
Fi g u r e 1 9 . Fl at-fl a m e b u r n e r h e ati n g a p y r ol y zi n g f oli a g e s a m pl e. 
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3. 4. 2  Wi n d t u n n el fir es  
I n t h e wi n d t u n n el e x p eri m e nts, t h e o bj e cti v e of h e at tr a nsf er m e as ur e m e nts w as t o esti m at e 
c o n v e cti v e a n d r a di ati v e fl u x es t o t h e li v e pl a nts c o nt ai n e d i n t h e f u el b e d. W hil e U C R h as us e d a 
v ari et y of t e c h ni q u es pr e vi o usl y t o d es cri b e t h e fl o w fi el d ar o u n d e x p eri m e nt al l a b or at or y fir es [ 1 3 3–
1 3 5] , t h e us e of s m o k e tr a c ers a n d i ntr o d u c e d p arti cl es i n t h e pr es e nt e x p eri m e nt w as pr e cl u d e d b y 
t h e g as s a m pli n g o bj e cti v e. T h e T PI V t e c h ni q u e [ 1 3 3] c o ul d n ot b e us e d b e c a us e t h e l ar g e gl ass 
wi n d o ws i n t h e wi n d t u n n el ar e o p a q u e t o t h e i nfr ar e d s p e ctr u m. A 2 9 a c k gr o u n d- ori e nt e d S c hli er e n 
( B O S) a p pr o a c h w as s el e ct e d t o d et er mi n e t h e fl o w fi el d i n t h e fl a m e a n d s urr o u n di n g t h e pl a nts 
[ 1 3 6 – 1 3 8]. T h e B O S s et u p (Fi g ur e 2 0 ) w as l o c at e d u p wi n d of t h e P N N L g as s a m pli n g i nstr u m e nts 
(Fi g ur e 1 6 ) t o vis u ali z e h ot g as es ar o u n d a t ur b ul e nt diff usi v e fl a m e a n d h el p t o d es cri b e t h e fl o w 
fi el ds ar o u n d t h e fir e as it s pr e a d i n a p or o us v e g et ati v e f u el b e d. C o n v e cti v e fl u x t o t h e pl a nts i n t h e 
wi n d t u n n el w as esti m at e d usi n g B O S [ 1 3 9]. T ot al a n d r a di a nt h e at fl u x es at t h e t o p of t h e f u el b e d 
w er e m e as ur e d usi n g 2 S c h mi dt -B o elt er s e ns or s (Fi g ur e 2 1 ). A l o n g w a v e i nfr ar e d ( L WI R) c a m er a 
pr o vi d e d a n a dir vi e w of t h e f u el b e d a n d m e as ur e d r a di a n c e fr o m t h e f u el b e d will b e c o n v ert e d i nt o 
t e m p er at ur e. A s yst e m of K -t y p e t h er m o c o u pl es w as cr e at e d t o mi mi c t e m p er at ur e pr ofil e ar o u n d a 
si n gl e pl a nt a n d w as d e pl o y e d i n a s u bs et of t h e wi n d t u n n el fir es ( Fi g ur e 2 2 ). T h e t h er m o c o u pl e tr e e 
s yst e m w as r e pl a c e d wit h 1 4 t h er m o c o u pl es, w hi c h w er e s c att er e d t hr o u g h t h e f u el b e d. T h e 
c o nfi g ur ati o n of t his t h er m o c o u pl e s et u p c a n b e s e e n i n Fi g ur e 2 3 . T his c o nfi g ur ati o n cr e at e d t h e 
o p p ort u nit y t o r e c or d t h e t e m p er at ur e of t h e g as es at t h e m o m e nts t h at t h e y w er e a n al y z e d b y t h e 
F TI R s yst e m . 

 

Fi g u r e 2 0 . Si m pl e s c h e m ati c of b a c k g r o u n d o ri e nt e d S c hli e r e n c o nfi g u r ati o n us e d t o 
n o ni nt r usi v el y  esti m at e t h e fl o w fi el d s u r r o u n di n g p y r ol y zi n g pl a nts. 𝒁𝒁 𝒁𝒁  is t h e di st a n c e of t h e 

fl a m e f r o m t h e b a c k g r o u n d n ois e p att e r n, 𝒁𝒁 𝒁𝒁  i s t h e di st a n c e of t h e c a m e r a l e ns f r o m t h e 
b a c k g r o u n d, 𝝐𝝐 𝝐𝝐  r e p r es e nt s t h e d efl e cti o n a n gl e c a us e d b y t h e fl a m e -g e n e r at e d dis t o rti o n, 𝑳𝑳  is 

t h e fl a m e z o n e wi dt h, 𝒇𝒇  is t h e f o c al l e n gt h of t h e c a m e r a, 𝚫𝚫 𝝐𝝐 ′ r e p r es e nts dis pl a c e m e nt i n t h e 
c a m e r a s e ns o r pl a n e a n d 𝚫𝚫 𝝐𝝐  r e p r es e nts dis pl a c e m e nt i n t h e b a c k g r o u n d pl a n e.  

 

B a c k gr o u n d n oi s e P att er n 
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Fi g u r e 2 1 . S e ns o r s et u p t o m e as u r e pl a nt m ass l oss o n a n el e ct r o ni c s c al e wit h t ot al a n d r a di a nt 
h e at fl u x es usi n g S c h mi dt -B o elt e r t y p e t h e r m o pil es ( g r e y c yli n d e rs).  

 

Fi g u r e 2 2 . T y p e K t h e r m o c o u pl e t r e e d esi g n e d t o m e as u r e ai r t e m p e r at u r e a r o u n d a si n gl e 
pl a nt i n t h e wi n d t u n n el e x p e ri m e nts.  
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Fi g u r e 2 3 . Ai r t e m p e r at u r e t h e r m o c o u pl es pl a c e d i n a s u bs et of t h e wi n d t u n n el e x p e ri m e nts. 
T h e bl u e ci r cl e s r e p r es e nt  t h e r m o c o u pl es pl a c e d i n t h e f u el b e d a n d t h e b r o w n  ci r cl e r e p r es e nts 

t h e pl a nt s c al e. 

3. 4. 3  Ft. J a c ks o n fi el d b ur ns 

3. 4. 3. 1  H ori z o nt al r a di ati v e a n d c o n v e cti v e fl u x es fr o m fl a m es 
A ct u al m e as ur e m e nts of fir e i nt e nsit y b e n efit wil dl a n d fir e b e h a vi or r es e ar c h a n d m o d eli n g b y 
pr o vi di n g d at a f or e v al u ati n g a n d d e v el o pi n g fir e m o d els. P ast m e as ur e m e nts c o nsist e d pri m aril y of 
o bs er v ati o ns of r at e of s pr e a d, g as t e m p er at ur es a n d f u el c o ns u m pti o n a n d h a v e b e e n b ot h fi el d b as e d 
[ 1 4 0 – 1 4 2] a n d l a b or at or y b as e d [ 2, 4 3, 1 4 2]. S u c h st u di es pr o vi d e d us ef ul d at a a n d o bs er v ati o ns; 
h o w e v er wit h t h e a d v e nt of m o d er n n u m eri c al c o m p ut ers, t h e c o m pl e xit y of wil dl a n d fir e m o d els h as 
i n cr e as e d [ 1 4 3– 1 4 5]. H o w e v er q u a ntit ati v e m e as ur e m e nts of e n er g y a n d m ass tr a ns p ort i n wil dl a n d 
fir e h a v e b e e n r el ati v el y s p ars e. T h e r e as o ns ar e li k el y r el at e d t o t h e ris ks a n d h a z ar ds t o h u m a ns a n d 
e q ui p m e nt ass o ci at e d wit h wil dl a n d fir es as w ell as t h e hi g h d e gr e e of u n c ert ai nt y i n t h e w e at h er a n d 
f u el c o n diti o ns. A d diti o n all y, o nl y r e c e ntl y h as th e t e c h n ol o g y b e c o m e r e a dil y a v ail a bl e at a c ost t h at 
all o ws s ci e ntists t o c a pt ur e t h e d esir e d m e as ur e m e nts o v er t h e r a n g e of p ossi bl e c o n diti o ns. S o m e 
st u di es h a v e b e e n p u blis h e d t h at f o c us o n r el ati n g fir e i nt e nsit y t o e missi o ns [ 1 0 2], ot h ers o n 
st atisti c al m o d eli n g of fir e b e h a vi or  [ 1 4 6]. 

F or b ur ns c o n d u ct e d at P e b bl e Hill Pl a nt ati o n a n d F ort J a c ks o n a fi el d d e pl o y a bl e, fir e r esist a nt , 
pr o gr a m m a bl e s e ns or arr a y m o u nt e d i n a fir e-r esist a nt e n cl os ur e a n d c o u pl e d wit h a vi d e o i m a gi n g 
s yst e m w as us e d t o c h ar a ct eri z e e n er g y r el e as e fr o m fl a m es  [ 1 4 7]. T h e s e ns or s yst e m w as c o u pl e d 
wit h a di git al vi d e o s yst e m. T w o e n cl os ur es c o m pris e t h e s yst e m. T h e pri m ar y s e ns or p a c k a g e is 
t er m e d t h e Fir e B e h a vi or Fl u x P a c k a g e ( F B P). It m e as ur es 2 7 c m b y 1 5 c m b y 1 8 c m a n d i n its 
c urr e nt c o nfi g ur ati o n w ei g hs a p pr o xi m at el y 5. 3 k g ( Fi g ur e 2 4 ). V ari o us e n cl os ur e m at eri als h a v e 
b e e n us e d fr o m mil d st e el, st ai nl ess st e el a n d al u mi n u m; t h e l at est d esi g n c o nsists of 3. 7 m m t hi c k 
al u mi n u m w el d e d at t h e s e a ms. A 1 2 v olt 2. 2 A h s e al e d l e a d a ci d b att er y or 8 A A dr y c ells pr o vi d e 
p o w er t o t h e l o g g er. T h e d at al o g g ers us e d ar e C a m p b ell S ci e ntifi c ® m o d el C R 1 0 0 0. T h e d at al o g g ers 
ar e c a p a bl e of l o g gi n g o v er o n e milli o n s a m pl es, pr o vi di n g 2 0 h o urs of c o nti n u o us d at a l o g gi n g at 
1 h z. T his l o g g er is us er- pr o gr a m m a bl e a n d a c c e pts a wi d e r a n g e of a n al o g a n d di git al i n p uts a n d 
o ut p uts. It is t h er m all y st a bl e a n d h as b e e n r el ati v el y i ns e nsiti v e t o d a m a g e i n c urr e d i n s hi p pi n g a n d 
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h a n dli n g. T h e s e c o n d p art of t h e s yst e m is a fir e pr o of e n cl os ur e h o usi n g a vi d e o c a m er a a n d is 
t er m e d t h e I n-sit u Vi d e o C a m er a (I V C). T h e I V C m e as ur es 1 0 c m b y 1 8 c m b y 1 9 c m a n d is 
c o nstr u ct e d of 1. 6 m m al u mi n u m wit h a w ei g ht of a p pr o xi m at el y 1. 8 k g ( Fi g ur e 2 4 ). T h e fr o nt of t h e 
I V C h as t w o cir c ul ar wi n d o ws n o mi n all y 4 5 a n d 2 0 m m i n di a m et er. A d o u bl e l e ns c o nfi g ur ati o n of 
hi g h t e m p er at ur e P Y R E X ® gl ass a n d a s e c o n d l e ns of h ot mirr or c o at e d gl ass ( E d m u n d O pti cs) is 
m o u nt e d i n t h e p orts. T his m ulti- l a y er di el e ctri c c o ati n g r efl e cts h ar mf ul i nfr ar e d r a di ati o n ( h e at), 
w hil e all o wi n g visi bl e li g ht t o p ass t hr o u g h. B ot h t h e F B P a n d I V C ar e d esi g n e d t o b e m o u nt e d 
tri p o ds. T h e pr ef err e d tri p o ds c o nsist of w all g al v a ni z e d 2. 5 c m di a m et er mil d st e el pi p e wit h o n e 
e xt e n d a bl e l e g t o f a cilit at e d e pl o y m e nt o n sl o p es. O n c e m o u nt e d o n t h e tri p o ds a l a y er of 2. 5 c m 
t hi c k c er a mi c bl a n k et e n cl os e d i n a si n gl e l a y er of fi b er gl ass r ei nf or c e d al u mi n u m f oil is wr a p p e d 
ar o u n d t h e b o x es t o pr o vi d e f urt h er t h er m al pr ot e cti o n. T h e p a c k a g es ar e t y pi c all y d e pl o y e d s o t h at 
t h e s e ns ors ar e dir e ct e d t o w ar ds t h e o n c o mi n g fir e fr o nt. T h e F B P is ori e nt e d t o “l o o k ” at t h e 
e x p e ct e d fir e a p pr o a c h dir e cti o n, w hil e t h e I V C is p ositi o n e d t o i m a g e b ot h t h e F B P a n d a p pr o a c hi n g 
fir e fr o nt. O n c e t h e F B P a n d I V C’s ar e m o u nt e d o n tri p o ds, t h e y ar e p o w er e d u p. T h e F B P’s h a v e 
L E Ds t o i n di c at e t h at t h e l o g g er is i n d e e d r u n ni n g, t h e I V C’s als o h a v e a n L E D t o i n di c at e t h at t h e y 
ar e r u n ni n g a n d h a v e e nt er e d “sl e e p ” m o d e w h e n t h e y ar e b ei n g us e d wit h t h e r e m ot e a ut o m ati c 
tri g g er s yst e m.  

 

Fi g u r e 2 4. E x a m pl e of Fi r e B e h a vi o r P a c k a g e (l eft) a n d I nsit u Vi d e o C a m e r a p a c k a g e ( ri g ht) 
d e pl o y e d t o m e as u r e h o ri z o nt al h e at fl u x es a n d r e c o r d visi bl e fl a m e a n d s m o k e m o v e m e nt i n 

wil dl a n d fi r es.  

3. 4. 3. 2  L e af T e m p er at ur e M e as ur e m e nts  
I n e a c h of t hr e e F ort J a c ks o n b ur ns li v e s p ar kl e b err y s hr u bs w er e s a m pl e d f or l e af t e m p er at ur e i n 
a d v a n c e of t h e fl a mi n g fr o nt u p t o t h e p oi nt w h er e l e a v es w er e c o ns u m e d. F LI R I n c. A- 6 5 5 t h er m al 
i m a g ers w er e us e d t o c a pt ur e r a di a nt h e at fl u x fr o m t h e l e af s urf a c es fr o m a n e ar n a dir p ers p e cti v e 
(Fi g ur e 2 5 ). T h e c a m er a r a n g e w as s et f or hi g h g ai n w hi c h m e a nt t e m p er at ur es o v er 5 0 0 ° C w o ul d 
s at ur at e t h e i m a g e. H o w e v er, l o w er g ai n w o ul d m e a n l osi n g m e as ur e m e nts at t e m p er at ur es r el e v a nt 
t o p yr ol ysis a n d tiss u e d esi c c ati o n. C a m er a dist a n c e w as ap pr o xi m at el y 2 m et ers fr o m t h e m e as ur e d 
l e af s urf a c e gi vi n g i n di vi d u al pi x el si z es of a p pr o xi m at el y 6 m m2 . A 1 m2  st e el fr a m e ( 1 x 1 m) 
d eli n e at e d t h e s hr u bs i n t w o a dj a c e nt pl ots a n d w as us e d t o c ali br at e pi x el si z e. D at a w er e c oll e ct e d 
at 1 H z. I n e a c h 1 m 2  pl ot, t w o cir c ul ar s u b -s a m pl es of 3 0 pi x els w er e a v er a g e d o v er u n o bstr u ct e d 
l e a v es t o w ar ds t h e t o p of a s p ar kl e b err y b us h wit h t h e vi e w c o m pris e d of a p pr o xi m at el y 6-8 l e a v es. 
Fir e r a di ati v e p o w er w as r e c or d e d at 1 s e c o n d i nt er v als, l e af t e m p er at ur es w er e  d eri v e d b y 
r e arr a n gi n g t h e St ef a n- B olt z m a n n e q u ati o n ass u mi n g a n e missi vit y of 0. 9 8. Hi g h- d efi niti o n vis u al 
i m a g er y w as als o c a pt ur e d t o d o c u m e nt t h e ti mi n g a n d l o c ati o n of t h e g as s a m pli n g t u b e (3. 3. 4 ) a n d 
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t h e fl a mi n g fr o nt. 

3. 5  O bj e cti v e 3 – Hi g h -fi d elit y p h ysi cs-b as e d m o d eli n g  

T h e p h ysi cs- b as e d m o d eli n g, w hil e i niti all y pr o p os e d t o i n cl u d e all t hr e e e x p eri m e nt al s c al es ( Fi g ur e 
2 ), w as n ot d o n e f or t h e fi el d e x p eri m e nts f or 2 pri m ar y r e as o ns. Firstl y, as t h e i nt e nt of t h e fi el d 
e x p eri m e nts w as t o c oll e ct as m a n y p yr ol ysis s a m pl es as p ossi bl e wit hi n t h e ti m e o nsit e, t h e  
e x p eri m e nt al pl ots w er e s m all a n d i g nit e d usi n g cl os el y s p a c e d stri p h e a d fir es t h us eff e cti v el y 
n e g ati n g fr e e - b ur ni n g fir e s pr e a d. S e c o n dl y, m a n y of t h e p h ysi c al pr o p erti es n e c ess ar y t o us e F D S 
w er e u n a v ail a bl e a n d w o ul d h a v e b e e n ass u m e d r es ulti n g i n q u esti o n a bl e r es ults.  

 

 

Fi g u r e 2 5 . B o o m-m o u nt e d I R c a m e r a us e d t o m e as u r e s h r u b l e af t e m p e r at u r es d u ri n g 
p r es c ri b e d b u r ns at Ft. J a c ks o n, S C.  

3. 5. 1  G p yr o & F D S b e n c h- s c al e 
T hr e e m o d eli n g st u di es r el e v a nt t o t h e F F B e x p eri m e nts (3. 3. 1 ) w er e p erf or m e d t o g ai n f urt h er 
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u n d erst a n di n g of p yr ol ysis, i g niti o n a n d fl a mi n g of s oli d f u els r e pr es e nti n g m a n z a nit a 
(Ar ct ost a p h yl os gl a n d ul os a ) l e a v es. W hil e t his s p e c i es is n ot n ati v e t o t h e s o ut h er n U. S., its o v er all 
c h ar a ct eristi cs ar e li k e s o ut h er n s p e ci es s u c h as i n k b err y, f ett er b us h, a n d s w a m p b a y. All si m ul ati o ns 
w er e v ali d at e d a g ai nst t h e e x p eri m e nt al d at a pr e vi o usl y o bt ai n e d usi n g t h e F F B [ 8 0, 1 4 8, 1 4 9]. 

I n t h e first st u d y [ 1 5 0], t h e l e af w as ori e nt e d h ori z o nt all y i n t h e h ot u p w ar d c o n v e cti v e str e a m 
e xiti n g t h e F F B. P yr ol ysis, i g niti o n a n d c o m b usti o n of a t hi n s oli d f u el r e pr es e nti n g a br o a dl e af w er e 
st u di e d [ 1 5 0] . T h e c o m p ut ati o n al c o nfi g ur ati o n r es e m bl e d a pr e vi o us e x p eri m e nt al F F B s et u p [ 14 8] 
w h er e h ori z o nt all y ori e nt e d m a n z a nit a l e a v es w er e b ur n e d. T his s et u p is c o nsi d er e d a n e arli er 
v ersi o n of t h e F F B a p p ar at us us e d i n t h e pr es e nt  S E R D P pr oj e ct. T o c o n d u ct t h e m o d eli n g, first, a 
criti c al m o difi c ati o n w as m a d e o n G p yr o 3 D [ 1 5 1], a n d t h e n it w as c o u pl e d wit h Fir e D y n a mic 
Si m ul at or ( F D S) f or si m ul ati o ns  [ 1 5 2].  

G p yr o 3 D a n d G p yr o 2 D b y d ef a ult ass u m e t h at h e ati n g d o es n ot c h a n g e t h e v ol u m e of t h e o bj e ct ( n o 
s hri n k a g e or s w all o wi n g). It a d diti o n all y ass u m es t h at t h e t ot al v ol u m e of t h e c o n d e ns e d p h as e, i. e., 
s oli d or li q ui d, d o es n ot c h a n g e i n a c o m p ut ati o n al c ell. T h e c o m bi n ati o n of t h es e t w o ass u m pti o ns 
cr e at es i n c o nsist e n ci es w h e n t h er e is a v ol atili zi n g c o n d e ns e p h as e s p e ci es s u c h as m oist ur e. It als o 
i m p os es a n u n p h ysi c al al g e br ai c c o nstr ai nt b et w e e n t h e a p p ar e nt d e nsiti es of t h e c h ar a n d t h e 
c h arri n g c o n d e ns e d p h as e s p e ci es. W e r el a x e d t h e l att er ass u m pti o n h er e b y i ntr o d u ci n g v ol u m etri c 
a v er a gi n g o p er ati o ns a n d a c c o u nti n g f or t h e v oi d f or m ati o n b e c a us e of  m oist ur e l oss or c h arri n g. 
S u c h a n o p er ati o n is d efi n e d b y  

 
1

V
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w h er e 𝒁𝒁 𝒁𝒁  is a fi nit e v ol u m e a n d 𝒁𝒁  i n di c at es a t y pi c al pr o p ert y of t h e c o n d e ns e d p h as e s u c h as  
d e nsit y. A c c or di n gl y, w e r e vis e d t h e diff er e nti al e q u ati o ns a n d s o ur c e c o d es t o m o dif y G p yr o 3 D. A 
d et ail e d m at h e m ati c al d es cri pti o n of t his m o difi c ati o n m a d e o n t h e e q u ati o ns is pr o vi d e d 
els e w h er e[ 1 5 0] . T h e m o d el e d f u el t hi c k n ess a n d s urf a c e ar e a w er e i n t h e r a n g e of t h e m e as ur e d 
v al u es f or li v e m a n z a nit a l e a v es. T hr e e diff er e nt f u el m oist ur e c o nt e nts ( F M C) w er e e x a mi n e d, 
n a m el y 4 0, 7 6, 1 2 0 %. 

I n t h e s e c o n d st u d y [ 1 5 3], t h e l e af w as ori e nt e d v erti c all y a n d h el d a b o v e t h e F F B. P yr ol ysis, 
i g niti o n, a n d c o m b usti o n of a l e af-li k e s oli d f u el r e pr es e nti n g a v erti c all y ori e nt e d m a n z a nit a l e af 
w er e c o m p ut ati o n all y i n v esti g at e d [ 1 5 3] usi n g m o difi e d G p yr o 3 D [ 1 5 0] c o u pl e d wit h F D S. F o ur 
diff er e nt tr e at m e nts of dr y d e a d ( F M C 4 %), r e h y dr at e d d e a d ( 2 6 %), d e h y dr at e d li v e ( 3 4 %) a n d fr es h 
li v e ( 6 3 %) st u di e d i n e x p eri m e nts i n t h e F F B f a ciliti es of B Y U, w er e si m ul at e d [ 8 0]. T h e f u el 
c o n diti o n i n c o m p ut ati o ns w as s et i d e nti c al t o t h at i n t h e pr e vi o us w or k[ 1 5 0] e x c e pt f or t h e 
ori e nt ati o n a n d F M C of t h e l e af. C o m p ut e d ti m e hist or y of t h e n or m ali z e d m ass of t h e l e a v es w as 
c o m p ar e d a g ai nst t h e e x p eri m e nt al d at a t o v ali d at e t h e m o d el.  

I n t h e t hir d st u d y [ 1 5 4], t h e i m p a ct of t h e h e ati n g m o d e, vi z. c o n v e cti o n vs r a di ati o n vs c o m bi n e d 
c o n v e cti o n-r a di ati o n, w as i n v esti g at e d f or a l e af i n t h e F F B a p p ar at us e q ui p p e d wit h a r a di ati v e 
p a n el t o s u p pl y t h er m al r a di ati o n.  Si m ul ati o ns w er e p erf or m e d usi n g t h e m o difi e d G p yr o 3 D c o u pl e d 
wit h F D S t o i n v esti g at e p yr ol ysis, i g niti o n a n d fl a mi n g of a v erti c all y ori e nt e d l e af s u bj e ct e d  t o t h e 
h e ati n g m o d e. T hr e e m o d es w er e c o nsi d er e d: u p w ar d c o n v e cti v e h e ati n g; e xt er n al t h er m al r a di ati o n 
h e ati n g; a n d c o n v e cti v e h e ati n g c o m bi n e d wit h t h er m al r a di ati o n h e ati n g.  

Fi g ur e 2 6  dis pl a ys t h e c o m p ut ati o n al c o nfi g ur ati o n w hi c h r es e m bl es t h e r ef er e n c e e x p eri m e nt al 
s et u p w h er e t h e b ur ni n g e x p eri m e nts w er e p erf or m e d o n fr es hl y h ar v est e d m a n z a nit a l e a v es 
[ 4 6, 1 5 5, 1 5 6]. T h e e ntir e c o m p ut ati o n al d o m ai n is a r e ct a n g ul ar b o x wit h di m e nsi o ns of 
0. 1 8 × 0. 2 5 × 0. 3 2 m i n 𝒁𝒁 , 𝝐𝝐  a n d 𝝐𝝐 , r es p e cti v el y. T h e i niti al F M C of t h e f u el is 6 5 %. T h e ot h er s p e cifi cs 



3 5 

of t h e m o d el e d l e af c a n b e f o u n d i n [ 1 5 0, 1 5 3]. T h e a p pr o xi m ati o n of t h e l e af f a c e s h a p e b y a 
r e ct a n gl e is a si m plifi c ati o n i m p os e d b y t h e c o nstr ai n t h at G p yr o 3 D is a str u ct ur e gri d- b as e d m o d el 
wit h a li mit ati o n o n d e ali n g wit h n o n- r e ct a n g ul ar d o m ai ns. T h e c e nt er of t h e s oli d f u el is l o c at e d 4 
c m a b o v e t h e F F B e xit a n d 1 1 c m fr o m t h e r a di a nt p a n el. T h e F F B s u p pl yi n g t h e c o n v e cti v e h e ati n g 
is r e pr es e nt e d b y t h e b ott o m s urf a c e, vi z. b ur n er, i n t h e c o m p ut ati o n al d o m ai n. T his s urf a c e h as 
di m e nsi o ns of 0. 1 8 × 0. 2 5 m ( 𝒁𝒁 × 𝒁𝒁 ) t hr o u g h w hi c h h ot g as es e xiti n g t h e F F B e nt er t h e d o m ai n at 
1 0 0 0 ° C wit h 1 0 m ol % o x y g e n at a v el o cit y of 0. 6 m/s. T h e r a di a nt p a n el is r e pr es e nt e d b y a v erti c al 
h e at e d w all wit h di m e nsi o ns of 0. 1 8 × 0. 3 2 m al o n g 𝒁𝒁  a n d 𝒁𝒁 . T h e h e at e d w all t e m per at ur e w as 
m ai nt ai n e d at 9 5 2  ° C t hr o u g h o ut t h e si m ul ati o n, w hi c h pr o vi d e d ∼ 5 0 k W/ m 2  r a di ati o n h e at fl u x at 
t h e l e af l o c ati o n, c o nsist e nt wit h t h e r e p ort e d r a di a nt h e at fl u x i n t h e r ef er e n c e e x p eri m e nts. Ot h er 
l at er al s urf a c es of t h e d o m ai n ar e c o nsi d er e d as t h e s oli d w alls wit h fi x e d a m bi e nt t e m p er at ur e w hil e 
t h e t o p s urf a c e is c o nsi d er e d a n o p e n b o u n d ar y. 

 

 

Fi g u r e 2 6. Is o m et ri c vi e w of t h e c o m p ut ati o n al d o m ai n wit h t h e v e rti c all y o ri e nt e d s oli d f u el 
o v e r t h e fl at fl a m e b u r n e r.  

T h e f o urt h m o d eli n g st u d y [ 1 3 3] w as p erf or m e d t o i n v esti g at e t h e m oist ur e e v a p or ati o n a p pr o a c h es 
i n d e a d a n d li v e f u els. T h e f u el m oist ur e e v a p or ati o n pr e c e d es a n d si g nifi c a ntl y i nfl u e n c es t h e 
p yr ol ysis a n d b ur ni n g pr o c ess es of t h e f u el. I n t his w or k, t w o m oist ur e e v a p or ati o n m o d eli n g 
a p pr o a c h es, n a m el y t h e Arr h e ni us m o d el a n d t h e e q uili bri u m m o d el ar e e x a mi n e d i n a s hri n ki n g 
bi o m ass f u el sl a b s u bj e ct t o e xt er n al r a di a nt h e ati n g. I n t h e e q uili bri u m m o d el, e v a p or ati o n is tr e at e d 
as a p h as e -c h a n g e t h er m o d y n a mi c pr o c ess w h er e as i n t h e Arr h e ni us m o d el, it is tr e at e d as a c h e mi c al 
pr o c ess. W e m a d e a n e xt e nsi v e r e visi o n i n G p yr o s o ur c e c o d e t o i n cl u d e t h e e q uili bri u m m o d el, as 
t his m o d el is s u bst a nti all y m or e s o p histi c at e d t h a n t h e Arr h e ni us m o d el, w hi c h is t h e d ef a ult 
a p pr o a c h f or m oist ur e e v a p or ati o n tr e at m e nt i n G p yr o. T his e xt e nsi o n w or ks f or o n e- di m e nsi o n al 
c o nfi g ur ati o ns, e. g., f u el sl a bs, f or n o w. I n a f u el sl a b, t h e di m e nsi o n of t h e f u el i n o n e dir e cti o n (sl a b 
t hi c k n ess dir e cti o n) is m u c h s m all er t h a n t h e ot h er t w o di m e nsi o ns. T h us, it w a s ass u m e d t h at t h e 
h e at a n d m ass tr a nsf er o c c ur  at a m u c h hi g h er r at e i n t h e dir e cti o n of t h e sl a b t hi c k n ess. 
C o ns e q u e ntl y, t h e tr a ns p ort pr o c ess es i n t h e dir e cti o n of t h e ot h er t w o l ar g er di m e nsi o ns is n e gl e ct e d.  

T o g ai n a b ett er u n d erst a n di n g of t h e f u el s hri n k a g e, w e d e v el o p e d a c o nti n u u m d es cri pti o n f or t h e 
m ass a n d e n er g y c o ns er v ati o n l a ws i n t h e f or m of i nt e gr al- diff er e nti al e q u ati o ns f or a p yr ol y zi n g, 
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- 0. 1 

- 0.0 5 
0 
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s hri n ki n g o bj e cts u n d er o n e di m e nsi o n al ass u m pti o n. S u c h a d es cri pti o n, w hi c h pr o vi d es 
f u n d a m e nt al g o v er ni n g e q u ati o ns, is l a c ki n g f or s hri n ki n g o bj e cts i n t h e pr e vi o us G p yr o w or ks. I n 
c o nti n u u m d es cri pti o n, f or e x a m pl e, t h e m ass c o ns er v ati o n of t h e c o n d e ns e d p h as e i n o n e 
di m e nsi o n al c o nfi g ur ati o n r e a ds 
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w h er e 𝑑𝑑 / 𝑑𝑑 𝑑𝑑  i s t h e m at eri al d eri v ati v e ( L a gr a n gi a n d eri v ati v e), �̅�𝜌  i s t h e w ei g ht e d b ul k ( m e a n 
a p p ar e nt) d e nsit y of t h e c o n d e ns e d p h as e a n d �̇�𝜔 𝑓𝑓 𝑓𝑓

′′′  i s t h e n et m ass r e d u cti o n r at e of t h e c o n d e ns e d 

p h as e p er u nit v ol u m e. It is n ot e d t h at t h e c o nti n u u m d es cri pti o n ( diff er e nti al e q u ati o ns) pr es e nt e d i n 
G p yr o d o c u m e nts f or 1, 2 a n d 3 D c o nfi g ur ati o ns ar e o nl y v ali d u n d er n o s hri n k a g e ( or s w elli n g) 
ass u m pti o n [ 1 5 1]. U n d er t h e s hri n k a g e ass u m pti o n, G p yr o d o c u m e nts [ 1 5 1] o nl y pr o vi d e a 
n u m eri c all y dis cr eti z e d f or m of t h e e q u ati o ns f or o n e di m e nsi o n al c o nfi g ur ati o ns. H er e, it w as s h o w n 
t h at t his f or m is t h e o ut c o m e of a p pli c ati o n of t h e fi nit e v ol u m e a p pr o a c h f or s p ati al dis cr eti z ati o n 
a n d t h e E ul er a p pr o a c h f or ti m e dis cr eti z ati o n. W e p erf or m e d a v ali d ati o n st u d y f or b ot h e q uili bri u m 
a n d Arr h e ni us e v a p or ati o n m o d els usi n g t h e e x p eri m e nt al d at a of c o n e c al ori m et er e x p eri m e nts 
[ 1 5 7]. W e c o nsi d er e d t w o f u el m oist ur e c o nt e nts of 2 6 % a n d 1 0 0 % ( o n dr y-m ass b asis) r e pr es e nti n g 
d e a d a n d li v e f u els, r es p e cti v el y.  

I n t h e fi n al st u d y, t h e m o d eli n g a p pr o a c h is b ei n g i m pr o v e d t o i n cl u d e t h e m aj or p yr ol ysis g as es t h at 
w er e i d e ntifi e d b y t h e B Y U gr o u p i n t his S E R D P pr oj e ct a n d t h eir ass o ci at e d c h e mi c al r e a cti o ns i n 
t h e l e af s c al e b ur ni n g si m ul ati o ns f or i m pr o v e d r e pr es e nt ati o n of t h e c o m b usti o n pr o c ess. O ur eff orts 
s o f ar s u g g est t h at t h e c h all e n g e h er e is a n e e d f or a fi n er gri d i n t h e F D S d o m ai n ( Fi g ur e 2 6 ). T o  
c o n d u ct t h e si m ul ati o ns i n a fi n er gri d o v er a pr a cti c al c o m p ut ati o n al ti m e, w e m a y h a v e t o r e d u c e 
t h e o v er all c o m p ut ati o n al d o m ai n t o b e li mit e d t o a r e gi o n s urr o u n di n g t h e l e af w hil e b ei n g l ar g e 
e n o u g h t o c a pt ur e t h e w h ol e fl a m e wit h o ut c o m pr o misi n g its s h a p e. W e e x p e ct t o pr o d u c e v ali d at e d 
r es ults of t his st u d y s o o n. A m a n us cri pt d es cri bi n g t h e c o m pl et e d st u d y is u n d er r e vi e w [ 1 5 8]. 

3. 5. 2  F D S m o d eli n g of wi n d t u n n el fir es 
F D S v ersi o n 6. 7 w as us e d t o si m ul at e p yr ol ysis a n d c o m b usti o n of f u el b e ds of l o n gl e af pi n e n e e dl es 
o nl y ( 0. 3 9 6 k g m - 2) i n t h e wi n d t u n n el. T h e g o v er ni n g e q u ati o ns as i m pl e m e nt e d i n F D S 6 ar e 
d es cri b e d els e w h er e [ 4 6]. T hr e e diff er e nt wi n d c o n diti o ns i n cl u di n g U = 0, 0. 4 4, a n d 1 m/s w e r e 
i n v esti g at e d. T h e t ur b ul e n c e m o d el w as m ai nl y d es cri b e d b as e d o n t h e t w o t ur b ul e nt tr a ns p ort 
c o effi ci e nts: t h e t ur b ul e nt vis c osit y a n d t h e t ur b ul e nt diff usi vit y. T h e S c h mi dt n u m b er a n d Pr a n dtl 
n u m b er w er e us e d t o i d e ntif y t h e t ur b ul e nt diff usi vit y, a n d b ot h w e r e gi v e n a v al u e of 0. 5 [ 1 5 2]. I n 
t his st u d y, t h e e d d y vis c osit y w as c al c ul at e d b as e d o n t h e D e ar d orff m o d el [ 1 5 9, 1 6 0]. T w o s c h e m es, 
a si n gl e- st e p r e a cti o n a n d a m ulti -st e p r e a cti o n (Fi g ur e 2 7 ) m o d el l e d t h e p yr ol ysis pr o c ess. I n t h e 
si n gl e- st e p r e a cti o n, t h e pi n e n e e dl e f u el w a s c o nsi d er e d as c ell ul os e, w hil e f or t h e m ulti -st e p 
r e a cti o n t h e pi n e n e e dl es w er e  m o d el e d as a c o m bi n ati o n of c ell ul os e, h e mi c ell ul os e,  a n d li g ni n 
(T a bl e 5 ). T o v ali d at e t h e n u m eri c al m et h o d ol o g y, t h e t e m p er at ur e a n d fl a m e s pr e a d r at e d at e w e r e 
c o m p ar e d wit h t h e wi n d t u n n el m e as ur e m e nts. Diff er e nt q u a ntiti es s u c h as t e m p er at ur e at f u el b e d 
s urf a c e, fl a m e s h a p e, fl a m e s pr e a d r at e, fl a m e wi dt h a n d f u el m ass l oss r at e w er e  a n al y z e d i n t his 
st u d y. T h e n u m eri c al m o d el us e d i n F D S a n d t h e m o d eli n g s c h e m es ar e d es cri b e d i n d et ail els e w h er e  
[ 1 6 1] w hi c h is  r etri e v a bl e fr o m t h e R C- 2 6 4 0 fil es i n S E M S 2. 

--
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Fi g u r e 2 7 . M ultist e p s c h e m e t o m o d el p y r ol ysis i n l o n gl e af pi n e n e e dl e f u el b e ds usi n g t h e Fi r e 

D y n a mi cs Si m ul at o r [ 5 0, 1 5 0]. 

 

T a bl e 5 . Ki n eti c p a r a m et e rs f o r m at e ri als us e d i n A r r h e ni us m ultist e p p y r ol ysis s c h e m e. 

R e a cti o n  Pr e -e x p o n e nti al ( A ) (s
-1
) A cti v ati o n e n er g y €  ( kJ/ m ol) 

R 1 -c ell ul os e  2. 8 × 1 0
1 9

 2 4 2. 4  

R 2 -c ell ul os e  3. 2 8 × 1 0
1 4

 1 9 6. 5  

R 3 -c ell ul os e  1. 3 × 1 0
1 0

 1 5 0. 5  

R 1 -h e mi c ell ul os e  2. 1 × 1 0
1 6

 1 8 6. 7 

R 2 -h e mi c ell ul os e  8. 7 5 × 1 0
1 5

 2 0 2. 4  

R 3 -h e mi c ell ul os e  2. 6 × 1 0
1 1

 1 4 5. 7  

R 1 -li g ni n 9. 6 × 1 0
8
 1 0 7. 6 

R 2 -li g ni n 1. 5 × 1 0
9
 1 4 3. 8  

R 3 -li g ni n 7. 7 × 1 0
6
 1 1 1. 4  

R 4  4. 2 8 × 1 0
6
 1 0 8  

R 5  5. 1 3 × 1 0
1 0

 8 8 

 

3. 5. 3  S p e cifi c h e at a n d F D S V e g et ati o n m o d ul e 
B e c a us e t h e d et ail e d c h e mi c al a n al ysis of t h e f oli a g e of 1 2 of t h e pl a nt s p e ci es i n t his st u d y [ 6 4] a n d 
ot h er pri or w or k ([ 5 2, 1 6 2] ) h as s h o w n t h at f oli ar f u els ar e diff er e nt fr o m w o o d, a m o d el of s p e cifi c 
h e at c a p a cit y b as e d o n t h e f oli ar c o m p ositi o n w as f or m ul at e d usi n g a c o m bi n ati o n of t h e or eti c al a n d 
st ati sti c al m o d eli n g  [ 1 6 3]. T h e  c h ar a ct eri z ati o n of t h e p h ysi c al a n d c h e mi c al c o m p ositi o n of t h e 
n urs er y pl a nts  r e v e al e d t h e i n a d e q ua ci es of t h e e xisti n g V e g et ati o n m o d ul e i n F D S t o si m ul at e 
wil dl a n d a n d wil dl a n d- ur b a n i nt erf a c e fir e . T h e c urr e nt V e g et ati o n m o d ul e w as f or m ul at e d a n d 
p ar a m et eri z e d f or D o u gl as- fir (Ps e u d ots u g a m e nzi esii ) f oli a g e b as e d o n S us ott’s w or k [ 1 7, 5 0]. B as e d 
o n i nf or m ati o n fr o m t h e pr es e nt st u d y, m o difi c ati o ns t o t h e V e g et ati o n m o d ul e f or p yr ol ysis a n d 
i g niti o n of li v e f u el f oli a g e h a v e b e e n f or m ul at e d [ 1 6 4].  

  

R,i 
T ar - --- G a s e 

R2l 
R 1 

Ori gi n al ---- A cti v e 

R,1 

X C h ar + ( 1- X) G a s e s 

R s 
M oi st ur e - --- W at er v a p or 
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4 Results and Discussion 

4.1 Objective 0 – Fuel characterization 

4.1.1 Solid fuel properties 
Proximate and ultimate analysis of the 14 plant species were typical of living vegetation (Table 6). 
Leaf size differed between species (Table 7). Density of the fresh leaves of the shrub species was 
relatively constant; longleaf pine needles had the largest density (Table 8). 

4.1.2 Wind tunnel fuel beds 
A description of the plant sizes used in the wind tunnel fires is found in Table 9. While the plants 
were similar in height, the crown dimensions differed between the three species used. The wind 
tunnel fuel beds were generally similar in terms of live and dead fuel moisture content (Table 10) 
even though ambient conditions in the wind tunnel were changed to simulate dormant season 
conditions (fires 55-73). The conditions the wind tunnel and field fires were burned under and the 
resulting fire behavior are also included in Table 10. 

4.1.3 Fuels and fuel consumption at Ft. Jackson 
Photographs of the burn plots showed relatively open stands with variable levels of sparkleberry and 
other shrub fuels (Figure 28). Eight 2D fuel samples were collected in each of four burn plots at Ft. 
Jackson (Table 11). The estimated duff fuel loading is within the range of loading reported for 
unburnt stands at Eglin Air Force Base in Florida [165] and for mixed slash (Pinus elliottii Engelm.) 
and longleaf pine stands in central Georgia [166]. Fuel loading data are compositional in nature and 
were analyzed as such. The data were summarized using the geometric mean and standard deviation, 
measures appropriate for the relative nature of fuels data. It is important to note that the geometric 
standard deviation is related to the geometric mean by multiplication and division which is denoted 
by “⋇” [167] (Table 12). This results in the confidence interval being estimated as  

 ( ) ()( ) () ,1,1 exp log, exp log gngg ng x ts n x ts n αα −−  −+


 

where , gg xs are the geometric mean and standard deviation, n is the sample size, and ,1 n tα − is from 

Student’s t-distribution. Note that treating fuel loading data as compositional data and using the 
confidence interval above, the estimates for fuel loading will always be positive. By expressing the 

loadings on a relative basis using the closure operation ( ) Cx, [115,120] 
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associated with compositional data [115,120], the center (geometric mean) of the fuel loading vector 
(proportions) shows the relative dominance of duff and litter in the pre-burn fuel loadings (0.594 and 
0.339, respectively). The closure operation is sometimes called “normalizing the data”. Even though 
the area is typically burned on a 3-year interval, there was a surprising amount of duff present in the 
stands. This duff accumulation can pose a potential problem as long-term smoldering can result in 
elevated soil temperatures potentially lethal to fine roots as has been found in ponderosa pine (Pinus 
ponderosa) and giant sequoia-mixed conifer stands in the western U.S. [168,169] and reported more 
recently in longleaf pine [165,170]. In the preburn samples, the geometric standard deviation for 
cones, 100 hr dead woody and the herbaceous/forb fuel types was large. This high variability is 
reflected in the relative high percentages of the total variance accounted for by these fuels (Table 12). 

 

_t/ - _t/ 
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T a bl e 6 . I niti al p r o xi m at e a n d ulti m at e a n al ysis of pl a nt s p e ci es [ 6 3]. 

C o m m o n n a m e  M C 1  Pr o xi m at e a n al ysis  Ulti m at e a n al ysis  
  As h  V M  F C  C  H  N  S  O  L H V  H H V  
Wir e gr ass  1 3 5  4. 3 4  8 1. 7  1 8. 3  4 7. 4 2  6. 3 4  3. 3 1  0. 2 5  4 2. 6 8  1 7. 7 4  1 9. 3 4  
Littl e  bl u est e m  2 1 7  4. 1 2  8 4. 9  1 5. 1  5 1. 2 2  5. 6 6  2. 2 2  0. 1 5  4 0. 7 5  1 7. 6 3  1 9. 0 9  
I n k b err y 8 5  1. 8 8  8 0. 2  1 9. 8  5 4. 6 3  6. 4 2  0. 8 7  0. 1 1  3 7. 9 7  2 0. 9 4  2 2. 5 2  
Y a u p o n  1 0 4  4. 8 9  8 6. 2  1 3. 8  5 1. 3 4  6. 2 8  1. 4 6  0. 1 8  4 0. 7 4  1 9. 7 9  2 1. 4 3  
F ett er b us h  9 1  2. 2 4  7 7. 7  2 2. 3  5 4. 3 6  5. 8 1  0. 8 0  0. 1 2  3 8. 9 1  1 9 . 0 0 2 0. 5 7  
W a x  m yrtl e  1 1 8  2. 4 1  7 7. 4  2 2. 6  5 0. 6 5  5. 4 4  2. 3 1  0. 1 4  4 1. 4 6  1 9. 9 8  2 1. 3 6  
S w a m p  b a y  1 1 6  1. 8 4  7 9. 6  2 0. 4  5 2. 4 8  6. 1 1  1. 3 6  0. 1 7  3 9. 8 8  2 0. 5 0  2 2. 1 0  
S p ar kl e b err y  1 0 3  3. 1 0  7 9 . 0 2 1 . 0 5 2. 4 9  7. 7 1  0. 7 4  0. 1 6  3 8. 9 0  1 8. 9 6  2 0. 9 0  
D arr o w’s  bl u e b err y  1 0 4  2. 8 5  n. a.  n. a.  n. a.  n. a.  n. a.  n. a.  n. a.  n. a.  n. a.  
L o n gl e af  pi n e f oli a g e  2 0 7  2. 0 2  7 9. 7  2 0. 3  5 1. 3 7  3 . 0 0 1. 2 1  0. 1 1  4 4. 3 1  1 9. 2 6  2 0. 1 1  
L o n gl e af  pi n e litt er  1 5 4  1. 7 7  7 8. 3  2 1. 7  5 2. 3 1  6. 0 9  2. 3 1  0. 0 6  3 9. 2 3  1 9. 5 9  2 1. 1 0  
W at er  o a k  1 7 0  4. 1 8  8 0. 6  1 9. 4  5 0. 0 6  5. 5 7  1. 4 7  0. 1  4 2. 8 0  1 8. 2 3  1 9. 9 6  
Li v e  o a k  1 0 3  2. 7 1  8 0. 9  1 9. 1  4 9. 5 7  6. 0 1  2. 3 0  0. 1 5  4 1. 9 7  1 8. 2 1  1 9. 8 1  
D w arf  p al m ett o  1 6 4  3. 2 6  8 9. 8  1 0. 2  4 7. 3 6  5. 9 3  2. 1 4  0. 6 6  4 3. 9 1  1 9. 0 4  2 0. 6 1  
S a w  p al m ett o  1 1 2  3. 1 9  7 6. 4  2 3. 6  4 9. 4 9  5. 4 8  0. 9 0  0. 1 7  4 3. 9 6  1 9. 0 9  2 0. 5 6  

1.  M oist ur e c o nt e nt dr y w ei g ht b asis of B Y U s a m pl es  
2.  V M = v ol atil e m at eri al, F C = fi x e d c ar b o n. V al u es ar e wt % dr y- as h fr e e. A S T M D 7 5 8 2.  
3.  C, H, N, S, O – v al u es ar e % dr y m ass; L H V = l o w h e ati n g v al u e, H H V = hi g h h e ati n g v al u e ( kJ g - 1, dr y-as h fr e e b asis). A S T M D 5 2 9 1, 

D 4 2 3 9, E 7 1 1 
4.  M oist ur e c o nt e nt of t h e pi n e litt er r e p ort e d i n T a bl e 2 of [ 6 3] is i n c orr e ct. T h e c orr e ct v al u e is r e p ort e d i n [ 1 7 1]. 
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T a bl e 7 . Pl a nt p h ysi c al di m e nsi o ns [ 6 3]. 

C o m m o n n a m e  T hi c k n ess ( m m)  L e n gt h ( m m)  Wi dt h( m m)  St e m di a m et er ( m m)  Wi dt h/ L e n gt h  
 M e a n  CI 1  M e a n  CI  M e a n  CI  M e a n  CI   
Wir e gr ass  0. 3 1  0. 0 4  1 5 4  4 9       
Littl e  bl u est e m  0. 1 1  0. 0 3  1 7 5  6 7  2. 3  0. 6    0. 0 1  
I n k b err y 0. 3 2  0. 0 6  2 9  5  1 5 . 0 3 . 0 2 . 0 0. 8  0. 5 2  
Y a u p o n  0. 3 1  0. 0 9  1 1  3  6 . 0 2 . 0 1. 4  0. 2  0. 5 5  
F ett er b us h  0. 2 0  0. 0 8  2 7  6  1 5 . 0 4 . 0 1. 2  0. 4  0. 5 6  
W a x  m yrtl e  0. 1 9  0. 0 4  3 3  4  1 2 . 0 2 . 0 0. 7  0. 2  0. 3 6  
S w a m p  b a y  0. 3 0  0. 0 6  1 0 4  8  2 7 . 0 4 . 0 3. 4  0. 5  0. 2 6  
S p ar kl e b err y  0. 2 4  0. 0 5  2 0  4  8 . 0 2 . 0 0. 6  0. 2  0. 4 0  
D arr o w’s  bl u e b err y  0. 2 3  0. 0 6  2 2  5  7 . 0 4 . 0 0. 7  0. 4  0. 3 2  
L o n gl e af  pi n e f oli a g e  0. 4 2  0. 0 4  1 0 6  4       
L o n gl e af  pi n e litt er  0. 4 6  0. 0 3  1 0 4  4       
W at er  o a k  0. 1 8  0. 0 3  6 3  1 7  1 6 . 0 7 . 0 2. 2  0. 8  0. 2 5  
Li v e  o a k  0. 3 3  0. 0 5  6 1  9  2 9 . 0 6 . 0 3 . 0 1. 2  0. 4 8  
D w arf  p al m ett o  0. 2 1  0. 0 4  1 2 0  2 5  9 . 0 3 . 0   0. 0 8  
S a w  p al m ett o  0. 2 2  0. 0 6  9 5  2 2  1 4 . 0 4 . 0   0. 1 5  

1.  9 5 p er c e nt c o nfi d e n c e i nt er v al b as e d o n s a m pl e si z e of t hr e e.  
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T a bl e 8. D e nsit y of a f r es h l e af b y s p e ci es  ( g c c- 1). 

C o m m o n n a m e  D e nsit y S a m pl es  
 1  2  3  M e a n  
I n k b err y 0. 9 3 6  0. 9 1 1  0. 9 0 3  0. 9 1 7  
Y a u p o n  0. 9 0 3  0. 9 2 7  0. 8 8 3  0. 9 0 4  
F ett er b us h  0. 9 7 3  0. 8 9 6  0. 9 4 3  0. 9 3 7  
W a x m yrtl e  1. 0 5 4  1. 0 1 7  0. 9 7 2  1. 0 1 4  
S w a m p b a y  0. 9 6 4  0. 8 8 2  0. 8 9 5  0. 9 1 4  
S p ar kl e b err y  0. 9 5 0  1. 0 2 5  1. 0 2 9  1. 0 0 1  
L o n gl e af pi n e  f oli a g e 1. 7 5 6  1. 2 0 2  1. 3 0 1  1. 4 2 0  
W at er o a k  1. 0 1 9  0. 9 6 9  1. 2 5 1  1. 0 8 0  
Li v e o a k  0. 9 0 5  0. 9 2 0  0. 9 7 8  0. 9 3 5  
D w arf p al m ett o  0. 8 4 0  0. 7 8 6  0. 9 4 2  0. 8 5 6  
S a w p al m ett o  1. 0 1 9  1. 1 5 5  1. 1 2 5  1. 0 9 9  

 

T a bl e 9. Si z e m e as u r e m e nts of pl a nts us e d i n wi n d t u n n el p y r ol ysis e x p e ri m e nt. S a m pl e si z e of 
4 0 pl a nts p e r s p e ci es.  

   Cr o w n a   
S p e ci es  H ei g ht ( c m)  Di a m et er 1 

( c m) 
Di a m et er 2 

( c m) 
Ar e a ( c m 2 ) 

Il e x gl a br a 1 7. 0 ( 2. 6) 1 1. 2  9. 7  3 1 8. 4  
L y o ni a l u ci d a  2 2. 7 ( 2. 9) 1 8. 5  1 6. 4  8 5 6. 7  
V a c ci ni u m ar b or e u m  2 0. 6 ( 2. 6) 1 8. 9  1 5. 8  8 7 9. 8  

a  Cr o w n di a m et er 1 is m a xi m u m cr o w n di a m et er a n d cr o w n di a m et er 2 w as m e as ur e d p er p e n di c ul ar 

t o cr o w n di a m et er 1. Cr o w n ar e a = 1 2
d dπ . 

 

 

 

Fi g u r e 2 8. P r efi r e  c o v e r a g e of p r e d o mi n a ntl y s p a r kl e b e r r y s h r u bs i n ( a ) b u r n u nit 1 6 D 1 a n d 
( b) b u r n u nit 1 6 D 2 t w o y e a rs aft e r m ost r e c e nt b u r n. 
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T a bl e 1 0. P r o p e rti es a n d c h a r a ct e risti cs of wi n d t u n n el a n d fi el d fi r es b u r n e d t o m e as u r e p y r ol ysis g as es. E n vi r o n m e nt al c o n diti o ns 
m e as u r e d p ri o r (l ess t h a n 5 mi n ut es) of st a rt of e x p e ri m e nt. V al u es r o u n d e d t o a p p r o p ri at e n u m b e r of si g nifi c a nt di gits.  

Fir e  L o c ati o n F u el b e d a  Wi n d b  
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  D e a d  Li v e  

  

3  R F L  N e e dl es o nl y  N  0. 0 0 6    1 1   2 5. 3  4 7  
4  R F L  N e e dl es o nl y  N  0. 0 0 6    1 2   2 2. 6  5 2  
5  R F L  N e e dl es o nl y  N  0. 0 0 5    1 3   2 2. 6  5 3  
8  R F L  N e e dl es o nl y  N  0. 0 0 4  4 3 9  9 5  1 5   2 0. 4  6 7  
9  R F L  N e e dl es o nl y  N  0. 0 0 5  6 6 0  5 7  1 6   2 3. 7  5 0  
1 0  R F L  N e e dl es o nl y  N  0. 0 0 6  5 7 8  8 5  1 1   2 2. 6  5 0  
1 1  R F L  N e e dl es o nl y  N  0. 0 0 5  6 1 2  1 0 3  1 2   2 1. 5  5 6  
1 2  R F L  Hi g h I n k b err y  N  0. 0 0 5  6 1 5  2 8 2  1 1  1 1 7  2 0. 4  5 6  
1 3  R F L  L o w I n k b err y  N  0. 0 0 5  3 9 8  5 1  1 2  1 2 0  1 8. 7  6 2  
1 4  R F L  Hi g h I n k b err y  N  0. 0 0 5  4 3 8  1 8  1 0  1 2 8  1 9. 8  6 1  
1 5  R F L  L o w I n k b err y  N  0. 0 0 5  6 3 0  3 1 4  8  1 2 0  2 1. 5  5 1  
1 6  R F L  L o w I n k b err y  N  0. 0 0 5  6 6 0  5 4  8  1 0 8  2 4. 2  4 6  
1 7  R F L  Hi g h I n k b err y  N  0. 0 0 6    8  1 1 6  2 4. 2  3 5  
1 8  R F L  Hi g h I n k b err y  N  0. 0 0 5  5 5 2  4 2  8  1 1 7  2 4. 8  3 0  
1 9  R F L  L o w I n k b err y  N  0. 0 0 5  6 0 5  4 8  9  1 1 7  2 4. 8  3 1  
2 0  R F L  L o w I n k b err y  N  0. 0 0 5  4 2 7  1 2  1 5  1 3 6  2 1. 5  5 2  
2 1  R F L  Hi g h I n k b err y  N  0. 0 0 5  6 6 0  6 6  1 4  1 0 4  2 2. 0  4 2  
2 2  R F L  L o w I n k b err y  N  0. 0 0 6  5 6 3  3 3  1 2  9 9  2 4. 2  3 4  
2 3  R F L  Hi g h I n k b err y  N  0. 0 0 6  6 1 2  2 7  1 0  1 0 6  2 5. 3  2 9  
2 4  R F L  L o w I n k b err y  N  0. 0 0 6  6 6 0  9 9  9  1 0 0  2 5. 3  2 8  
2 5  R F L  Hi g h I n k b err y  N  0. 0 0 6  6 1 6  7 2  1 0  1 2 2  2 5. 3  3 3  
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2 6  R F L  L o n gl e af  Y  0. 0 1 1  6 6 0  3 2  1 0   2 2. 6  3 1  
2 7  R F L  L o n gl e af  Y  0. 0 1 0  5 9 0  1 0 7  1 0   2 1. 5  3 1  
2 8  R F L  L o w I n k b err y  Y  0. 0 0 9  4 6 2  2 8  1 2  9 3  2 0. 4  3 4  
2 9  R F L  Hi g h I n k b err y  Y  0. 0 0 9  6 6 0  6 0  9  1 0 8  2 3. 1  3 2  
3 0  R F L  Hi g h I n k b err y  Y  0. 0 0 9  6 4 3  7 6  1 0  1 2 0  2 4. 2  2 9  
3 1  R F L  L o w I n k b err y  Y  0. 0 0 9  5 9 0  5 9  7  1 3 3  2 6. 4  2 1  
3 2  R F L  Hi g h I n k b err y  N  0. 0 0 6  6 0 6  2 0 0  8  1 1 6  2 6. 4  2 4  
3 3  R F L  Hi g h I n k b err y  Y  0. 0 1 1  6 1 4  2 4  8  1 1 7  2 5. 9  2 6  
3 4  R F L  Hi g h I n k b err y  Y  0. 0 1 0  5 9 7  3 4  1 1  1 2 1  2 2. 6  4 0  
3 5  R F L  Hi g h I n k b err y  N  0. 0 0 5  5 5 7  2 3  1 0  1 1 3  2 3. 1  4 2  
3 6  R F L  Hi g h I n k b err y  N  0. 0 0 5  6 4 4  6 5  1 0  9 3  2 3. 7  3 6  
3 7  R F L  Hi g h I n k b err y  N  0. 0 0 5  6 6 0  4 2  1 0  1 2 4  2 6. 4  2 9  
3 8  R F L  Hi g h I n k b err y  N  0. 0 0 5  6 1 0  2 9  9  1 0 2  2 7. 0  2 6  
4 1  R F L  Bl u e b err y  N  0. 0 0 5  5 0 8  1 5  1 0  1 1 8  2 6. 4  3 3  
4 2  R F L  Bl u e b err y  N  0. 0 0 6  5 2 4  1 4 8  1 0  1 3 0  2 7. 0  3 3  
4 4  R F L  F ett er b us h  N  0. 0 0 5  6 4 5  3 8  9  1 0 4  2 5. 9  4 2  
4 5  R F L  F ett er b us h  N  0. 0 0 6  5 4 5  2 9  6  1 0 6  2 4. 2  4 2  

4 6 R F L  
F ett er b us h 
Bl u e b err y  

N 0. 0 0 4 5 6 9 2 0 1 2 1 3 5 1 8. 7 3 7 

4 7  R F L  F ett er b us h  N  0. 0 0 5  4 8 2  1 8  1 1  1 0 5  2 1. 5  3 1  

4 8 R F L  
F ett er b us h 
Bl u e b err y  

N 0. 0 0 6 6 0 2 2 5 1 0 1 3 1 2 3. 1 2 5 

4 9  R F L  F ett er b us h  N  0. 0 0 6  6 3 8  4 8  1 0  1 0 3  2 4. 2  4 9  
5 1  R F L  L o n gl e af  Y  0. 0 1 5  4 3 0  5 5  1 1   6. 7  7 5  
5 2  R F L  F ett er b us h  Y  0. 0 1 5  5 6 7  6 5  1 0  7 9  6. 1  5 9  
5 3  R F L  Bl u e b err y  Y  0. 0 1 8  4 1 4  2 0 8  1 1  1 4 8  1 1. 7  3 9  
5 5  R F L  F ett er b us h  Y  0. 0 1 9  5 0 9   1 0   6. 1  4 3  
5 6  R F L  L o n gl e af  Y  0. 0 1 8  6 6 0  1 6 7  1 0   9. 4  3 5  
5 7  R F L  Bl u e b err y  Y  0. 0 1 7  5 2 8  4 8  1 2  1 3 0  5. 6  7 3  

5 8 R F L  
F ett er b us h 
Bl u e b err y  

Y 0. 0 2 7 4 1 7 3 9 1 1 1 3 8 5. 6 7 0 

5 9  R F L  L o n gl e af  Y  0. 0 1 7  5 3 2  2 9 1  1 1   7. 8  5 8  
6 0  R F L  F ett er b us h  Y  0. 0 2 0  6 6 0  8 8  1 0  1 0 3  8. 3  5 0  
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6 1 R F L  
F ett er b us h 
Bl u e b err y  

Y 0. 0 2 1 4 7 2 1 4 0 1 0 1 2 7 6. 7 6 7 

6 2  R F L  L o n gl e af  Y  0. 0 1 9  5 1 3  3 7 8  1 0   6. 7  6 3  
6 3  R F L  Bl u e b err y  Y  0. 0 1 6  2 1 8  1 7 1  1 2  1 2 8  7. 2  6 3  
6 4  R F L  F ett er b us h  Y  0. 0 1 5  3 1 5  3 2 9  1 2  9 3  6. 1  7 3  

6 5 R F L  
F ett er b us h 
Bl u e b err y  

Y 0. 0 1 7 5 2 3 1 4 8 1 0 1 3 9 6. 7 6 2 

6 6  R F L  Bl u e b err y  Y  0. 0 1 9  4 7 9  1 1 3  1 1  1 3 7  7. 2  6 3  
6 7  R F L  L o n gl e af  Y  0. 0 2 0  5 1 4  7 2  1 0   7. 2  6 3  
6 8  R F L  F ett er b us h  Y  0. 0 2 2  6 0 1  1 0 2  1 0  1 0 3  7. 8  6 3  
6 9  R F L  F ett er b us h  Y  0. 0 1 6  4 7 1  4 4 3  1 2  1 0 2  7. 8  7 8  
7 0  R F L  Bl u e b err y  Y  0. 0 1 7  4 7 8  1 7 9  1 1  1 5 0  7. 8  7 8  

7 1 R F L  
F ett er b us h 
Bl u e b err y  

Y 0. 0 1 6 3 4 1 3 9 1 2 1 3 2 6. 1 7 3 

7 2  R F L  Bl u e b err y  Y  0. 0 1 8  5 3 3  4 3  9  1 2 8  8. 3  7 4  

7 3 R F L  
F ett er b us h 
Bl u e b err y  

Y 0. 0 2 3 5 1 6 1 7 9 1 0 7 1 0. 0 6 5 

7 4  R F L  L o n gl e af  Y  0. 0 1 1  4 1 9  4 0 0  1 2   2 0. 0  9 6  
7 5  R F L  L o n gl e af  Y  0. 0 0 9  4 0 5  1 0 4  1 3   2 0. 8  5 9  
7 6  R F L  Hi g h I n k b err y  Y  0. 0 1 0  3 7 3  1 0  1 2  9 7  2 3. 9  4 8  
7 7  R F L  F ett er b us h  Y  0. 0 0 9  6 4 8  2 1  9  1 0 6  2 8. 3  3 5  
7 8  R F L  S p ar kl e b err y  Y  0. 0 1 0  3 0 4  1 6  9  1 0 5  2 8. 9  1 9  
7 9  R F L  Hi g h I n k b err y  Y  0. 0 1 0  1 9 0  3 9  9  1 0 0  2 8. 3  2 6  
8 0  R F L  S p ar kl e b err y  Y  0. 0 1 1  4 3 5  8  9  1 0 8  2 3. 2  1 5  
8 1  R F L  F ett er b us h  Y  0. 0 1 1  2 7 3  7 5  7  7 9  2 3. 3  1 2  
8 2  R F L  S p ar kl e b err y  Y  0. 0 0 9  1 3 2  4 9  8  1 0 7  2 5. 6  1 2  
8 3  R F L  Hi g h I n k b err y Y  0. 0 1 0  3 4 3  2 3  7  9 2  2 7. 8  1 1  
8 4  R F L  F ett er b us h  Y  0. 0 1 0   4 1  8  1 3 5  2 7. 8  1 0  
8 5  R F L  F ett er b us h  Y  0. 0 1 0  2 9 4  2 2  7  1 0 2  2 8. 9  9  
8 6  R F L  S p ar kl e b err y  Y  0. 0 1 3  2 8 8  2 1  7  1 0 0  1 3. 9  3 3  
8 7  R F L  Hi g h I n k b err y  Y  0. 0 1 4  4 1 9  5 6  8  9 2  1 2. 8  3 3  
8 8  R F L  F ett er b us h  Y  0. 0 1 4  1 9 9  5 2  7  9 9  1 2. 8  3 9  
8 9  R F L  Hi g h I n k b err y  Y  0. 0 1 1  6 3 0  3 7  7  8 9  2 9. 4  1 8  
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9 0  R F L  S p ar kl e b err y  Y  0. 0 0 8  4 6 8  2 0  7  1 0 6  2 8. 9  1 9  
9 1  R F L  F ett er b us h  Y  0. 0 0 9  2 3 6  4 8  8  1 0 9  2 9. 4  1 8  
9 2  R F L  Hi g h I n k b err y  Y  0. 0 1 0  6 1 2  5 8  9  9 5  2 1. 7  3 0  
9 3  R F L  F ett er b us h  Y  0. 0 0 9  2 2 3  4  8  8 9  2 6. 1  2 4  
9 4  R F L  S p ar kl e b err y  Y  0. 0 0 9  6 4 8  9 4  8  1 1 1  2 9. 4  2 3  
9 5  R F L  S p ar kl e b err y  Y  0. 0 1 2  5 2 6  2 8  7  1 1 6  2 5. 6  2 4  
9 6  R F L  F ett er b us h  Y  0. 0 1 2  3 8 8  5  8  8 8  2 8. 9  2 1  
9 7  R F L  S p ar kl e b err y  Y  0. 0 1 1  4 3 9  1 1  8  8 6  2 8. 9  2 2  
1 0 1  T T R S  S u b x eri c W o o dl a n d  Y       2 8  2 5  
1 0 2  T T R S  S u b x eri c W o o dl a n d  Y       2 8  2 5  
2 0 1  FJ S C  F all -li n e S a n d hills Y     7  2 1 1  2 4  2 6  
2 0 2  FJ S C  F all -li n e S a n d hills Y   5 9 9  2 5 9  7  2 1 1  2 8  1 8  
2 0 3  FJ S C  F all -li n e S a n d hills Y     1 2  2 1 2  2 1  5 3  
2 0 4  FJ S C  F all -li n e S a n d hills  Y   6 4 8  3 7 2  1 2  2 1 2  2 7  3 4  
2 0 5  FJ S C  F all -li n e S a n d hills Y   2 6 4  1 0 7  1 3  1 7 7  2 2  5 9  
2 0 6  FJ S C  F all -li n e S a n d hills Y   2 3 1  1 1 7  6  1 9 1  2 6  4 3  
2 0 7  FJ S C  F all -li n e S a n d hills Y   2 6 4  1 0 7  6  1 9 1  2 9  3 0  

a  E a c h wi n d t u n n el f u el b e d c o nt ai n e d 1 0 0 0 g of l o n gl e af pi n e n e e dl es. Aft er a dj usti n g f or f u el m oist ur e c o nt e nt, l o n gl e af pi n e n e e dl e m ass 
r a n g e d fr o m 8 6 2 t o 9 4 3 g. F u el c o ns u m pti o n n ot m e as ur e d; h o w e v er, virt u all y all l o n gl e af pi n e n e e dl e m ass w as c o ns u m e d b y fl a mi n g 
c o m b usti o n wit h mi ni m al r esi d u al s m o ul d eri n g c o m b usti o n. Ft. J a c ks o n ( FJ S C) a n d T all Ti m b ers P e b bl e Hill Pl a nt ati o n ( T T R S ) cl assifi c ati o n 
fr o m [ 1 7 2, 1 7 3]. 
b N = n o c o n c urr e nt air fl o w, Y = c o n c urr e nt air fl o w of n o mi n all y 1 m s - 1 
c C al c ul at e d q u asi -st e a d y fir e r at e of s pr e a d (f u el b e d l e n gt h / tr a nsit ti m e).  
d M a xi m u m u n c orr e ct e d r a di o m etri c l e af t e m p er at ur e ( )iT  m e as ur e d b y 7 - 1 3 µ m t h er m al c a m er a.  

e  M a xi m u m h e ati n g r at e = ( ) ( )1 1  1m a x ,i  i  i i  i  iT T  t  t  T  T− −  −− − >    

 
I 



4 6 

T a bl e 1 1 . P r e- a n d p ost -b u r n f u el l o a di n g s a m pl es b y f u el cl ass of t w o- y e a r r o u g hs i n l o n gl e af pi n e st a n ds at Ft. J a c ks o n, S C. 
U nits a r e g m - 2. Ei g ht s a m pl e p oi nts w e r e m e as u r e d p e r  pl ot. Ti m e – P r e = p r e b u r n  l o a di n g, P ost = p ost b u r n l o a di n g. 

Pl ot  Ti m e  D uff  Litt er  1 0 0 0 hr  1 0 0 hr  1 0 hr  1 hr  C o n es  S us p. 
Litt er  

S hr u bs  H er bs  

1 6 D 5  P r e 8 9 6. 0 7  3 6 7. 3 9  0. 0 0  2 6 4. 3 4  6 9. 4 5  8 9. 6 1  2 0. 1 6  6 4. 9 6  9 6 9. 9 9  0. 0 0  
1 6 D 5  P r e 6 7. 2 1  2 3 9. 7 0  0. 0 0  0. 0 0  1 3. 4 4  6. 7 2  0. 0 0  0. 0 0  1 1. 2 0  4. 4 8  
1 6 D 5  P r e 2 5 0. 9 0  2 6 8. 8 2  0. 0 0  0. 0 0  6 4. 9 6  8. 9 6  1 5. 6 8  0. 0 0  6 0. 4 8  0. 0 0  
1 6 D 5  P r e 4 6 1 0. 2 7  4 0 7. 7 1  0. 0 0  2 7 7. 7 8  2 2 1. 7 8  1 7. 9 2  1 4 7. 8 5  0. 0 0  6. 7 2  0. 0 0  
1 6 D 5  P r e 1 3 1 4. 9 8  6 6 9. 8 1  0. 0 0  2 5 0. 9 0  5 3 7. 6 4  1 3 4. 4 1  1 7 2. 4 9  5 1. 5 2  5 4 8. 8 4  0. 0 0  
1 6 D 5  P r e 1 7 1 1. 4 9  7 7 9. 5 8  0. 0 0  0. 0 0  2 3 2. 9 8  4. 4 8  2 5 3. 1 4  2 0. 1 6  2 3 2. 9 8  0. 0 0  
1 6 D 5  P r e 0. 0 0  4 6 3. 7 2  0. 0 0  0. 0 0  5 3. 7 6  4. 4 8  2 1 5. 0 6  0. 0 0  8 9. 6 1  4. 4 8  
1 6 D 5  P r e 2 9 6 5. 9 9  3 1 3. 6 2  0. 0 0  0. 0 0  4 4 8. 0 3  4 7. 0 4  1 5. 6 8  4. 4 8  1 2 3 2. 0 9  0. 0 0  
1 6 D 5  P ost  8 7 5. 9 1  2 6. 8 8  0. 0 0  4 9. 2 8  5 1. 5 2  0. 0 0  1 3. 4 4  2. 2 4  4 0 3. 2 3  0. 0 0  
1 6 D 5  P ost  6 7. 2 1  6. 7 2  0. 0 0  1 5 2. 3 3  3 1. 3 6  0. 0 0  0. 0 0  0. 0 0  6. 7 2  2. 2 4  
1 6 D 5  P ost  1 3 2. 1 7  1 7. 9 2  0. 0 0  0. 0 0  2 6. 8 8  4. 4 8  0. 0 0  0. 0 0  2 0. 1 6  0. 0 0  
1 6 D 5  P ost  4 6 1 0. 2 7  3 1. 3 6  0. 0 0  0. 0 0  5 1. 5 2  0. 0 0  4. 4 8  0. 0 0  2. 2 4  0. 0 0  
1 6 D 5  P ost  1 3 1 4. 9 8  4 2. 5 6  0. 0 0  0. 0 0  1 1. 2 0  0. 0 0  1 3. 4 4  0. 0 0  3 1. 3 6  0. 0 0  
1 6 D 5  P ost  1 7 1 1. 4 9  1 5. 6 8  0. 0 0  0. 0 0  4 9. 2 8  0. 0 0  0. 0 0  0. 0 0  0. 0 0  0. 0 0  
1 6 D 5  P ost  0. 0 0  2 4. 6 4  0. 0 0  5 9 8. 1 3  4 2. 5 6  0. 0 0  0. 0 0  0. 0 0  3 5. 8 4  0. 0 0  
1 6 D 5  P ost  1 9 7 8. 0 7  4. 4 8  0. 0 0  2 8 2. 2 6  1 5. 6 8  2. 2 4  6. 7 2  0. 0 0  1 1. 2 0  0. 0 0  
1 6 D 1  P r e 3 9 4 4. 9 4  6 3 6. 2 1  0. 0 0  0. 0 0  7 1. 6 9  3 3. 6 0  1 5 2. 3 3  0. 0 0  0. 0 0  0. 0 0  
1 6 D 1  P r e 2 3 0 9. 6 2  7 0 3. 4 1  0. 0 0  0. 0 0  6 4 7. 4 1  1 2 9. 9 3  2 7 1. 0 6  9 1. 8 5  3 5. 8 4  0. 0 0  
1 6 D 1  P r e 3 8 0 3. 8 1  6 2 9. 4 9  0. 0 0  0. 0 0  1 2 5. 4 5  3 3. 6 0  0. 0 0  8. 9 6  1 7 0. 2 5  0. 0 0  
1 6 D 1  P r e 1 0 1 0. 3 2  4 3 9. 0 7  0. 0 0  0. 0 0  2 0 8. 3 4  4 9. 2 8  6. 7 2  8. 9 6  3 8. 0 8  0. 0 0  
1 6 D 1  P r e 6 6 6 6. 7 5  5 8 9. 1 6  0. 0 0  0. 0 0  1 5. 6 8  8. 9 6  8 7. 3 7  0. 0 0  2. 2 4  0. 0 0  
1 6 D 1  P r e 2 3 9. 7 0  5 5 7. 8 0  0. 0 0  0. 0 0  5 8. 2 4  2. 2 4  3 8. 0 8  0. 0 0  0. 0 0  0. 0 0  
1 6 D 1  P r e 5 4 6. 6 0  4 0 3. 2 3  0. 0 0  0. 0 0  1 3 2. 1 7  6 0. 4 8  3 3. 6 0  0. 0 0  1 3. 4 4  0. 0 0  
1 6 D 1  P r e 5 7 7 2. 9 2  7 3 7. 0 2  0. 0 0  0. 0 0  4 7 9. 4 0  1 5. 6 8  2 2. 4 0  1 5. 6 8  1 1. 2 0  0. 0 0  
1 6 D 1  P ost  3 9 4 4. 9 4  4 2. 5 6  0. 0 0  2 6. 8 8  8 2. 8 9  2. 2 4  8. 9 6  0. 0 0  0. 0 0  0. 0 0  
1 6 D 1  P ost  2 2 8 9. 4 5  0. 0 0  0. 0 0  0. 0 0  4. 4 8  2. 2 4  6. 7 2  0. 0 0  1 5. 6 8  0. 0 0  
1 6 D 1  P ost  3 6 4 2. 5 2  4 0. 3 2  0. 0 0  0. 0 0  3 8. 0 8  4. 4 8  8. 9 6  0. 0 0  4. 4 8  0. 0 0  
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1 6 D 1  P ost  7 8 4. 0 6  3 8. 0 8  0. 0 0  0. 0 0  2. 2 4  0. 0 0  2. 2 4  0. 0 0  0. 0 0  0. 0 0  
1 6 D 1  P ost  5 2 1 0. 6 4  6 0. 4 8  0. 0 0  4 7. 0 4  2 4. 6 4  2. 2 4  0. 0 0  0. 0 0  1 7. 9 2  0. 0 0  

1 6 D 1  P ost  2 3 9. 7 0  0. 0 0  0. 0 0  4 3 6. 8 3  0. 0 0  0. 0 0  0. 0 0  0. 0 0  0. 0 0  0. 0 0  
1 6 D 1  P ost  5 0 6. 2 8  3 8. 0 8  0. 0 0  0. 0 0  2 0. 1 6  0. 0 0  0. 0 0  0. 0 0  1 1 8. 7 3  0. 0 0  
1 6 D 1  P ost  5 7 1 4. 6 7  9 6. 3 3  0. 0 0  0. 0 0  1 5. 6 8  2. 2 4  4. 4 8  0. 0 0  2. 2 4  0. 0 0  
2 4 A  P r e 6 9 2 8. 8 5  1 4 0 4. 5 9  0. 0 0  0. 0 0  2 9 1. 2 2  3 8. 0 8  4. 4 8  1 7. 9 2  3 8. 0 8  0. 0 0  
2 4 A  P r e 4 7 3 7. 9 6  9 6 3. 2 7  0. 0 0  0. 0 0  4 0. 3 2  4. 4 8  0. 0 0  0. 0 0  3 3. 6 0  0. 0 0  
2 4 A  P r e 3 1 6 5. 3 6  9 4 3. 1 1  0. 0 0  0. 0 0  1 1 2. 0 1  8. 9 6  0. 0 0  0. 0 0  1 1. 2 0  0. 0 0  
2 4 A  P r e 6 6 1 0. 7 4  8 9 8. 3 1  0. 0 0  0. 0 0  2 9. 1 2  1 3. 4 4  0. 0 0  4 2. 5 6  9 8. 5 7  0. 0 0  
2 4 A  P r e 1 0 7 7 0. 7 4  8 7 8. 1 5  0. 0 0  0. 0 0  9 4. 0 9  3 8. 0 8  7 1. 6 9  3 5. 8 4  1 5 0. 0 9  0. 0 0  
2 4 A  P r e 2 9 4 5. 8 2  5 1 9. 7 2  0. 0 0  0. 0 0  8. 9 6  0. 0 0  0. 0 0  0. 0 0  2. 2 4  0. 0 0  
2 4 A  P r e 3 6 4 9. 2 4  8 2 2. 1 4  0. 0 0  7 0 3. 4 1  1 7 4. 7 3  5 8. 2 4  6 0. 4 8  4 7. 0 4  5 8. 2 4  0. 0 0  
2 4 A  P r e 6 2 7 2. 4 8  8 7 5. 9 1  0. 0 0  0. 0 0  5 6. 0 0  0. 0 0  2. 2 4  0. 0 0  2. 2 4  0. 0 0  
2 4 A  P ost  5 7 5 5. 0 0  6 2. 7 2  0. 0 0  0. 0 0  1 2 5. 4 5  0. 0 0  0. 0 0  0. 0 0  0. 0 0  0. 0 0  
2 4 A  P ost  4 4 8 0. 3 4  8 2. 8 9  0. 0 0  1 7 0. 2 5  4 0. 3 2  0. 0 0  1 3. 4 4  0. 0 0  0. 0 0  0. 0 0  
2 4 A  P ost  3 0 4 6. 6 3  8 5. 1 3  0. 0 0  0. 0 0  3 3. 6 0  0. 0 0  0. 0 0  0. 0 0  4 1 4. 4 3  0. 0 0  
2 4 A  P ost  6 2 7 2. 4 8  2 6. 8 8  0. 0 0  0. 0 0  6. 7 2  0. 0 0  2. 2 4  0. 0 0  0. 0 0  0. 0 0  
2 4 A  P ost  1 0 5 7 1. 3 6  6 0. 4 8  0. 0 0  0. 0 0  1 2 3. 2 1  0. 0 0  0. 0 0  2. 2 4  3 3. 6 0  0. 0 0  
2 4 A  P ost  2 9 0 5. 5 0  2 9. 1 2  0. 0 0  0. 0 0  3 5. 8 4  0. 0 0  0. 0 0  2. 2 4  2 5 9. 8 6  0. 0 0  
2 4 A  P ost  3 2 3 2. 5 7  3 8. 0 8  0. 0 0  9 6. 3 3  5 1. 5 2  0. 0 0  0. 0 0  0. 0 0  4 2. 5 6  0. 0 0  
2 4 A  P ost  6 1 9 1. 8 3  1 7 2. 4 9  0. 0 0  5 8 2. 4 4  6 0. 4 8  0. 0 0  0. 0 0  0. 0 0  3 3. 6 0  0. 0 0  
2 4 B  P r e 3 1 8. 1 0  9 0 9. 5 1  0. 0 0  0. 0 0  1 4 1. 1 3  6 0. 4 8  2 0 1. 6 2  6 9. 4 5  4 3 0. 1 1  6 7. 2 1  
2 4 B  P r e 2 2 1 1. 0 5  9 7 2. 2 3  0. 0 0  6 3 6. 2 1  6 2. 7 2  2 2. 4 0  2 1 2. 8 2  3 5. 8 4  5 1. 5 2  3 5. 8 4  
2 4 B  P r e 2 0 6 7. 6 8  5 1 0. 7 6  0. 0 0  0. 0 0  8. 9 6  8. 9 6  0. 0 0  1 7. 9 2  1 5. 6 8  4 4. 8 0  
2 4 B  P r e 4 3 9. 0 7  5 7 3. 4 8  0. 0 0  0. 0 0  2 2 4. 0 2  4 9. 2 8  3 5. 8 4  2 0. 1 6  1 9 9. 3 8  8 2. 8 9  
2 4 B  P r e 4 2 8 0. 9 6  4 7 4. 9 2  0. 0 0  8 1 3. 1 8  4. 4 8  2. 2 4  0. 0 0  3 8. 0 8  5 1. 5 2  7 1. 6 9  
2 4 B  P r e 2 8 8. 9 8  4 6 1. 4 8  2 9 3 9. 1 0  6 7 8. 7 7  1 1 4. 2 5  1 1. 2 0  0. 0 0  0. 0 0  8 2. 8 9  1 3 8. 8 9  
2 4 B  P r e 2 4 4. 1 8  2 1 7. 3 0  0. 0 0  2 8 6. 7 4  2 2. 4 0  0. 0 0  0. 0 0  8. 9 6  4 4. 8 0  1 4 5. 6 1  
2 4 B  P r e 1 0 7. 5 3  3 1 5. 8 6  0. 0 0  0. 0 0  4 9. 2 8  2 4. 6 4  0. 0 0  8. 9 6  1 3. 4 4  6 4. 9 6  
2 4 B  P ost  1 7 9. 2 1  1 5 0. 0 9  0. 0 0  0. 0 0  2 0. 1 6  2. 2 4  9 1. 8 5  0. 0 0  4. 4 8  0. 0 0  
2 4 B  P ost  2 1 3 0. 4 0  5 6. 0 0  0. 0 0  0. 0 0  2. 2 4  0. 0 0  1 3. 4 4  0. 0 0  1 0 5. 2 9  2. 2 4  
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2 4 B  P ost  1 6 0 8. 4 4  9 8. 5 7  0. 0 0  0. 0 0  2 1 0. 5 8  2. 2 4  0. 0 0  0. 0 0  1 1 6. 4 9  1 3. 4 4  
2 4 B  P ost  4 3 9. 0 7  1 4 1. 1 3  0. 0 0  1 0 3. 0 5  1 1. 2 0  0. 0 0  0. 0 0  0. 0 0  1 1. 2 0  3 1. 3 6  

2 4 B  P ost  4 0 2 1. 1 1  1 3 4. 4 1  0. 0 0  1 7 9. 2 1  8 9. 6 1  0. 0 0  0. 0 0  0. 0 0  1 5 0. 0 9  0. 0 0  
2 4 B  P ost  1 9 2. 6 5  4 9. 2 8  0. 0 0  1 4 7. 8 5  1 5 6. 8 1  0. 0 0  0. 0 0  0. 0 0  2 7 1. 0 6  8. 9 6  
2 4 B  P ost  2 3 5. 2 2  4 2. 5 6  0. 0 0  4 9 7. 3 2  6. 7 2  0. 0 0  0. 0 0  0. 0 0  8 2. 8 9  0. 0 0  
2 4 B  P ost  2 6. 8 8  0. 0 0  0. 0 0  2 3 2. 9 8  6. 7 2  0. 0 0  0. 0 0  0. 0 0  0. 0 0  0. 0 0  
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T a bl e 1 2. M e a n f u el l o a di n g b y c o m p o n e nt ( g m - 2) i n l o n gl e af pi n e f o r est at Ft. J a c ks o n, S C 
b u r n e d t o c oll e ct p y r ol ysis g as s a m pl es.  

C o m p o n e nt  F u el l o a di n ga  C e nt er b  V ar c  
 Pr e -b ur n  P ost b ur n  Pr e -b ur n  P ost b ur n  Pr e -b ur n  P ost b ur n  
Litt er  5 6 6. 9 ⋇ 1. 4  1 6. 2 ⋇ 3. 3  3. 3 9 E -0 1  1. 8 2 E -0 2  2. 0  6. 6  
D uff  9 9 4. 9 ⋇ 4. 4  8 5 2. 0 ⋇ 4. 7  5. 9 4 E -0 1  9. 5 7 E -0 1  7. 7  6. 8  
C o n es  1. 2 ⋇ 1 8. 2  0. 0 4 ⋇ 4. 7  7. 1 5 E -0 4  4. 4 2 E -0 5  2 0. 3  1 6. 1  
S us p e n d e d  Litt er  0. 4 ⋇ 6. 4  0. 0 0 2 ⋇ 2. 5  2. 3 6 E -0 4  2. 3 1 E -0 6  1 3. 5  4. 5  
1 hr  7. 7 ⋇ 3. 5  0. 0 0 9 ⋇ 7. 6  4. 6 3 E -0 3  1. 0 3 E -0 5  5. 8  9. 6  
1 0 hr  8 0. 3 ⋇ 1. 7  1 9. 6 ⋇ 2. 7  4. 8 0 E -0 2  2. 2 0 E -0 2  1. 9  2. 8  
1 0 0 hr  0. 0 3 ⋇ 1 9. 5  0. 3 ⋇ 4. 7  1. 5 3 E -0 5  3. 1 5 E -0 4  1 9. 2  3 0. 0  
1 0 0 0 hr  0. 0 0 1 ⋇ 2. 5  0. 0 0 1 ⋇ 1. 0  9. 5 1 E -0 7  1. 1 2 E -0 6  6. 0  1. 2  
H er bs  0. 0 3 ⋇ 2 0 9. 4  0. 0 0 4 ⋇ 8. 8  1. 6 6 E -0 5  4. 5 0 E -0 6  1 8. 4  7. 9  
S hr u bs  2 3. 3 ⋇ 6. 5  2. 5 ⋇ 5. 1  1. 3 9 E -0 2  2. 8 1 E -0 3  5. 2  1 4. 5  

a. G e o m etri c m e a n is r el at e d t o g e o m etri c st a n d ar d d e vi ati o n b y m ulti pli c ati o n a n d di visi o n, 
r e pr es e nt e d b y “⋇ ”.  
b. M e a n ( c e nt er) c o m p ositi o n f or 4 0. 1 h a pl ots. Ei g ht s a m pl e p oi nts l o c at e d i n e a c h pl ot. 
c. P er c e nt a g e of t ot al ( m etri c) v ari a n c e ( 1 2 4. 1 5) c o ntri b ut e d b y f u el c o m p o n e nt. 
 
T a bl e 1 3 . Esti m at e d f u el c o ns u m pti o n b y c o m p o e nt i n l o n gl e af pi n e f o r est at Ft. J a c ks o n, S C. 
C o m p o n e nt  F u el c o ns u m pti o n a  
 M e a n  L 9 5  U 9 5  
Litt er  5 4 4. 8  4 1 1. 5  6 9 3. 4  
D uff  1 1 3. 4  4 9. 9  3 6 8. 9  
C o n es  1. 1  0. 1  1 4. 5  
S us p e n d e d  Litt er  0. 4  0. 1  1. 1  
1 hr  7. 7  2. 8  2 1. 2  
1 0 hr  4 5. 6  2 0. 0  1 0 5. 0  
S hr u bs  1 9. 9  5. 1  1 2 1. 2  

a. G e o m etri c m e a n, l o w er ( L 9 5) a n d u p p er ( U 9 5) c o nfi d e n c e i nt er v als esti m at e d usi n g a b o otstr a p 
m et h o d (f u n cti o n G m e a n  i n D es c T o ols  p a c k a g e [ 1 7 4]). 
 
T a bl e 1 4. M oist u r e c o nt e nt ( p e r c e nt, d r y -w ei g ht b asis) p ri o r t o i g niti o n b y f u el c at e g o r y i n 
l o n gl e af pi n e st a n ds at Ft. J a c ks o n, S C. 

Pl ot  D uff  Litt er  1 0 0 0 hr  1 0 0 hr  1 0 hr  1 hr  C o n es  S us p . 
Litt er  

S hr u bs  H er bs  

2 4 A  5 0  1 1   2 5  1 4  1 2  1 1  1 1  2 1 2  1 4 5  
2 4 B  2 6  6  4 6  2 2  1 3  7  1 4  8  2 1 1  2 0 5  
1 6 D 1  4 5  4    8  7  1 3  7  1 9 1  2 0  
1 6 D 5  4 4  1 1   1 1  1 1  1 4  1 3  1 2  1 7 7  6 0  

 
T h e r el ati v el y l o w i nt e nsit y fir es di d n ot si g nifi c a ntl y c o ns u m e t h e d uff f u els ( T a bl e 1 2 ) w hi c h 
a c c o u nt e d f or n e arl y 9 6 p er c e nt of t h e p ost- b ur n l o a di n g. T h e d uff, 1 0 0 0 hr a n d 1 0 0 hr f u els w er e 
r el ati v el y m oist (T a bl e 1 4 ) i n t h es e s pri n g b ur ns. T h e li v e s hr u b f oli a g e f u el m oist ur es w er e als o 
hi g h. N ot e t h at litt er w as t h e pri m ar y f u el t h at w as c o ns u m e d b y t h e b ur ns. F urt h er a n al ysis of f u el 
c o ns u m pti o n a n d p yr ol ysis pr o d u cts c o ns i d eri n g t h eir c o m p ositi o n al n at ur e is pl a n n e d. 

3 D s hr u b f u els w er e m o d el e d fr o m pr efir e 3 D s hr u b f u el pl ot a n d T L S m e as ur es, a n d p ostfir e 3 D 
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s hr u b f u el pl ot a n d T L S m e as ur es. L ittl e diff er e n c e w as n ot e d i n t h e pr efir e vs p ostfir e l o g arit h mi c 
r el ati o ns hi ps b et w e e n 3 D s hr u b b ul k d e nsit y d estr u cti v el y s a m pl e d i n t h e fi el d a n d 3 D o c c u pi e d 
v o x el d e nsit y q u a ntifi e d fr o m t h e T L S p oi nt cl o u d d at a [ 6 6] (Fi g ur e 2 9 ). T h er ef or e, a g e n er ali z e d 
l o g arit h mi c f u n cti o n pr e di ct e d s hr u b f u el l o a d i n 3 D fr o m b ot h t h e pr e- a n d p ost-fir e d at as ets s u c h 
t h at b y diff er e n ci n g t h e o ut p uts, s hr u b f u el c o ns u m pti o n w as esti m at e d. T h e v ari a n c e i n t h es e 
esti m at es b et w e e n t h e 2 0 1 7 a n d 2 0 1 8 b ur n u nits w as gr e atl y r e d u c e d c o m p ar e d t o t h e v ari a n c e i n 
c o ns u m pti o n esti m at es c al c ul at e d fr o m t h e tr a diti o n al, 2 D f u el s a m pl es [ 6 6]; t h e l att er w er e 
c o n cl u d e d t o u n d er s a m pl e s hr u b f u el v ari a bilit y a cr oss t h e b ur n u nits. H o w e v er, t h e tr a diti o n al f u el 
m e as ur es w er e criti c al f or esti m ati n g c o ns u m pti o n of t h e d uff, litt er, d o w n e d w o o d y d e bris, a n d 
h er b a c e o us f u el c o m p o n e nts. I n d e e d, s hr u b f u els c o m pris e d o nl y a mi n or p orti o n of t ot al 
c o ns u m pti o n ( T a bl e 1 2 ).  

 

Fi g u r e 2 9 . N at u r al l o g a rit h m r el ati o ns b et w e e n m e as u r e d s h r u b f u el b ul k d e nsit y a n d v o x el 
d e nsit y d e ri v e d f r o m T L S  [ 6 6]. 

 

T h e 3 D a p pr o a c h pr o vi d e d pr e b ur n a n d p ost b ur n esti m at es of f u el l o a di n g t h at yi el d e d c o ns u m pti o n 
esti m at es t h at w er e all p ositi v e. T his c o ntr asts wit h t h e 2 D d estr u cti v e s a m pli n g esti m at es t h at 
r es ult e d i n f u el c o ns u m pti o n t h at w as n e g ati v e ( gr e at er f u el l o a di n g foll o wi n g t h e fir e). T h e a p pr o a c h 
s h o ul d b e t est e d i n ot h er s etti n gs, s u c h as at T all Ti m b ers R es e ar c h St ati o n, w h er e si mil ar d at as ets 
h a v e b e e n c oll e ct e d [ 1 7 5]. M or e o v er, ot h er f u el c o m p o n e nts b esi d es s hr u bs n e e d t o b e m o d el e d i n 
3 D, alt h o u g h T L S a n d ot h er p oi nt cl o u d d at a h a v e r e d u c e d s e nsiti vit y t o l ess er e ct f u el str u ct ur es, 
m ost n ot a bl y d o w n e d w o o d y d e bris, litt er a n d d uff f u els [ 1 7 6]. 
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T a bl e 1 5 . S h r u b f u el l o a di n g esti m at e d b y 2 D d est r u cti v e s a m pli n g a n d 3 D n o n d est r u cti v e 
s a m pli n g  ( g m- 2). 

Pl ot   2 D    3 D   
 Pr e b ur n  P ost b ur n  C o ns u m pti o n  Pr e b ur n  P ost b ur n  C o ns u m pti o n  
1 6 D 1 -1 7  4 7. 8 3  1 6 2. 7 9  – 1 1 4. 9 6  1 0 6. 1 1  7 2. 4 4  3 3. 6 7  
1 6 D 2 -1 7  2. 6 0  3 5 6. 3 0  – 3 5 3. 7 0  1 5 0. 8 5  8 7. 7 8  6 3. 0 7  
1 6 D 1 -1 8  3 3. 6 3  2 0. 1 8  1 3. 4 5  1 0 7. 6 2  7 0. 3 7  3 7. 2 5  
1 6 D 5 -1 8  3 9 4. 5 4  6 5. 0 1  3 2 9. 5 3  7 6. 5 5  3 9. 2 1  3 7. 3 4  
2 4 A 7 -1 8  4 9. 3 2  9 8. 6 3  – 4 9. 3 2  7 0. 2 1  4 7. 2 9  2 2. 9 2  
2 4 B 8 -1 8  1 1 2. 0 9  9 1. 9 1  2 0. 1 8  1 5 9. 4 6  1 2 7. 9 2  3 1. 5 4  

 

4. 2  O bj e cti v e 1 - M e as u r e m e nt of p y r ol ysis p r o d u cts  

4. 2. 1  Hi g h a n d l o w- h e ati n g r at e e x p eri m e nts 
 
T h e r es ults i n t his s e cti o n ar e s e p ar at e d i nt o 2 s e cti o ns. I n t h e first s e cti o n, r es ults as ori gi n all y  
p u blis h e d ar e pr es e nt e d. T h es e d at a w er e a n al y z e d a n d i nt er pr et e d as a bs ol ut e v a l u es t h at c a n b e 

a n al y z e d usi n g tr a diti o n al st atisti c al m et h o ds t h at ass u m e t h at t h e r a n g e of t h e d at a is ( ),− ∞  ∞ . I n 

t h e s e c o n d s e cti o n, t h e d at a w er e r ea n al y z e d as c o m p ositi o n al d at a w h er ei n t h e r a n g e of t h e d at a is 

[ )0, ∞ , stri ctl y p ositi v e, usi n g tr a diti o n al st atisti c al m et h o ds aft er b ei n g tr a nsf or m e d usi n g l o g-r ati os. 

D uri n g f ast p yr ol ysis i n t h e F F B, li v e f oli a g e s a m pl es l ost i niti al m ass at a sl o w er r at e a n d p yr ol ysis 
t o o k l o n g er t o c o m pl et e c o m p ar e d t o air-dri e d f oli a g e s a m pl es  (Fi g ur e 3 0 ) [ 1 7 1]. T his diff er e n c e i n 
m ass l oss r at e is attri b ut e d t o t h e f a ct t h at m or e w at er w as pr es e nt i n t h e f oli a g e of t h e li v e pl a nts as 
pr e vi o us st u di es h a v e s h o w n. 

 

Fi g u r e 3 0. E x a m pl e of m ass l oss o v e r ti m e d u ri n g f ast p y r ol ysis f o r li v e a n d ai r- d ri e d Il e x 
gl a br a  l e a v es. Ai r -d ri e d d e n ot e d “ d e a d pl a nt ”.  

Fi g ur e 3 1  s h o ws a c o m p aris o n of t h e p yr ol ysis pr o d u ct yi el ds fr o m l o n gl e af pi n e litt er i n t h e diff er e nt 
h e ati n g m o d es as a f u n cti o n of t e m p er at ur e ( e v e n t h o u g h t h e h e ati n g r at es a n d b a c k gr o u n d g as 
c o m p ositi o n w er e diff er e nt). T h e t ar yi el ds fr o m t h e p yr ol y z er p e a k e d at 5 0 0 ° C a n d t h e n d e cr e as e d 

- D e a d pl a nt - - Li v e pl a nt 
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d u e t o s e c o n d ar y r e a cti o ns of t ar. H o w e v er, t h e t ar yi el ds i n t h e F F B s yst e m c o nti n u e d t o i n cr e as e 
wit h fi n al t e m p er at ur e, r e a c hi n g o v er 6 0 % of t h e m ass of t h e dr y pl a nt. T his diff er e n c e i n tr e n d 
i n di c at es t h at t e m p er at ur e al o n e c a n n ot b e us e d t o d es cri b e p yr ol ysis b e h a vi or, b ut t h at h e ati n g r at e 
a n d p er h a ps t h e t e m p er at ur e of t h e a m bi e nt e n vir o n m e nt als o c o ntri b ut e t o p yr ol ysis b e h a vi or. T a bl e 
1 6  s h o ws a s u m m ar y of t h e p yr ol ysis yi el d d at a f or all pl a nts i n t h e f o ur diff er e nt h e ati n g m o d es. 

A s u m m ar y of t h e li g ht g as s p e ci es a n al ysis is gi v e n i n T a bl e 1 7 . T h e li g ht g as s p e ci es ar e pr es e nt e d 
h er e as a p er c e nt of t h e dr y li g ht g as es o n a w ei g ht b asis. C O is t h e m ost pr e v al e nt s p e ci es, f oll o w e d 
b y C O 2 , wit h m u c h s m all er a m o u nts of C H4  a n d H2  o n thi s b asis. O n a m ol ar b asis, H 2  c o m pri s e d 
a b o ut 3 0 m ol % of t h e li g ht g as. T h e a m o u nt of C O i n cr e as e d wit h i n cr e asi n g s e v erit y of t h e h e ati n g, 
w hil e t h e a m o u nt of C O 2  d e cr e as e d. T his is ill ustr at e d i n Fi g ur e 3 2  f or li v e s p ar kl e b err y. Pl a nt-t o-
pl a nt v ari ati o ns i n li g ht g as s p e ci es w er e r el ati v el y s m all, es p e ci all y c o nsi d eri n g t h at t h e li g ht g as 
o nl y c o m pris e d a b o ut 2 5 wt % of t h e p yr ol ysis g as es. 

 

 

Fi g u r e 3 1. C o m p a ris o n of p y r ol ysis p r o d u ct yi el ds vs. fi n al t e m p e r at u r e f o r l o n gl e af pi n e litt e r 
o bt ai n e d i n a p y r ol y z e r (s oli d li n es) at 0. 5 ° C/s a n d f r o m t h e fl at fl a m e b u r n e r s yst e m ( d as h e d 
li n es) u n d e r diff e r e nt m o d es of h e ati n g ( r a di ati o n o nl y ( 5 5 0 ° C), c o n v e cti o n o nl y ( 7 5 0 ° C), a n d 

r a di ati o n pl us c o n v e cti o n ( 8 0 0 ° C)).  
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T a bl e 1 6. S u m m a r y of p y r ol ysis p r o d u ct yi el ds f o r li v e s p e ci es f o r f o u r h e ati n g m o d es . 

H e ati n g m o d es  A p p ar at us  T ar yi el d a  Li g ht g as 
yi el d a  

C h ar yi el d a  

Sl o w h e ati n g t o 5 0 0 ° C [ 2 7] P yr ol y z er  4 4 -5 4  1 6 -2 4  2 7 -3 4  
R a di ati o n -o nl y  F F B  4 9 -5 7  1 6 -2 3  2 4 -2 9  
C o n v e cti o n -o nl y [ 2 7] F F B  5 3 -6 2  1 8 -2 5  1 7 -2 2  
C o n v e cti o n a n d R a di ati o n  F F B  5 5 -6 3  2 0 -2 7  1 4 -1 9  

a wt % o n a dr y, as h- fr e e ( d af) b asis 

 

T a bl e 1 7. S u m m a r y of li g ht g as a n al ysis d u ri n g p y r ol ysis of li v e pl a nts f o r t h r e e h e ati n g m o d es . 

H e ati n g m o d e  A p p ar at us  H 2  C O  C O 2  C H 4  

A v g a  R n g b  A v g  R n g  A v g  R n g  A v g  R n g  

Sl o w  h e ati n g t o 
5 0 0 ° C  

P yr ol y z er  1. 4  1. 1 -1. 7  5 2. 1  4 7 -5 8  3 8. 4  3 4 -4 2  8. 1  5 -1 1  

R a di ati o n -o nl y  F F B  1. 5 c  1. 3 -1. 9  5 3. 4  5 1 -5 6  3 6. 0  3 3 -3 9  9. 1  8 -1 0  
C o n v e cti o n -
o nl y  

F F B  1. 7  1. 3 -2. 1  5 9. 8  5 3 -6 3  2 9. 5  2 5 -3 5  8. 9  6 -1 1  

C o n v e cti o n a n d 
R a di ati o n  

F F B  2. 0  1. 7 -2. 4  6 3. 6  6 0 -6 6  2 6. 8  2 5 -3 0  7. 6  6 -8  

a A v er a g e 
b  R a n g e 
c Wt % o n a dr y li g ht g as- o nl y b asis 
 

 

Fi g u r e 3 2. Li g ht g as s p e ci es o bs e r v e d d u ri n g p y r ol ysis of li v e sp a r kl e b e r r y pl ott e d as a f u n cti o n 
of fi n al t e m p e r at u r e.  

T ars ar e g as es e v ol v e d i n t h e p yr ol ysis e n vir o n m e nt t h at c o n d e ns e w h e n c o ol e d t o r o o m or i c e 
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t e m p er at ur e. T h e i niti al t ar s p e ci es r el e as e d fr o m a surf a c e m a y r e a ct f urt h er i n a h ot e n vir o n m e nt t o 
( 1) cr a c k a p art a n d f or m s m all er li g ht g as s p e ci es, or ( 2) p ol y m eri z e t o f or m l ar g er s p e ci es c all e d 
p ol y ar o m ati c h y dr o c ar b o ns ( P A H) w hi c h c a n e v e nt u all y p ol y m eri z e t o f or m s o ot. T h e y ell o w p art of 
fl a m es is d u e t o r a di a nt e missi o n fr o m h ot s o ot p arti cl es f or m e d l ar g el y fr o m t h e t ar. S o ot is t h e 
d o mi n a nt s o ur c e of r a di ati o n fr o m fl a m es.  

T h e G C/ M S a n al ysis of t ars w as a bl e t o d et er mi n e 6 0 t ar s p e ci es wit h c o n c e ntr ati o ns of m or e t h a n 1 
m ol % of t h e t ar i n t h e F F B  e x p eri m e nts, a n d o v er 3 0 c o m p o u n ds i n t h e p yr ol y z er e x p eri m e nts. T h er e 
w er e m a n y m or e c o m p o u n ds t h a n t h es e b ut i n s u c h l o w c o n c e ntr ati o ns t h at si g n al- t o-n ois e b e c a m e a 
pr o bl e m. Fi g ur e 3 3  s h o ws t h e distri b uti o n of c o m p o u n ds m e as ur e d i n t h e F F B s yst e m i n t h e t hr e e 
h e ati n g m o d es f or l o n gl e af pi n e (li v e, d e a d, a n d pi n e litt er). 

 

Fi g u r e 3 3. Dist ri b uti o n of t a r c o m p o u n ds f o r t h e f ast p y r ol ysis of l o n gl e af pi n e . 

L ar g e v ari ati o ns i n t h e a m o u nt of i n di vi d u al t ar s p e ci es w er e o bs er v e d as a f u n cti o n of pl a nt s p e ci es. 
O n e of t h e m aj or t ar s p e ci es t h at w er e o bs er v e d i n e v er y e x p eri m e nt w as p h e n ol as s h o w n i n Fi g ur e 
3 4  f or all f o ur m o d es of h e ati n g. T h e yi el ds of e a c h of t h es e t w o t ar s p e ci es ar e q uit e diff er e nt f or 
e a c h pl a nt s p e ci es, wit h n o cl e ar tr e n d wit h h e ati n g m o d e t h at is c o m m o n t o all pl a nt s p e ci es . T h e 
diff er e nt t y p es of t ar s p e ci es w er e gr o u p e d f or e asi er i nt er pr et ati o n  (Fi g u r e 3 5 ). 

P yr ol ysis ki n eti cs w er e d et er mi n e d f or fr es h a n d air -dri e d f oli a g e s a m pl es fr o m t h e 1 4 s p e ci es as 
w ell as l o n gl e af pi n e litt er. Si n c e a cti v ati o n e n er g y is a r at e, t h e h ar m o ni c m e a n a n d ass o ci at e d 9 5 
p er c e nt c o nfi d e n c e i nt er v als w er e esti m at e d  (T a bl e 1 8 , Fi g ur e 3 6 ) fr o m t he a cti v ati o n e n er gi es 
esti m at e d f or t h e 1 0 t o 9 0 p er c e nt c o n v ersi o n l e v els [ 1 7 7]. B ot h t h e cl assi c c o nfi d e n c e i nt er v al a n d a 
n o n p ar a m etri c b o otstr a p c o nfi d e n c e i nt er v al ar e pr es e nt e d  [ 1 7 8]. W hil e it is n ot d esir a bl e t o us e 
c o nfi d e n c e i nt e r v als t o c o m p ar e e q u alit y of m ulti pl e m e a ns si n c e t h e err or r at e is n ot c o ntr oll e d, f or 
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m ost s p e ci es e x c e pt w a x m yrtl e a n d D arr o w’s bl u e b err y, t h e 9 5 p er c e nt c o nfi d e n c e i nt er v als f or t h e 
h ar m o ni c m e a ns o v erl a p p e d b et w e e n t h e fr es h s a m pl es a n d t h e air -dri e d  s a m pl es. T h e c o nfi d e n c e 
i nt er v als r e p ort e d i n t h e F all 2 0 1 9 I n-Pr o gr ess R e vi e w w er e i n err or.  

 

Fi g u r e 3 4 . M ol e p e r c e nt p h e n ol i n t a r d u ri n g p y r ol ysis of 1 4 li v e pl a nt s p e ci es. E r r o r b a rs 
r e p r es e nt t h e 9 5 % c o nfi d e n c e i nt e r v al. 
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Fi g u r e 3 5 . Dist ri b uti o n of f u n cti o n al g r o u ps i n t a r f o r p y r ol ysis of li v e l o n gl e af pi n e f oli a g e. 
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Fi g u r e 3 6 . H a r m o ni c m e a n a n d b o otst r a p p e d 9 5 p e r c e nt c o nfi d e n c e i nt e r v al f o r a cti v ati o n 
e n e r g y  m e as u r e d i n a p y r ol y z e r f o r c o m m o n pl a nt s p e ci es f r o m t h e s o ut h e r n U. S.  
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T a bl e 1 8 . Esti m at e d h a r m o ni c m e a n ( )Hx  a n d 9 5 p e r c e nt c o nfi d e n c e i nt e r v als f o r a cti v ati o n e n e r g y ( k J m ol- 1) f o r f r es h a n d ai r-d ri e d 

f oli a g e f r o m pl a nts n ati v e t o t h e s o ut h e r n U. S. B ot h cl assi c a n d b o otst r a p esti m at es a r e r e p o rt e d.  

 Fr es h  Air -dri e d  
Pl a nt S p e ci es  

Hx  Cl assi c CI  B o otstr a p CI  
Hx  Cl assi c CI  B o otstr a p CI  

Wir e gr ass  1. 6 9 E + 2  ( 1. 6 0 E + 2, 1. 8 0 E + 2) ( 1. 6 2 E + 2, 1. 7 8 E + 2) 1. 6 3 E + 2  ( 1. 5 3 E + 2, 1. 7 4 E + 2) ( 1. 5 5 E + 2, 1. 7 1 E + 2) 
Littl e  bl u est e m  1. 3 9 E + 2  ( 1. 2 6 E + 2, 1. 5 5 E + 2) ( 1. 2 8 E + 2, 1. 5 1 E + 2) 1. 4 8 E + 2  ( 1. 3 1 E + 2, 1. 6 9 E + 2) ( 1. 3 5 E + 2, 1. 6 4 E + 2) 
I n k b err y 1. 3 3 E + 2  ( 1. 2 2 E + 2, 1. 4 7 E + 2) ( 1. 2 4 E + 2, 1. 4 4 E + 2) 1. 3 4 E + 2  ( 1. 2 1 E + 2, 1. 4 9 E + 2) ( 1. 2 4 E + 2, 1. 4 6 E + 2) 
Y a u p o n  1. 1 9 E + 2  ( 1. 0 8 E + 2, 1. 3 2 E + 2) ( 1. 1 0 E + 2, 1. 2 9 E + 2) 1. 2 8 E + 2  ( 1. 1 6 E + 2, 1. 4 4 E + 2) ( 1. 1 8 E + 2, 1. 4 1 E + 2) 
F ett er b us h  1. 6 3 E + 2  ( 1. 4 8 E + 2, 1. 8 2 E + 2) ( 1. 5 1 E + 2, 1. 7 9 E + 2) 1. 7 8 E + 2  ( 1. 6 0 E + 2, 2. 0 0 E + 2) ( 1. 6 4 E + 2, 1. 9 6 E + 2) 
W a x  m yrtl e  1. 6 5 E + 2  ( 1. 5 0 E + 2, 1. 8 4 E + 2) ( 1. 5 2 E + 2, 1. 8 0 E + 2) 2. 1 6 E + 2  ( 1. 9 6 E + 2, 2. 4 0 E + 2) ( 2. 0 0 E + 2, 2. 3 4 E + 2) 
S w a m p  b a y  1. 4 0 E + 2  ( 1. 1 9 E + 2, 1. 6 9 E + 2) ( 1. 2 3 E + 2, 1. 6 4 E + 2) 1. 5 0 E + 2  ( 1. 3 7 E + 2, 1. 6 5 E + 2) ( 1. 4 0 E + 2, 1. 6 4 E + 2) 
S p ar kl e b err y  1. 4 1 E + 2  ( 1. 3 8 E + 2, 1. 4 5 E + 2) ( 1. 3 9 E + 2, 1. 4 4 E + 2) 1. 3 4 E + 2  ( 1. 2 7 E + 2, 1. 4 1 E + 2) ( 1. 2 8 E + 2, 1. 4 0 E + 2) 
D arr o w’s  bl u e b err y  1. 2 9 E + 2  ( 1. 2 1 E + 2, 1. 3 9 E + 2) ( 1. 2 3 E + 2, 1. 3 7 E + 2) 1. 5 7 E + 2  ( 1. 4 0 E + 2, 1. 7 7 E + 2) ( 1. 4 4 E + 2, 1. 7 3 E + 2) 
L o n gl e af  pi n e f oli a g e  1. 6 3 E + 2  ( 1. 4 4 E + 2, 1. 8 8 E + 2) ( 1. 4 8 E + 2, 1. 8 2 E + 2) 1. 6 5 E + 2  ( 1. 4 9 E + 2, 1. 8 4 E + 2) ( 1. 5 3 E + 2, 1. 8 0 E + 2) 
L o n gl e af  pi n e litt er     1. 8 2 E + 2  ( 1. 7 2 E + 2, 1. 9 4 E + 2) ( 1. 7 4 E + 2, 1. 9 2 E + 2) 
W at er  o a k  1. 3 2 E + 2  ( 1. 2 3 E + 2, 1. 4 3 E + 2) ( 1. 2 6 E + 2, 1. 4 1 E + 2) 1. 3 4 E + 2  ( 1. 2 1 E + 2, 1. 4 9 E + 2) ( 1. 2 3 E + 2, 1. 4 6 E + 2) 
Li v e  o a k  1. 5 1 E + 2  ( 1. 3 8 E + 2, 1. 6 7 E + 2) ( 1. 4 0 E + 2, 1. 6 4 E + 2) 1. 5 9 E + 2  ( 1. 5 0 E + 2, 1. 7 0 E + 2) ( 1. 5 2 E + 2, 1. 6 8 E + 2) 
D w arf  p al m ett o  1. 4 9 E + 2  ( 1. 3 9 E + 2, 1. 6 0 E + 2) ( 1. 4 1 E + 2, 1. 5 8 E + 2) 1. 6 4 E + 2  ( 1. 4 4 E + 2, 1. 9 1 E + 2) ( 1. 4 7 E + 2, 1. 8 5 E + 2) 
S a w  p al m ett o  2. 3 0 E + 2  ( 2. 1 4 E + 2, 2. 4 9 E + 2) ( 2. 1 7 E + 2, 2. 4 5 E + 2) 2. 0 9 E + 2  ( 1. 9 4 E + 2, 2. 2 6 E + 2) ( 1. 9 6 E + 2, 2. 2 3 E + 2) 

 



5 9 

T w o t y p es of ki n eti c m o d els w er e us e d t o fit t h e T G A d at a: m o d el -fr e e f or ms a n d si m pl e s p e cifi e d 
f or ms. A m o d el-fr e e f or m usi n g is o- c o n v ersi o n al t e c h ni q u es w as us e d t o fit t h e m ai n p yr ol ysis p e a k 
aft er m oist ur e e v a p or ati o n at 5 diff er e nt h e ati n g r at es ( 1 0 t o 3 0 ° C mi n - 1), r es ulti n g i n a cti v ati o n 
e n er gi es as a f u n cti o n of c o n v ersi o n f or li v e a n d d e a d s a m pl es of e a c h pl a nt s p e ci es.  

Fi g ur e 3 7  s h o ws a c o m p aris o n of t h e p yr ol ysis r at es of all li v e pl a nt s p e ci es as a f u n cti o n of 
c o n v ersi o n i n t h e first p yr ol ysis p e a k c e nt er e d ar o u n d 3 0 0 ° C. At a c o n v ersi o n of 0. 2, t h er e is a f a ct or 
of al m ost 5 diff er e n c e i n t h e p yr ol ysis r at es b et w e e n diff er e nt pl a nt s p e ci es. P yr ol ysis r at es w er e als o 
s h o w n t o b e diff er e nt f or li v e vs. d e a d s a m pl es of t h e s a m e pl a nt s p e ci es.  

 

 

Fi g u r e 3 7. Dist ri b uti o n of p y r ol ysis r at es as a f u n cti o n of c o n v e rsi o n b as e d o n t h e K A S m et h o d 
f o r all li v e pl a nt s p e ci es at 3 0 0 ℃. [ 1 7 7].  

E n gi n e eri n g m o d els of c o m b usti o n g e n er all y r e q uir e a s p e cifi e d si m pl e m o d el f or m t h at h o p ef ull y 
c a n  d es cri b e t h e p yr ol ysis b e h a vi or o v er a wi d e r a n g e of h e ati n g r at es, s u c h as fr o m s m ol d eri n g or 
fr o m r a pi d fir e s pr e a d. A f irst-or d er 1 -st e p m o d el w as s h o w n t o b e i n a d e q u at e f or d es cri bi n g 
p yr ol ysis r at es at m ulti pl e h e ati n g r at es. A distri b ut e d a cti v ati o n  e n er g y m o d el ( D A E M) w as 
t h er ef or e us e d t o d et er mi n e r at e c o effi ci e nts fr o m t h e d at a. E a c h p e a k w as m o d el e d wit h a diff er e nt 
c o m p o n e nt. S o m e s p e ci es r e q uir e d o nl y o n e c o m p o n e nt, w hil e ot h er pl a nt s p e ci es r e q uir e d u p t o 5 
c o m p o n e nts. Fi g ur e 3 8  s h o ws a n e x a m pl e of t h e c ur v e fit t o p yr ol ysis d at a fr o m w at er o a k at t hr e e 
diff er e nt h e ati n g r at es usi n g t h e s a m e s et of c o effi ci e nts. D T G st a n ds f or t h e d eri v ati v e of t h e T G A 
d at a. A n att e m pt w as m a d e t o c orr el at e t h e a cti v ati o n e n er gi es f o u n d f or e a c h c o m p o n e nt i n t his 
a n al ysis wit h t h e c orr es p o n di n g c o nt e nt of h e mi c ell ul os e, c ell ul os e, a n d li g ni n b as e d o n t e m p er at ur es 
of p e a ks fr o m t h e bi o m ass lit er at ur e. T h e r es ul ts i n di c at e d n o c orr el ati o n b et w e e n t h e a cti v ati o n 
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e n er gi es a n d t h e c orr es p o n di n g c o nt e nts of h e mi c ell ul os e, c ell ul os e, a n d li g ni n. T his l a c k of 
c orr el ati o n is n ot t o o s ur prisi n g si n c e t h e c h e mi c al a n al ysis of li v e pl a nts r e v e al e d m a n y m or e 
c o m p o n e nts t h a n  j ust h e mi c ell ul os e, c ell ul os e, a n d li g ni n. T h e m ulti pl e -r e a cti o n D A E m o d el g a v e 
t h e b est fit t o t h e p yr ol ysis d at a at m ulti pl e h e ati n g r at es w h e n m ulti pl e p e a ks w er e o bs er v e d. T h e 
m ulti pl e p yr ol ysis p e a ks w er e attri b ut e d t o d e c o m p ositi o n of h e mi c ell ul os e,  c ell ul os e,  a n d li g ni n, 
b as e d o n lit er at ur e o bs er v ati o ns f or bi o m ass. T h e or d er of a cti v ati o n e n er gi es f or p yr ol ysis of all 
pl a nt s p e ci es i n di c at e d t h at h e mi c ell ul os e a n d e xtr a cti v es d e c o m p os e m or e r e a dil y t h a n c ell ul os e a n d 
fi n all y li g ni n [ 1 7 9]. 

 

Fi g u r e 3 8 . D T G a n d T G c u r v es f o r li v e w at e r o a k r es ult e d f r o m e x p e ri m e nt al d at a a n d 
m ulti pl e -r e a cti o n D A E M m o d el i n h e ati n g r at es of 1 0, 2 0, a n d 3 0 ℃ mi n - 1. 

R e a n al ysis of t h e c o m p ositi o n of p yr ol ysis g as es fr o m t h e b e n c h -s c al e e x p eri m e nts c o nsist e d of 
a n al y zi n g t h e d at a e x pr ess e d as m ol e fr a cti o ns.  M ass a n d m ol e fr a cti o ns ar e  c o m p ositi o n all y 
e q ui v al e nt as p ert ur b ati o n is us e d t o c h a n g e t h e u nits [ 1 1 5]. T h e 4 li g ht g as es a n d 3 2 2 or g a ni c 
c o m p o u n ds c o nt ai n e d i n t h e t ar c o m pris e d a d at a s et w h er e e a c h s a m pl e c o nt ai n e d 3 2 6 p arts 
( c o m p o u n ds). I n t h e ori gi n al d at a, m ol e fr a cti o n w as c al c ul at e d s e p ar at el y f or t h e li g ht g as es a n d t ars. 
I n t h e f ull d at a s et, 8 9. 1 9 p er c e nt of t h e v al u es w er e b el o w d et e cti o n li mits ( B D L). N e arl y 1 9 0 of t h e 
i d e ntifi e d c o m p o u n ds w er e d et e ct e d i n o nl y si n gl e c o m bi n ati o ns of pl a nt s p e ci es b y h e ati n g m o d e. 
Aft er r e m o vi n g t h e c o m p o u n ds w hi c h w er e m e as ur e d i n l ess t h a n 4 of 6 0 h e ati n g m o d e/s p e ci es 
c o m bi n ati o ns, D = 8 8 c o m p o u n ds r e m ai n e d wit h a B D L r at e of 6 4. 0 5 %. T h us, i n t h e c urr e nt 
a n al ysis, e a c h s a m pl e c o nsist e d of a v e ct or w h er e p arts w er e t h e m e as ur e d m ol e fr a cti o ns. A n 
a v er a g e of 5 2 c o m p o u n ds w er e m e as ur e d i n t h e p yr ol y z er w hil e a v er a g es of 3 4, 3 7 a n d 3 0 
c o m p o u n ds w er e r e c or d e d f or t h e F F B r a di ati o n, c o n v e cti o n a n d r a di ati o n + c o n v e cti o n m o d es, 
r es p e cti v el y [ 1 2 6].  

Pl a nt s p e ci es aff e ct e d t h e a m o u nt of p h e n ol, pri m ar y a n d s e c o n d ar y/t erti ar y t ars r el ati v e t o 
p er m a n e nt g as es a n d r el ati v e a m o u nts of si n gl e- a n d m ulti-ri n g c o m p o u n ds. Pl a nt m oist ur e st at us 
aff e ct e d t h e a m o u nt of C O r el ati v e t o ot h er p er m a n e nt g as es, of H 2  t o C H4  a n d t ar s t o p h e n ol. 
H e ati n g m o d e a n d r at e str o n gl y i nfl u e n c e d p yr ol ys at e c o m p ositi o n. Sl o w h e ati n g pr o d u c e d m or e 
pri m ar y t ars r el ati v e t o m ulti -ri n g t ars t h a n f ast h e ati n g c o n v e cti v e a n d c o m bi n e d r a di a nt a n d 
c o n v e cti v e h e ati n g m o d es. Sl o w h e ati n g pr o d u c e d r el ati v el y m or e c o m p o u n ds wit h f e w er ri n gs a n d 
f ast h e ati n g pr o d u c e d r el ati v el y m or e m ulti-ri n g c o m p o u n ds. T he us e of c o m p ositi o n al b al a n c es t o 
f or m l o g-r ati os c o ntr asti n g s u bs ets of p arts of i nt er est e n a bl e d h y p ot h esis t esti n g t o e x a mi n e r el ati v e 
diff er e n c es i n t h e a m o u nts of g as e o us p yr ol ysis pr o d u cts c a us e d b y pl a nt s p e ci es, m oist ur e c o nt e nt 
a n d h e ati n g m o d e  (T a bl e 4 ). T h e r es ults of t his h y p ot h esis t esti n g h a v e m or e f or m al ri g or t h a n w as 
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pr e vi o usl y pr es e nt e d, b y r es p e cti n g t h e r el ati v e n at ur e of t h e d at a. W e h a v e d efi niti v el y s h o w n t h at 
pl a nt s p e ci es aff e ct e d s e v er al diff er e nt r ati os of gr o u ps of p yr ol ys at es a n d ar e ass ur e d t h at t h e r es ults 
ar e n ot a n art if a ct of t h e a n al ysis, w hi c h c a n t h e n b e us e d t o m a k e v ari o us i nf er e n c es a n d d e cisi o ns. 
T h e eff e cts of h e ati n g m o d e, w hi c h w as c o nf o u n d e d wit h h e ati n g r at e, w er e s h o w n t o d efi niti v el y 
aff e ct t h e c o m p ositi o n of p yr ol ysis pr o d u cts a n d w e ar e ass ur e d t h at t h es e r es ults ar e n ot a n art if a ct 
of t h e a n al ysis. I n cr e as e d h e ati n g r at e r es ult e d i n l ess pri m ar y t ars r el ati v e t o ot h er t ar s; t h e r a di ati o n -
o nl y m o d e, w hi c h als o h a d t h e l o w est e n vir o n m e nt al t e m p er at ur e, pr o d u c e d t h e gr e at est q u a ntit y of 
pri m ar y t ars r el ati v e t o ot h er t ars. T h e hi g h er h e ati n g r at es als o pr o d u c e d m or e H 2  r el ati v e t o C H4 . 
T h e pr o d u cti o n of p h e n ol r el ati v e t o t ar s w as m or e c o m pl e x. T h e p yr ol y z er a n d t h e F F B c o m bi n ati o n 
of r a di ati o n a n d c o n v e cti o n, w hi c h r e pr es e nt e d t h e l o w est a n d hi g h est h e ati n g r at es, pr o d u c e d l ess t ar 
r el ati v e t o p h e n ol t h a n r a di a nt a n d c o n v e cti v e h e ati n g al o n e, w hi c h r e pr es e nt e d t h e i nt er m e di at e 
h e ati n g r at es. T h e r el ati v e a m o u nts of t h e p yr ol ysis pr o d u cts di d n ot diff er b et w e e n fr es h a n d air-
dri e d f oli a g e s a m pl es. T h e pr es e n c e of H 2 O i n t h e s a m pl es w o ul d n ot aff e ct t h e r ati os b et w e e n t h e 
ot h er g as es, s u g g esti n g w at er’s r ol e m a y o nl y b e as a dil u e nt. It is i m p ort a nt t o n ot e t h at t h e eff e cts of 
pl a nt s p e ci es, h e ati n g m o d e a n d m oist ur e st at us ar e i n d e p e n d e nt of t h e u nits us e d t o d es cri b e t h e 
c o m p ositi o n d u e t o t h e us e of C o D A. 

4. 2. 2  Wi n d t u n n el e x p eri m e nt  
 
W hil e m ost p yr ol ysis w or k a p pli e d t o wil dl a n d fir e is b as e d o n sl o w- h e ati n g, i n wil dl a n d fir e 
r e p ort e d air h e ati n g r at es n e ar f oli ar f u els r a n g e d 3 0 t o 5 0 0 0 ° C s - 1 [ 2, 7 1 – 7 4] w hi c h ar e m or e a ki n t o 
f ast a n d fl as h p yr ol ysis h e ati n g r at es r e pr es e nt e d i n t h e b e n c h s c al e t ests b y t h e F F B e x p eri m e nts 
t h a n t h e sl o w p yr ol ysis h e ati n g r at es. As c a n b e s e e n i n T a bl e 1 0 , t h e esti m at e d h e ati n g r at es i n b ot h 
t h e wi n d t u n n el a n d fi el d fir es s u g g est f ast p yr ol ysis. M e a n s pr e a d r at e of all fir es w as 0. 0 0 8 ( 0. 0 0 4 – 
0. 0 2 7) m s - 1. I n t h e wi n d t u n n el, vis u all y esti m at e d fl a m e h ei g hts f or t h e n o wi n d fir es r a n g e d fr o m 
0. 3 t o 0. 6 m wit h a n esti m at e d fl a m e d e pt h of 0. 3 m b as e d o n a r esi d e n c e ti m e of 2 8 s d eri v e d fr o m 
a n a v er a g e l o n gl e af pi n e n e e dl e di a m et er of 0. 0 0 1 5 m [ 1 8 0 – 1 8 2]. Fl a m e h ei g hts f or t h e wi n d- ai d e d 
fir es w er e si mil ar a n d t h e fl a m e l e n gt hs w er e l o n g er. T h es e fl a m e h ei g hts f all at t h e l o w er e n d of t h e 
r a n g e r e p ort e d f or l o w i nt e nsit y pr es cri b e d b ur ns i n s o ut h er n f u el b e ds [ 1 4, 1 8 3, 1 8 4]. A n o v er h e a d 
vi e w of a f u el b e d c o nt ai ni n g i n k b err y a n d t h e fl a m e f or a n o wi n d fir e c a n b e f o u n d els e w h er e [ 1 8 5]. 
V erti c al t ot al a n d r a di a nt fl u x es i nt o t h e f u el b e d r a n g e d u p t o 2 5- a n d 1 4- k W m - 2, r es p e cti v el y 
[ 1 8 6, 1 8 7]. H ori z o nt al c o n v e cti v e fl u x es fr o m t h e pl u m e t o t h e l e a v es r a n g e d u p t o 0. 8 k W m- 2 [ 1 3 9]. 
H ar m o ni c m e a n s pr e a d r at e ( 0. 0 0 8 m s - 1), l o n gl e af pi n e h e at of c o m b usti o n ( 1 9, 0 0 0 kJ k g- 1) [ 1 8 8], 
dr y f u el l o a di n g ( 0. 4 5 k g m - 2) a n d fl a m e d e pt h ( 0. 3 m) yi el d e d a fir eli n e i nt e nsit y of 6 8 k W m- 1 a n d 
c o m b usti o n r at e of 2 2 8 k W m - 2 [ 1 1, 1 8 2] f or t h e wi n d t u n n el fir es. T h e h e ati n g r at es, r at e of s pr e a d 
a n d esti m at e d fl a m e l e n gt hs  fr o m t h e wi n d t u n n el a n d fi el d fir es w er e si mil ar s u p p orti n g c o m p aris o n 
b et w e e n t h e s a m pl e d g as c o m p ositi o ns.  
 
I n t ot al, 8 8 fir es w er e b ur n e d i n t h e wi n d t u n n el. T h e w et f u el l o a di n g of t h e l o n gl e af pi n e n e e dl es 
w as t y pi c all y 0. 5 k g m - 2, m e a n ( mi n, m a x) f u el m oist ur e c o nt e nt of t h e n e e dl es w as 9. 8 ( 6, 1 5. 6) 
p er c e nt a n d t h e li v e f oli a g e w as 1 1 2. 5 ( 7 3. 2, 1 7 3. 6) p er c e nt. I n t h e wi n d t u n n el, e n vir o n m e nt al 
c o n diti o ns si m ul at e d gr o wi n g s e as o n ( d e a d f u el m oist ur e = 9. 6 %, air t e m p er at ur e = 2 9 7 K, r el ati v e 
h u mi dit y = 3 5 %) a n d d or m a nt s e as o n ( d e a d f u el m oist ur e = 1 0. 6 %, air t e m p er at ur e = 2 8 0. 6 K, 
r el ati v e h u mi dit y = 6 3 %) w e at h er. T w e nt y - ni n e g as es w er e i d e ntifi e d i n t h e wi n d t u n n el a n d fi el d 
b ur n c a nist ers. S e v e n of t h e g as es w er e o bs er v e d at l e v els w hi c h o c c urr e d m ostl y b el o w d et e cti o n 
li mit, s o t h e y w er e dr o p p e d fr o m t h e a n al ysis r es ulti n g i n a c o m p ositi o n wit h D  = 2 2 g as es . 
I n t h e wi n d t u n n el fir es, t h e g e o m etri c m e a n c o n c e ntr ati o ns r a n g e d fr o m a hi g h of 3 8 4 0 p p m f or C O 2  
t o a l o w of 0. 0 0 1 9 f or cis- 2- p e nt e n e (T a bl e 1 9 ). T h e ori gi n al c o n c e ntr ati o ns w er e s u m m ari z e d as 
g e o m etri c m e a n ⋇  g e o m etri c st a n d ar d d e vi ati o n. O v er all, C O2  w as t h e d o m i n a nt g as o bs er v e d i n t h e 
wi n d t u n n el c a nist er s a m pl es f oll o w e d b y C O, H 2 , a n d C H4  (T a bl e 1 9 ) b as e d o n r el ati v e a m o u nts. 
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G e o m etri c m e a n c o n c e ntr ati o ns f or wi n d t u n n el a n d fi el d g as s a m pl es r a n g e d o v er s e v e n a n d ei g ht 
or d ers of m a g nit u d e, r es p e cti v el y ( Fi g ur e 3 9 , T a bl e 1 9 ). W hil e t h e r el ati v e c o n c e ntr ati o ns of C O, 
C O 2 , a n d C H4  i n t h e wi n d t u n n el w er e si mil ar b et w e e n t h e p yr ol ysis a n d fl a mi n g c o m b usti o n 
s a m pl es, t h e r el ati v e c o n c e ntr ati o n of H 2  d o u bl e d i n t h e p yr ol ysis c a nist ers (Fi g ur e 4 0 ). R el ati v e 
c o n c e ntr ati o n s of m a n y of t h e hi g h er m ol e c ul ar w ei g ht tr a c e g as es w er e  gr e at er i n t h e p yr ol ysis 
s a m pl es, li k el y d u e t o t h e d e cr e as e d r el ati v e a m o u nt of C O 2 . T h e r el ati v e a m o u nt of is o b ut a n e a n d 
i s o p e nt a n e v ari e d gr e atl y a c c o u nti n g f or 4 3. 2 p er c e nt of t h e t ot al v ari a n c e ( T a bl e 1 9 ). I n t h e v ari ati o n 
arr a ys ( T a bl e 2 0 ) f or p yr ol ysis a n d fl a mi n g c o m b usti o n s a m pl es, a m e a n l o g-r ati o l ess t h a n 0 
i n di c at e d t h at a m o u nt of t h e g as i n t h e n u m er at or w as r el ati v el y s m all er t h a n t h e g as i n t h e 
d e n o mi n at or. L ess C H 4  (- 5. 0) w as pr es e nt t h a n H2  (-4. 1) r el ati v e t o C O 2  i n t h e p yr ol ysis s a m pl es. 

 

Fi g u r e 3 9 . O bs e r v e d m e a n c o m p ositi o n of c a nist e r s a m pl es f r o m wi n d t u n n el a n d fi el d fi r es i n 
l o n gl e af pi n e f u el b e ds i n o ri gi n al u nits. 
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T h e l o g- r ati os of C H4  t o H2  i n t h e p yr ol ysis (- 0. 9) a n d fl a mi n g c o m b usti o n (- 0. 4) s a m pl es als o s h o w 
t h at l ess C H4  r el ati v e t o H2  w as pr es e nt i n t h e wi n d t u n n el s a m pl es s u g g esti n g t h at r el ati v el y m or e of 
t h e H2  w as o xi di z e d. T h e r el ati v el y gr e at er c o n c e ntr ati o n of H 2  i s i m p ort a nt t o n ot e as m ost p yr ol ysis 
m o d elli n g c o nsi d ers C H 4  t o b e m or e a b u n d a nt [ e. g. 1 8 9] b as e d o n m ass fr a cti o n. 

T h e v ari a n c e of a l o g -r ati o c a n b e vi e w e d as a n i n di c at or of t h e pr o p orti o n alit y b et w e e n t w o p arts 

(s e e f o ot n ot e b i n T a bl e 2 0 ). T h e s m all er t h e v al u e of ˆ
ijτ , t h e m or e c o nst a nt t h e l o g-r ati o is w hi c h 

m a y i n di c at e pr o p orti o n alit y. W hil e t h er e w er e s e v er al l o g -r ati o v ari a n c es t h at w er e l ess t h a n 1 f or 
b ot h p yr ol ysis a n d fl a mi n g c o m b usti o n s a m pl es ( T a bl e 2 0 ), w e c h os e t o i d e ntif y t h e p arts w hi c h 
a c c o u nt e d f or m ost of t h e v ari a bilit y. Is o b ut a n e, is o p e nt a n e, pr o p e n e a n d p e nt a n e a c c o u nt e d f or o v er 
h alf of t h e t ot al v ari a n c e ( T a bl e 1 9 ) e v e n t h o u g h t h es e g as es w er e r el ati v el y s m all p arts of t h e 
c o m p ositi o ns. Gr e at er pr o p orti o n alit y b e t w e e n p arts a cr oss a r a n g e of f u el t y p es mi g ht b e us e d t o as 
a n i n di c at or a b o ut h o w t o si m plif y d es cri pti o n of p yr ol ysis. 

4. 2. 3  Li n e ar mi x e d m o d el 
Si n c e t h e fl a mi n g a n d p yr ol ysis s a m pl es w er e c oll e ct e d i n a si n gl e e x p eri m e nt, w e i niti all y fit a 
li n e ar mi x e d m o d el wit h a r a n d o m eff e ct f or t h e p air e d n at ur e of t h e m e as ur e m e nts a n d a f a ct or f or 
t h e s a m pl e t y p e (fl a mi n g or p yr ol ysis). A li k eli h o o d r ati o t est i n di c at e d t h at t h e r a n d o m eff e ct t er m 
w as n ot st atisti c all y si g nifi c a nt ( χ 2  = 0, p -v al u e = 1). M o d el esti m at es  s h o w e d t h at t h er e w as a 
st atisti c all y si g nifi c a nt diff er e n c e i n t h e ilr c o or di n at es b et w e e n fl a mi n g a n d p yr ol ysis p h as e s a m pl es 
( F- v al u e1, 1 2 8  = 1 5. 8 8, p-v al u e = 0. 0 0 0 1). T his diff er e n c e c a n b e s e e n i n t h e s u m m ar y st atisti cs f or t h e 
t w o p h as es (T a bl e 1 9 , Fi g ur e 4 0 ). All m e a n l o g-r ati os of t h e g as es wit h C O2  w er e l ar g er f or t h e 
p yr ol ysis s a m pl es c o m p ar e d t o t h e fl a mi n g s a m pl es, i n di c ati n g t h at eit h er r el ati v el y l ess C O 2  or m or e 
of a n i n di vi d u al g as w as pr es e nt i n t h e p yr ol ysis s a m pl es ( T a bl e 2 0 ). 

4. 2. 4  Eff e ct of f u el b e d  
Si n c e t h e ilr c o or di n at es diff er e d b et w e e n p yr ol ysis a n d fl a mi n g c o m b usti o n, a n al ysis of t h e eff e ct of 
f u el b e d o n p yr ol ysis c o m p ositi o n w as r estri ct e d t o t h e 8 6 wi n d t u n n el p yr ol ysis s a m pl es. T h e f u el 
b e d eff e ct w as st atisti c all y si g nifi c a nt ( T a bl e 2 1 ). B as e d o n t h e A N O V A p ar a m et eri z ati o n, t h e 
i nt er c e pt t er m r e pr es e nt e d t h e l o n gl e af n e e dl e f u el b e d wit h n o li v e pl a nts of a n y s pe ci es. T h e f u el 
b e d eff e ct c a pt ur e d t h e c h a n g e i n p yr ol ysis c o m p ositi o n ( all p arts c oll e cti v el y) c a us e d b y t h e a d diti o n 
of li v e pl a nts t o t h e l o n gl e af pi n e n e e dl es. N at ur al l o g arit h ms of f u el m oist ur e c o nt e nt, air 
t e m p er at ur e ( K) a n d r el ati v e h u mi dit y w er e us e d [ 1 1 5]. N o n e of t h e e n vir o n m e nt al v ari a bl es w er e 
st atisti c all y si g nifi c a nt ( T a bl e 2 1 ). A v er a g e d e vi ati o n pl ots (Fi g ur e 4 1 ) ill ustr at e d t h e r el ati v e 
diff er e n c es i n f u el b e d eff e cts. F or s e v er al g as es, t h e m e a n of s p ar kl e b err y r el ati v e t o t h e o v er all 
m e a n oft e n h a d t h e l ar g est ( or s m all est) a v er a g e d e vi ati o ns c o m p ar e d t o t h e ot h er f u el b e ds.  

P air wis e c o m p aris o ns b et w e e n f u el b e d t y p es f or t h e c ust o m b al a n c es w er e m a d e ( T a bl e 2 3 ). F u el 
b e d si g nifi c a ntl y aff e ct e d o nl y t h e ilr c o or di n at es f or t h e m e as ur e d a m o u nt of al k a n es r el ati v e t o 
ot h er N M O Cs. S p ar kl e b err y f u el b e ds pr o d u c e d r el ati v el y m or e al k a n es ( C 2 H 6 , C3 H 8 , C4 H 1 0 , C5 H 1 2 ) 
t h a n ot h er N M O Cs ( C2 H 2 , C2 H 4 , C3 H 4 , C3 H 6 , C4 H 6 , C4 H 8  a n d C5 H 1 0 ). O v er all, t h es e r es ults s u g g est 
t h at f u el b e d di d n ot si g nifi c a ntl y aff ect t h e c o m p ositi o n of t h e p yr ol ysis g as es i n t h e wi n d t u n n el 
e v e n t h o u g h li v e pl a nt m ass m a y h a v e r a n g e d t o as hi g h as 3 0 p er c e nt of t h e t ot al f u el b e d m ass. T h e 
l a c k of a n eff e ct of f u el b e d o n t h e Z h o u a n d W est br o o k b al a n c es s u g g ests t h at t h es e p yr ol ysis 
m e c h a nis ms mi g ht b e us e d i n m o d eli n g f or a v ari et y of f u el b e d t y p es c o nt ai ni n g l o n gl e af pi n e 
n e e dl es.  
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Fi g u r e 4 0 . O bs e r v e d m e a n c o m p ositi o n of s a m pl es of p y r ol ysis a n d fl a mi n g c o m b usti o n g as es 

i n wi n d t u n n el fi r es b y c h e mi c al ty p e  aft e r cl os u r e.  
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T a bl e 1 9 . S u m m a r y st atisti cs f o r p y r ol ysis a n d fl a mi n g c o m b usti o n c a nist e rs c oll e ct e d d u ri n g wi n d t u n n el fi r es i n f u el b e ds of l o n gl eaf 
pi n e n e e dl es wit h s el e ct e d pl a nts f r o m t h e s o ut h e ast e r n U. S. C o n c e nt r ati o n i n p p m. N u m b e r of s a m pl es: fl a mi n g = 6 7, p y r ol ysis = 8 6. 

     Wi n d t u n n el  
G as   C o n c e ntr ati o n a   B D L b  C e ntr e c  V ar d  
 Wi n d t u n n el  Ft. J a c ks o n  P e b bl e Hill   P yr o  Fl a m  P yr o  Fl a m  
c ar b o n di o xi d e ( C O 2 ) 3. 8 4 e + 0 3 ⋇ 4. 8 2 e + 0 0  1. 1 8 e + 0 3 ⋇ 2. 3 4 e + 0 0  4. 0 6 e + 0 3 ⋇ 3. 1 7 e + 0 0  0. 0  9. 2 8 E -0 1  9. 4 7 E -0 1  3. 6  2. 8  
c ar b o n m o n o xi d e ( C O)  1. 8 0 e + 0 2 ⋇ 1. 3 4 e + 0 1  1. 8 2 e + 0 1 ⋇ 7. 3 1 e + 0 0  2. 6 2 e + 0 2 ⋇ 1. 2 5 e + 0 1  0. 0  4. 8 2 E -0 2  3. 9 1 E -0 2  3. 0  3. 5  
h y dr o g e n ( H 2 ) 4. 3 2 e + 0 1 ⋇ 1. 0 7 e + 0 1  3. 2 7 e + 0 0 ⋇ 3. 9 8 e + 0 0  4. 7 5 e + 0 1 ⋇ 1. 2 1 e + 0 1  0. 0  1. 4 7 E -0 2  6. 8 7 E -0 3  1. 6  1. 9  
m et h a n e ( C H 4 ) 2. 2 0 e + 0 1 ⋇ 6. 8 6 e + 0 0  3. 6 9 e + 0 0 ⋇ 1. 8 7 e + 0 0  2. 6 9 e + 0 1 ⋇ 7. 4 4 e + 0 0  0. 0  6. 0 7 E -0 3  4. 6 0 E -0 3  0. 8  0. 8  
et h a n e ( C 2 H 6 ) 9. 1 4 e -0 1 ⋇ 1. 2 7 e + 0 1  9. 2 4 e -0 2 ⋇ 4. 1 9 e + 0 0  1. 4 1 e + 0 0 ⋇ 1. 1 3 e + 0 1  8. 1  2. 8 1 E -0 4  1. 7 2 E -0 4  0. 2  0. 4  
et h yl e n e ( C 2 H 4 ) 6. 3 3 e + 0 0 ⋇ 1. 8 1 e + 0 1  3. 9 1 e -0 1 ⋇ 9. 6 9 e + 0 0  1. 0 5 e + 0 1 ⋇ 1. 6 1 e + 0 1  3. 5  1. 8 8 E -0 3  1. 1 4 E -0 3  0. 8  2. 0  
a c et yl e n e ( C 2 H 2 ) 1. 7 4 e + 0 0 ⋇ 1. 4 5 e + 0 1  1. 8 4 e -0 1 ⋇ 6. 5 7 e + 0 0  3. 2 2 e + 0 0 ⋇ 3. 8 0 e + 0 1  7. 6  4. 8 0 E -0 4  4. 1 2 E -0 4  3. 5  3. 6  
pr o p a n e ( C 3 H 8 ) 2. 5 6 e -0 1 ⋇ 1. 8 3 e + 0 1  1. 7 4 e -0 2 ⋇ 5. 2 1 e + 0 0  1. 8 1 e -0 1 ⋇ 8. 8 4 e + 0 0  1 1. 6  8. 3 3 E -0 5  4. 2 9 E -0 5  2. 0  1. 8  
pr o p yl e n e ( C 3 H 6 ) 2. 9 3 e -0 1 ⋇ 1. 4 7 e + 0 1  8. 1 4 e -0 2 ⋇ 8. 3 4 e + 0 0  9. 8 2 e -0 1 ⋇ 3. 8 2 e + 0 1  1 7. 7  8. 5 6 E -0 5  5. 2 5 E -0 5  7. 3  6. 8  
pr o p y n e ( C 3 H 4 ) 1. 8 8 e -0 1 ⋇ 1. 8 2 e + 0 1  1. 5 7 e -0 2 ⋇ 5. 9 4 e + 0 0  1. 7 0 e -0 1 ⋇ 1. 8 4 e + 0 1  1 9. 7  6. 0 1 E -0 5  3. 3 8 E -0 5  0. 7  1. 9  
b ut a n e ( C 4 H 1 0 ) 6. 7 2 e -0 2 ⋇ 1. 5 9 e + 0 1  7. 9 7 e -0 3 ⋇ 5. 2 6 e + 0 0  1. 3 7 e -0 1 ⋇ 1. 2 7 e + 0 1  2 7. 8  2. 2 4 E -0 5  1. 2 2 E -0 5  1. 1  2. 5  
i s o b ut a n e ( C4 H 1 0 ) 2. 0 7 e -0 2 ⋇ 1. 3 4 e + 0 2  6. 6 8 e -0 4 ⋇ 3. 4 0 e + 0 1  4. 2 7 e -0 3 ⋇ 1. 7 8 e + 0 1  5 0. 0  3. 5 0 E -0 6  3. 7 3 E -0 6  2 5. 2  1 5. 0  
b ut e n e ( C 4 H 8 ) 1. 4 1 e -0 1 ⋇ 1. 2 1 e + 0 1  2. 1 7 e -0 2 ⋇ 4. 6 8 e + 0 0  2. 0 4 e -0 1 ⋇ 1. 7 2 e + 0 1  1 4. 1  4. 4 2 E -0 5  2. 3 5 E -0 5  0. 5  0. 9  
i s o b ut e n e ( C4 H 8 ) 7. 3 0 e -0 2 ⋇ 9. 0 3 e + 0 0  2. 0 7 e -0 2 ⋇ 2. 7 5 e + 0 0  1. 2 6 e -0 1 ⋇ 1. 0 5 e + 0 1  1 7. 7  2. 1 2 E -0 5  1. 2 3 E -0 5  1. 7  1. 3  
tr a ns 2 b ut e n e ( C4 H 8 ) 4. 8 4 e -0 2 ⋇ 2. 0 4 e + 0 1  2. 2 7 e -0 3 ⋇ 1. 1 2 e + 0 1  4. 7 7 e -0 2 ⋇ 1. 0 8 e + 0 1  3 1. 3  1. 4 0 E -0 5  8. 4 1 E -0 6  2. 8  1. 7  
ci s 2 b ut e n e ( C 4 H 8 ) 1. 8 2 e -0 2 ⋇ 9. 4 6 e + 0 0  7. 3 0 e -0 3 ⋇ 2. 8 9 e + 0 0  3. 3 6 e -0 2 ⋇ 1. 4 1 e + 0 1  3 7. 9  5. 0 3 E -0 6  4. 9 3 E -0 6  3. 7  1. 9  
b ut a di e n e ( C 4 H 6 ) 1. 0 5 e -0 1 ⋇ 1. 2 2 e + 0 1  2. 7 0 e -0 2 ⋇ 4. 2 5 e + 0 0  2. 9 7 e -0 1 ⋇ 1. 9 5 e + 0 1  1 8. 2  3. 3 8 E -0 5  1. 6 0 E -0 5  3. 6  3. 5  
p e nt a n e ( C 5 H 1 2 ) 1. 2 8 e -0 2 ⋇ 5. 7 8 e + 0 1  1. 2 6 e -0 4 ⋇ 2. 7 1 e + 0 1  6. 1 7 e -0 3 ⋇ 7. 9 8 e + 0 1  5 2. 5  3. 6 9 E -0 6  1. 6 7 E -0 6  9. 3  8. 0  
i s o p e nt a n e ( C5 H 1 2 ) 2. 1 3 e -0 3 ⋇ 2. 9 5 e + 0 2  3. 8 4 e -0 4 ⋇ 6. 1 4 e + 0 1  1. 1 5 e -0 3 ⋇ 2. 9 1 e + 0 1  5 8. 1  1. 2 1 E -0 6  1. 8 4 E -0 7  1 8. 8  2 6. 9  
p e nt e n e ( C 5 H 1 0 ) 2. 1 7 e -0 2 ⋇ 1. 3 7 e + 0 1  3. 8 1 e -0 3 ⋇ 7. 8 8 e + 0 0  4. 2 7 e -0 2 ⋇ 1. 2 8 e + 0 1  4 0. 9  6. 4 3 E -0 6  3. 8 1 E -0 6  2. 5  1. 7  
tr a ns 2 p e nt e n e ( C5 H 1 0 ) 7. 5 6 e -0 3 ⋇ 2. 4 2 e + 0 1  2. 3 1 e -0 3 ⋇ 6. 8 3 e + 0 0  3. 3 5 e -0 2 ⋇ 6. 3 4 e + 0 0  5 8. 6  2. 3 1 E -0 6  1. 2 6 E -0 6  3. 3  7. 1  
ci s 2 p e nt e n e ( C 5 H 1 0 ) 6. 5 6 e -0 3 ⋇ 1. 8 3 e + 0 1  7. 4 3 e -0 4 ⋇ 1. 1 9 e + 0 1  6. 6 3 e -0 3 ⋇ 2. 7 2 e + 0 1  6 1. 1  2. 0 1 E -0 6  8. 0 0 E -0 7  3. 9  4. 1  
a. G e o m etri c m e a n is r el at e d t o g e o m etri c st a n d ar d d e vi ati o n b y m ulti pli c ati o n a n d di visi o n, r e pr es e nt e d b y “ ⋇ ”.  
b. P er c e nt a g e of o b s er v ati o n s wit h b el o w d et e cti o n li mit ( B D L) v al u es.  
c. M e a n ( c e ntr e) c o m p o siti o n f or p yr ol y sis a n d fl a mi n g c o m b u sti o n c a nist ers b as e d o n c o n c e ntr ati o n.  
d. P er c e nt a g e of t ot al ( m etri c) v ari a n c e ( 2 3 9. 5 1 8) c o ntri b ut e d b y p yr ol y z at e.  
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T a b l e 2 0. V a ri ati o n a r r a y of g as c o m p ositi o n f o r p y r ol ysis a n d fl a mi n g c o m b usti o n m e as u r e d i n a wi n d t u n n el. M e a n l o g- r ati o a n d l o g -

r ati o v a ri a n c e ( )ˆ
ijτ  f o r e a c h p ai r of g as es a r e f o u n d b el o w a n d a b o v e t h e di a g o n al, r es p e cti v el y. 

 C
O
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C3
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t 
bu

te
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e
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e
ne

 

ci
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C
4H

6 

pe
nt

a
ne

 
 

is
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a
ne

 

C
5H

10
 

tr
a
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2p
e
nt

e
ne

 

ci
s2
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nt

e
ne

 

P y r ol ysi s  
C O 2   1. 4 b  2. 4  1. 6  3. 1  4. 4  4. 2  4. 6  5. 9  4. 1  3. 3  3 0. 6  2. 9  2. 4  6. 5  3. 3  3. 9  1 2. 7  1 9. 0  3. 4  5. 3  6. 3  
C O  -3. 0 a   2. 0  2. 5  2. 7  3. 2  4. 7  4. 2  6. 9  3. 3  3. 6  2 5. 9  2. 6  3. 0  5. 3  3. 7  4. 6  1 0. 6  1 5. 8  3. 7  5. 1  6. 0  
H 2  -4. 1  -1. 2   1. 1  1. 2  1. 7  2. 9  3. 1  6. 1  1. 4  1. 8  2 5. 7  1. 2  1. 6  4. 1  3. 8  2. 8  8. 9  1 5. 1  2. 6  3. 5  4. 4  
C H 4  -5. 0  -2. 1  -0. 9   0. 7  1. 5  2. 5  2. 1  5. 4  1. 5  1. 1  2 6. 0  0. 8  1. 0  3. 5  3. 2  2. 4  8. 6  1 5. 0  1. 3  2. 7  3. 2  
C 2 H 6  -8. 1  -5. 2  -4. 0  -3. 1   0. 4  2. 4  1. 3  5. 7  0. 8  1. 0  2 3. 7  0. 3  1. 2  2. 3  3. 4  2. 7  7. 2  1 3. 5  1. 2  2. 3  2. 8  
C 2 H 4  -6. 2  -3. 2  -2. 1  -1. 2  1. 9   2. 7  1. 9  6. 4  0. 6  1. 4  2 2. 8  0. 8  1. 9  2. 5  4. 6  3. 3  6. 9  1 3. 6  2. 0  2. 8  3. 0  
C 2 H 2  -7. 6  -4. 6  -3. 4  -2. 5  0. 6  -1. 4   6. 4  1. 6  2. 1  1. 7  3 5. 9  1. 9  1. 4  7. 2  3. 0  1. 3  1 3. 7  2 3. 4  3. 6  5. 2  5. 1  
C 3 H 8  -9. 3  -6. 3  -5. 2  -4. 3  -1. 2  -3. 1  -1. 7   1 0. 7  2. 8  3. 3  1 9. 8  2. 1  3. 4  2. 5  6. 4  6. 2  7. 0  1 0. 5  2. 4  3. 1  4. 5  
C 3 H 6  -9. 4  -6. 4  -5. 2  -4. 3  -1. 2  -3. 2  -1. 8  -0. 1   5. 4  4. 8  4 3. 7  4. 9  3. 7  1 1. 7  3. 5  3. 2  1 8. 7  3 0. 2  6. 2  8. 8  8. 8  
pr o p y n e  -9. 7  -6. 7  -5. 5  -4. 7  -1. 6  -3. 5  -2. 1  -0. 4  -0. 3   1. 2  2 4. 8  0. 9  1. 7  3. 8  4. 0  2. 3  7. 2  1 5. 3  2. 3  3. 2  3. 2  
b ut a n e  -1 0. 6  -7. 7  -6. 5  -5. 6  -2. 5  -4. 4  -3. 0  -1. 3  -1. 2  -0. 9   2 7. 7  1. 1  1. 2  3. 7  3. 3  1. 8  9. 3  1 6. 6  1. 8  3. 0  4. 0  
is o b ut a n e -1 2. 9  -1 0. 0  -8. 8  -7. 9  -4. 8  -6. 7  -5. 3  -3. 6  -3. 5  -3. 2  -2. 3   2 5. 5  3 0. 1  1 8. 7  3 4. 4  3 5. 3  1 7. 7  1 8. 2  2 5. 3  2 3. 8  2 2. 7  
b ut e n e  -9. 9  -7. 0  -5. 8  -4. 9  -1. 8  -3. 7  -2. 4  -0. 6  -0. 6  -0. 2  0. 7  3. 0   1. 0  2. 9  3. 1  2. 2  8. 0  1 4. 3  1. 0  2. 6  2. 8  
is o b ut e n e -1 0. 6  -7. 7  -6. 5  -5. 6  -2. 5  -4. 4  -3. 1  -1. 3  -1. 3  -0. 9  0. 0  2. 3  -0. 7   4. 7  2. 4  0. 8  1 0. 4  1 7. 5  1. 6  3. 2  4. 4  
tr a ns 2 b ut e n e -1 1. 2  -8. 2  -7. 0  -6. 2  -3. 1  -5. 0  -3. 6  -1. 9  -1. 8  -1. 5  -0. 6  1. 7  -1. 3  -0. 6   6. 8  7. 1  5. 0  1 0. 5  2. 8  3. 3  4. 1  
cis 2 b ut e n e  -1 2. 2  -9. 3  -8. 1  -7. 2  -4. 1  -6. 0  -4. 6  -2. 9  -2. 9  -2. 5  -1. 6  0. 7  -2. 3  -1. 6  -1. 0   2. 7  1 3. 5  2 2. 2  3. 8  6. 1  6. 0  
C 4 H 6  -1 0. 2  -7. 2  -6. 0  -5. 1  -2. 0  -4. 0  -2. 6  -0. 8  -0. 8  -0. 5  0. 5  2. 8  -0. 2  0. 5  1. 0  2. 1   1 3. 3  2 2. 2  3. 3  5. 2  5. 9  
p e nt a n e  -1 2. 2  -9. 3  -8. 1  -7. 2  -4. 1  -6. 0  -4. 7  -2. 9  -2. 9  -2. 5  -1. 6  0. 7  -2. 3  -1. 6  -1. 0  0. 0  -2. 1   1 2. 0  7. 3  8. 4  8. 0  
is o p e nt a n e -1 3. 5  -1 0. 5  -9. 3  -8. 4  -5. 3  -7. 3  -5. 9  -4. 2  -4. 1  -3. 8  -2. 9  -0. 6  -3. 5  -2. 8  -2. 3  -1. 2  -3. 3  -1. 2   1 4. 4  1 3. 7  1 6. 5  
C 5 H 1 0  -1 1. 7  -8. 7  -7. 5  -6. 6  -3. 5  -5. 5  -4. 1  -2. 4  -2. 3  -2. 0  -1. 1  1. 2  -1. 7  -1. 0  -0. 5  0. 6  -1. 5  0. 6  1. 8   3. 3  3. 5  
tr a ns 2 p e nt e n e -1 2. 6  -9. 6  -8. 4  -7. 5  -4. 4  -6. 4  -5. 0  -3. 3  -3. 2  -2. 9  -2. 0  0. 3  -2. 6  -1. 9  -1. 4  -0. 3  -2. 4  -0. 3  0. 9  -0. 9   4. 9  
cis 2 p e nt e n e  -1 2. 9  -1 0. 0  -8. 8  -7. 9  -4. 8  -6. 7  -5. 4  -3. 6  -3. 6  -3. 3  -2. 3  0. 0  -3. 0  -2. 3  -1. 8  -0. 7  -2. 8  -0. 7  0. 5  -1. 3  -0. 4   

Fl a mi n g C o m b usti o n  
C O 2   1. 7  2. 1  1. 4  3. 8  4. 4  3. 6  5. 8  4. 8  4. 5  3. 1  2 3. 0  3. 6  3. 0  6. 9  4. 0  4. 5  1 7. 0  2 8. 3  3. 5  7. 9  6. 4  
C O  -3. 2   2. 8  2. 5  4. 1  4. 3  3. 6  7. 1  4. 7  4. 9  3. 6  2 3. 4  4. 3  3. 7  8. 2  5. 7  5. 2  1 8. 1  3 0. 5  4. 9  9. 1  8. 2  
H 2  -4. 9  -1. 7   1. 4  2. 0  2. 7  2. 8  4. 4  4. 2  2. 4  1. 8  2 0. 8  2. 0  2. 1  4. 8  4. 0  3. 3  1 7. 1  2 5. 6  3. 3  7. 7  6. 3  
C H 4  -5. 3  -2. 1  -0. 4   1. 4  2. 1  3. 2  2. 9  5. 5  2. 1  1. 2  1 7. 5  1. 3  1. 6  3. 6  2. 4  2. 3  1 3. 3  2 3. 0  1. 9  5. 4  5. 1  
C 2 H 6  -8. 7  -5. 5  -3. 8  -3. 4   0. 9  2. 7  1. 6  5. 7  1. 5  1. 0  1 6. 4  0. 6  1. 5  2. 4  3. 2  1. 8  1 4. 1  2 0. 2  2. 6  5. 7  5. 3  
C 2 H 4  -6. 7  -3. 5  -1. 7  -1. 3  2. 0   2. 8  2. 8  5. 9  2. 0  1. 7  1 5. 7  1. 7  2. 4  3. 0  4. 2  2. 2  1 5. 1  2 0. 8  3. 5  7. 4  6. 8  
C 2 H 2  -7. 8  -4. 6  -2. 8  -2. 4  0. 9  -1. 1   7. 3  1. 9  3. 3  2. 1  2 7. 1  3. 4  2. 9  7. 5  4. 7  2. 7  2 2. 3  3 1. 6  5. 6  1 1. 1  9. 6  
C 3 H 8  -1 0. 0  -6. 8  -5. 0  -4. 6  -1. 3  -3. 3  -2. 2   1 0. 6  3. 5  3. 2  1 2. 8  1. 9  3. 8  2. 3  4. 8  4. 4  1 2. 3  1 6. 4  3. 8  5. 5  6. 0  
C 3 H 6  -9. 8  -6. 6  -4. 9  -4. 5  -1. 1  -3. 1  -2. 1  0. 1   5. 1  4. 3  3 4. 4  5. 4  3. 9  1 0. 8  6. 4  4. 4  2 7. 7  3 9. 9  8. 0  1 3. 6  1 1. 3  
pr o p y n e  -1 0. 1  -6. 9  -5. 2  -4. 8  -1. 4  -3. 5  -2. 4  -0. 2  -0. 3   0. 8  1 8. 9  0. 8  1. 2  3. 1  3. 2  2. 4  1 6. 8  2 3. 9  3. 2  7. 3  6. 4  
b ut a n e  -1 1. 0  -7. 8  -6. 1  -5. 7  -2. 3  -4. 3  -3. 2  -1. 0  -1. 2  -0. 9   1 9. 2  1. 0  1. 4  3. 1  2. 4  2. 1  1 5. 8  2 4. 2  2. 7  7. 3  6. 3  
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is o b ut a n e -1 2. 8  -9. 6  -7. 9  -7. 5  -4. 1  -6. 1  -5. 0  -2. 8  -3. 0  -2. 7  -1. 8   1 7. 3  2 0. 7  1 3. 5  1 9. 9  2 2. 1  1 4. 0  1 3. 0  1 5. 3  1 9. 3  1 8. 5  
b ut e n e  -1 0. 6  -7. 4  -5. 6  -5. 2  -1. 9  -3. 9  -2. 8  -0. 6  -0. 7  -0. 4  0. 4  2. 2   0. 7  2. 5  2. 3  1. 9  1 4. 8  2 1. 5  2. 1  4. 9  4. 8  
is o b ut e n e -1 1. 2  -8. 0  -6. 3  -5. 9  -2. 5  -4. 5  -3. 5  -1. 3  -1. 4  -1. 1  -0. 2  1. 6  -0. 7   3. 7  2. 7  2. 0  1 7. 3  2 5. 7  2. 6  5. 4  5. 3  
tr a ns 2 b ut e n e -1 1. 7  -8. 5  -6. 8  -6. 4  -3. 0  -5. 0  -3. 9  -1. 7  -1. 9  -1. 6  -0. 7  1. 1  -1. 1  -0. 5   4. 2  4. 4  1 2. 2  1 6. 2  3. 8  6. 8  5. 5  
cis 2 b ut e n e  -1 2. 5  -9. 3  -7. 5  -7. 1  -3. 8  -5. 8  -4. 7  -2. 5  -2. 6  -2. 3  -1. 5  0. 3  -1. 9  -1. 2  -0. 8   3. 6  1 6. 1  2 5. 8  2. 5  6. 7  6. 9  
C 4 H 6  -1 0. 8  -7. 6  -5. 9  -5. 5  -2. 1  -4. 1  -3. 0  -0. 8  -1. 0  -0. 7  0. 2  2. 0  -0. 2  0. 4  0. 9  1. 7   1 7. 6  2 5. 2  4. 2  7. 1  7. 0  
p e nt a n e  -1 3. 6  -1 0. 5  -8. 7  -8. 3  -5. 0  -7. 0  -5. 9  -3. 7  -3. 8  -3. 5  -2. 6  -0. 8  -3. 1  -2. 4  -1. 9  -1. 2  -2. 8   1 5. 4  1 2. 4  1 1. 8  1 1. 2  
is o p e nt a n e -1 5. 0  -1 1. 8  -1 0. 1  -9. 7  -6. 3  -8. 3  -7. 2  -5. 0  -5. 2  -4. 9  -4. 0  -2. 2  -4. 4  -3. 8  -3. 3  -2. 5  -4. 2  -1. 4   2 0. 5  2 0. 2  1 8. 5  
C 5 H 1 0  -1 2. 3  -9. 1  -7. 4  -7. 0  -3. 6  -5. 7  -4. 6  -2. 4  -2. 5  -2. 2  -1. 3  0. 5  -1. 8  -1. 1  -0. 6  0. 1  -1. 5  1. 3  2. 7   5. 2  4. 3  
tr a ns 2 p e nt e n e -1 3. 6  -1 0. 4  -8. 7  -8. 3  -4. 9  -6. 9  -5. 8  -3. 6  -3. 8  -3. 5  -2. 6  -0. 8  -3. 1  -2. 4  -1. 9  -1. 2  -2. 8  0. 0  1. 4  -1. 3   4. 7  
cis 2 p e nt e n e  -1 3. 9  -1 0. 8  -9. 0  -8. 6  -5. 3  -7. 3  -6. 2  -4. 0  -4. 1  -3. 8  -2. 9  -1. 1  -3. 4  -2. 7  -2. 2  -1. 5  -3. 1  -0. 3  1. 1  -1. 6  -0. 3   

a. G e o m etri c m e a n of l o g r ati o.  

b. ( )( )ˆ v ar l n
ij i j

x xτ =  w h er e x i a n d x j ar e g as es i n t h e c o m p o siti o n a n d v ar is t h e u s u al s a m pl e v ari a n c e. ( )2ˆe x p 2
ij

τ−  h as b e e n s u g g est e d as a m e as ur e of pr o p orti o n alit y 

b et w e e n t w o g as es [ 1 1 5, 1 9 0]. 
 

  

I I 
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Fi g u r e 4 1 . D e vi ati o ns of fitt e d g e o m et ri c m e a n t o o v e r all g e o m et ri c m e a n (i n l o g- r ati o s c al e) f o r f u el b e ds o r g a ni z e d b y i n di vi d u al g as 
( u p p e r) a n d f o r i n di vi d u al g as es o r g a ni z e d b y f u el b e d (l o w e r l eft), a n d diff e r e n c es i n m e a n b al a n c es ( g r o u p v e rs us o v e r all) b et w e e n 

g as es f o r f u el b e ds (l o w e r ri g ht).  

c o, i C3 Ha 

c o ) - C, H, - f 
H 2 . f -- b ut a n e .. 

.l 
.. .. .. 

"' C H 4 "' .. .. -:-'iii 'iii is o b ut a n e :,. - :,. 
F u el B e d 

" e c , Hs 
_ .. e 

L o n gl e af t -- :,. -L D e n sit y I n k. b er r y 
a. ... J.. _ H D e n sit y l n k b e n y - b ut e n e 

L y o ni a Bl u e b err y C 2H 4 Bl u e b err y -S p ar kl e b err y 
I 

J': F ett er b u s h is o b ut e n e 
Ci H 2 - C -C 3 Ha 

* 
tr a n s- 2-b ut e n e 

• 
ci s - 2-b ut e n e 

-- =--C, H s , ----
p e nt a n e t .. .. 

"' ., r .. 
'iii is o p e nl a n e :,. 

e 
:,. • a. 

< 1- p e nt e n e 

-tr a n s-2- p e nt e n e t -ci s- 2- p e nt e n e -:-
-- 0. 5 0 -- 0. 2 5 0. 0 0 0. 2 5  0. 5 0 -- 0.5 0 -- 0. 2 5 0. 0 0 0. 2 5 0. 5 0 -- 0. 5 0 -- 0. 2 5 0. 0 0  0. 2 5 0. 5 0 

A v er a g e d e vi at i o n A v er a g e d e vi at i o n A v er a g e d e vi ati o n 

-F ett er b u s h Al k e n e 

Al k y n e 

J 
G a s 

S p ar kl e b err y c o , 
Al k a n e c o 

H2 Ot h er N M O C 
C H. 
c , H e 

Bl u e b err y c, H, 
C, H, c o 

' C ., 
C H 4 ., 

i-
C 3'il < J 

. 0 C 3 H, C 

.; L y o ni a Bl u e b err y 
b ut a n e "' ::, 
i s o b ut a n e 

.. 
I L m c o, 

b ut e n e 
C O, C H 4 i so b u t e n e 

H D e n s it y l n k b err y tr a n s-- 2- b ut e n e 

1 cl s- 2- b ut e n e 
C , H e 
p e nt a n e H 2 

L D e n s ity l n k b err y 
i s o p e nt a n e c o .c o 2 . c H. 
1- p e nl e n e 
tr a n s- 2- p en t e n e 
ei s- 2.. p e nt e n e 

c o .c o 2. c H •. H, 

-

L o n gl e af 

E 
N M O C 

- 0. 5 0 - 0. 2 5 0. 0 0  0. 2 5  0. 5 0 - 1. 0 - 0. 5 0. 0 0. 5 1. 0 
A v e r a g e d e vi ati o n A v er a g e diff er e n c e 
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T a bl e 2 1. I nfl u e n c e of f u el b e d t y p e a n d e n vi r o n m e nt al v a ri a bl es o n t h e c o m p ositi o n of 
p y r ol ysis g as es m e as u r e d i n a wi n d t u n n el . 

   H y p ot h esis t ests  

S o ur c e  df a  Pill ai’ s b  
tr a c e 

F c  N u m 
df 

D e n df  Pr( > F)  

F u el b e d  6  1. 9 0  1. 3 5  1 2 6  3 6 6  0. 0 2  
Air t e m p er at ur e  1  0. 3 1  2. 6 5  2 1  5 6  0. 2 7  
D e a d f u el m oist ur e  1  0. 3 6  1. 7 4  2 1  5 6  0. 1 2  
R el ati v e h u mi dit y  1  0. 2 2  0. 5 3  2 1  5 6  0. 7 7  

a D e gr e es of fr e e d o m of eff e ct. N at ur al l o g arit h ms of air t e m p er at ur e, d e a d f u el m oist ur e a n d r el ati v e 
h u mi dit y w er e us e d b e c a us e t h e y ar e r ati o s c al e v ari a bl es ( v a n d e n B o o g a art a n d T ol os a n a -D el g a d o 
2 0 1 3). 
b Pill ai’ s tr a c e us e d t o t est e q u alit y of m e a ns.  
c  F-st ati sti c ass o ci at e d wit h Pill ai’s tr a c e. N u m er at or df is t h e df f or t h e eff e ct m ulti pli e d b y D- 1 . 
 
 
T a bl e 2 2 . C ust o m b al a n c es of g as es f o r wi n d t u n n el a n d fi el d e x p e ri m e nts d et e r mi n e d b y 
s e q u e nti al bi n a r y p a rtiti o n. “ + ” a n d “ – ” d e n ot e g as es i n t h e n u m e r at o r a n d d e n o mi n at o r, 
r es p e cti v el y.  

 

B al a n c e  

H
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O

2
 

C
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4
 

Al
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Al
ke

ne
s

 

Al
ky

ne
s

 

Z h o u vs N M O C a  +  +  +  +  –  –  –  
H 2  v s C O 2 , C O, C H 4  b  +  –  –  –     
C O 2  vs C O, C H 4   –  +  –     
C O vs C H 4   +   –     
Al k a n es vs ot h er N M O C c      +  –  –  
Al k e n es vs Al k y n es       +  –  

a  Z h o u r ef ers t o a r e d u c e d c o m b usti o n m e c h a nis m c o nt ai ni n g H2 , C O, C O2 , a n d C H4  [ 1 9 1]. N M O C 
i s n o n-m et h a n e or g a ni c c o m p o u n ds.  
b  H2  c o m p ar e d t o t h e g as es i n W est br o o k-Dr y er c o m b usti o n m e c h a nis m [ 1 9 2]. 
c Al k a n es - C2 H 6, C 3 H 8, C 4 H 1 0,  C5 H 1 2 ; al k e n es - C2 H 4,  C3 H 6,  C4 H 8,  C5 H 1 0 ; al k y n es - C2 H 2,  C3 H 4 , C4 H 6  
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T a bl e 2 3. P ai r wis e c o m p a ris o ns of f u el b e d eff e ct o n s el e ct e d b al a n c es of p y r ol ysis g as es 
m e as u r e d i n a wi n d t u n n el.  F o r e a c h b al a n c e, f u el b e ds t h at di d n ot diff e r a r e i n di c at e d b y t h e 
s a m e l ett e r wit h t h e l ett e r v al u es o r d e r e d f r o m s m all est t o l a r g est. P -v al u es a dj ust e d t o c o nt r ol 
f o r f als e dis c o v e r y r at e at 0. 0 5 [ 1 3 2]. 

B al a n c e a  
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Bl
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Bl
ue
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Sp
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ry

 

Fe
tt
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sh
 

Z h o u vs N M O C  1 3. 6 a  1 4. 9 a  1 4. 0 a  1 3. 6 a  1 2. 6 a  1 3. 6 a  1 2. 9 a  
H 2  v s C O 2 , C O, C H 4   3. 2 a  4. 2 a  3. 6 a  4. 0 a  3. 1 a  2. 9 a  3. 4 a  
C O 2  v s C O, C H 4  0. 0 a  -0. 4 a  -0. 1 a  -0. 4 a  -0. 2 a  0. 0 a  0. 0 a  
C O vs C H 4  1. 3 a  1. 2 a  1. 4 a  1. 4 a  1. 8 a  2. 1 a  1. 5 a  
Al k a n es vs ot h er N M O C  -2. 3 a b  -3. 1 a  -1. 4 a b  -3. 3 a b  -2. 9 a b  3. 4 c  0. 4 b c  
Al k e n es vs Al k y n es  -2. 8 a  -2. 3 a b  -2. 7 a  -2. 8 a b  -3. 2 a  -1. 1 b  -1. 9 a b  

a  S e e  T a bl e 2 2 . 
 

4. 2. 5  C a nist er c o m p ositi o n of wi n d t u n n el v ers us fi el d 
B as e d o n t h e n u m b er of c a nist ers c oll e ct e d, t h e pr o b a bilit y t h at a wi n d t u n n el s a m pl e w as p yr ol ysis 
w as 8 6/ 1 5 3 or 0. 5 6 2. All wi n d t u n n el fir es w er e us e d t o fit a l o gisti c m o d el t o pr e di ct w h et h er a 
s a m pl e w as fr o m p yr ol ysis or fl a mi n g c o m b usti o n. T h e l o gis ti c m o d el usi n g t h e ilr c o or di n at es as 

pr e di ct ors w as si g nifi c a nt (
2χ = 4 1. 7 7, df = 2 1, p- v al u e = 0. 0 0 4). T h e fitt e d l o gisti c r e gr essi o n m o d el 

c orr e ctl y cl assifi e d 4 9 of 6 7 wi n d t u n n el fl a mi n g s a m pl es a n d 6 8 of 8 6 p yr ol ysis s a m pl es f or a n 
o v er all cl assifi c ati o n r at e of 1 1 7 / 1 5 3 or 76 p er c e nt w hi c h w e c o nsi d er e d a c c e pt a bl e. W h e n a p pli e d t o 
t h e fi el d c a nist ers t h e m o d el cl assifi e d 1 7 ( 2 T all Ti m b ers, 1 5 Ft. J a c ks o n) a n d 2 5 ( 6 T all Ti m b ers, 1 9 
Ft. J a c ks o n) of t h e 4 2 fi el d s a m pl es as fl a mi n g a n d  p yr ol ysis s a m pl es, r es p e cti v el y. Usi n g t his 
pr e di ct e d cl assifi c ati o n of t h e fi el d s a m pl es, t h e c o m p ositi o n of p yr ol ys at es i n t h e c a nist ers b et w e e n 
t h e wi n d t u n n el e x p eri m e nts a n d t h e Ft. J a c ks o n b ur ns w as c o m p ar e d. A c o m p aris o n a cr oss all t hr e e 
s c al es will b e  li mit e d t o t h e p er m a n e nt g as es ( H2 , C O, C O2 , C H4 ); c o m p ari s o n of t h e wi n d t u n n el a n d 
fi el d c a nist ers wit h F TI R m e as ur e m e nts of C O, C O 2 , C H4 , C2 H 2 , C2 H 4 , C2 H 6 , C3 H 6 , i s o b ut e n e a n d 
1, 3- b ut a di e n e  r e p ort e d i n [ 1 9 3, 1 9 4] is u n d er w a y. Fir e p h as e  a n d  l o c ati o n ( wi n d t u n n el, T all Ti m b ers, 
F ort J a c ks o n) aff e ct e d t h e ilr c o or di n at es of t h e c a nist er g as s a m pl es ( T a bl e 2 4 ), as di d t h e 
i nt er a cti o n b et w e e n l o c ati o n a n d fir e p h as e. 

G e n er all y, t h e r el ati v e g as c o n c e ntr ati o ns m e as ur e d i n t h e fi el d at Ft. J a c ks o n w er e l ess t h a n t h e 
c o n c e ntr ati o ns m e as ur e d i n t h e wi n d t u n n el as i n di c at e d b y a v er a g e d e vi ati o ns l ess t h a n z er o (Fi g ur e 
4 2 ). R e c all t h at C O2  c o m pri s e d m or e t h a n 9 2 p er c e nt of t h e s a m pl es (T a bl e 1 9 ). W hil e it d o mi n at e d 
t h e c o m p ositi o n, t h er e w as r el ati v el y littl e diff er e n c e b et w e e n t h e l o c ati o ns as i n di c at e d b y t h e 
a v er a g e d e vi ati o ns b ei n g cl os e t o z er o. I n c o ntr ast, H 2  diff e r e d a p pr e ci a bl y b et w e e n Ft. J a c ks o n a n d 
t h e wi n d t u n n el. M or e H2  w as pr es e nt i n t h e wi n d t u n n el s a m pl es r el ati v e t o t h e Ft. J a c ks o n s a m pl es. 
T his tr e n d w as n ot e d f or 1 4 of t h e 2 2 m e as ur e d g as es i n cl u di n g C O a n d C H 4 , t h e ot h er t w o d o mi n a nt 
g as es  a n d c a n b e e asil y s e e n i n Fi g ur e 4 3 . 
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T a bl e 2 4 . Eff e cts of ai r t e m p e r at u r e, fi r e p h as e a n d l o c ati o n o n c o m p ositi o n of g as es m e as u r e d  

   H y p ot h esis t ests  
S o ur c e  df a  Pill ai’ s b  

tr a c e 
F c  N u m 

df  
D e n df  Pr( > F)  

L o c ati o n  2  0. 5 3  2. 9 8  4 2  3 4 4  < 0. 0 0 0 1  
Fir e p h as e  1  0. 3 3  4. 0 8  2 1  1 7 1  < 0. 0 0 0 1  

a D e gr e es of fr e e d o m of eff e ct. N at ur al l o g arit h ms of air t e m p er at ur e, d e a d f u el m oist ur e a n d r el ati v e 
h u mi dit y w er e us e d b e c a us e t h e y ar e r ati o s c al e v ari a bl es ( v a n d e n B o o g a art a n d T ol os a n a -D el g a d o 
2 0 1 3). 
b Pill ai’ s tr a c e us e d t o t est e q u alit y of m e a ns.  
c  F-st ati sti c ass o ci at e d wit h Pill ai’s tr a c e. N u m er at or df is t h e df f or t h e eff e ct m ulti pli e d b y D- 1 . 
 

Si n c e t h e b al a n c es ( n or m ali z e d r ati os b et w e e n g e o m etri c m e a ns of s u bs ets of t h e g as es) a n d t h e 
d ef a ult ilr tr a nsf or m ati o n ar e si m pl y ort h o g o n al r ot ati o ns t o e a c h ot h er, t h e A N O V A r es ults 
c o nt ai n e d i n T a bl e 2 4  a p pl y t o b ot h f or ms of t h e d at a. Gr e at er ilr c o or di n at es f or t h e c o n c e ntr ati o n of 
d o mi n a nt g as es ( C O, C O 2 , C H4 , H2 ) r el ati v e t o N M O C a n d of H2  r el ati v e t o t h e ot h er d o mi n a nt g as es 
w er e  o bs er v e d at Ft. J a c ks o n c o m p ar e d t o t h e wi n d t u n n el. T h e b al a n c es of  C O 2  r el ati v e t o C O a n d 
C H 4 , of C O r el ati v e t o C H4  a n d of al k a n es r elati v e t o ot h er N M O Cs w er e gr e at er i n t h e wi n d t u n n el  
(T a bl e 2 5 ) c o m p ar e d t o Ft. J a c ks o n. T h e b al a n c es f or t h e r el ati v e a m o u nts of d o mi n a nt g as es vs 
N M O C, C O vs C H 4  a n d al k e n es vs al k y n es di d n ot diff er b et w e e n t h e wi n d t u n n el a n d fi el d 
c a nist ers.  

I n t h e wi n d t u n n el e x p eri m e nt, t h e f u el b e d m ass w as d o mi n at e d b y l o n gl e af pi n e n e e dl es. T h e 
p er c e nt a g e of m ass of t h e f u el b e d t h at c o nsist e d of li v e pl a nts is u n k n o w n, b ut it w as pr o b a bl y l ess 
t h a n 3 0 p er c e nt gi v e n t h e r el ati v el y s m all si z e of t h e pl a nts. I n s e v er al b ur ns, w e a d d e d i n e xtr a pl a nts 
i n h o p e of pr o d u ci n g a str o n g er si g n al d u e t o t h e pr es e n c e of t h e pl a nts. T his w as s u c c essf ul b e c a us e 
t h e c o m p ositi o n of t h e g as es in t h e wi n d t u n n el diff er e d b et w e e n f u el b e ds. T h e r el ati v e a m o u nts of 
e a c h g as c h a n g e d; h o w e v er, s o m e gr o u pi n gs b y f u el b e d w er e n ot e d. Hist ori c al w or k o n t h e 
c h e mistr y of wil dl a n d f u els n ot e d diff er e n c es i n t h e c h e mi c al c o m p ositi o n of t h e e xtr a cti v es, a n d  o ur 
m or e r e c e nt l a b -s c al e w or k h as als o c o nfir m e d t h at t h e c o m p ositi o n of b ot h t h e f u el a n d t h e r es ulti n g 
g as es r el e as e d b y p yr ol ysis d o es diff er.  

T h e c o m p ositi o n of g as es als o diff er e d b et w e e n t h e wi n d t u n n el s a m pl es a n d t h e s a m pl es c oll e ct e d 
fr o m pr es cri b e d b ur ns c o n d u ct e d u n d er o p er ati o n al c o n diti o ns i n l o n gl e af pi n e st a n ds i n G e or gi a 
(P e b bl e Hill Pl a nt ati o n ) a n d S o ut h C ar oli n a ( Ft. J a c ks o n). W hil e t h e o v erst or y at b ot h l o c ati o ns w as 
d o mi n at e d b y l o n gl e af pi n e, t h e u n d erst or y c o m p ositi o n diff er e d. T h e c o m p ositi o n of t h e u n d erst or y 
v e g et ati o n at t h e T all Ti m b ers P e b bl e Hill Pl a nt ati o n w as t y pi c al s o ut h er n x eri c l o n gl e af w o o dl a n d 
v e g et ati o n w hil e t h e Ft. J a c ks o n sit e w as t y pi c al of f all li n e x eri c l o n gl e af w o o dl a n d v e g et ati o n f o u n d 
i n t h e S a n d Hills r e gi o n [ 1 9 5]. S p ar kl e b err y is a d e ci d u o us s hr u b i n t h e f all li n e l o n gl e af t y p e w hi c h 
d o es n ot c o ntri b ut e t o fir e b e h a vi or d uri n g d or m a nt s e as o n b ur ns ( n o f oli a g e), b ut t h e f oli a g e c a n 
si g nifi c a ntl y e n h a n c e fir e b e h a vi or d uri n g t h e gr o wi n g s e as o n. D u e t o s a m pli n g d esi g n, a n y 
diff er e n c es d u e t o v e g et ati o n at T all Ti m b ers a n d Ft. J a c ks o n w er e c o nf o u n d e d wit h all ot h er sit e 
v ari a bl es.  
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Fi g u r e 4 2 . Eff e ct of l o c ati o n o n g as c o m p ositi o n of p y r ol ysis s a m pl es c oll e ct e d i n a wi n d t u n n el 
a n d i n p r es c ri b e d b u r ns i n l o n gl e af pi n e st a n ds l o c at e d at T all Ti m b e rs P e b bl e Hill Pl a nt ati o n 
a n d F o rt J a c ks o n i n t h e s o ut h e ast e r n U. S. C o m p ositi o n e x p r ess e d as d e vi ati o n (l o g -r ati o s c al e) 
f r o m o v e r all g e o m et ri c m e a n b y g as. V al u es b el o w z e r o i n di c at e g as c o n c e nt r ati o ns l ess t h a n 

t h e o v e r all m e a n a n d v al u es a b o v e z e r o i n di c at e g r e at e r c o n c e nt r ati o ns. 
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Fi g u r e 4 3. O bs e r v e d r el ati v e c o n c e nt r ati o n of g as es i n c a nist e r s a m pl es a n al y z e d b y G C M S 
f r o m p y r ol ysis a n d fl a mi n g c o m b usti o n i n wi n d t u n n el a n d fi el d b u r ns i n l o n gl e af pi n e f u el 

b e ds . 
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T a bl e 2 5. P ai r wis e c o m p a ris o ns of l o c ati o n a n d fi r e p h as e eff e ct s o n s el e ct e d b al a n c es of g as es 
m e as u r e d i n c a nist e rs . F o r e a c h b al a n c e, eff e cts t h at di d n ot diff e r a r e i n di c at e d b y t h e s a m e 
l ett e r wit h t h e l ett e r v al u es o r d e r e d f r o m s m all est t o l a r g est. P-v al u es a dj ust e d t o c o nt r ol f o r 
f als e dis c o v e r y r at e at 0. 0 5 [ 1 3 2]. 
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Z h o u vs N M O C  1 3. 9 a  1 4. 3 a  1 3. 7 a  1 4. 4 b  1 3. 7 a  
H 2  v s C O 2 , C O, C H 4   3. 7 a  4. 6 b  3. 5 a  4. 1 b  3. 6 a  
C O 2  v s C O, C H 4  -0. 3 b  -0. 7 a  -0. 5 a b  -0. 6 a  -0. 2 b  
C O vs C H 4  1. 5 a  1. 1 a  1. 6 a  1. 3 a  1. 5 a  
Al k a n es vs ot h er N M O C  -1. 5 b  -3. 4 a  -3. 4 a b  -2. 3 a  -1. 7 a  
Al k e n es vs Al k y n es  -2. 5 a  -2. 1 a  -2. 3 a  -2. 4 a  -2. 4 a  

a  S e e  T a bl e 2 2 . 
 

T h e c o nsist e nt r es ults s h o wi n g t h at t h e ilr c o or di n at es of all g as es e x c e pt C O 2  w er e gr e at er i n t h e 
p yr ol ysis s a m pl es r el ati v e t o t h e fl a mi n g s a m pl es w as n ot s ur prisi n g  (Fi g ur e 4 4 ). T h e pr o p orti o n of 
t h e t ot al a m o u nt of g as p yr ol y z e d t h at w as s a m pl e d i n t h e wi n d t u n n el a n d i n t h e fi el d is u n k n o w n. 
Fl a mi n g s a m pl es i n t h e wi n d t u n n el w er e c oll e ct e d fr o m t h e fl a m e at a p pr o xi m at el y mi dfl a m e h ei g ht 
i n a v er y t ur b ul e nt e n vir o n m e nt. P yr ol ysis g as s a m pli n g i n t h e wi n d t u n n el pri or t o fl a m e arri v al a n d 
at t h e b as e of t h e fl a m e i n t h e fi el d m a y n ot b e e q ui v al e nt s a m pli n g l o c ati o ns. S u c h a n eff e ct --g as 
s a m pli n g l o c ati o n w hi c h w as c o nf o u n d e d wit h l o c ati o n of t h e e x p eri m e nt i nt er a cti n g wit h t h e fir e 
p h as e — w o ul d b e c o nt ai n e d i n t h e fir e p h as e- l o c ati o n i nt er a cti o n t er m w hi c h w as si g nifi c a nt. T h e 
t e m p er at ur es of t h e s a m pl e d g as es w er e  u n k n o w n. W e h a v e n o r e as o n t o s us p e ct t h at t h e s a m pli n g 
a p p ar at us aff e ct e d t h e c o m p ositi o n as v er y si mil ar e q ui p m e nt w as us e d i n t h e wi n d t u n n el a n d fi el d 
( s u cti o n p u m p, m et al t u bi n g, et c.). T h e r el ati v e a m o u nt of C O2  d e cr e as e d i n t h e p yr ol ysis s a m pl es  
c a usi n g  t h e r el ati v e c o n c e ntr ati o ns of ot her g as es t o i n cr e as e. 
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Fi g u r e 4 4 . O bs e r v e d m e a n c o m p ositi o n of s a m pl es of p y r ol ysis a n d fl a mi n g c o m b usti o n g as es 

i n wi n d t u n n el fi r es b y c h e mi c al t y p e aft e r cl os u r e. 

 

T h e f u el b e ds i n t h e wi n d t u n n el w er e r el ati v el y si m pl e c o m p ar e d t o t h e f u el b e d str u ct ur e i n t h e 
fi el d. T h e h e ati n g r at es a n d m a xi m u m f u el t e m p er at ur es, t w o f a ct ors k n o w n t o i nfl u e n c e t h e yi el d 
a n d c o m p ositi o n of p yr ol ysis g as es, w er e q uit e si mil ar i n t h e wi n d t u n n el a n d fi el d ( T a bl e 1 0 ). T h e 
l o n gl e af pi n e litt er f u el m oist ur es w er e als o si mil ar. T h e t ot al c o ns u m pti o n of l o n gl e af pi n e n e e dl es 
( 4 5 0 g m- 2) i n t h e wi n d t u n n el e x p eri m e nts f ell wit hi n t h e esti m at e d 9 5 p er c e nt c o nfi d e n c e i nt er v al 
f or t h e c o ns u m e d litt er d uri n g t h e fir es at Ft. J a c ks o n (T a bl e 1 3 ). Gi v e n t h e si mil ariti es i n h e ati n g 
r at es, m a xi m u m f u el t e m p er at ur es an d f u el c o ns u m pti o n, w e f e el t h at t h e wi n d t u n n el a n d fi el d fir es 
at Ft. J a c ks o n w er e si mil ar e n o u g h t o w arr a nt c o m p aris o n b et w e e n t h e g as c o m p ositi o n. 

4. 2. 6  St ati c a n d d y n a mi c F TI R m e as ur e m e nts 
T o a c c o m plis h t h es e m e as ur e m e nts , m a n y e x p eri m e nt al t e c h ni q u es w er e e m pl o y e d t o d et e ct g as-
p h as e c h e mi c als a n d t h eir (r el ati v e) c o n c e ntr ati o ns, i n cl u di n g o pti c al m et h o ds s u c h as F o uri er 
Tr a nsf or m I nfr ar e d ( F TI R) t e c h n ol o g y, a n d t o a l ess er e xt e nt Q u a nt u m C as c a d e L as er ( Q C L) 
s p e ctr os c o p y.  F TI R w as us e d o n m ulti pl e o c c asi o ns t o n o n-i ntr usi v el y m e as ur e t h e c o m p ositi o n a n d 
c o n c e ntr ati o n of t h e p yr ol ysis g as es. T his i n cl u d es i d e ntif yi n g t h e g as es fr o m i) h e ati n g si n gl e l e af 
s a m pl es i n a si m pl e fl at -fl a m e b ur n er s yst e m at B Y U, ii) h e ati n g n urs er y pl a nts wit h fl a m es i n t h e 
wi n d t u n n el e x p eri m e nt d uri n g t h e l at e s pri n g of 2 0 1 8 a n d iii) h e ati n g s hr u bs i n pr es cri b e d b ur ns at 
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Ft. J a c ks o n, S C. T w o t y p es of F TI R d e vi c es w er e us e d  f or t h es e e x p eri m e nts, a n o p e n p at h d e vi c e 
(O P A G ) a n d t h e T 3 7 l a b or at or y i nstr u m e nt c o u pl e d t o a l o n g p at h g as c ell. T h e T 3 7 w as d e pl o y e d at 
t h e M a y  2 0 1 8 Ft. J a c ks o n b ur ns i n l a b s p a c e m a d e a v ail a bl e b y a c oll e a g u e at t h e U ni v ersit y of S o ut h 
C ar oli n a  a n d i n  t h e wi n d t u n n el e x p eri m e nts. T h e T 3 7/ W hit e c ell m e as ur ed t h e g as c h e mi cal 
c o m p ositi o n b y e xtr a cti n g t h e g as es i nt o t h e a p p ar at us ( or i nt o a c a nist er t h at is us e d t o l at er tr a nsf er 
t h e p yr ol ysis g as es t o t h e i nstr u m e nt). I n t his m o d e t h e F TI R t e c h ni q u e h as d eli v er e d gr e at s u c c ess – 
t h e t e c h ni q u e h as q u a ntifi e d d o z e ns of k n o w n p yr ol ysis a n d c o m b usti o n s p e ci es a n d als o i d e ntifi e d 
½- d o z e n s p e ci es f or t h e first ti m e usi n g t his m et h o d [ 1 9 6]. T h e Q C L l as er s yst e m w as n ot a bl e t o 
i d e ntif y as m a n y s p e ci es, b ut di d m a k e s e mi n al m e as ur e m e nts at hi g h er a c q uisiti o n r at es, e n a bli n g 
d y n a mi cs at t h e s e c o n d a n d e v e n millis e c o n d ti m e s c al e.  

F or t h at r e as o n, t w o a c q uisiti o n m o d es w er e us e d. I n t h e e xtr a cti v e m o d e, t h e i nl et/ o utl et of t h e 
s yst e m w er e si m pl y v al v e d off s u c h t h at a m o d er at e pr ess ur e w as a c hi e v e d i n t h e c ell ( c a. 7 0 0 - 7 4 0 
T orr a n d f or l o w er pr ess ur es c a. 4 0 0- 4 3 0 T orr). A t ot al of 2 2 b ur ns w er e r e c or d e d usi n g t h e st ati c 
a c q uisiti o n m o d e  (T a bl e 2 6 ). I n t his st ati c m o d e t h e g as w as t h e n st u di e d usi n g t h e f ull r es ol uti o n 
( 0. 6 c m- 1) of t h e s p e ctr o m et er wit h a n e xt e n d e d a c q uisiti o n of c a. 3 0 mi n ut es t o a c hi e v e t h e b est 
si g n al/ n ois e p ossi bl e. At t h e h i g h er r es ol uti o n a n d b ett er si g n al/ n ois e s o m e of t h e b est r es ults of t h e 
c a m p ai g n w er e a c hi e v e d.  

T a bl e 2 6 . E x p e ri m e nt al wi n d t u n n el fi r es m e as u r e d b y B r u k e r T 3 7 s p e ct r o m et e r usi n g st ati c o r 
d y n a mi c m o d e.  

T 3 7 s a m pli n g m o d e  Wi n d t u n n e l fir e n u m b er 
St ati c  1 1, 1 3, 1 6, 2 0, 2 1, 2 2, 3 1, 3 8, 4 2, 4 4, 4 8, 4 9, 7 6, 

7 8, 8 0, 8 2, 8 4, 8 8, 8 9, 9 0, 9 4, 9 5  
D y n a mi c  3, 4, 5, 6, 7, 7 7, 7 9, 8 1, 8 3, 8 5, 8 6, 8 7, 9 2, 9 3, 

9 7  
 
Fi g ur e 4 5  s h o ws t h e a d v a nt a g es of usi n g a hi g h er r es ol uti o n t o a c q uir e d at a; dis pl a yi n g t h e m e as ur e d 
s p e ctr u m, r ef er e n c e s p e ctr a of n a p ht h al e n e ( C 1 0 H 8 ) a n d a c et yl e n e ( C2 H 2 ) wit hi n a r e gi o n d o mi n at e d 
b y t h e f or m er, a n d t h e c orr es p o n di n g r esi d u als wit h a n d wit h o ut n a p ht h al e n e s u btr a ct e d fr o m t h e a) 
ori gi n al s p e ctr u m r e c or d e d at 0. 6 c m - 1 a n d t h e f oll o wi n g d er es ol v e d s p e ctr a b) 1 c m- 1, c) 2 c m- 1 a n d 
d) 4 c m - 1. Wit h t h e r ef er e n c e s p e ctr a f or t h e ori gi n al 0. 6 c m – 1  m e as ur e m e nt a n d t h e 1 c m – 1  
d er es ol v e d s p e ctr u m ( Fi g ur e 4 5 a a n d b), t h e a bs or pti o n li n es f or C 2 H 2  a n d n a p ht h al e n e o v erl a p, wit h 
t h e 7 8 2 c m– 1 f e at ur e fr o m n a p ht h al e n e still sli g htl y visi bl e i n t h e ori gi n al s p e ctr a. T h e n a p ht h al e n e 
p e a k a p p e ars cl e arl y i n t h e r esi d u als w h e n it is n ot i n cl u d e d i n t h e fitti n g pr o c ess, b ut w h e n 
n a p ht h al e n e is i n cl u d e d i n t h e fitti n g pr o c ess t h e f e at ur e is r e m o v e d fr o m t h e r esi d u al. H o w e v er , as 
t h e r es ol uti o n is f urt h er r e d u c e d (Fi g ur e 4 5 c a n d d), t h e f e at ur es br o a d e n, a n d t h e disti n cti o n of t h e 
n a p ht h al e n e p e a k fr o m C 2 H 2  i s c o m pr o mis e d a n d virt u all y dis a p p e ars as s e e n i n Fi g ur e 4 5 d. T h e 
s p e cifi cit y b et w e e n c o m p o u n ds is l ost a n d c o nfi d e n c e i n t h e i d e ntifi c ati o n/ q u a ntifi c ati o n of t h e t ar g et 
s p e ci es, p arti c ul arl y f or t h e w e a k er a bs or b ers, di mi nis h es as t h e r es ol uti o n d e cr e as es.   
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Fi g u r e 4 5. M e as u r e d a n d s c al e d r ef e r e n c e s p e ct r a f o r C 2 H 2 a n d n a p ht h al e n e, a n d 
c o r r es p o n di n g r esi d u als wit h a n d wit h o ut n a p ht h al e n e i n cl u d e d i n t h e fit f o r  t h e a) o ri gi n al 

s p e ct r u m c oll e ct e d at 0. 6 c m – 1  a n d t h e d e r es ol v e d s p e ct r a at b) 1 c m – 1 , c) 2 c m– 1 , a n d d) 4 c m– 1 . 
T h e r ef e r e n c e s p e ct r a f o r C O 2, H C N a n d H 2 O a r e n ot s h o w n ( H C N w as n ot i n cl u d e d i n fit 

w h e n t h e r es ol uti o n w as 4 c m – 1 ; f o r r es ol uti o ns 1, 2 a n d 4 c m– 1 , H2 O w as n ot i n cl u d e d i n t h e fit 
w h e n n a p ht h al e n e w as r e m o v e d f r o m t h e fit). S p e ct r a a r e offs et f o r cl a rit y.  

C h e mi c als t h at ar e c h ar a ct eristi c all y hi g h a bs or b ers, s u c h as w at er, c ar b o n di o xi d e, c ar b o n 
m o n o xi d e, et h e n e, m et h a n e, m et h a n ol, a n d a c et yl e n e ar e visi bl y d o mi n a nt. Usi n g t h e M A L T 
s oft w ar e, hi g h a bs or b ers w er e s u btr a ct e d fr o m t h e m e as ur e d s p e ctr a l e a vi n g a r esi d u al all o wi n g f or 
s m all er c h e mi c als b uri e d i n t h e c o m pl e x s p e ctr a t o b e i d e ntifi e d. T h es e s m all er  c o m p o u n ds, s u c h as 
n a p ht h al e n e, f or m al d e h y d e, f or mi c a ci d, a c eti c a ci d, nitr o us a ci d, f ur a n, p h e n ol, b e n z e n e a n d 
is o pr e n e, t h at w o ul d t y pi c all y b e o bs c ur e d b y c h e mi c als wit h hi g h er a bs or pti vit y w er e i d e ntifi e d a n d 
q u a ntifi e d; wit h M A L T s er vi n g as a s et of  o pti c al t w e e z ers. As m a n y as 3 0 diff er e nt g as -p h as e 
m ol e c ul es c o ul d b e i d e ntifi e d a n d q u a ntifi e d i n t h e s p e ctr a.  

O n e c o nstr ai nt t o t h e st ati c  m et h o d, h o w e v er, is t h e r estri cti o n of o nl y b ei n g a bl e t o c a pt ur e o n e 
“s n a ps h ot ” of t h e fir e r at h er t h a n t h e e nt ir et y of it. I n t his w a y, t h e e x p eri m e nt al t e c h ni q u e is 
d e p e n d e nt o n w h e n t h e i nl et v al v e is cl os e d t o c a pt ur e t h e e missi o ns c o mi n g fr o m t h e wi n d t u n n el. If 
t h e i nl et v al v e fr o m t h e wi n d t u n n el is s h ut t o o e arl y, s u c h t h at at m os p h eri c c o n diti o ns ar e c a pt ur e d, 
or t o o l at e, s u c h t h at t h e fl a mi n g st a g e is c a pt ur e d, t h e n t h e t ar g et p yr ol ysis p h as e w o ul d n ot b e 
r e c or d e d. T o a dj ust f or t his p ot e nti al i n err or, a n i n di vi d u al w o ul d o bs er v e t h e b ur n fr o m a b o v e a n d 
c all o ut w h e n t o v al v e off t h e i nstr u m e nt t o c a pt ur e t h e d esir e d p h as e. I n t his w a y, t h e e missi o ns 
c a pt ur e d fr o m t h e b ur n w er e e x p e ct e d t o b e t a k e n d uri n g t h e p yr ol ysis p h as e of t h e b ur n. 

I n t h e d y n a mi c m o d e, att e m pts w er e m a d e t o c a pt ur e s o m e of t h e c h e mi c al c h a n g es o c c urri n g i. e., 
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p yr ol ysis t o fl a mi n g c o m b usti o n, a n d d uri n g s o m e b ur ns s m ol d eri n g c o m b usti o n. A t ot al of 1 5 fir es 
w er e m e as ur e d i n d y n a mi c m o d e ( T a bl e 2 6 ). T h e s p e ctr al r es ol uti o n w as d o w n gr a d e d t o eit h er 1. 0, 
2. 0 or 4. 0 c m - 1 (r es ulti n g i n b ett er si g n al-t o-n ois e) b ut f e w er s c a ns w er e a c q uir e d ( p o or er si g n al -t o-
n ois e) t o tr y t o d et e ct t h os e s p e ci es ass o ci at e d wit h diff er e nt p h as es of t h e fl a m e. R at h er t h a n 
a v er a gi n g f or 3 0 mi n ut es, c o nti n u o us a c q uisiti o n of s p e ctr a w as t a k e n wit h 4 0- 8 0 i nt erf er o m et er 
s c a ns ( d e p e n di n g o n t h e d ur ati o n of t h e b ur n) yi el d e d a s p e ctr u m e v er y 2. 5 s e c o n ds f or 1. 0 c m - 1 
r e s ol uti o n, 1. 5 s e c o n ds f or 2. 0 c m- 1 r e s ol uti o n a n d e v er y 0. 5 s e c o n ds f or 4. 0 c m- 1r e s ol uti o n 
r es p e cti v el y.   

D at a a c q uisiti o n d uri n g t his e x p eri m e nt al m o d e r e q uir e d t h e i nl et v al v e t o b e o p e n f or t h e d ur ati o n of 
t h e b ur n t o a c hi e v e a c o nti n u o us fl o w of e missi o ns t o t h e T 3 7/ g as c ell d e vi c e. S c a n ni n g w o ul d st art 
as t h e fl a m e fr o nt a p pr o a c h e d t h e u n d er gr o wt h s p e ci es a n d w o ul d c o nti n u e s c a n ni n g u ntil t h e fl a m e 
p ass e d t h e e xtr a cti v e pr o b e. Fi g ur e 4 6  dis pl a ys B ur n 8 6 d uri n g t h e ti m e-r es ol v e d p h as e of t h e 
e x p eri m e nt. M e a s ur e d I R f or r e gi o ns 1 1 5 0- 8 0 0 c m - 1 a n d 2 2 5 0- 2 0 0 0 c m-1 ar e s h o w n r es p e cti v el y. T h e 
t o p s eri es of s p e ctr a s h o w et h e n e ( C2 H 4 ), pr o p e n e ( C3 H 6 ) a n d nitr o us a ci d ( H O N O) c o nti n u e t o 
i n cr e as e as t h e fl a m e fr o nt a p pr o a c h es t h e e xtr a cti o n pr o b e a n d pl a nt. T h e c h e mi cal s p e ci es ar e 
e vi d e nt i n t h e p yr ol ysis p h as e of t h e fir e a n d r e a c h t h eir hi g h est mi xi n g r ati os as c a n b e s e e n d uri n g 
s c a ns 1 5 -2 0. As t h e fl a mi n g a n d s m ol d eri n g c o m b usti o n p h as e t a k es o v er, t h e r es p e cti v e s p e ci es 
b e gi n t o dissi p at e; a m m o ni a ( N H 3 ), i n t ur n, b e gi ns t o i n cr e as e i n mi xi n g r ati o d uri n g t h es e p h as es of 
t h e fir e (s c a ns 2 5- 3 5). T h e b ott o m s eri es of s p e ctr a d e pi cts t h e pr o gr essi o n of t h e b ur n r el ati v e t o 
c ar b o n m o n o xi d e ( C O), wit h mi xi n g r ati os r a pi dl y i n cr e asi n g. F or a t y pi c al b ur n, mi xi n g r ati os f or 
C O w o ul d b e o n t h e or d er of 1 1, 5 0 0 p p m d uri n g its hi g h est r e c or d e d d at a p oi nt. T o d at e o nl y a f e w 
of t h e e x p eri m e nt al fir es h a v e b e e n a n al y z e d i n s u c h a f as hi o n. N o P N N L f u n di n g r e m ai n e d t o 
c o m pl et e t his w or k w hi c h w a s c o m pl e x a n d t o o k l o n g er t o c o m pl et e t h a n ori gi n all y a nti ci p at e d  a n d 
b u d g et e d. F ut ur e w or k f u n d e d o utsi d e of R C- 2 6 4 0 will i nt e gr at e t h e d y n a mi c m e as ur e m e nts wit h t h e 
F LI R i nfr ar e d c a m er a m e as ur e m e nts as d o n e i n [ 1 9 4] u n d er a s e p ar at el y f u n d e d a gr e e m e nt wit h 
U C R; P N N L p ers o n n el will c o ns ult wit h U C R s u bj e ct t o a v ail a bilit y . 

T h e P N N L e xtr a cti v e m et h o d r eli es o n tr a ns p orti n g t h e a n al yt e v ol u m e of g as t o t h e i nstr u m e nt a n d 
i s t h us li mit e d i n its t e m p or al r es ol uti o n (t h e v al v es i n Fi g ur e 1 6  m ust b e o p e n e d/ cl os e d b y h a n d). 
M or e o v er, t h e s o ur c e i n t h e s p e ctr o m et er is a n i nfr ar e d gl o w b ar s o ur c e wit h li mit e d bri g ht n ess 
w hi c h is n ot a n iss u e d uri n g t h e st ati c m o d e w h e n d at a is a c q uir e d o v er a p eri o d of 3 0 mi n ut es. 
H o w e v er, d at a a c q uir e d d uri n g t h e d y n a mi c m o d e d o es n ot h a v e t h e b e n efit of l o n g er s c a n ni n g 
p eri o ds, t h us i n cr e as e wit h n ois e. T h e n ois y s p e ctr a i n t ur n c a us es diffi c ult y i n d at a a n al ysis usi n g t h e 
M A L T s oft w ar e as n ois e p e a ks m a k e b e mist a k e n as a ct u al artif a cts a n d vi c e v ers a.  

W a v el e n gt h -s w e pt E C Q C L s yst e ms pr o vi d e d r a pi d d et e cti o n of C O2 a n d C O i n t h e M WI R s p e ctr al 
r e gi o n, a n d ot h er r e d u c e d s p e ci es i n t h e L WI R s p e ctr al r e gi o n. S p e cifi c all y, t h e t w o br o a dl y-t u n a bl e 
s w e pt -E C Q C L s yst e ms w er e us e d wit h t h e first l as er t u n e d o v er t h e r a n g e 2 0 8 9 t o 2 2 6 2 c m - 1 ( 4. 4 2 – 
4. 7 9 µ m) t o m e as ur e s p e ctr a of C O 2 , H2 O, a n d C O a n d t h e s e c o n d L WI R l as er w as t u n e d o v er t h e 
r a n g e of 9 2 0 t o 1 1 5 0 c m- 1 ( 8. 7 0 – 1 0. 9 µ m) t o m e as ur e s p e ctr a of a m m o ni a ( N H 3 ), et h e n e ( C2 H 4 ), 
a n d m et h a n ol ( M e O H). A bs or pti o n s p e ctr a w er e m e as ur e d c o nti n u o usl y at a 1 0 0 H z r at e t hr o u g h o ut 
t h e b ur n pr o c ess, i n cl u di n g i n h o m o g e n e o us fl a m e r e gi o ns, a n d a n al y z e d t o d et er mi n e ti m e-r es ol v e d 
g as c o n c e ntr at i o ns a n d t e m p er at ur e. W e n ot e, h o w e v er, t h at t o i m pr o v e t h e si g n al- n ois e, i n al m ost all 
c as es t h e 1 0 0 H z m e as ur e m e nts w er e a v er a g e d ( bi n n e d) t o 1 0 H z f or a n al ysis, pr o vi di n g ~ 3 x (i. e. 
√ 1 0) l o w er n ois e l e v els. T h e r es ults pr o vi d e i n sit u, d y n a mi c i nf or m ati o n r e g ar di n g g as-p h as e s p e ci es 
as t h e y ar e g e n er at e d, cl os e t o t h e bi o m ass f u el s o ur c e.  

C h e mi c al s p e ci es w er e m e as ur e d t hr o u g h o ut t h e d y n a mi c b ur n e x p eri m e nt a n d s h o w e d t h e e v ol uti o n 
of t e m p er at ur e a n d g as c o n c e ntr ati o ns o v er f ast a n d sl o w ti m e s c al es. T e m p or al c orr el ati o ns b et w e e n 
g as s p e ci es, t e m p er at ur e, a n d e missi o n i nt e nsit y o n s u b -s e c o n d ti m e s c al es i n di c at e d t h e pr es e n c e of 
l o c ali z e d hi g h t e m p er at ur e r e gi o ns d o mi n at e d b y c o m b usti o n g as es C O2  a n d H2 O. U n c orr el at e d 
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v ari ati o ns i n C O a n d N H 3  i n di c at e t h at t h e y e xist i n c o ol er l o c ali z e d r e gi o ns al o n g t h e m e as ur e m e nt 
p at h a n d w er e li k el y g e n er at e d fr o m u p wi n d r e gi o ns of pr e vi o usl y b ur n e d m at eri al. T h e r es ults ar e 
c o nsist e nt wit h o bs er v e d v ari ati o ns i n M C E d uri n g t h e b ur n pr o c ess. E x a m pl es of t h e m e as ur e d Q C L 
s p e ctr a a n d fits t o t h e Q C L l as er d at a ar e s e e n f or t h e M WI R a n d L WI R d o m ai ns i n Fi g ur e 4 7  l eft 
a n d ri g ht fr a m es, r es p e cti v el y.   

 

 

Fi g u r e 4 6. B u r n 8 6 ti m e -r es ol v e d m e as u r e d I R s p e ct r a ( N o v e m b e r 2 0 1 8) f o r r e gi o ns  1 1 5 0- 8 0 0 
c m - 1 a n d 2 2 5 0- 2 0 0 0 c m-1 r e s p e cti v el y. T h e t o p s e ri es of s p e ct r a s h o w t h e p r es e n c e of et h e n e 

( C2 H 4 ), p r o p e n e ( C3 H 6 ) a n d nit r o us a ci d ( H O N O) b e c o m e m o r e e vi d e nt d u ri n g t h e p y r ol ysis 
p h as e of t h e b u r n a n d r e a c h t h ei r hi g h est mi xi n g r ati os as s e e n i n s c a ns 1 5 - 2 0, a n d a m m o ni a 
( N H3 ) at its hi g h est mi xi n g r ati o d u ri n g t h e fl a mi n g a n d s m ol d e ri n g p h as es of t h e fi r e. T h e 

b ott o m s e ri es of s p e ct r a d e pi cts t h e p r o g r essi o n of t h e b u r n r el ati v e t o c a r b o n m o n o xi d e ( C O), 
wit h mi xi n g r ati os i n c r e asi n g a n d p e a ki n g d u ri n g t h e p y r ol ysis p h as e w hil e d e c r e asi n g d u ri n g 

t h e fl a mi n g p o rti o n of t h e fl a m e. S p e ct r a w e r e t a k e n at 1 c m - 1 r e s ol uti o n e v e r y 2. 5 s e c o n ds.  

 

B ur n 8 6 - S p ar kl e b err y a n d 1 k g l o n g-l e af pi n e n e e dl e s 

2. 0 

- Et h e n e > Fl a mi n g 
1 . 5 C " 

1/) 

P r o p e n e 
0 P yr ol y si s 

1. 0 a-
A H O N O 

., 
::, 

0. 5 " ( 1) P r e-f la m e 
2. 0 

S c a n 3 5 
Ql 

1. 5 

" C 
S c a n 3 0 .. 

. c 
ls 

1. 0 
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0. 5 . c 

< 
0. 0 

1 1 5 0  1 1 0 0  1 0 5 0 1 0 0 0 9 5 0 9 0 0 8 5 0 8 0 0 

W a v e n u m b er ( c m ·1 ) 

2. 0 > 
0- Fl a mi n g 

1. 5 1/) 

0 ... 
P yr ol y si s 1 . 0 0-
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( 1) 
P r e-fl a m e 

S c a n 3 5 
u 1. 5 
C: 
r a 
. 0 ... 1 . 0 

0 
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. 0 

0. 5 

<( 0. 0 

2 2 5 0 2 2 0 0 2 1 5 0 2 1 0 0  2 0 5 0  2 0 0 0 

W a v e n u m b er ( c m ·1 ) 
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Fi g u r e 4 7. ( a) M WI R a bs o r pti o n s p e ct r u m s h o rtl y aft e r i g niti o n ( 1 0: 4 0: 4 1. 9 - 0. 1 s a v e r a g e). 
C o n c e nt r ati o ns f r o m t h e fit Fi g u r e 1 3 a r e 8 9 3 p p m C O 2 , 1 0 p p m C O, 2 6 9 0 p p m H2 O, a n d 

T fit= 3 1 4 K. ( b) L WI R a bs o r pti o n s p e ct r u m ( 1 0: 3 9: 5 9. 3 - 0. 1 s a v e r a g e) s h o wi n g pl u m e f r o m 
d e n at u r e d al c o h ol us e d t o i g nit e t h e fl a m e. C o n c e nt r ati o ns f r o m t h e fit a r e 6 p p m M e O H a n d 
7 2 p p m Et O H, a n d T = 2 9 8 K (fi x e d). F o r b ot h ( a) a n d ( b), t h e t o p p a n el (l eft a xis) s h o ws t h e 
e x p e ri m e nt al a bs o r b a n c e ( bl a c k) a n d t h e b est fit ( o r a n g e). T h e t o p p a n el ( ri g ht a xis) s h o ws 

s el e ct e d li b r a r y s p e ct r a, offs et f o r cl a rit y. T h e b ott o m p a n el s h o ws t h e fit r esi d u als.  

T h e s w e pt -E C Q C L m e as ur e m e nts d e m o nstr at e d a n e w t o ol f or i n sit u st u d y of bi o m ass b ur ni n g 
d y n a mi cs o n f ast er ti m e s c al es t h a n h a v e b e e n pr e vi o usl y st u di e d  a n d h a v e b e e n p u blis h e d [ 1 9 7]. T h e 
hi g h s p e ctr al r a di a n c e of t h e E C Q C L p er mitt e d m e as ur e m e nt t hr o u g h hi g h- t e m p er at ur e fl a m e 
r e gi o ns w hi c h is n e e d e d t o a c c ess s p ati al r e gi o ns cl os e t o t h e f u el s o ur c e w h er e tr a nsi e nt s p e ci es m a y 
b e pr es e nt. T h e r es ults pr es e nt e d i n t h at st u d y f o c us e d pri m aril y o n g as es wit h hi g h est c o n c e ntr ati o ns 
a n d i nfr ar e d cr oss -s e cti o ns, wit h N H 3 , C2 H 4 , a n d M e O H b ei n g i d e ntifi e d u n a m bi g u o usl y. T h e br o a d 
t u ni n g r a n g e of e a c h s w e pt-E C Q C L di d pr o vi d e f or m ulti -s p e ci es d et e cti o n b y usi n g m ulti pl e 
E C Q C L s yst e ms si m ult a n e o usl y t o a c c ess diff er e nt w a v el e n gt h r e gi o ns. It w as h o p e d t h at i n a d diti o n 
t o C O a n d C O2  t w o d o z e n or m or e ( o x y g e n at e d) v ol atil e or g a ni c c o m p o u n ds w o ul d b e d et e ct e d wit h 
t h e Q C L s yst e ms, t h us el u ci d ati n g f or t h e first ti m e s o m e of t h e tr ul y c o m pl e x c h e mistr y of p yr ol ysis 
a n d t h e eff e cts t h es e s p e ci es  c a n h a v e o n b ot h h e alt h a n d t h e at m os p h er e. H o w e v er, o nl y si x 
c h e mi c al s p e ci es w er e d efi niti v el y i d e ntifi e d, wit h s e v er al ot h ers at or j ust b el o w t h e d et e cti o n li mit 
of t h e c urr e nt s yst e m. T his k n o wl e d g e c a n b e us e d i n f ut ur e e x p eri m e nts t o m o dif y t h e m eth o d t o 
i n cr e as e t h e s e nsiti vit y b y  i n cr e asi n g t h e s p e ctr al p at h l e n gt h (f or t h e Q C Ls) fr o m c a. 2. 5 m et ers t o 
5 0 m et ers or m or e usi n g st a n d ar d m ulti -p ass o pti cs. T his s h o ul d g ai n at l e ast a n or d er of m a g nit u d e 
gr e at er s e nsiti vit y. T h e Q C L m et h o d a n d r es ults di d pr o vi d e s o m e of t h e “first e v er ” s u c h l as er 
m e as ur e m e nts a p pli e d t o c h e mi c al m e as ur e m e nt  of wil dl a n d fir e  p h e n o m e n a wit h s o m e a d v a n c e m e nt 
of b ot h e n vir o n m e nt al a n d o pti c al s ci e n c es. 

Of t h e 8 8 wi n d t u n n el fir es, 2 2 w er e m e as ur e d usi n g t h e st ati c m o d e a n d 1 5 w er e m e as ur e d usi n g t h e 
d y n a mi c m o d e. T h e mi xi n g r ati o f or t h e 3 5 c o m p o u n ds o bs er v e d b y t h e T 3 7 r a n g e d o v er s e v er al 
or d ers of m a g nit u d e ( T a bl e 2 7 ). It is i m p ort a nt t o r e m e m b er t h at t h es e d at a ar e r el ati v e. C o D A 
t e c h ni q u es ar e b ei n g us e d t o c o m p ar e t h e F TI R m e as ur e m e nts wit h t h e c a nist er m e as ur e m e nts. T h e 
c o m p o u n ds o bs er v e d i n b ot h 2 0 1 8 a n d 2 0 1 9 will b e t h e f o c us of c o m p aris o n. T h e g e o m etri c m e a n 
a n d st a n d ar d d e vi ati o n s h o w t h at t h e d o mi n a nt c o m p o n e nts of t h e m e as ur e d p yr ol ysis mi xt ur e w er e 
H 2 O, C O 2 , C O, C H4  (T a bl e 2 8 ). P h e n ol ( C6 H 5 O H), w hil e pr es e nt, w as o bs er v e d i n r el ati v e a m o u nts 
li k e ot h er tr a c e g as es. R e c all t h at t h e c o nfi d e n c e i nt er v al f or t h e g e o m etri c m e a n is a n e x p o n e nti al 
f u n cti o n (4. 1. 3 ). W hil e t e m pti n g t o dr a w c o n cl usi o ns b as e d o n t h es e r el ati v e a m o u nts as is 
c o m m o nl y d o n e, t h e r el ati v e a m o u nts ar e b as e d s ol el y o n t h e c o m p o u n ds i n t h e c o m p ositi o n. C o D A 
a n al ys es will b e us e d t o dr a w c o n cl usi o ns a b o ut t h e eff e cts of t h e e x p eri m e nt al f a ct ors o n t h e F TI R 
m e as ur e m e nts as w ell as c o m p aris o n wit h t h e c a nist er s a m pl es.  

C 
(I) 

- e 
D 
<( 

0. 1 5 

0. 1 0 

0. 0 5 

0. 0 0 

( b) - E C Q C L 
B e st F,t 

1- Et O H I - - M e O H 

0. 2 

J -~::J ........... ': _I" ~'· - L ~·:·_ ', 1~1 1 1 1_, ~':' ~ "" _"': .......... , I l:~ .. , 
2 1 0 0 2 1 5 0 2 2 0 0  2 2 5 0 9 5 0 1 0 0 0  1 0 5 0  1 1 0 0 1 1 5 0 

W a v e n u m b er ( c m-1) W a v e n u m b er ( c m- 1) 
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T a bl e 2 7 . Mi xi n g r ati os f o r c o m p o u n ds i d e ntifi e d usi n g a B r u k e r T 3 7 s p e ct r o m et e r i n e x p e ri m e nt al wi n d t u n n el fi r es  i n st ati c m o d e. 
V al u es a r e p p m e x c e pt H 2 O a n d C O 2  ( %, p p h). 

Bu
r
n

1
 

H
2
O 

C
O

2 
 

C
O

 

N
2
O 

C
H

4
 

C
2
H

2
 

C
2
H

4
 

C
2
H

6
 

C
3
H

6
 

al
le

ne
 

1,
3-

bu
ta

di
en

e
 

is
ob

ut
en

e 

1 1  3. 1  1. 9  1 3 2 4. 6   3 1. 6  4 1. 1  4 2. 2  0. 0  3 1. 8  0. 5  0. 0  0. 0  

1 3  2. 7  0. 8  1 1 7 7. 8   3 4. 2  2. 8  9. 6  1. 9  1. 5  1. 2  0. 0  0. 0  

1 6  6. 8  6. 7  1 1 3 5 2. 1   1 3 8 8. 8  3 5 8. 7  1 0 8 9. 4  8 1. 2  1 0 8. 6  2 0. 8  5 6. 5  0. 0  

2 0  7. 9  8. 2  1 2 9 0 7. 5   8 5 3. 0  6 5 5. 7  5 3 8. 5  3 5. 6  4 1. 4  1 1. 3  2 4. 7  0. 0  

2 1  7. 1  1 1. 6  1 2 5 1 7. 4   4 2 1 1. 7  3 8 3. 7  3 5 9 6. 5  2 5 0. 5  5 2 6. 6  5 1. 7  2 5 7. 0  9. 7  

2 2  2. 8  1. 1  1 4 0 0. 0   6 6. 8  1 9. 0  4 3. 4  4. 4  4. 7  1. 5  0. 0  0. 0  

3 1  1. 3  0. 9  2 2 1 2. 9   1 0 5. 7  1 6. 9  4 5. 2  7. 7  8. 6  3. 7  3. 3  0. 0  

3 8  7. 5  4. 0  6 3 1 1. 3   2 8 2. 9  1 4 0. 3  1 8 8. 1  1 9. 2  2 1. 1  1 0. 6  7. 8  0. 0  

4 2  1 6. 0  3. 9  1 3 0 9 9. 4   9 2 4. 2  4 4 5. 8  7 1 2. 1  6 2. 7  7 9. 9  1 2. 5  3 2. 1  0. 0  

4 4  1. 4  0. 1  4 3. 8   4. 6  0. 1  1. 0  0. 0  0. 0  0. 1  0. 0  0. 0  

4 8  7. 5  4. 2  7 6 9 3. 6   7 8 1. 7  3 9 9. 7  6 2 7. 5  4 7. 1  6 5. 1  1 0. 1  2 8. 3  0. 1  

4 9  9. 7  3. 7  6 1 3 5. 9   9 8. 7  1 2. 3  3 0. 4  5. 7  0. 0  3. 0  0. 0  0. 0  

7 6  1. 2 4  0. 0 6  1. 4 5  0. 3 5  2. 2 7  0. 0 1  0. 0 7    0. 1 7    

7 8  1. 0 5  0. 0 9  3. 9 0  0. 3 4  2. 2 1  0. 0 6  0. 0 5       

8 0  3. 2 3  2. 0 6  8 0 8  1. 2 1  4 5. 3  2 3. 8  2 9. 3  0. 8 3  4. 0 2  0. 6 4  1. 6 3  0. 7 5  

8 2  2. 0 3  0. 4 8  1 9 2  0. 5 0  1 0. 7  4. 5 2  7. 0 5   0. 9 9  0. 2 9  0. 3 7   

8 4  3. 5 4  1. 5 1  1 0 8 9  1. 2 8  5 4. 5  2 3. 4  3 9. 9   5. 5 5  1. 1 2  1. 9 8  0. 7 4  

8 8  3. 0 8  2. 0 6  1 0 5 7  1. 7 9  5 0. 3  2 3. 2  3 9. 3  2. 7 6  5. 4 8  1. 2 1  2. 0 7  0. 5 2  

8 9  3. 4 6  1. 3 6  3 9 1  0. 4 4  1 5. 4  8. 8 2  9. 6 6   0. 7 5  0. 2 5  0. 2 6   

9 0  1. 8 2  0. 3 4  1 6 0  0. 4 1  1 1. 3  5. 6 2  6. 5 2  4. E -0 4  0. 7 7  0. 1 2  0. 4 3   

9 4  6. 2 1  4. 6 0  7 5 0 6  3. 2 2  6 8 2  3 5 1  4 5 2  2 4. 2  6 1. 3  8. 6 9  2 8. 1  3. 1 6  

9 5  4. 1 0  2. 0 8  2 6 5 1  1. 7 8  1 9 8  9 6. 5  1 3 3  6. 2 9  1 8. 1  2. 3 0  7. 5 7  1. 0 7  
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Bu
r
n
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H
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H
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O
O

H
 

C
H

3
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C
4
H

4
O 

C
3
H

4
O 

C
4
H

3
O

C
H

O
 

N
H

3
 

N
O

 

N
O

2
 

1 1  2. 4  0. 0   0. 0  4. 8  0. 0  0. 0  0. 0  0. 0  9. 6  1 3. 0  2. 1  

1 3  0. 0  4. 7   0. 9  0. 7  0. 1  0. 3  1 4. 8  0. 7  1 0. 0  2 0 6. 5  4. 4  

1 6  1 0. 7  4 9. 7   8. 0  8. 4  5 7. 3  0. 0  8. 4  1 7. 0  0. 0  2 1 2. 9  0. 6  

2 0  5. 3  2 6. 3   4. 9  8. 5  1 2. 0  2. 5  1 7. 9  5. 6  0. 6  0. 0  1 0. 9  

2 1  7 7. 1  1 5 5. 5   7 2. 7  1 1. 6  1 6 2. 1  0. 0  4 2. 7  3 4. 0  0. 0  1 8. 0  4. 3  

2 2  0. 0  5. 2   0. 0  4. 4  0. 3  0. 2  2 7. 1  0. 0  8. 2  2 2. 9  1. 0  

3 1  0. 0  1 2. 3   1 2. 1  9. 4  0. 1  1. 0  2 8. 2  0. 8  2 6. 8  1 4 0. 2  4. 3  

3 8  0. 0  2 0. 9   6. 8  1 8. 4  6. 3  1. 3  7 1. 5  1. 8  8 1. 8  4 6. 3  4. 3  

4 2  2 0. 3  7 0. 9   3 8. 1  1 4. 0  6 5. 4  7. 9  0. 0  1 1. 9  8. 6  0. 1  1. 4  

4 4  0. 0  0. 6   0. 0  0. 9  0. 0  0. 0  6. 9  0. 0  1. 7  4 6. 5  5. 4  

4 8  1 9. 8  4 5. 3   1 6. 9  6. 7  5 3. 5  4. 8  1 4. 5  5. 4  2. 4  6 0. 0  4. 0  

4 9  0. 0  2 0. 8   1 2. 5  1 3. 7  0. 0  1. 3  0. 0  5. 1  1 7. 8    

7 6   0. 8 9  1. 3 7  0. 0 7       0. 1 0    

7 8   0. 2 4         0. 2 9    

8 0  1. 7 8  6. 8 1   5. 9 3  1 5. 9  5. 8 7  0. 7 5  2. 5 9  0. 6 5  0. 1 9    

8 2  0. 3 9  1. 5 3   3. 5 5  5. 1 4  1. 6 9   1. 2 9  0. 0 6  1. 2 9    

8 4  1. 7 2  6. 9 2   1 3. 4  3 2. 3 5  7. 6 2  0. 3 9  3. 9 9   1. 7 9    

8 8  1. 4 3  9. 4 4   1 3. 8  3 5. 3  8. 6 5  0. 5 4  4. 3 5   0. 8 8    

8 9  0. 3 1  1. 6 6   1 1. 0  9. 2 0  1. 5 1   0. 9 8   1. 0 8    

9 0  0. 3 2  0. 9 3   2. 4 9  3. 6 4  0. 9 4   0. 0 0  0. 1 3  0. 4 1    

9 4  1 1. 7  4 2. 3   1 3. 4  1 3 0  7 3. 6  3. 0 7  2 6. 0  3. 3 4  0. 5 8    

9 5  4. 2 2  1 8. 0   9. 6 2  7 3. 6  2 2. 6  1. 1 6  9. 5 3  1. 2 4  0. 5 7    
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1 1  1 0. 2  1 4. 6  8. 8   1. 7  0. 0  4. 5  0. 0  2. 1     

1 3  2 5 8. 5  5. 3  4. 3   0. 0  0. 4  4 7. 8  5. 4  9. 1     

1 6  1 0 1. 3  6 4. 8  1 7 1. 8   1 2. 8  1 6. 2  2 2. 0  3. 8  3. 6     

2 0  5 3 2. 0  2 4. 8  1 4 3. 0   1 9. 7  8. 3  9 2. 1  5. 4  0. 8     

2 1  2 1. 1  8 6. 6  3 6 9. 2   1 6. 2  3 0. 2  1 0. 6  1. 5  3. 1     

2 2  3 0. 7  9. 3  9. 6   1. 9  6. 8  2 0. 3  0. 2  2. 5     

3 1  6 9. 4  7. 6  8. 4   0. 7  4. 8  4 0. 5  2. 1  5. 5     

3 8  2 7 1. 5  3 0. 4  4 1. 9   4. 0  8. 0  6 7. 8  4. 2  2. 3     

4 2  1. 1  2 3. 9  7 3. 0   7. 5  1 8. 4  0. 0  0. 2  1. 9     

4 4  1 8 6. 8  0. 4  0. 4   0. 2  0. 9  3 4. 9  2. 6  1. 7     

4 8  5 1. 7  2 1. 5  7 0. 9   8. 1  5. 1  1 1 7. 2  0. 0  1. 3     

4 9   2 5. 4  9. 2   0. 4  1 2. 9        

7 6              

7 8  0. 0 8  0. 1 1            

8 0  1 3. 6  9. 4 0  5. 8 4  4. 0 8  4. 4 8  0. 9 0     1. 8 9  1. 5 1   

8 2  4. 3 1  2. 5 3  2. 1 9  2. 2 3  1. 0 6  0. 3 0     0. 6 7  0. 5 4   

8 4  2 1. 3  9. 7 2  8. 2 5  5. 1 9  3. 6 0  1. 3 6     2. 6 1    

8 8  2 2. 5  1 2. 7  6. 9 4  4. 2 4  4. 8 0  1. 6 3     2. 9 4    

8 9  5. 4 1  8. 9 2  3. 3 6  1. 9 3  3. 4 0  1. 7 5     1. 2 7  0. 7 3   

9 0  3. 3 3  1. 7 5  1. 6 9  1. 4 8  0. 8 2  0. 3 7     0. 7 0  0. 1 7   

9 4  1 1 4  2 6. 9  6 4. 2  6 1. 3  1 4. 6  2. 1 9     5. 3 7  9. 9 7   

9 5  5 2. 8  1 1. 3  2 1. 0  1 8. 6  1. 4 2  1. 6 3     1. 9 8  5. 6 4   

1. S e e T a bl e 1 0  f or m or e i nf or m ati o n o n e x p eri m e nt al fir es. 



8 4 

T a bl e 2 8 . G e o m et ri c m e a n, st a n d a r d d e vi ati o n, a n d 9 5 % c o nfi d e n c e i nt e r v al f o r p y r ol ysis g as es 
m e as u r e d i n wi n d t u n n el usi n g B r u k e r T 3 7 s p e ct r o m et e r.  N ot e t h at t h e g e o m et ri c m e a n a n d 
st a n d a r d d e vi ati o n w e r e c al c ul at e d f r o m t h e d at a aft e r cl os u r e [ 1 2 0]. P y r ol ys at es a r e s o rt e d i n 
d e c r e asi n g o r d e r b as e d o n m e a n r el ati v e a m o u nt.  

P yr ol ys at e  G e o m etri c m e a n  G e o m. St a n d. 
D e vi ati o n  

9 5 % CI   

   L o w er  U p p er  
H 2 O  6. 4 4 E -0 1  1. 2 9  6. 4 2 E -0 1  6. 4 6 E -0 1  
C O 2  2. 4 6 E -0 1  1. 9 6  2. 4 4 E -0 1  2. 4 8 E -0 1  
C O  1. 8 2 E -0 2  5. 6 6  1. 7 8 E -0 2  1. 8 7 E -0 2  
C H 4  1. 4 0 E -0 3  3. 7 5  1. 3 7 E -0 3  1. 4 2 E -0 3  
C 2 H 4  6. 3 6 E -0 4  8. 0 8  6. 1 8 E -0 4  6. 5 4 E -0 4  
(C H 3 )2 C O  4. 5 9 E -0 4  3. 5 9  4. 4 8 E -0 4  4. 7 2 E -0 4  
H C H O  4. 1 5 E -0 4  7. 1 8  4. 0 4 E -0 4  4. 2 7 E -0 4  
N O  4. 0 7 E -0 4  1 6. 0 5  3. 8 5 E -0 4  4. 3 1 E -0 4  
C 2 H 2  3. 2 7 E -0 4  9. 2 0  3. 1 7 E -0 4  3. 3 7 E -0 4  
H C N  2. 1 8 E -0 4  2. 8 9  2. 1 5 E -0 4  2. 2 1 E -0 4  
C 3 H 6  1. 7 9 E -0 4  3. 6 5  1. 7 6 E -0 4  1. 8 3 E -0 4  
C 3 H 4 O  1. 5 4 E -0 4  3. 0 9  1. 5 2 E -0 4  1. 5 7 E -0 4  
H O N O  1. 5 3 E -0 4  2. 3 9  1. 5 1 E -0 4  1. 5 5 E -0 4  
H C O O H  1. 4 9 E -0 4  3. 1 3  1. 4 7 E -0 4  1. 5 1 E -0 4  
C H 3 O H  1. 4 1 E -0 4  2. 5 8  1. 3 9 E -0 4  1. 4 2 E -0 4  
C 6 H 6  1. 1 0 E -0 4  2. 3 1  1. 0 8 E -0 4  1. 1 2 E -0 4  
C 2 H 5 O H  1. 0 6 E -0 4     
C H 3 C O O H  1. 0 4 E -0 4  2. 9 4  1. 0 2 E -0 4  1. 0 5 E -0 4  
C H 3 C H O  8. 3 5 E -0 5  5. 7 1  8. 1 3 E -0 5  8. 5 8 E -0 5  
C 2 H 6  8. 1 3 E -0 5  1 3. 1 3  7. 7 9 E -0 5  8. 4 8 E -0 5  
1 ,3 -b ut a di e n e  5. 9 7 E -0 5  5. 9 6  5. 8 0 E -0 5  6. 1 4 E -0 5  
is o pr e n e 4. 5 0 E -0 5  2. 8 6  4. 4 2 E -0 5  4. 5 8 E -0 5  
C 1 0 H 8  4. 3 7 E -0 5  2. 4 1  4. 3 1 E -0 5  4. 4 3 E -0 5  
C 6 H 5 O H  4. 3 4 E -0 5  2. 4 5  4. 2 8 E -0 5  4. 4 0 E -0 5  
N H 3  3. 9 6 E -0 5  5. 4 1  3. 8 6 E -0 5  4. 0 5 E -0 5  
N O 2  3. 8 3 E -0 5  3. 7 9  3. 7 3 E -0 5  3. 9 3 E -0 5  
H N C O  3. 6 3 E -0 5  1. 3 4  3. 6 1 E -0 5  3. 6 6 E -0 5  
S O 2  3. 2 1 E -0 5  3. 8 1  3. 1 3 E -0 5  3. 3 0 E -0 5  
all e n e  3. 0 0 E -0 5  3. 1 6  2. 9 5 E -0 5  3. 0 5 E -0 5  
C 4 H 6 O  2. 8 4 E -0 5  2. 6 0  2. 7 6 E -0 5  2. 9 1 E -0 5  
N 2 O  2. 2 8 E -0 5  1. 4 5  2. 2 6 E -0 5  2. 3 0 E -0 5  
C H 3 O N O  2. 2 6 E -0 5  5. 7 5  2. 1 8 E -0 5  2. 3 5 E -0 5  
C 5 H 4 O 2  1. 9 8 E -0 5  4. 1 6  1. 9 3 E -0 5  2. 0 3 E -0 5  
C 4 H 4 O  1. 4 6 E -0 5  1. 9 6  1. 4 4 E -0 5  1. 4 8 E -0 5  

 

4. 2. 7  Fi el d p yr ol ysis m e as ur e m e nts at Ft. J a c ks o n  
T h e a n al ysis of t h e c a nist er s a m pl es a n al y z e d b y G C -M S i n cl u di n g t h e eff e cts of l o c ati o n ( wi n d 
t u n n el, fi el d) o n t h e s a m pl es ar e d es cri b e d a b o v e . T h e p air wis e c o m p aris o ns b et w e e n t h e wi n d t u n nel 
a n d t w o fi el d l o c ati o ns ar e c o nt ai n e d i n T a bl e 2 5 .  

Is ol ati n g t h e g as-p h as e p yr ol ysis s p e ci es w as c h all e n gi n g as t h e y oft e n bl e n d e d  wit h t h e b a c k gr o u n d 
at m os p h er e a n d ar e r a pi dl y mi x e d wit h ot h er g as es at t h e o ns et of c o m b usti o n. O n e m ust t h us is ol at e 
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“t h e p yr ol ysis m ol e c ul es ” eit h er o pti c all y, m e c h a ni c all y , or t e m p or all y. I n t h e Ft. J a c ks o n 
e x p eri m e nts w e s el e cti v el y pr o b e d t h e p yr ol ysis g as es (Fi g ur e 1 8 ). W hil e n ot a p erf e ct s ol uti o n, t h e 
i nf or m ati o n g at h er e d i n t his st u d y a d de d  i m p ort a nt i nsi g hts i nt o t h e pri m ar y pr o d u cts g e n er at e d 
d uri n g p yr ol ys is a n d ot h er e arl y-st a g e pr o c ess es  [ 1 9 3, 1 9 8]. 

I n t h e Ft. J a c ks o n e x p eri m e nts, t h e p yr ol ysis g as es w er e a n al y z e d i n a m a n n er s o m e w h at li k e t h e 
Ri v ersi d e wi n d N o v e m b er 2 0 1 7 usi n g a n e xtr a cti v e m et h o d t o bri n g t h e g as t o s p e ctr o m et er / l o n g -
p at h g as c ell. R at h er t h a n l o c ati n g t h e F TI R i n t h e mi d dl e of t h e b ur n, h o w e v er, c a nist er s a m pl es 
w er e o bt ai n e d usi n g a n e xtr a cti v e w a n d a n d s m all p u m p o nsit e ( Fi g ur e 1 8 ). T h e c a nist ers w er e t h e n 
tr a ns p ort e d t o a n e ar b y c h e mi c al l a b or at or y at t h e U ni v ersit y of S o ut h C ar oli n a w hi c h h a d b ett er 
i nfr astr u ct ur e t o s u p p ort t h e m e as ur e m e nts. T h e F TI R s yst e m w as a g ai n a T 3 7 s p e ctr o m et er c o u pl e d 
t o a l o n g p at h g as c ell, v er y si mil ar t o t h at pi ct ur e d i n Fi g ur e 1 6 . T h e m et h o ds a n d p ar a m et ers us e d 
f or s p e ctr al a c q uisiti o n a n d s p e ctr al a n al ysis ar e si mil ar t o t h at d es cri b e d a b o v e a n d ar e d et ail e d i n 
[ 1 9 3, 1 9 8]. 

A gr e at d e al w as l e ar n e d fr o m t h e Ft. J a c ks o n st u di es, i n cl u di n g a b o ut t h e t e c h ni q u e its elf. First 
a m o n gst t h es e is t h at w h e n usi n g I R s p e ctr os c o p y d eri vi n g t h e mi xi n g r ati os fr o m t h e c o n g est e d 
s p e ctr a o bt ai n e d fr o m wil dl a n d s m o k e s a m pl es is f ar m or e c h all e n gi n g t h a n i n ot h er a p pli c ati o ns d u e 
t o m ulti pl e o v erl a p pi n g s p e ctr al f e at ur es s u c h as t h os e s e e n i n Fi g ur e 1 3 . S o p histi c at e d s oft w ar e a n d 
a n al ysis ar e r e q uir e d wit h c ar ef ul it er ati v e a n al ysis c arri e d o ut i n s el e ct e d s p e ctr al “ mi cr o wi n d o ws ” . 
H o w e v er, usi n g s u c h m et h o ds, s u c c essf ul a n al ysis w as c arri e d o ut t h at r es ult e d i n first i nfr ar e d 
d et e cti o n of fi v e c o m p o u n ds g e n er at e d d uri n g pr es cri b e d f or est fir e b ur ns. T h es e i n c l u d e t h e g as 
p h as e c o m p o u n ds m et h yl nitrit e ( C H 3 O N = O); all e n e ( 1, 2 - pr o p a di e n e, C H2 = C = C H 2 ); t h e ar o m ati c 
c o m p o u n d n a p ht h al e n e ( C 1 0 H 8 ); as w ell as t h e t w o al d e h y d es a cr ol ei n ( C H2 = C H C H O) a n d 
a c et al d e h y d e ( C H 3 C H O). T h e s e mi n al I R d et e cti o ns of t h e fi v e m ol e c ul es as a m bi e nt m e as ur e m e nts 
of wil dl a n d e missi o ns w as r e p ort e d [ 1 9 8]. M ost of t h e c o m p o u n ds ( e x cl u di n g a c et al d e h y d e), h a d 
t h eir pri m ar y f e at ur es b e c o m e a p p ar e nt o nl y aft er t h e l ar g er s p e ctr al f e at ur es h a d b e e n fitt e d a n d 
s u btr a ct e d. A c o m p aris o n of t h e n e w i nfr ar e d- s p e ctr os c o p y b as e d m e as ur e m e nts t o ot h er m et h o ds i n 
pr e vi o us r e p orts i s r e pr o d u c e d (T a bl e 2 9 ).  

A t ot al of 2 5 c o m p o u n ds w er e i d e ntifi e d i n t h e Ft. J a c ks o n F TI R c a nist ers ( T a bl e 3 0 ). Aft er cl os ur e 
of t h e d at a, t h e d o mi n a nt c o m p o u n ds w er e C O 2 , H2 O, C O, a n d C H 4  i n d es c e n di n g or d er (T a bl e 3 1 ). 
T h e g e o m etri c st a n d ar d d e vi ati o n of t h e 1 0 c a nist er s a m pl es w as r el ati v el y c o nst a nt a cr oss t h e 2 5 
g as es u nli k e t h e r es ults fr o m t h e wi n d t u n n el fir es. It is i nt er esti n g t o n ot e t h at r el ati v e l y m or e C O2  
c o m p ar e d t o H 2 O w as o b s er v e d i n t h e fi el d m e as ur e m e nts w h e n c o m p ar e d t o t h e wi n d t u n n el 
m e as ur e m e nts ( T a bl e 2 8 ). A n al ysis is u n d er w a y t o c o m p ar e t h e c o m p ositi o n of t h e wi n d t u n n el F TI R 
m e as ur e m e nts t o t h e fi el d m e as ur e m e nts as w ell as c o m p ari n g t h e r es ults fr o m b ot h l o c ati o ns wit h 
t h e G C M S m e as ur e m e nts. T his a n al ysis will b e li k e t h at pr es e nt e d a b o v e f or t h e G C M S c a nist ers. As 
st at e d a b o v e, c o m p aris o n of wi n d t u n n el a n d fi el d p yr ol ysis r es ults is a p pr o pri at e gi v e n t h e 
si mil ariti es i n h e ati n g r at e, m a xi m u m f u el t e m p er at ur e a n d f u el c o n diti o ns ( 4. 2. 5 ). At t h e 2 0 1 9 I P R, a 
sli d e ( 1 5) pr es e nt e d e missi o n r ati os ( wit h C O) m e as ur e d at Ft. J a c ks o n f or p yr ol ysis a n d r e p ort e d 
e missi o n r ati os of t h e s a m e g as es r e p ort e d i n t h e lit er at ur e f or c o m b usti o n. T h e sli d e s u g g est e d 
diff er e n c es ( b as e d o n st a n d ar d d e vi ati o ns pl ott e d o n t h e b ar pl o ts) f or C2 H 4  a n d C2 H 2 ; h o w e v er, t h e 
pl ot s u g g est e d n o diff er e n c e f or C H 4 . I n t h e pr es e nt ati o n w e di d n ot ass ert t h at t h er e w er e 
diff er e n c es. P r es e nti n g c o m p ositi o n al d at a i n t his m a n n er d o es n ot r efl e ct t h e r el ati v e n at ur e of t h e 
d at a s o t h e r es ults c a n n ot  b e c o m p ar e d i n t his f as hi o n as h as b e e n s h o w n r e c e ntl y [ 1 0 6, 1 1 4, 1 2 6]. F or 
h y p ot h esis H 8 , g as c o n c e ntr ati o ns v ari e d b et w e e n t h e diff er e nt e x p eri m e nt al s c al es. F ut ur e w or k 
o utsi d e t his pr oj e ct will e x a mi n e t h e li n k a g es b et w e e n  t h e 3 s c al es usi n g c o m p ositi o n al d at a 
t e c h ni q u es. 
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T a bl e 2 9. E missi o n r ati os r el ati v e t o C O ( p p b/ p p m) a n d st a n d a r d d e vi ati o ns ( 1 σ) f o r t h e p r es e nt st u d y of t h e fi v e c o m p o u n ds d et e ct e d 
f o r t h e fi rst ti m e vi a I R a n d f o r t h r e e ot h e r p r e vi o us bi o m ass b u r ni n g st u di es.  

 E missi o n r ati os r el ati v e t o C O  

T ar g et c o m p o u n ds  T his st u d y   [ 1 9 9] [ 2 0 0] [ 2 0 1] S W [ 2 0 2] S E [ 2 0 2] N ort h er n [ 2 0 2] 

M et h o d F TI R  
P T R -T o F -
M S  

G C -
FI D a  

P T R -T o F -
M S  

G C -M S  G C -M S  G C -M S  

N a p ht h al e n e  0. 7 9 ± 0. 4 7  0. 2 0 ± 0. 1 6  n/ a  n/ a  
0. 0 0 7 0 ± 0. 0 0 4
8  

0. 0 0 4 0 ± 0. 0 0
5 0  0. 0 2 2 ± 0. 0 1 2  

M et h yl nitrit e  0. 9 4 ± 0. 8 5  n/ a  n/ a  n/ a  0. 9 ± 1. 1  0. 5 2 ± 0. 5 1  0. 7 6 ± 0. 9 0  
A cr ol ei n  4. 0 ± 1. 8  5. 4 ± 3. 0  n/ a  3. 1 4 ± 0. 1 2  0. 8 2 ± 0. 6 8  1. 3 1 ± 0. 8 8  3. 5 ± 1. 7  
A c et al d e h y d e  9. 4 ± 3. 6  7. 4 ± 5. 2  n/ a  3 7. 3 ± 1. 4  1. 6 ± 1. 2  2. 8 ± 1. 8  5. 5 ± 3. 6  
All e n e  1. 0 5 ± 0. 2 4  n/ a  0. 1 ± 0. 1  8. 7 3 ± 0. 2 8  n/ a  n/ a  n/ a  

a  G C - FI D i s g as c hr o m at o gr a p h y wit h fl a m e i o ni z ati o n d et e ct or 
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T a bl e 3 0 . Mi xi n g r ati os f o r c o m p o u n ds i d e ntifi e d usi n g a B r u k e r T 3 7 s p e ct r o m et e r i n e x p e ri m e nt al p r es c ri b e d b u r ns at Ft. J a c ks o n, 
S C.  V al u es a r e p p m.  
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2 4 B  2 4 3 7 3. 6 8  1 3 6 3 7. 0 0  2 9 2 7. 9 7  3 0 6. 3 9  7 9. 5 4  1 8 4. 5 9  2 4. 5 6  2 7. 2 9  2. 3 8  4. 1 6  0. 6 4   5 6. 4 5  
2 4 A  1 6 2 0 6. 1 2  6 4 3 1 4. 6 5  1 8 5 6 3. 3 8  2 0 7 0. 7 8  7 8 4. 6 4  1 3 9 5. 9 1  1 1 8. 8 7  2 5 8. 3 7  2 3. 6 3  1 0 1. 1 1  2 1. 8 1  8 0. 6 2  2 4 0. 0 7  
2 4 A  3 0 4 8 7. 0 0  8 4 0 4 5. 9 0  2 7 3 3 7. 9 8  2 4 7 1. 2 2  1 2 4 9. 1 0  1 7 6 7. 3 2  1 5 5. 3 5  2 6 2. 0 4  3 8. 2 7  1 3 0. 1 6  2 0. 5 6  8 6. 4 3  9 8. 6 1  
2 4 A  1 5 8 0 4. 8 8  5 2 9 4 3. 8 5  7 8 9 9. 9 9  7 8 6. 2 8  2 4 6. 4 5  4 2 1. 5 6  5 5. 4 5  8 8. 0 1  6. 6 1  2 9. 0 2  6. 8 9  1 0. 2 8  3 2. 2 3  
1 6 D 5  1 0 0 7 3. 4 1  6 7 5 0 7. 7 0  1 1 2 0 7. 0 8  1 2 6 1. 1 0  5 9 3. 2 5  8 2 1. 5 1  5 5. 9 4  1 1 3. 6 9  1 5. 6 9  4 1. 9 2  8. 7 1  1 2. 1 7  4 2. 7 3  
1 6 D 6  1 1 7 9 3. 4 9  6 8 7 0 6. 8 0  1 8 9 5 7. 1 6  2 6 8 4. 1 8  1 1 4 5. 3 3  1 1 5 4. 8 9  7 8. 1 4  1 1 5. 0 1  2 1. 7 4  4 1. 9 5  4. 0 0  5. 2 5  4 8. 1 8  
1 6 D 6  6 7 3 9. 9 1  4 1 9 9 4. 6 0  5 9 9 8. 3 8  6 0 0. 3 9  2 4 2. 4 4  3 7 3. 9 8  3 4. 5 9  6 2. 8 8  7. 1 1  1 7. 1 1  3. 6 6  2. 3 3  2 3. 0 0  
1 6 D 1  1 1 2 5 7. 2 0  2 9 8 7 9. 5 0  4 3 7 6. 1 0  4 3 2. 0 5  1 8 0. 6 0  2 7 8. 8 8  2 2. 0 1  3 6. 4 5  4. 7 2  1 0. 9 4  2. 0 1  1. 9 5  2 4. 4 3  
1 6 D 1  1 7 0 5 7. 8 0  3 5 0 9 5. 6 5  6 5 7 4. 8 0  4 6 6. 3 8  1 9 4. 0 9  3 0 4. 9 5  3 1. 9 0  5 2. 0 6  5. 4 5  1 5. 8 1  2. 6 3  2. 6 2  1 1. 6 9  
1 6 D 1  1 8 2 6 2. 3 6  5 5 9 2 4. 4 5  9 7 4 9. 4 4  8 3 9. 8 9  3 6 7. 0 1  4 6 3. 8 8  3 1. 1 4  6 1. 3 7  8. 8 4  2 2. 6 3  3. 6 3  4. 1 0  3 5. 6 7  
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2 4 B  6 1. 0 9  5. 0 8  4 7. 3 3  5. 3 7  2 5. 4 5  1 3. 0 8  4 5. 6 4  4. 6 0  2 0. 1 0  1. 0 2  2 1. 6 3  6. 0 6   
2 4 A  4 0. 4 6  1 3. 2 8  2 5 2. 2 0  2 4. 1 5  1 2 5. 8 1  5 8. 7 2  8 6. 2 6  1. 3 6  9 7. 5 7  3. 6 5  6 7. 9 8  4. 3 3   
2 4 A  4 3. 5 0  1 2. 8 0  2 6 4. 4 6  1 8. 6 5  9 9. 8 4  3 4. 4 0  6 3. 0 8  1. 9 9  1 7 6. 9 5  1 6. 4 9  5 3. 0 9  1 2. 4 1   
2 4 A  1 1. 8 0  5. 4 0  8 9. 9 6  1 1. 6 5  3 4. 6 3  5. 1 9  4 8. 9 9  2. 0 8  4 6. 1 6  1. 4 5  3 1. 9 2  2 1. 3 0   
1 6 D 5  1 6. 7 0  8. 2 5  9 4. 2 7  6. 3 5  3 7. 7 4  7. 4 7  1 7. 6 5  0. 6 1  1 0 3. 3 8  6. 4 9  2 4. 9 7  3. 4 3   
1 6 D 6  7. 0 5  3. 6 2  8 7. 8 6  7. 2 0  2 8. 0 1  1 2. 6 6  8. 8 1  1. 0 1  1 6 1. 3 4  2 0. 3 7  2 3. 2 2  8. 4 0   
1 6 D 6  5. 6 5  2. 7 1  5 6. 1 4  5. 3 2  2 4. 6 2  5. 0 5  4. 5 0  0. 6 4  4 6. 1 1  7. 3 5  1 5. 7 1  2. 2 4   
1 6 D 1  1 1. 5 5  4. 5 5  3 4. 5 2  2. 8 3  1 4. 7 3  5. 6 6  6. 7 8  0. 6 9  3 4. 2 8  6. 9 7  9. 5 5  3. 9 8   
1 6 D 1  1 1. 7 6  5. 4 1  4 6. 8 3  4. 7 9  1 9. 5 7  2. 8 2  1 2. 3 6  2. 5 2  4 7. 8 8  5. 4 4  1 4. 1 6  6. 5 6   
1 6 D 1  1 2. 0 3  4. 9 6  5 1. 0 1  3. 6 1  2 1. 0 0  1 0. 5 4  1 2. 7 9  2. 8 9  8 1. 8 6  1 0. 8 4  1 7. 4 1  2 0. 5 9   

1. S e e T a bl e 1 0  f or m or e i nf or m ati o n o n e x p eri m e nt al fir es. 
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T a bl e 3 1 . G e o m et ri c m e a n, st a n d a r d d e vi ati o n, a n d 9 5 % c o nfi d e n c e i nt e r v al f o r p y r ol ysis g as es 
m e as u r e d i n e x p e ri m e nt al p r es c ri b e d b u r ns i n l o n gl e af pi n e at Ft. J a c ks o n, S C  u si n g B r u k e r 
T 3 7 s p e ct r o m et e r. N ot e t h at t h e g e o m et ri c m e a n a n d st a n d a r d d e vi ati o n w e r e c al c ul at e d f r o m 
t h e d at a aft e r cl os u r e [ 1 2 0]. P y r ol ys at es a r e s o rt e d i n d e c r e asi n g o r d e r b as e d o n m e a n r el ati v e 
a m o u nt.  N u m b e r of s a m pl es = 1 0.  

P yr ol ys at e  G e o m etri c m e a n  G e o m. St a n d. 
D e vi ati o n  

9 5 % CI   

   L o w er  U p p er  
C O 2  6. 0 5 E -0 1  1. 2 6  6. 0 2 E -0 1  6. 0 8 E -0 1  
H 2 O  1. 9 5 E -0 1  1. 6 6  1. 9 3 E -0 1  1. 9 7 E -0 1  
C O  1. 2 0 E -0 1  1. 3 7  1. 1 9 E -0 1  1. 2 1 E -0 1  
C H 4  1. 2 0 E -0 2  1. 5 1  1. 1 9 E -0 2  1. 2 1 E -0 2  
C 2 H 4  7. 2 4 E -0 3  1. 4 9  7. 1 9 E -0 3  7. 3 0 E -0 3  
C 2 H 2  4. 7 6 E -0 3  1. 7 0  4. 7 1 E -0 3  4. 8 2 E -0 3  
C 3 H 6  1. 0 9 E -0 3  1. 5 1  1. 0 8 E -0 3  1. 1 0 E -0 3  
C H 3 C H O  1. 0 5 E -0 3  1. 5 2  1. 0 4 E -0 3  1. 0 6 E -0 3  
H C N  8. 6 9 E -0 4  1. 4 1  8. 6 3 E -0 4  8. 7 5 E -0 4  
C 2 H 6  6. 4 4 E -0 4  1. 4 1  6. 4 0 E -0 4  6. 4 9 E -0 4  
C H 3 O H  5. 6 1 E -0 4  1. 9 9  5. 5 3 E -0 4  5. 6 9 E -0 4  
C 3 H 4 O  4. 3 8 E -0 4  1. 6 2  4. 3 3 E -0 4  4. 4 2 E -0 4  
1 ,3 -B ut a di e n e  3. 5 0 E -0 4  1. 9 3  3. 4 6 E -0 4  3. 5 5 E -0 4  
(C H 3 )2 C O  3. 0 9 E -0 4  1. 5 0  3. 0 6 E -0 4  3. 1 1 E -0 4  
H C H O  2. 5 9 E -0 4  2. 5 4  2. 5 4 E -0 4  2. 6 4 E -0 4  
C H 3 C O O H  2. 1 4 E -0 4  2. 3 3  2. 1 1 E -0 4  2. 1 8 E -0 4  
C 5 H 4 O 2  1. 3 2 E -0 4  2. 1 2  1. 3 0 E -0 4  1. 3 4 E -0 4  
all e n e  1. 2 8 E -0 4  1. 6 3  1. 2 7 E -0 4  1. 2 9 E -0 4  
is o pr e n e 1. 0 4 E -0 4  3. 1 7  1. 0 1 E -0 4  1. 0 6 E -0 4  
C 4 H 4 O  9. 3 2 E -0 5  1. 6 5  9. 2 3 E -0 5  9. 4 2 E -0 5  
C H 3 O N O  9. 0 2 E -0 5  2. 0 3  8. 8 9 E -0 5  9. 1 5 E -0 5  
H C O O H  7. 6 5 E -0 5  1. 5 1  7. 5 8 E -0 5  7. 7 1 E -0 5  
C 1 0 H 8  7. 4 5 E -0 5  2. 2 6  7. 3 3 E -0 5  7. 5 7 E -0 5  
is o b ut e n e 6. 1 0 E -0 5  2. 1 1  6. 0 1 E -0 5  6. 2 0 E -0 5  
H O N O  1. 9 4 E -0 5  2. 3 1  1. 9 1 E -0 5  1. 9 7 E -0 5  

 
I n a d diti o n t o t h e first d et e cti o ns b y F TI R of t h e fi v e g as es list e d a b o v e, a l ar g er o bj e cti v e of t h e 
st u d y w as t o c oll e ct a n d q u a ntif y g as- p h as e c o m p o u n ds e mitt e d a h e a d of t h e fl a m e fr o nt ( pri or t o t h e 
o ns et of c o m b usti o n) i n pr es cri b e d b ur ns c o n d u ct e d i n a pi n e f or est, a n d w h at ar e t h e r el ati o ns hi ps of 
t h es e g as es r el ati v e t o ot h er g as es i n t h e mi x, as w ell as t h e g as-p h as e c o m p ositi o n of t h e fir e at l at er 
st a g es, e. g. , d uri n g c o m b usti o n or s m ol d eri n g p h as es. S o m e of t h e pri m ar y o bs er v ati o ns fr o m t h e Ft. 
J a c ks o n st u d y [ 1 9 3] c a n b e s u m m ari z e d as f oll o ws: First, t h e esti m at e d r ati o of hi g h t o l o w 
t e m p er at ur e v ol atil e or g a ni c c o m p o u n d ( V O C) e missi o ns s u g g est t h at t h e s a m pl es w er e i n d e e d 
e xtr a ct e d w h e n t h e hi g h t e m p er at ur e p yr ol ysis pr o c ess w as d o mi n a nt ( Fi g ur e 1 8 ). T h e 
a c et yl e n e/f ur a n r ati o s u g g est e d b y S e ki m ot o [ 2 0 3] w as n e arl y 1 0 x hi g h er t h a n pr e vi o us st u di es. T his 
is c o nsist e nt wit h pr e vi o us w or k as pr e vi o us w or ks all h a d l o n g er c oll e cti o n ti m es, a n d, i n s o m e 
c as es, fir e -a v er a g e d v al u es. M or e o v er, t h e si g nifi c a ntl y i n cr e as e e missi o n r ati os ( E Rs) o bs er v e d f or 
s p e cif i c c o m p o u n ds, e. g., li g ht w ei g ht H Cs s u c h as et h e n e a n d a c et yl e n e as w ell as u n o xi di z e d 
ar o m ati cs s u c h as n a p ht h al e n e all s u p p ort t h e h y p ot h esis t h at t h e gr a b s a m pl es w er e c oll e ct e d pri or t o 
o ns et of d e c o m p ositi o n, r e c o m bi n ati o n or c o m b usti o n r e a cti o ns. T h at is, t h e u n o xi di z e d s p e ci es 
g as es d o i n f a ct r e pr es e nt p yr ol yti c pr o c ess es. F or t h e o xi di z e d or g a ni cs, a c et al d e h y d e a n d m et h a n ol 
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c o nsist e ntl y h a d t h e hi g h est E R v al u es r el ati v e t o C O f or t his c oll e cti o n of p yr ol ysis g as es. T h e E Rs 
f or a c eti c a ci d a n d f or m al d e h y d e w er e f o u n d t o b e hi g h i n s o m e i nst a n c es, b ut t his a p p e ar e d t o b e 
r el at e d t o f u el c o m p ositi o n of t h e i n di vi d u al b ur n sit e. D uri n g t h e Ft. J a c ks o n st u di es t h e pri m ar y 
nitr o g e n - b e ari n g-c o m p o n e nt r el e as e d w as H C N, w hil e a m m o ni a ( N H 3 ) w as n ot o bs er v e d. T his is 
c o nsist e nt wit h t h e c oll e ct e d g as es r e pr es e nti n g s p e ci es ass o ci at e d wit h t h e hi g h t e m p er at ur e 
p yr ol ysis pr o c ess. T h e a bs e n c e of N H 3  i n o ur a n al ysis m ust b e c o nsi d er e d w hil e b e ari n g i n mi n d t h at 
d et e cti o n of a mi n es a n d a m m o ni a i n s u c h s yst e ms is al w a ys pr o bl e m ati c d u e t o w all a d h esi o n; t h er e 
w er e s e v er al w alls i n t h e c urr e nt m et h o d i n cl u di n g t h os e of t h e w a n d, t h e c a nist er, t h e g as c ell, et c. It 
w o ul d b e i nt er esti n g t o st u d y t h e eff e cts of i niti al p yr ol ysis g as c o m p ositi o n r ati os o n t h e 
c o m p ositi o n of t h e d o w n wi n d pl u m e [ 8 7, 8 8].  

Pr oj e ct R C - 2 6 4 0 h as gr e atl y e x p a n d e d t h e s c o p e of u n d erst a n di n g of pr o d u cts a n d m e c h a nis ms of 
p yr ol ysis b y e xt e n di n g t h e n u m b er of s o ut h er n f u els e x a mi n e d u n d er m or e r e alisti c c o n diti o ns 
[ 6 3, 8 3]. W e h a v e us e d m ulti pl e m et h o ds s u c h as b e n c h-s c al e p yr ol ysis m e as ur e m e nts t o b ett er 
u n d erst a n d t h e c o m p ositi o n of t ars a n d c o n d e ns at es, b ut als o g as c hr o m at o gr a p h y- m ass s p e c 
( G C/ M S), m et h o ds, i nfr ar e d s p e ctr os c o p y a n d p arti cl e a n al ysis an d ot h er e xtr a cti v e m et h o ds f or t h e 
l a b or at or y- a n d fi el d -s c al e b ur ns. T h e pr oj e ct h as l ar g el y s u c c e e d e d i n i) s e ei n g w h at p yr ol ysis 
s p e ci es c a n b e i d e ntifi e d b y t h e v ari o us t e c h ni q u es (s e e f or e x a m pl e T a bl e 3 2 ); ii) m a xi mi zi n g t h e 
n u m b er of i d e ntifi e d s p e ci es usi n g c ar ef ul c h e m o m etri c or si g n al e xtr a cti o n fr o m t h e a c q uir e d d at a; 
iii) usi n g t h e v ari o us m et h o ds t o d et er mi n e t h e d e gr e e of o xi d ati o n/ c o m b usti o n, i. e. p yr ol ysis 
c h ar a ct eri z ati o n; i v) m a ki n g first att e m pts t o q u a ntif y t h e r at es of e v ol uti o n of p yr ol ysis pr o d u cts f or 
c ert ai n s p e ci es; a n d i m p ort a ntl y, v) d et er mi ni n g if diff er e n c es e xist b et w e e n t h e p yr ol ysis e missi o ns 
f or diff er e nt pl a nt s p e ci es. A p pli c ati o n of F TIR s p e ctr os c o p y t o st ati c a n d d y n a mi c g as s a m pl es  
yi el d e d n e w i nsi g ht i nt o t h e e v ol uti o n of p yr ol ysis g as es. A m et h o d ol o g y t o li n k f u el t e m p er at ur e 
m e as ur e m e nts i n t h e wi n d t u n n el e x p eri m e nts t o d y n a mi c g as s a m pl es w as d e v el o p e d. B ot h t h e l oss 
of tr ai n e d p ers o n n el d u e t o p urs uit of gr a d u at e e d u c ati o n a n d l a c k of b u d g et f or s al ar y s uffi ci e nt t o 
tr ai n n e w p ers o n n el t o a p pl y t h e m et h o d ol o g y t o a d diti o n al d y n a mi c s a m pl es pr e v e nt e d f ull a n al ysis 
of t h e d y n a mi c g as s a m pl es fr o m t h e wi n d t u n n el e x p eri m e nts. A n a b br e vi at e d a n al ysis of t h es e 
s a m pl es is b ei n g p urs u e d i n c o nj u n cti o n wit h a s e p ar at e st u d y f u n d e d b y t h e F or est S er vi c e. 

T h e r el ati v e c o m p ositi o ns of t h e wi n d t u n n el a n d fi el d g as mi xt ur es as r el at e d t o m ol e c ul ar w ei g ht 
aft er a p pl yi n g t h e C o D A cl os ur e o p er ati o n c a n b e s e e n i n Fi g ur e 4 8 . 

 
T a bl e 3 2. P a rti al list of g as -p h as e c o m p o u n ds d et e ct e d b y i nf r a r e d a bs o r pti o n s p e ct r os c o p y 
d u ri n g t h e l a b o r at o r y -s c al e a n d fi el d -s c al e e x p e ri m e nts c o n d u ct e d as p a rt of S E R D P p r oj e ct 
R C - 2 6 4 0.  

C O 2  N O  m et h a n ol  p h e n ol  H C O O H  
C O  N O 2  a c eti c a ci d  f ur al d e h y d e p er o x y a c et yl nitr at e * *  
C H 4  H O N O  S O 2  h y dr o x y a c et o n e  li m o n e n e 
C 2 H 2  N H 3  F ur a n  1, 3 -b ut a di e n e  c ar b o n yls as gl y o x al  
C 2 H 4  H C N  H 2 O  a c et o n e  c ar b o n yl s ulfi d e  
C 3 H 6  H Cl  N 2 O  i s o pr e n e 2 -m et h ylf ur a n *  
C 4 H 8  O 3 * *  H C H O  gl y c ol al d e h y d e  M V E ( m et h yl vi n yl et h er)  
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Fi g u r e 4 8 . R el ati v e c o n c e nt r ati o ns of g as es m e as u r e d usi n g F TI R i n wi n d t u n n el ( R F L) a n d 
fi el d b u r ns ( F J S C). R F L s a m pl es a r e k n o w n t o b e p y r ol ysis s a m pl es. F J S C s a m pl es h a v e n ot 
y et b e e n cl assifi e d as fl a mi n g o r p y r ol ysis s a m pl es usi n g l o gisti c r e g r essi o n as i n s e c ti o n 4. 2. 5 . 

 

4. 3  O bj e cti v e 2 – D et e r mi ni n g eff e cts of h e at t r a nsf e r  

4. 3. 1  B e n c h -s c al e t ests  
I nfr ar e d i m a g es t a k e n usi n g a n I R c a m er a d uri n g t h e p yr ol ysis of t he l e a v es i n di c at e t h at t h e l e a v es 
di d n ot h e at is ot h er m all y u n d er c o n v e cti v e h e ati n g ( Fi g ur e 4 9 ). At t h e b e gi n ni n g of t h e e x p eri m e nts, 
t h er e w er e t e m p er at ur e gr a di e nts wit hi n t h e l e a v es; t h e e d g es of t h e l e a v es h a d hi g h er t e m p er at ur es 
t h a n t h e mi d dl e of t h e l e a v es. As ti m e p ass e d, t h e h e at tr a v el e d fr o m t h e e d g es t o w ar ds t h e c e nt er 
u ntil t h e t e m p er at ur e w as u nif or m a cr oss t h e e ntir e l e af.  

N o n -u nif or mit y of t h e t e m p er at ur e wit hi n t h e l e a v es m a y b e c a us e d b y: ( 1) t h e f or m ati o n of a 
c o n v e cti v e b o u n d ar y l a y er a cr oss t h e s urf a c e of t h e l e a v es t h at r e d u c es t h e h e at tr a nsf er fr o m t h e h ot 
g as es t o t h e s urf a c e of t h e l e a v es; ( 2) c h ar a ct eristi c diff er e n c es b et w e e n t h e e d g es a n d t h e  c e nt ers of 
t h e l e a v es, s u c h as m oist ur e c o nt e nt a n d t hi c k n ess. A si mil ar o bs er v ati o n h as b e e n r e p ort e d f or 
si mil ar h e ati n g e x p eri m e nts c o n d u ct e d i n t h e F F B [ 8 0]. Pl a nts wit h s m all er t hi c k n ess a n d a l o w er 
m oist ur e c o nt e nt r e a c h e d a u nif or m t e m p er at ur e wit hi n a s h ort er ti m e . T h e li v e pl a nts w er e f o u n d t o 
h a v e si mil ar h e ati n g p att er ns d uri n g t h e p yr ol ysis e x p eri m e nts. T h e m a xi m u m f u el s urf a c e 
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t e m p er at ur e m e as ur e d d uri n g t h e c o n v e cti o n- o nl y e x p eri m e nts w as 7 5 0 ° C w hi c h is si mil ar t o 
m a xi m u m t e m p er at ur es r e p ort e d f or v erti c all y -ori e nt e d m a n z a nit a ( Ar ct ost a p h yl os gl a n d ul os a  
E ast w.) l e a v es [ 8 0]. I n or d er t o c o m p ar e t h e t e m p er at ur e e v ol uti o n i n t h es e e x p eri m e nts wit h t h e 
fi el d-s c al e m e as u r e m e nt of l e af t e m p er at ur e (Fi g ur e 9 1 ), t e m p er at ur e d at a will n e e d t o b e e xtr a ct e d 
fr o m t h e I R vi d e os f or f ut ur e a n al ysis of t h e t e m p er at ur e distri b uti o ns s p ati all y a n d t e m p or all y [ 8 0]. 

 
Fi g u r e 4 9 . F u el s u rf a c e t e m p e r at u r es f o r ( a) r a di ati o n- o nl y (i n k b e r r y) , ( b) c o n v e cti o n-o nl y  
(i n k b e r r y) a n d ( c) c o m bi n e d c o n v e cti o n a n d r a di ati o n ( w a x m y rtl e) h e ati n g m o d es ([ 1 2 5]). 

 

I n t h e hi g h-h e ati n g r at e e x p eri m e nts, o bs er v e d m ass l oss of t h e li v e f oli a g e s a m pl es w as si mil ar 
b et w e e n t h e c o n v e cti o n o nl y a n d t h e c o m bi n e d r a di ati v e a n d c o n v e cti v e h e ati n g m o d es f or t h e 
diff er e nt pl a nt s p e ci es  (Fi g ur e 5 0 , Fi g ur e 5 1 ).  
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Fi g u r e 5 0. M ass l oss o v e r ti m e f o r li v e f oli a g e s a m pl es h e at e d b y c o n v e cti o n o nl y i n a fl at- fl a m e 
b u r n e r.  
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Fi g u r e 5 1. M ass l oss o v e r ti m e f o r li v e f oli a g e s a m pl es h e at e d b y c o n v e cti o n a n d r a di ati o n i n a 

fl at-fl a m e b u r n e r/ r a di a nt p a n el a p p a r at us. 

H e ati n g m o d e. T h e b al a n c es ( T a bl e 4 ) pr o vi d e d i nsi g ht i nt o t h e eff e cts of h e ati n g m o d e o n t h e 
p yr ol ysis pr o d u cts ( Fi g ur e 5 2 ). F or t h e 1st t hr e e b al a n c es i n v ol vi n g t h e p er m a n e nt g as es, ei g ht of ni n e 
of t h e p air wis e diff er e n c es b et w e e n t h e Sl o w h e ati n g m o d e a n d t h e t hr e e F F B m o d es w er e p ositi v e 
a n d si g nifi c a nt [ 1 2 6] . T his m e a ns t h at t h e F F B m o d es pr o d u c e d m or e t ars r el ati v e t o p er m a n e nt g as es 
( P G), m or e C O r el ati v e t o H2 , C O2  a n d C H4  a n d m or e H2  r el ati v e t o C H4 . Wit hi n t h e F F B r es ults, t h e 
C o n v m o d e pr o d u c e d m or e t ars r el ati v e t o P G c o m p ar e d t o R a d a n d R a d C o n v. R a d C o n v pr o d u c e d 
t h e m ost C O r el ati v e t o t h e ot h er P G. Th e Sl o w m o d e pr o d u c e d t h e l e ast a m o u nt of H 2  r el ati v e t o 
C H 4  c o m p ar e d t o t h e hi g h er h e ati n g r at es of t h e F F B; it als o pr o d u c e d r el ati v el y l ess t ar t h a n p h e n ol 
f or R a d a n d C o n v. T h e c o m bi n e d m o d e ( R a d C o n v) pr o d u c e d r el ati v el y l ess t ar t h a n p h e n ol 
c o m p ar e d t o R a d a n d C o n v m o d es al o n e. T h e a m o u nt of p h e n ol r el ati v e t o t h e ot h er t ars di d n ot 
diff er b et w e e n t h e p yr ol y z er ( Sl o w) a n d t h e R a d C o n v h e ati n g m o d es n or di d it diff er b et w e e n R a d 
a n d C o n v m o d es si n gl y. L e d es m a et al. [ 2 0 4] r e p ort e d m a xi m u m yi el d of p h e n ol pr o d u c e d b y t h e 
p yr ol y sis of 1, 2 - b e n z e n e di ol at 8 0 0 ° C, t h e yi el d of b e n z e n e a n d 2- 8 ri n g p ol y ar o m ati c h y dr o c ar b o ns 
b e g a n t o i n cr e as e at 7 0 0 ° C w hi c h w o ul d d e cr e as e t h e a m o u nt of p h e n ol r el ati v e t o ot h er t ars. R e c all 
t h at t h e t e m p er at ur es of t h e 4 m o d es w er e 1 0 5 ° C f or R a d a n d 5 0 0 t o 8 0 0 ° C f or Sl o w, C o n v, a n d 
R a d C o n v. 
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Fi g u r e 5 2 . I nfl u e n c e of h e ati n g m o d e o n s el e ct e d b al a n c es of p y r ol ysis g as es. A v e r a g e 

diff e r e n c e f o r a b al a n c e is t h e diff e r e n c e b et w e e n m e a n v al u e f o r h e ati n g m o d e a n d o v e r all 
m e a n v al u e. A v e r a g e diff e r e n c e l ess t h a n 0 i n di c at es eit h e r r el ati v el y l ess i n t h e n u m e r at o r o r 

r el ati v el y m o r e i n t h e d e n o mi n at o r; p ositi v e v al u es, vi c e - v e rs a. 

As h e ati n g r at e i n cr e as e d, l o w er a m o u nts of pri m ar y t ars w er e pr o d u c e d r el ati v e t o ot h er t ars 
( n e g ati v e diff er e n c es f or all p air wis e c o m p aris o ns e x c e pt R a d C o n v - C o n v). F or t h e F F B m o d es, t h e 
R a d m o d e pr o d u c e d t h e gr e at est a m o u nt of pri m ar y t ars r el ati v e t o ot h er t ars ( e x cl u di n g p h e n ol) 
w hi c h d e cr e as e d as e n vir o n m e nt al t e m p er at ur e ( b ut n ot h e at fl u x) i n cr e as e d. S e v er al a ut h ors r e p ort 
a n i n cr e as e i n t ar pr o d u cti o n as t e m p er at ur e i n cr e as es f oll o w e d b y a r e d u cti o n wit h a n i n cr e as e i n g as 
pr o d u cts d u e t o cr a c ki n g of t h e t ars [ e. g. 2 0 5]. T his b e h a vi or m a y e x pl ai n t h e i n cr e as e i n t h e r el ati v e 
a m o u nt of t ar t o g as f oll o w e d b y a d e cr e as e i n t h e F F B a p p ar at us f or t h es e hi g h h e ati n g r at es. 
Si mil arl y, i n cr e as e d h e ati n g r at e pr o d u c e d r el ati v el y l ess b e n z e n oi d c o m p o u n ds r e l ati v e t o t h e 
m ultiri n g t ars a n d g e n er all y s m all er q u a ntiti es of 3 -ri n g t ars r el ati v e t o 2-ri n g t ars. T his c o nfir ms t h at 
b ot h h e ati n g r at e a n d t h e e n vir o n m e nt al t e m p er at ur e at w hi c h p yr ol ysis o c c urs ar e i m p ort a nt f a ct ors 
t h at i nfl u e n c e t h e c o m p ositi o n of pyr ol ysis pr o d u cts. 

W h e n t h e ri n g c o m p o u n ds ar e c o nsi d er e d, t h e p yr ol y z er g e n er all y pr o d u c e d s m all er ri n g c o m p o u n ds 
as i n di c at e d b y m or e b e n z e n oi d (si n gl e ri n g) r el ati v e t o m ulti pl e ri n g, m or e 2 a n d 3-ri n g c o m p o u n ds 
r el ati v e t o 4 a n d 5-ri n g c o m p o u n ds a n d m or e 2-ri n g r el ati v e t o 3-ri n g c o m p o u n ds. I n c o ntr ast, t h e 
F F B m o d es pr o d u c e d m u c h l ess b e n z e n oi d r el ati v e t o m ulti pl e ri n g c o m p o u n ds. T h e R a d m o d e 
pr o d u c e d m or e 2 a n d 3-ri n g r el ati v e t o 4 a n d 5-ri n g a n d m or e 2- ri n g r el ati v e t o 3-ri n g. H o w e v er, t h e 
C o n v a n d R a d C o n v m o d es pr o d u c e d m u c h l ess b e n z e n oi d r el ati v e t o t h e m ulti- ri n g t ars, m u c h l ess 2 
a n d 3-ri n g r el ati v e t o 4 a n d 5-ri n g a n d m u c h l ess 2- ri n g r el ati v e t o 3-ri n g. R e c all t h at t h es e r el ati v e 
r ati os c h a n g e w h e n e v er t h e n u m er at or or t h e d e n o mi n at or of t h e bal a n c e c h a n g es. T h es e r es ults 
r el at e d t o h e ati n g m o d es a n d p yr ol ysis g as c o m p ositi o n, i n a gr e e m e nt wit h m a n y of t h e r es ults 
pr es e nt e d i n t h e ori gi n al p a p ers, ar e b as e d o n st atisti c al t ests a n d m et h o d ol o g y t h at ar e a p pr o pri at e t o 
t h e n at ur e of t h e d at a. As s u c h, t h e r es ults will n ot c h a n g e if a s u bs et or s u p ers et of t h e d at a w er e 
a n al y z e d w hi c h is n ot t h e c as e f or o ur ori gi n al w or k.  
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4. 3. 2  Wi n d t u n n el fir es  
I R i m a g er y w as c oll e ct e d o n all of t h e wi n d t u n n el fir es. T o d at e all of t h e i m a g er y h as b e e n 
pr o c ess e d t o i d e ntif y t h e f u el t e m p er at ur e b el o w t h e s a m pli n g t u b e us e d t o g at h er p yr ol ysis g as es f or 
pr o c essi n g b y t h e Br u k er T 3 7. T h e pr e h e ati n g of t h e l o n gl e af pi n e n e e dl es i n a d v a n c e of t h e fl a m e 
a n d t h e pr o gr essi o n fr o m pr e h e ati n g a n d p yr ol ysis t o c o m b usti o n a n d p ost- fl a m e c o m b usti o n c a n b e 
d et er mi n e d fr o m t h e t e m p er at ur es ( ° C) ( Fi g ur e 5 3 ). 

T h e t e m p er at ur es of t h e f u el b el o w t h e s a m pl e t u b e w er e c al c ul at e d fr o m m e as ur e d r a di a n c e a n d a n 
ass u m e d e missi vit y of 0. 9 8. Ti m e pl ots of t h e e v ol uti o n of f u el t e m p er at ur e ( pri m aril y l o n gl e af pi n e 
n e e dl es wit h i nt ers p ers e d n urs er y pl a nts) w er e g e n er all y c o nsist e nt ( Fi g ur e 5 4 ). M a xi m u m 
r a di o m etri c t e m p er at ur es r a n g e d fr o m a b o ut 3 0 0 t o 6 0 0 ° C. T h er e w as a c o nsist e nt  r a pi d ris e i n 
t e m p er at ur e as t h e fl a m e fr o nt a p pr o a c h e d foll o w e d b y a r e as o n a bl y r a pi d d e cr e as e f oll o wi n g t h e 
p ass a g e of t h e fl a m e fr o nt. T h er e w as a wi d e r a n g e i n t h e o bs er v e d m a xi m u m f u el t e m p er at ur es . 
R e c all t h at fir e s 5 1 t o 7 3 si m ul at e d d or m a nt s e as o n fir es wit h l o w er air t e m p er at ur es a n d s o m e w h at 
hi g h er r el ati v e h u mi dit y ( T a bl e 1 0 ). T h er e is s o m e s u g g esti o n t h at t h e m a xi m u m t e m p er at ur es m a y 
b e l o w er f or t h e d or m a nt s e as o n fir es. T his c o ul d als o b e d u e t o t h e sli g htl y hi g h e r at m os p h eri c w at er 
c o nt e nt w hi c h c a n att e n u at e  r a di a nt e missi o ns. H o w e v er, i n a m o d eli n g st u d y r a di a nt e missi o ns fr o m 
a 1 m fl a m e w er e att e n u at e d b y o nl y 9 p er c e nt w h e n r el ati v e h u mi dit y w as 1 0 0 p er c e nt [ 2 0 6] w hi c h 
w as n ot a c hi e v e d i n t his e x p eri m e nt . F u el t e m p er at ur e di d n ot si g nifi c a ntl y aff e ct t h e c o m p ositi o n of 
t h e g as es c oll e ct e d i n t h e c a nist ers i n t h e wi n d t u n n el. 

 
Fi g u r e 5 3 . E x a m pl e of l o n g w a v e i nf r a r e d i m a g e r y c oll e ct e d i n e x p e ri m e nt al fi r es i n wi n d 

t u n n el e x p e ri m e nts i n f u el b e ds of l o n gl e af pi n e n e e dl es a n d s m all s h r u bs. D a r k ci r cl es i n di c at e 
l o c ati o n of pl a nts. 
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Fi g u r e 5 4. Ti m e t r a c e of s u rf a c e fu el t e m p e r at u r e b el o w F TI R s a m pl e p r o b e d et e r mi n e d f r o m 
F LI R t h e r m al c a m e r a. F u el b e d c o m p os e d o n l o n gl e af pi n e n e e dl es a n d s m all s h r u bs.  

M ass l oss of a si n gl e pl a nt i n t h e wi n d t u n n el w as m e as ur e d.  T h e m ass l oss w as g e n er all y a s m o ot h 
f u n cti o n (Fi g ur e 5 5 ); h o w e v er, t h e r at e w as q uit e v ari a bl e d e p e n di n g o n t h e e x p eri m e nt al 
c o nfi g ur ati o n. T h e m ass of t h e i n di vi d u al pl a nt w hi c h i n cl u d e d t h e s oil, s oil w at er, r o ots, st e m a n d 
f oli a g e r a n g e d b et w e e n 1 4 0 a n d 2 2 0 g (Fi g ur e 5 6 ). A ct u al m ass l oss o bs er v e d r a n g e d b et w e e n 1 a n d 
7 g. W e ass u m e t h at t his m ass l oss w as pri m aril y t h e a b o v e gr o u n d st e m a n d f oli ar bi o m ass. It w as 
n ot p ossi bl e t o d et er mi n e b el o w- gr o u n d m ass l oss i n t his e x p eri m e nt al s et u p; h o w e v er, w e ass u m e it 
t o b e r el ati v el y s m all d u e t o s oil i ns ul ati n g pr o p erti es a n d t h e r el ati v el y s h ort r esi d e n c e ti m e of t he 
fir es ( 6 t o 1 2 s e c o n ds t o tr a v ers e t h e 6 c m di a m et er of t h e pl a nt h ol d er). M ass l oss r at e r a n g e d 
b et w e e n 0. 0 7 a n d 0. 3 2 g s - 1. 
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Fi g u r e 5 5. E x a m pl e of m ass a n d m ass l oss r at e of a si n gl e pl a nt i n a f u el b e d of l o n gl e af pi n e 
n e e dl es m e as u r e d i n a wi n d t u n n el e x p e ri m e nt.  

 

Fi g u r e 5 6 . S u m m a r y of m ass a n d m ass l oss d at a f o r diff e r e nt f u el b e d c o nfi g u r ati o ns of 
l o n gl e af pi n e n e e dl es wit h n u rs e r y s h r u bs. T r e at m e nt n u m b e r r ef e rs t o t h e c o m bi n ati o n of 

pl a nt s p e ci es a n d wi n d s p e e d.  

A t h er m o c o u pl e arr a y of 2 v erti c al l a y ers of 4 t h er m o c o u pl es e a c h ori e nt e d h ori z o nt all y i n 9 0 ° 
i n cr e m e nts m e as ur e d t e m p er at ur es as e x p eri e n c e d b y a pl a nt i n t h e wi n d t u n n el. A n e x a m pl e of t h e 
o bs er v e d t e m p er at ur es s h o ws littl e diff er e n c e b et w e e n t h e t w o v erti c al l a y ers ( Fi g ur e 5 7 ). 
T e m p er at ur es v ari e d littl e b et w e e n t h e v ari o us f u el b e d c o nfi g ur ati o ns. 
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Fi g u r e 5 7 . E x a m pl e of t e m p e r at u r es m e as u r e d b y t h e r m o c o u pl e t r e e a r r a y ( Fi g u r e 2 2 ) i n wi n d 
t u n n el fi r es. 

T h e M e dt h er m s e ns or s w e r e i nst all e d t o c a pt ur e t ot al a n d r a di a nt h e at fl u x a bs or b e d b y t h e s urf a c e 
f u el as t h e fir e pr o p a g at e d t hr o u g h t h e f u el b e d. T h e s a m pl e r es ults f or o ut p ut of t h es e s e ns ors c a n b e 
s e e n i n Fi g ur e 5 8 . W h e n l o o ki n g i nt o t h e h e at fl u x s e ns or d at a, it c a n b e s e e n t h at t h e a m o u nt of 
r a di ati o n a n d t ot al h e at fl u x v ari ed gr e atl y . T h e r e as o n f or t his diff er e n c e r el at es b a c k t o t h e p ositi o n 
of t h e s e ns ors. T h e s e ns ors w er e p ositi o n e d t o c a pt ur e h e at fl u x o n t h e s urf a c e of t h e f u el b e d b ut 
w er e c o m m o nl y c o v er e d b y t h e l o n gl e af pi n e n e e dl e s. As a r es ult, t h e t ot al h e at fl u x m e as ur e m e nt 
i n cl u d e d c o n d u cti o n fr o m t h e n e e dl es. T h e n e e dl es als o li mit e d t h e vi e w f a ct or b et w e e n t h e 
r a di o m et er a n d t h e fl a m e w hi c h r es ult e d i n a s m all a m o u nt of r a di ati o n t o b e r e c or d e d. 
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Fi g u r e 5 8 . T ot al a n d r a di a nt h e at fl u x m e as u r e d b y s e ns o rs pl a c e d b el o w t h e f u el b e d u p wi n d 

a n d d o w n wi n d of m ass l oss pl a nt i n a wi n d t u n n el e x p e ri m e nt  (Fi g u r e 2 1 ). 

A n ei g h b or h o o d of 1 0 0 x 1 0 0 pi x els w as  s el e ct e d t o c a pt ur e c o n v e cti v e h e at fl u x c a us e d b y t h e fl a m e 
usi n g m et h o d ol o g y d et ail e d els e w h er e [ 1 3 9, 1 6 1]. Fi g ur e 5 9  s h o ws a s a m pl e si g n al o b t ai n e d b y t his 
pr o c ess a p pli e d t o f o ur e x p eri m e nt al fir es i n si mil ar f u els. T h e r es ults ar e s h o w n i n Fi g ur e 6 0  s h o ws 
h o w t h e c o n v e cti v e h e at fl u x c h a n g e d i n diff er e nt e x p eri m e nt al c o nfi g ur ati o ns. T h es e v al u es ar e a n 
esti m at e of t h e a m o u nt of c o n v e cti v e h e at tr a nsf er c a us e d b y t h e fir e i n t h e dir e cti o n t h at it 
pr o p a g at es. As it h as als o b e e n dis c uss e d v ari o us ass u m pti o ns w er e m a d e t o esti m at e c o n v e cti v e h e at 
fl u x, a n d t h ese ass u m pti o ns m a y c a us e u n c ert ai nt y i n t h e r es ults s h o w n i n Fi g ur e 6 0 . O n e of t h e 
m aj or ass u m pti o ns w as usi n g 2 D B O S t o st u d y a 3 D p h e n o m e n o n, c o ns e q u e ntl y t h e i m a g es a n d d at a 
w er e a pl a n ar pr oj e cti o n of a 3 D p h e n o m e n o n All t h e v al u es o bt ai n e d ass u m e d t h at w h e n a li n e ar 
fl a m e w as pr es e nt, all t h e pr o p erti es di d n ot c h a n g e i n t h e dir e cti o n of li n e of si g ht. As t h e fl a m e 
fr o nt d e vi at es fr o m li n e ar, t his ass u m pti o n c o ul d c aus e u n c ert ai nt y o n t h e q u a ntit ati v e r es ults. T h us, 
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t h e c o m p ut e d v al u es m a y n ot b e e x a ct. H o w e v er, t his m et h o d ol o g y still c a n pr o vi d e a g e n er al 
u n d erst a n di n g of t h e c o n v e cti v e h e at tr a nsf er f or e x a m pl e, as d e m o nstr at e d h er e, h o w it c h a n g es i n 
diff er e nt wi n d  c o n diti o ns. 

 
Fi g u r e 5 9. C o n v e cti v e h e at fl u x esti m at e d usi n g B a c k g r o u n d- O ri e nt e d S c hli e r e n m et h o ds f o r 4 

r e pli c at e b u r ns i n a wi n d t u n n el.  

 
Fi g u r e 6 0 . M a xi m u m (t o p) a n d m e di a n ( b ott o m) c o n v e cti v e h e at fl u x es esti m at e d usi n g 

B a c k g r o u n d- O ri e nt e d S c hli e r e n f o r all f u el b e d c o nfi g u r ati o ns f o r e x p e ri m e nt al wi n d t u n n el 
fi r es. 

R e c e nt fi n di n gs el a b or at e o n t h e i m p ort a n c e of c o n v e cti v e h e at tr a nsf er i n fir e pr o p a g ati o n i n 
v e g et ati v e f u els. I n t hi s r es e ar c h, t h e eff e ct of c o n v e cti v e h e at tr a nsf er m e c h a nis m o n t h e p yr ol ysis 
pr o c ess a n d fir e pr o p a g ati o n w as st u di e d. T o q u a ntif y c o n v e cti o n a h e a d of t h e fl a m e, B a c k gr o u n d 
Ori e nt e d S c hli er e n ( B O S) w as us e d as a si m pl e m et h o d of fl o w vis u ali z ati o n ar o u n d t h e fir e. B O S 

S a m l e C o n v e cti v e H e at Fl u x f o r si n l e T r e at m e nt 
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m a d e it p ossi bl e t o vis u ali z e t h e t h er m al pl u m e ass o ci at e d wit h t h e fir e as t h e fl a m e pr o p a g at e d 
t hr o u g h t h e f u el b e d. T his e n a bl e d us t o eff ortl essl y s e e h o w i n a wi n d- dri v e n fir e, t h e wi n d f or c es 
t h e t h er m al pl u m e a h e a d of t h e fl a m e w hil e in t h e n o n -wi n d dri v e n fir e t h e t h er m al pl u m e is att a c h e d 
t o t h e fl a m e its elf. N e xt, w e d e m o nstr at e d t h at b y a p pl yi n g D e nsit y Gr a di e nt I m a g e V el o ci m etr y 
( D GI V) t o t h e r es ult of B O S t h e fl o w ass o ci at e d wit h t h e t h er m al pl u m e c o ul d b e vis u ali z e d as w ell. 
Fi n a ll y, it w as s h o w n t h at c o m p ari n g c o ns e c uti v e fr a m e of i m a g es m a k es it p ossi bl e t o vis u ali z e a n d 
q u a ntif y c o n v e cti v e h e at tr a nsf er.  

Aft er vis u ali zi n g c o n v e cti v e h e at ar o u n d a fir e, a pr o c e d ur e w as d e v el o p e d t o m o d el c o n v e cti v e h e at 
tr a nsf er a h e a d of t h e fire usi n g t h e c o n c e pt of e d d y diff usi vit y. T h e e d d y diff usi vit y w as d efi n e d 
usi n g a n al g e br ai c e q u ati o n, w hi c h us e d t ur b ul e nt mi xi n g l e n gt h a n d mi xi n g ti m e s c al e. T h e r es ult of 
e v al u ati n g e d d y diff usi vit y i n diff er e nt e x p eri m e nt al c o nfi g ur ati o n, d e m o nstr at e d  h o w t h e pr es e n c e 
of e xt er n al wi n d aff e ct e d t h e mi xi n g l e n gt h a n d t h us e d d y diff usi vit y. T o s u m m ari z e e xt er n al wi n d 
eff e cts o n e d d y diff usi vit y, t h e e d d y diff usi vit y w as pl ott e d a g ai nst n o n- di m e nsi o n al Fr o u d e n u m b er 
d efi n e d as  

 
( )

2

2

W

c
f

U  R O S
Fr

H
g W

H ∞

 
 −
 =

∆ 
  

 ( 2) 

T hi s Fr o u d e n u m b er e x pr essi o n pr o vi d es a m e as ur e of t h e r ati o of t h e ki n eti c e n er g y of t h e air o v er 
t h e s e nsi bl e h e at fl u x pr o vi d e d b y t h e fir e. H er e, 𝒁𝒁 𝒁𝒁  i s t h e wi n d s p e e d, 𝒁𝒁 𝒁𝒁 𝝐𝝐  is t h e r at e of s pr e a d of 
t h e fir e, 𝝐𝝐  is t h e gr a vit y a n d 𝑳𝑳 𝒇𝒇  i s t h e wi dt h of fl a m e. T h e c o n v e cti v e b u o y a n c y is e x pr ess e d as 

Δ 𝚫𝚫 𝝐𝝐 / 𝚫𝚫 ∞ , w h er e Δ 𝝐𝝐 𝜔𝜔  i s e nt h al p y of c o m b usti o n a n d 𝑓𝑓 ∞  i s t h e a m bi e nt e nt h al p y. T h e Fr o u d e n u m b er 
s h o w n i n e q u ati o n ( 2) is v er y si mil ar t o t h e c o n v e cti v e Fr o u d e n u m b er pr e vi o usl y d efi n e d 
[ 1 1, 2 0 7, 2 0 8]. F or  t his st u d y, t o esti m at e t h e h e at of c o m b usti o n, Δ 𝑓𝑓 𝑑𝑑 , t h e h e at r el e as e of l o n gl e af 
pi n e n e e dl es w as o nl y c o nsi d er e d. Fi g ur e 6 1  s h o ws t h e pl ott e d v al u es of e d d y diff usi vit y a g ai nst t h e 
c al c ul at e d Fr o u d e n u m b er.  

 
Fi g u r e 6 1 . R el ati o ns hi p b et w e e n e d d y diff usi vit y a g ai nst c o n v e cti v e F r o u d e n u m b e r .  

T h e s a m e pr o c e d ur e c a n b e t a k e n t o e v al u at e t h e eff e ct of t h e  Fr o u d e n u m b er o n c o n v e cti v e h e at fl u x 
m e as ur e d a h e a d of t h e fl a m e usi n g B O S  (Fi g ur e 6 2 ). T h e fitt e d m o d el di d n ot a c c o u nt f or as m u c h of 
t h e v ari ati o n i n c o n v e cti v e h e at fl u x. 
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Fi g u r e 6 2. R el ati o ns hi p b et w e e n c o n v e cti v e h e at fl u x a n d c o n v e cti v e h e at  F r o u d e n u m b e r.  

I n c al c ul ati n g c o n v e cti v e h e at fl u x, it w as ass u m e d w h e n a li n e ar fl a m e is pr es e nt, all t h e pr o p erti es 
d o n ot c h a n g e i n t h e dir e cti o n of li n e of si g ht, As t h e fl a m e fr o nt d e vi at es fr o m li n e ar t his ass u m pti o n 
c o ul d c a us e u n c ert ai nt y o n t h e q u a ntit ati v e r es ults . T h us, t h e c o m p ut e d v al u es m a y n ot b e e x a ct. 
H o w e v er, w h e n l o o ki n g at t h e or d er of m a g nit u d e of m e as ur e d v al u es, it is c o m p ar a bl e t o s o m e 
n u m eri c al m o d els [ 2 0 9]. N e v ert h el ess, t his m et h o d ol o g y still c a n pr o vi d e a g e n er al u n d erst a n di n g of 
t h e c o n v e cti v e h e at tr a nsf er f or e x a m pl e, as d e m o nstr at e d h er e, h o w it c h a n g es i n diff er e nt wi n d 
c o n diti o n. 

C o m bi ni n g t h es e h e at fl u x m e as ur e m e nts a n d f u el t e m p er at ur es wit h t h e p yr ol ysis c o m p ositi o n 
r es ults will b e a p orti o n of t h e f ut ur e a n al ysis of t h e wi n d t u n n el c a nist er a n d F TI R c o m p aris o n. If 
p ossi bl e, t h e t e m p er at ur e d at a will b e c o m bi n e d wit h t h e d y n a mi c F TI R d at a as i n Fi g ur e 4 6 . 

4. 3. 3  Ft. J a c ks o n fi el d b ur ns 
S e ns ors a n d c a m er as w er e d e pl o y e d i n s e v e n b ur ns at F ort J a c ks o n a n d f o ur b ur ns at P e b bl e Hill 
Pl a nt ati o n  (Fi g ur e 6 3  - Fi g ur e 7 3 ). N u m b er of s e ns ors d e pl o y e d i n a pl ot r a n g e d fr o m o n e t o ei g ht. A 
t ot al of 4 3 m e as ur e m e nts  w er e c oll e ct e d f or t h e e x p eri m e nt al b ur ns . T h e h ori z o nt al fl o w s e ns or i n 
F B P 5 f ail e d o n fir e 2 4 Bs a n d t h e air t e m p er at ur e s e ns or i n F B P 1 1 f ail e d i n fir e 1 6 D 5. T h e 
i nst a nt a n e o us v el o citi es a n d air t e m p er at ur e w er e si mil ar a cr oss all s e v e n fir es (Fi g ur e 7 4 , Fi g ur e 
7 5 ). A cr oss all b ur ns  a v er a g e t ot al e n er g y i n ci d e nt at t h e f a c e of t h e s e ns or w as 8. 3 k W/ m 2  wit h a n 
a v er a g e m a xi m u m of 1 7 k W/ m 2  (Fi g ur e 7 6 ). A v er a g e r a di a nt fl u x w as 4. 4 k W/ m2  wit h a n a v er a g e 
p e a k v al u e of 1 0. 4 k W/ m 2 . C o n v e cti v e h e ati n g o n t h e s e ns or f a c e c a n b e e xtr a ct e d b y a c c o u nti n g f or 
tr a ns missi o n t hr o u g h t h e r a di a nt wi n d o w a n d c orr e cti n g f or t h e diff er e n c e b et w e e n t h e t ot al a n d 
r a di a nt h e ati n g l e v els. Usi n g t his m et h o d a v er a g e c o n v e ctiv e h e ati n g t h e s urf a c e of t h e s e ns ors w as 
5. 2 k W/ m 2 , wit h p e a k a v er a g e v al u e of 9. 6 k W/ m2  (Fi g ur e 7 6 ). A v er a g e air t e m p er at ur e at t h e s e ns or 
l o c ati o n 4 7 3 C wit h a n a v er a g e p e a k of 7 4 3 C (Fi g ur e 7 7 ). A v er a g e v erti c al air v el o cit y at t h e s e ns or 
l o c ati o n w as 1. 8 m/s w hil e a v er a g e p e a k v el o cit y f or all b ur ns w as 3. 7 wit h a v er a g e d o w n w ar d 
v el o cit y of -. 1 3 m/s ( Fi g ur e 7 7 ). Si mil arl y, a v er a g e h ori z o nt al v el o cit y i nt o t h e f a c e of t h e s e ns or w as 
1. 2 m/s wit h a v er a g e p e a k of 3. 9 a n d mi ni m u m of - 2 m/s. Fr o m a n i n di vi d u al b ur n p oi nt of vi e w 
b ur ns 2 4 Bs, 2 4 At a n d 1 6 D 1 pr o d u c e d t h e hi g h est h e ati n g a n d t e m p er at ur es. T h e o v er all p e a k e n er g y 
l e v el r e c or d e d w as n e arl y 3 0 k W/ m2  of t ot al h e ati n g f or b ur n 2 4 Bs. 

T h es e h e ati n g v al u es ar e r e pr es e nt ati v e of t h os e r e p ort e d els e w h er e f or si mil ar v e g et ati o n a n d 
e n vir o n m e nts [ 2 1 0]. T h e y ar e q u a ntit ati v el y at t h e l o w e n d of t h e e n er g y r el e as e s p e ctr u m a n d 
s u g g est t h at b ur ni n g c o n diti o ns w er e l ar g el y l o w i nt e nsit y. I m p a cts t o s urr o u n di n g v e g et ati o n a n d 
s oil w o ul d b e e x p e ct e d t o b e l o w. T h e l o w h e at v al u es r efl e ct t h e r el ati v el y l o w f u el c o ns u m pti o n 
t h at o c c urr e d (T a bl e 1 1 ). 
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Fi g u r e 6 3. Fi r e b e h a vi o r p a c k a g e 6 s et u p f o r pl ot 2 4 Bt.  

 



1 0 6 

 

Fi g u r e 6 4. Fi r e b e h a vi o r p a c k a g e 6 d u ri n g b u r n i n 2 4 Bt. T his p a c k a g e s a w a p e a k t ot al h e at 
fl u x of 1 0. 9 k W  m- 2, p e a k ai r t e m p e r at u r e of 4 2 3 ° C, a n d r e gist e r e d a p e a k wi n d s p e e d of 3 m s-

1 . 
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Fi g u r e 6 5. F u el l o a di n g o n pl ot 2 4 Bs. A p e a k t ot al h e at fl u x of 3 0 k W m - 2 w as r e gi st e r e d f o r t his 
b u r n al o n g wit h a p e a k ai r t e m p e r at u r e of 1 0 4 2 ° C a n d a p e a k h o ri z o nt al wi n d s p e e d of 4 m  s- 1. 
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Fi g u r e 6 6. A n e x a m pl e of f u el l o a di n g i n pl ot  2 4 A s. 
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Fi g u r e 6 7. Fi r e b e h a vi o r i n 2 4 As w h e r e a p e a k t ot al h e at fl u x v al u e of 1 7. 5 k W  m- 2 w as 
r e gi st e r e d al o n g wit h a p e a k ai r t e m p e r at u r e of 9 5 4  ° C a n d p e a k wi n d s p e e d of 4. 5  m s- 1. 
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Fi g u r e 6 8. A s e ns o r p a c k a g e s et u p t o m o nit o r fi r e b e h a vi o r i n t h e r ef e r e n c e pl ots o f pl ot 2 4 At.  



1 1 1 

 

Fi g u r e 6 9. Fi r e b e h a vi o r i n t h e r ef e r e n c e pl ots of pl ot 2 4 At . I nst r u m e nts r e gist e r e d a p e a k t ot al 
h e at fl u x of 1 9. 3 k W  m- 2, a p e a k ai r t e m p e r at u r e of 7 1 4 ° C, a n d a p e a k h o ri z o nt al wi n d s p e e d 

of 3. 6 m s - 1. 
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Fi g u r e 7 0. I nst r u m e nt ati o n s et u p t o m o nit o r fi r e b e h a vi o r i n pl ot 1 6 D 5 r ef e r e n c e pl ots.  
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Fi g u r e 7 1. Fi r e b e h a vi o r i n pl ot 1 6 D 5 r ef e r e n c e pl ots. A p e a k t ot al h e at fl u x of 1 0. 9 k W m - 2 w as 
r e gi st e r e d f o r b u r n 5 al o n g wit h a p e a k ai r t e m p e r at u r e of 5 1 1  ° C, p e a k h o ri z o nt al wi n d s p e e d 

of 3. 8 m s - 1. 
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Fi g u r e 7 2. F u el l o a di n g i n pl ot 1 6 D 6 . A p e a k t ot al h e at fl u x of 1 2. 4 k W  m- 2 w as r e gi st e r e d al o n g 
wit h a p e a k ai r t e m p e r at u r e of 6 3 1 ° C a n d p e a k h o ri z o nt al wi n d s p e e ds of 4 m  s- 1. 
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Fi g u r e 7 3. F u el l o a di n g f o r pl ot 1 6 D 1 . A p e a k t ot al h e at fl u x of 1 7. 8 k W  m- 2 w as r e gi st e r e d 
al o n g wit h a p e a k ai r t e m p e r at u r e of 9 3 0 ° C a n d p e a k h o ri z o nt al wi n d s p e e ds of 4. 3 m  s- 1. 
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Fi g u r e 7 4 . I nst a nt a n e o us h o ri z o nt al a n d v e rti c al ai r fl o w m e as u r e d b y F B Ps i n l o w i nt e nsit y 
p r es c ri b e d b u r ns i n l o n gl e af pi n e at Ft. J a c ks o n, S C a n d T all Ti m b e rs P e b bl e Hill Pl a nt ati o n . 
N ot e t h at p ositi v e h o ri z o nt al fl o w is i nt o t h e F B P a n d n e g ati v e v e rti c al fl o w is p a r all el t o t h e 

g r a vit y v e ct o r. 
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Fi g u r e 7 5 . I nst a nt a n e o us ai r t e m p e r at u r e m e as u r e d wit h F B Ps i n l o w i nt e nsit y p r es c ri b e d 
b u r ns i n l o n gl e af pi n e at Ft. J a c ks o n, S C,  a n d T all Ti m b e rs P e b bl e Hill Pl a nt ati o n . 
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Fi g u r e 7 6. M a xi m u m, a rit h m eti c m e a n a n d mi ni m u m h e at fl u x es  m e as u r e d d u ri n g 
e x p e ri m e nt al p r es c ri b e d fi r es i n l o n gl e af pi n e at Ft. J a c ks o n, S C.  
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Fi g u r e 7 7. C o m p o n e nts of ai r fl o w a n d a i r t e m p e r at u r es m e as u r e d d u ri n g e x p e ri m e nt al 
p r es c ri b e d fi r es i n l o n gl e af pi n e at Ft. J a c ks o n, S C.  

A n al t er n ati v e s u m m ar y of t h e i nf or m ati o n c oll e ct e d b y t h e F B P p a c k a g es w as p erf or m e d b y 
c al c ul ati n g t h e h ar m o ni c m e a ns of t h e fl u x es a n d air v el o citi es. F B P l o g g er 5 o n b ur n 2 4 Bs w as 
e x cl u d e d fr o m t his a n al ysis b e c a us e t h e h ori z o nt al wi n d s e ns or f ail e d. T his r es ult e d i n 3 8 us a bl e s ets 
of us a bl e o bs er v at i o ns. T h e h e at fl u x es ar e r at es ( kJ s - 1 m- 2) a n d t h e h ar m o ni c m e a n w as us e d t o 
esti m at e t h e m e a n of r at es w h er e ti m e (s) is fi x e d a n d t h e q u a ntit y v ari es ( kJ m - 2) [ 2 1 1 – 2 1 3]. T h e 
arit h m eti c m e a n w hi c h c a n b e us e d wit h b ot h p ositi v e a n d n e g ati v e n u m b ers w as a p pli e d i n Fi g ur e 
7 6  a n d Fi g ur e 7 7 ; h o w e v er, t h e g e o m etri c (f or pr o p orti o ns) a n d h ar m o ni c (f or r at es) m e a ns c a n o nl y 
b e us e d wit h p ositi v e v al u es. W e pr e vi o usl y us e d t h e g e o m etri c m e a n e xt e nsi v el y i n t h e a n al ysis of 
t h e c o m p ositi o n al d at a ( g as es, f u el l o a di n g, et c.). W hil e t h e i niti al a n al ysis of t h e v el o cit y d at a 
assi g n e d a n e g ati v e v al u e f or h ori z o nt al fl o w a w a y fr o m t h e s e ns or f a c e a n d a n e g ati v e v al u e f or 
v erti c al fl o w d o w n w ar d (s a m e dir e cti o n as gr a vit y), t h e v el o cit y d at a w er e c o n v ert e d t o p ositi v e 
v al u es a n d dir e cti o n of fl o w w as tr e at e d as a cir c ul ar v ari a bl e ( 0 t o 3 6 0 °) [ 2 1 4] i n p ol ar c o or di n at es 
wit h 0 ° i n di c ati n g fl o w i nt o t h e s e ns or f a c e a n d 9 0 ° i n di c ati n g v erti c al fl o w o p p osit e t h e gr a vit y 
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1 2 0 

v e ct or. T h e m a xi m u m v al u es of t h e diff er e nt fl u x es o c c urr e d at diff er e nt ti m es. T o ill ustr at e, t h e 
m a xi m u m v al u es of t ot al, r a di a nt, c o n v e cti v e a n d N A R h e at fl u x es w er e d et er mi n e d f or e a c h F B P 
wit hi n a fir e . T h e v al u es of t h e ot h er fl u x es at t h e ti m e of t h e o bs er v e d m a xi m u m as w ell as t h e m e a n 
wi n d v el o cit y a n d dir e cti o n of fl o w w er e att a c h e d t o t h e m a xi m u m v al u e ( T a bl e 3 3 ). F or e x a m pl e, i n 
Pl ot 1 6 D 1, t h e m e a n m a xi m u m t ot al h e at fl u x w as 6. 3 k W m - 2 wit h a 9 5 p er c e nt c o nfi d e n c e i nt er v al 
of 6. 1 9 t o 6. 4 1 k W m - 2. T h e m e a n r a di a nt fl u x a n d m e a n c o n v e cti v e fl u x es w hi c h o c c urr e d at t h e 
ti m e of t h e t ot al fl u x i n e a c h F B P w er e 0. 2 3 a n d 0. 6 0 of t h e m e a n m a xi m u m t ot al fl u x, t h e m a g nit u d e 
of t h e wi n d v el o cit y w as 3. 7 m s - 1 a n d t h e dir e cti o n w as 3 6 ° i n di c ati n g t h at it w as pri n ci p all y i nt o t h e 
F B P. Si mil arl y, f or pl ot 1 6 D 1, t h e m a xi m u m c o n v e cti v e fl u x w as 3. 8 4 k W m - 2 wit h a c o nfi d e n c e 
i nt er v al of 6. 7 9 t o 6. 9 0 a n d t h e t ot al a n d r a di a nt fl u x es at t h e ti m e of t h e m a xi m u m w er e 1. 6 2 a n d 
0. 3 7 t h e si z e of t h e c o n v e cti v e fl u x, r es p e cti v el y. T h e m a g nit u d e of t h e wi n d w as 3. 4 a n d t h e 
dir e cti o n w as 2 8 ° w hi c h i n di c at e d t h at t h e h ori z o nt al fl o w w as r el ati v el y l ar g er t h a n w h e n t h e 
m a xi m u m t o t al fl u x o c c urr e d. W h e n vi e w e d t his w a y, t h e c o n v e cti v e fl u x w as g e n er all y s m all er 
w h e n t h e m a xi m u m r a di a nt fl u x o c c urr e d as m e as ur e d b y t h e h e mis p h eri c al s e ns or a n d t h e 
h e mis p h eri c al r a di a nt fl u x w as s m all er w h e n t h e m a xi m u m c o n v e cti v e fl u x o c c urr e d. T h e n arr o w 
a n gl e r a di o m et er c o nsist e ntl y esti m at e d hi g h er h e at fl u x es t h a n t h e h e mis p h eri c al h e at fl u x s e ns or. 
T h e 9 5 p er c e nt c o nfi d e n c e i nt er v als, b as e d o n t h e n u m b er of F B Ps d e pl o y e d i n e a c h b ur n, w er e q uit e 
v ari a bl e  (Fi g ur e 7 8 ). F or h ar m o ni c m e a ns, c o nfi d e n c e i nt er v als s p a n ni n g 0 ar e u n d efi n e d si n c e t h e 
d at a ar e stri ctl y p ositi v e w hi c h is r efl e ct e d i n t h e l a c k of c o nfi d e n c e i nt er v als f or s e v er al fl u x es.  T h e 
r el ati v el y s m all s a m pl e si z e ( n u m b er of F B Ps i n a pl ot) als o r e q uir e d l ar g er t -v al u es (r a n g e d fr o m 
2. 3 6 t o 1 2. 7 1 f or 7 t o 1 d e gr e e of fr e e d o m) t o c o m p ut e t h e 9 5 p er c e nt c o nfi d e n c e i nt er v als. 

T h e distri b uti o n of t h e m a g nit u d e of t h e i nst a nt a n e o us wi n d v el o cit y w as si mil ar b et w e e n t h e b ur ns. 
I n Fi g ur e 7 9 , t h e fr e q u e n c y of t h e v el o cit y m a g nit u d e is pl ott e d i n a c o n v e nti o n al st a c k e d b ar pl ot. 
As c a n b e s e e n, t h e v el o cit y g e n er all y w as l ess t h a n 9 m  s- 1. D et er mi ni n g t h e d o mi n a nt dir e cti o n of 
t h e fl o w is m or e e asil y s e e n w h e n t h e d at a w er e pl ott e d as  p ol ar c o or di n at es ( Fi g ur e 8 0 ). M ost of  t h e 
fl o w w as dir e ct e d i nt o t h e s e ns or as i n di c at e d b y t h e a ngl e mi d p oi nt of 2 2. 5 °.  

I n a d diti o n t o t h e F B Ps w hi c h h a v e b e e n us e d e xt e nsi v el y t o c h ar a ct eri z e h e at fl u x es a n d air fl o w i n 
wil dl a n d fir e, t w o e x p eri m e nt al s e ns ors w er e als o d e pl o y e d i n t h e e x p eri m e nt al fir es at Ft. J a c ks o n. 
T h es e e x p eri m e nt al s e ns or p a c k a g es m e as ur e 1) h e at fl u x wit h a r a di o m et er, 2 fi n e wir e 
t h er m o c o u pl es a n d 3 D air fl o w wit h a dis k a n e m o m et er ( H F p a c k a g e, Fi g ur e 8 1 ) a n d 2) fl a m e 
r esi d e n c e ti m e usi n g a fl a m e i o ni z ati o n d et e ct or ( FI D p a c k a g e , Fi g ur e 8 2 ). T h es e e x p eri m e nt al 
s e ns or p a c k a g es w er e d e pl o y e d s u c c essf ull y i n b ur ns 2 4 Bs, 2 4 As, 2 4 At, 1 6 D 5, 1 6 D 6 a n d 1 6 D 1. T h e 
H F p a c k a g e r e c or d e d r a di a nt h e at fl u x es si mil ar i n m a g nit u d e t o t h e N A R ( n arr o w a n gl e r a di o m et er) 
c o nt ai n e d i n t h e F B P p a c k a g e ( Fi g ur e 8 3 ). Wi n d fl o w d at a w er e als o c oll e ct e d d uri n g t h e fir es; 
h o w e v er, t h e dis k a n e m o m et ers h a v e n ot b e e n c ali br at e d s o t h e d at a ar e n ot c urr e ntl y a v ail a bl e t o 
c o m p ar e wit h t h e F B P fl o w d at a. V olt a g e fr o m t h e fl a m e i o ni z ati o n d et e ct or, w hi c h d et er mi n es h o w 
l o n g t h e fl a m e r esi d es o v er t he s e ns or b as e d o n g as i o ni z ati o n, w as v ari a bl e i n t h e 5 fir es it w as 
d e pl o y e d i n ( Fi g ur e 8 4 ). D efi ni n g fl a m e r esi d e n c e ti m e as t h e ti m e t h at t h e v olt a g e e x c e e d e d t h e 
b a c k gr o u n d l e v el r es ult e d i n fl a m e r esi d e n c e ti m es r a n gi n g fr o m a p pr o xi m at el y 3 0 t o 3 3 0 s e c o n ds. 
W hil e t h er e is dis c ussi o n s urr o u n di n g w h at is m e a nt b y fl a m e r esi d e n c e ti m e [ 2 1 5], t h e v al u es 
o bs er v e d b y t h e FI D p a c k a g es f all wit hi n t h e r a n g e of v al u es r e p ort e d f or wil dl a n d f u els [ 2 1 5, 2 1 6]. 
I n c o nstr u ct e d f u el b e ds of l o n gl e af a n d sl as h pi n e  n e e dl es b ur n e d u n d er a r a n g e of wi n d s p e e ds ( 0. 4 
– 2 6 m s - 1), fl a m e r esi d e n c e ti m e r a n g e d fr o m 6 1 t o 1 5 s [ 2 1 7]. T h e v al u e i n 2 4 As i n cl u d es a l e n gt h y 
tim e w h e n t h e FI D v al u es w er e l o w ( at b a c k gr o u n d l e v els) a n d t h e v al u e i n 1 6 D 1 is l ar g er t h a n t h at 
r e p ort e d f or litt er f u els. T his c o ul d b e d u e, i n p art, t o fl a mi n g c o m b usti o n of t h e d uff c o m p o n e nt of 
t h e f u el b e d (T a bl e 1 2 ) w hi c h w o ul d pr o d u c e l o n g er r esi d e n c e ti m es. D es pit e t h es e s h ort c o mi n gs, 
t h es e r es ults s u g g est t h at t h e a p pr o a c h t o m e as uri n g fl a m e r esi d e n c e ti m e m a y b e f e asi bl e. 
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Fi g u r e 7 8. H e at fl u x es m e as u r e d usi n g Fi r e B e h a vi o r P a c k a g es i n p r es c ri b e d b u r ns i n l o n gl e af 
pi n e at Ft. J a c ks o n, S C,  a n d T all Ti m b e rs R es e a r c h St ati o n P e b bl e Hill Pl a nt ati o n . H a r m o ni c 

m e a n wit h 9 5 p e r c e nt c o nfi d e n c e i nt e r v al s h o w n.  
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1 2 2 

T a bl e 3 3 . M e a n m a xi m u m h e at fl u x f o r e a c h h e at t r a nsf e r m o d e a n d ass o ci at e d fl u x es ( e x p r ess e d as p r o p o rti o n of m a xi m u m) a n d wi n d 
i nf o r m ati o n o bs e r v e d at s a m e ti m e as m a xi m u m. H a r m o ni c m e a n a n d 9 5 p e r c e nt c o nfi d e n c e i nt e r v al s h o w n. Fl u x es i n k W m- 2, wi n d 
v el o cit y m s - 1, a n gl e i n d e g r e es. Fl o w i nt o f a c e of s e ns o r, a w a y f r o m f a c e, u p w a r d a n d d o w n w a r d is 0 °, 1 8 0 °, 9 0 ° a n d 2 7 0 °, r es p e cti v el y. 

Pl ot  Fl u x  Ass o ci at e d Fl u x es a n d Air Fl o w  
 T y p e  M a x  L o w er  U p p er  T ot al  R a di a nt  C o n v e cti v e  N A R  Wi n d  A n gl e  
2 4 Bt  T ot al  2. 6 9     0. 4 9  0. 3 9  1. 1 2  2. 9  4 5  
2 4 Bs   6. 8 1  3. 7 8  3 4. 2 4   0. 3 0  0. 3 5  0. 6 6  3. 3  3 8  
2 4 As   6. 6 1  4. 5 9  1 1. 7 7   0. 3 9  0. 3 0  0. 8 1  2. 9  7 7  
2 4 At   8. 7 2  4. 4 1  4 0 4. 2 7   0. 6 0  0. 2 5  1. 2 2  2. 2  7 0  
1 6 D 5   4. 1 0  2. 3 6  1 5. 6 9   0. 1 9  0. 6 4  0. 9 5  2. 3  4 3  
1 6 D 6   5. 0 7  2. 5 7  1 9 1. 6 9   0. 2 6  0. 4 1  0. 9 2  2. 8  4 5  
1 6 D 1   6. 3 0  3. 6 7  2 2. 0 2   0. 2 3  0. 6 0  0. 6 4  3. 7  3 6  
T T B 1   1 0. 2     0. 5 6  0. 4 3  2. 1 1  5. 4  4 8  
T T B 2   1 8. 7  1 4. 2  2 7. 1   0. 3 7  0. 5 4  0. 6 6  5. 3  2 6  
T T B 3   1 7. 4     0. 2 9  0. 6 8  0. 4 6  3. 5  1 0 9  
T T B 4   1 4. 4     0. 4 1  0. 5 7  1. 6 7  3. 4  4 2  
2 4 Bt  R a di a nt  3. 2 7  2. 0 9  7. 5 7  1. 1 8   0. 1 1  1. 6 2  2. 7  4 2  
2 4 Bs   5. 4 1  3. 5 2  1 1. 6 4  1. 2 8   0. 2 3  2. 2 3  2. 1  4 7  
2 4 As   1. 2 8    1. 4 1   0. 3 4  2. 5 2  2. 3  7 3  
2 4 At   1. 8 1    1. 4 9   0. 3 6  1. 8 7  2. 3  6 9  
1 6 D 5   2. 4 9  1. 3 5  1 5. 6 3  2. 1 8   0. 8 9  4. 6 3  2. 2  3 8  
1 6 D 6   6. 1 6    1. 2 7   0. 1 0  3. 9 3  2. 1  4 5  
1 6 D 1   7. 7 0    1. 8 2   0. 5 4  2. 0 5  3. 1  3 0  
T T B 1   5. 4 0    1. 3 0   0. 2 8  2. 8 3  4. 0  4 9  
T T B 2   8. 0 8    1. 7 2   0. 6 7  2. 0 2  4. 9  2 7  
T T B 3   3. 2 7  2. 0 9  7. 5 7  2. 3 3   1. 2 7  1. 9 7  6. 6  5 2  
T T B 4   5. 4 1  3. 5 2  1 1. 6 4  1. 1 8   0. 1 1  1. 6 2  3. 5  4 2  
2 4 Bt  C o n v e cti v e  1. 1 6    2. 2 7  1. 0 5   2. 6 1  2. 8  4 5  
2 4 Bs   4. 0 1  2. 0 9  4 9. 7 2  1. 3 4  0. 2 8   0. 6 6  3. 0  4 9  
2 4 As   3. 8 8  2. 4 8  8. 8 5  1. 6 2  0. 5 0   1. 2 3  3. 3  4 4  
2 4 At   4. 4 6    1. 4 7  0. 4 3   1. 6 7  2. 5  6 7  
1 6 D 5   2. 9 0  1. 7 8  7. 6 9  1. 3 9  0. 2 4   1. 2 3  2. 4  4 1  
1 6 D 6   2. 6 4  1. 4 3  1 7. 8 9  1. 8 3  0. 4 9   1. 7 1  2. 8  4 5  
1 6 D 1   3. 8 4  2. 3 6  1 0. 3 1  1. 6 2  0. 3 7   1. 0 6  3. 4  2 8  



1 2 3 

T T B 1   6. 5 4    1. 3 3  0. 2 9   1. 0 5  5. 6  4 5  
T T B 2   1 0. 1 0    1. 8 5  0. 6 9   1. 2 1  5. 3  2 6  
T T B 3   1 1. 8 7    1. 4 7  0. 4 3   0. 6 7  3. 5  1 0 9  
T T B 4   8. 4 3    1. 3 1  0. 2 7   0. 8 4  2. 8  3 5  
2 4 Bt  N A R  8. 6 3    0. 1 1  0. 0 9  0. 0 1   2. 4  5 5  
2 4 Bs   1 8. 9 0    0. 0 6  0. 2 1  0. 0 3   2. 5  3 8  
2 4 As   1 5. 8 5  9. 7 9  4 1. 6 3  0. 1 5  0. 1 1  0. 0 3   2. 1  6 2  
2 4 At   2 0. 1 7    0. 3 2  0. 2 0  0. 0 9   2. 2  5 8  
1 6 D 5   9. 6 2  7. 0 8  1 4. 9 8  0. 1 8  0. 1 7  0. 1 2   2. 2  4 1  
1 6 D 6   1 3. 9 0    0. 0 7  0. 1 5  0. 0 6   2. 4  4 2  
1 6 D 1   1 5. 7 6    0. 1 3  0. 0 8  0. 0 4   2. 4  4 8  
T T B 1   3 0. 6 6    0. 2 4  0. 1 9  0. 0 5   4. 6  4 8  
T T B 2   2 8. 4 1    0. 3 6  0. 2 0  0. 1 1   5. 0  3 3  
T T B 3   4 9. 7 3    0. 0 3  0. 0 2  0. 0 1   4. 3  4 9  
T T B 4   3 3. 1 8    0. 2 3  0. 1 4  0. 0 8   4. 2  3 5  
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Fi g u r e 7 9 . F r e q u e n c y dist ri b uti o n of wi n d s p e e d ( m s- 1) i nt o s e ns o r b y di r e cti o n c at e g o ri es 
s u m m a ri z e d b y pl ot f r o m F B Ps d e pl o y e d i n e x p e ri m e nt al b u r ns i n l o n gl e af pi n e at Ft. J a c ks o n, 

S C a n d T all Ti m b e rs P e b bl e Hill Pl a nt ati o n s h o w n as b a r c h a rts.  
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Fi g u r e 8 0. F r e q u e n c y dist ri b uti o n of wi n d s p e e d  ( m s- 1) i nt o s e ns o r b y di r e cti o n c at e g o ri es f r o m 
F B Ps d e pl o y e d s u m m a ri z e d b y e x p e ri m e nt al b u r ns i n l o n gl e af pi n e at Ft. J a c ks o n, S C  a n d T all 

Ti m b e rs P e b bl e Hill Pl a nt ati o n s h o w n i n p ol a r c o o r di n at es. 

2 4 Bt 2 4 8 s 2 4 As 2 4 At 

1 e + 0 9- 1 
1 e + 0 6 -

1 5 
1 e + 0 3-

1 e • 0 0 1 

-Cl) 
C 
0 - 1 6 D 5  1 6 D 6 1 6 D 1 T T B 1 r o 
> I,, _ 

( 1) 
1 e + 0 9-Cl) 1 

.. a 1 e + O G-
0 1 5 

1 e + 0 3--0 1 e + 0 0- 1 
I,, _ 

( 1) 

.. a 
E 
::: J 

z 
T T B 2  T T B 3  T T B 4 -...., 

0 
..-
0) 

Wi n d S p e e d 0 1 e + 0 9-

1 e + 0 6 -
1 5 1. 5 1 e + 0 3-

1 e + O O -I 4. 5 
7. 5 
1 0. 5 
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Fi g u r e 8 1. N e w h e at fl u x p a c k a g e c o nsisti n g of r a di o m et e r, a dis k a n e m o m et e r a n d 
t h e r m o c o u pl es d e pl o y e d i n e x p e ri m e nt al p r es c ri b e d b u r ns i n l o n gl e af pi n e at Ft. J a c ks o n, S C.  

 

 

Fi g u r e 8 2 . Fl a m e i o ni z ati o n d et e ct o r us e d t o esti m at e fl a m e r esi d e n c e ti m e b u ri e d i n l o n gl e af 
pi n e f o r est fl o o r  at Ft. J a c ks o n, S C. R e d a r r o w i n di c at es d et e ct o r.  
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Fi g u r e 8 3. U n c o r r e ct e d r a di a nt fl u x m e as u r e d i n e x p e ri m e nt al p r es c ri b e d fi r es i n l o n gl e af pi n e 
at Ft. J a c ks o n, S C wit h n e w h e at fl u x ( H F) p a c k a g e. 

~ ---2 4_ B_s _ _ _ _, . _ _ _ _ _ 2 4_ A_s _ _ _ _ _.l . _I _ _ _ 2 _4 A_t _ _ _ _ _. 

6 0 

4 0 

2 0 

¥ 0 _;,. J. .... , ... ,,. _ 1 - -

::J 
;;::: 
..... 
C 
r o 
" O 
r o 
0:: 6 0 

4 0 

2 0 

0 

_ _ 1_6 o_ s _ _ _ _, . _ _ _ _ 1_6 0_ 6 _ _ _ _.I I 1 6 0 1 

. A 
0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 
II') 0 II') II') 0 II') II') 0 II') .... .... .... .... .... .... 

El a p s e d ti m e ( s) 
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Fi g u r e 8 4 . Fl a m e r esi d e n c e ti m e esti m at e d b y n e w fl a m e i o ni z ati o n d et e ct o r i n e x p e ri m e nt al 
p r es c ri b e d fi r es i n l o n gl e af pi n e, Ft. J a c ks o n, S C.  

F or t h e l e af t e m p er at ur e m e as ur e m e nts, Fi g ur e 8 5  a n d Fi g ur e 8 6  i n di c at e t h e p ositi o n of t h e s hr u bs 
a n d l e a v es s a m pl e d i n t w o of t h e s e v e n b ur ns. I n t h e f als e c ol or I R i m a g es (Fi g ur e 8 7  - Fi g ur e 8 9 ) of 
t h e s a m pl e fr a m es i n Pl ots 1 6 D 1, 1 6 D 5 a n d 1 6 D 6, t h e c ol ors ar e a t e m p er at ur e s c al e . P ur pl e 
i n di c at es c o ol f oli a g e (tr a ns pir ati o n/ hi g h w at er c o nt e nt), or a n g e i n di c at es w ar m s p ots i n t h e litt er 
(s urf a c e f u els) c a us e d b y s u n fl e c ks. T h e l a v e n d er is litt er i n t h e s h a d e. T h e thr es h ol d b et w e e n or a n g e 
a n d p ur pl e is a b o ut 3 0 ° C, t h e w ar m est f u els i n t h e s u n w er e u p t o 5 0 ° C, s h a d e d f u el a b o ut 2 8 ° C 
a n d t h e l e a v es a b o ut 2 0 ° C.  Fi g ur e 9 0  s h o ws a n e x a m pl e t h er m al i m a g e d uri n g t h e pr es cri b e d b ur n 
fr o m w hi c h t h e l e af t e m p er at ur e d at a w er e e xtr a ct e d. 

_ _ _ _ 2_4 _A s _ _ _ _ _, . _ _ _ _ 2_4_A _t _ _ _ _ _ _.I ..... I _ _ _ 1_6 _0 _5 _ _ _ _ _ _. 

' 
•  • 

0. 5 
•  • • 

0. 0 ..... i 

0. 5 

0. 0 

_ _ _ _ 1_6 _0 6 _ _ _ _ _, . _ _ _ _ 1_6 _0 1 _ _ _ _ _.I c 
C C 
C C 
..- N 

C 
C 
M 

I , 
• ,. :. R e si d e n c e ti m e • • 

C C C C C C C C C C 
C C C C C C C C 
..- N M ..- N M 

El a p s e d ti m e ( s) 

• 2 4 A s = 3 3 5 s 
• 2 4 At = 4 9 s 
• 1 6 D 5 = 7 7 s 
• 1 6 D 6 = 3 1 s 
• 1 6 D 1 = 2 3 4 s 
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Fi g u r e 8 5. L o c ati o n ( r e d ci r cl es) of f oli a g e s a m pl e d f o r l e af t e m p e r at u r e d u ri n g p r es c ri b e d 
b u r n  2 4 A i n l o n gl e af pi n e at Ft. J a c ks o n, S C. 

 

 

Fi g u r e 8 6. L o c ati o n ( r e d ci r cl es) of f oli a g e s a m pl e d f o r l e af t e m p e r at u r e d u ri n g p r es c ri b e d 
b u r n 2 4 A i n l o n gl e af pi n e at Ft. J a c ks o n, S C.  
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Fi g u r e 8 7. L WI R ( 7- 1 4 µµ m) f als e c ol o r i m a g e of l e af t e m p e r at u r e s a m pli n g l o c ati o ns d u ri n g 
p r es c ri b e d b u r n 1 6 D 1 i n l o n gl e af pi n e at Ft. J a c ks o n, S C . P u r pl e i n di c at es hi g h w at e r c o nt e nt 

f oli a g e, o r a n g e i n di c at es s u n fl e c ks i n litte r, l a v e n d e r is s h a d e d litt e r.  
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Fi g u r e 8 8. I R i m a g e of l e af t e m p e r at u r e s a m pli n g l o c ati o ns d u ri n g p r es c ri b e d b u r n 1 6 D 5 i n 

l o n gl e af pi n e at Ft. J a c ks o n, S C. 
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Fi g u r e 8 9. I R i m a g e of l e af t e m p e r at u r e s a m pli n g l o c ati o ns d u ri n g p r es c ri b e d b u r n 1 6 D 6 i n 

l o n gl e af pi n e at Ft. J a c ks o n, S C. 
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Fi g u r e 9 0. E x a m pl e t h e r m al i m a g e of pl ot 2 4 A. T h e g as s a m pli n g w a n d is visi bl e i n t h e l o w e r 
l eft. 

T h e ti m e s eri es of t h e a v er a g e l e af s urf a c e t e m p er at ur es i n t h e ar e as d e n ot e d i n Fi g ur e 8 5  a n d Fi g ur e 
8 6  ar e pl ott e d i n Fi g ur e 9 1 . O nl y v al u es t h at o c c urr e d pri or t o a n y l e af c o ns u m pti o n ar e s h o w n. 
R e c all t h at t h es e ar e r a di o m etri c t e m p er at ur es [ 2 1 8] w hi c h ass u m e d a hi g h e missi vit y v al u e ( 0. 9 8) 
f or f u els b as e d o n e missi vit y m e as ur e m e nts of v e g et ati o n at a m bi e nt t e m p er at ur es. T h e m a xi m u m 
t e m p er at ur es o bs er ve d i n pl ots 2 4 A a n d 2 4 B a p pr o a c h e d 6 0 0 ° C w hil e t h e t e m p er at ur es i n pl ots 
1 6 D 1, 1 6 D 5 a n d 1 6 D 6 w er e s u bst a nti all y l o w er. M a xi m u m l e af t e m p er at ur es i n pl ots 2 4 A a n d 2 4 B 
ar e l o w er t h a n t h e m a xi m u m l e af t e m p er at ur es o bs er v e d i n t h e b e n c h -s c al e t ests ( 7 5 0 ° C).  
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Fi g u r e 9 1 . S h r u b l e af t e m p e r at u r es esti m at e d f r o m I R i m a g es d u ri n g e x p e ri m e nt al p r es c ri b e d 
b u r ns i n l o n gl e af pi n e at Ft. J a c ks o n, S C. 

 

4. 4  O bj e cti v e 3 – Hi g h -fi d elit y p h ysi cs-b as e d m o d eli n g  

4. 4. 1  G p yr o & F D S b e n c h- s c al e 
T h e m o d el w as v ali d at e d a g ai nst e x p eri m e nt al d at a [ 1 4 8] f or h ori z o nt all y ori e nt e d l e a v es. A 
c o m p aris o n b et w e e n t h e m o d el e d a n d m e as ur e d ti m e e v ol uti o ns of t h e f u el m ass a n d t h e m ass l oss 
r at e ( M L R) s h o w e d a r e as o n a bl y g o o d m at c h b et w e e n t h e n u m eri c al r es ults a n d t h e e x p eri m e nt al 
d at a ( Fi g ur e 9 2 ) [ 1 5 0]. T h e m o d eli n g eff ort pr o vi d e d m or e i nsi g ht i nt o t h e t h er m o c h e mi c al e v ol uti o n 
of t h e h e at e d l e af a n d t h e r ol e t h e fl ui d d y n a mi cs pl a ys i n t his pr o c ess. 

Ti m e e v ol uti o n of t h e l e af m ass, st arti n g fr o m t h e o ns et of h e ati n g w as c h ar a ct eri z e d i n f o ur 
c o ns e c uti v e ti m e i nt er v als f or all c o nsi d er e d F M C c as es. I n t h e i niti al i nt er v al, t h e f u el h e at e d u p 
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wit h o ut l osi n g m u c h of m ass. D ur ati o n of t his i nt er v al w as al m ost i d e nti c al f or all t hr e e m o d el e d 
F M C c as es. Aft er t h e s oli d f u el t e m p er at ur e i n cr e as e d s uffi ci e ntl y, m oist ur e st art e d e v a p or ati n g fr o m 
t h e f u el a n d t h e s e c o n d i nt er v al b e g a n. I n t his i nt er v al, t h e f u el m ass d e cr e as e d al m ost li n e arl y v ers us 
ti m e. T his pr o c ess c o m m e n c e d ar o u n d t h e s a m e ti m e f or all c o nsi d er e d m oist ur e c o nt e nts. H o w e v er, 
si n c e t h e i niti al m ass es of all t hr e e m o d el e d f u els w er e cl os e, it t o o k l o n g er f or a f u el wit h a l ar g er 
F M C t o c o m pl et e t h e m oist ur e e v a p or ati o n pr o c ess. T h e t hir d i nt er v al st art e d wit h a r a pi d d e cr e as e 
of m ass a n d c o nti n u e d u ntil t h e f u el m ass v ers us ti m e l e v el e d off. I n t his i nt er v al, p yr ol ysis g as es 
w er e r el e as e d, i g niti o n t o o k pl a c e, a fl a m e w as f or m e d a n d e v e nt u all y e xti n g uis h e d. I n t h e f o urt h 
i nt er v al, w hil e t h e F F B c o nti n u e d h e ati n g t h e f u el, t h e m ass a n d t h e t e m p er at ur e fi el d of t h e f u el 
r e m ai n e d u n c h a n g e d o v er ti m e. It is n ot e d t h at si n c e n o c h ar o xi d ati o n w as r e p ort e d i n t h e 
e x p eri m e nt, t his pr o c ess w as n ot a c c o u nt e d f or i n t h e m o d el. 

 

Fi g u r e 9 2 . Ti m e hist o ri es of ( a) m ass n o r m ali z e d b y i niti al m ass a n d ( b) m ass l oss r at e. E x p # 1-
4 a r e f o r e x p e ri m e nts p e rf o r m e d o n f o u r m a n z a nit a l e a v es wit h u ns p e cifi e d F M Cs [ 1 4 8]. F M C 

4 0 %/ 7 6 %/ 1 2 0 % a r e t h e t h r e e F M Cs m o d el e d i n t h e st u d y. 

 
T h e si m ul ati o n r es ults r e v e al e d a disti n ct r ol e t h at t h e fl ui d d y n a mi cs pl a y e d i n m oist ur e e v a p or ati o n, 
p yr ol ysis, i g niti o n, c o m b usti o n a n d b ur n o ut b e h a vi or of l e a v es. T h e h ori z o nt all y ori e nt e d l e af ( wit h 
t w o l o n g er di m e nsi o ns of t h e l e af p er p e n di c ul ar t o t h e fl at fl a m e b ur n er e xit fl o w) a ct e d as a bl uff 
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b o d y i n t h e u pstr e a m fl o w of h ot g as es e xiti n g t h e F F B wit h a st a g n ati o n p oi nt f or m e d o n t h e 
u pstr e a m si d e d of t h e l e af a n d v orti c al str u ct ur es f or m e d i n t h e o p p osit e si d e  (Fi g ur e 9 3 ). Si m ul ati o ns 
f urt h er r e v e al e d t h e disti n ct r ol e t h at t h e fl o w v orti c es pl a y e d i n t h e n o n u nif or m distri b uti o n of 
t e m p er at ur e ar o u n d t h e f u el. T his eff e ct i n t ur n r es ult e d i n a n o n u nif or m r el e as e of m oist ur e a n d 
p yr ol ysis g as es fr o m t h e l e af. C o ns e q u e ntl y, it aff e ct e d t h e ti m e a n d l o c ati o n of i g niti o n a n d t h e 
o v er all b ur ni n g b e h a vi or. 

 

Fi g u r e 9 3. C ol o r c o nt o u rs of o x y g e n m ass f r a cti o n at t = 1 1. 5 s f o r a si m ul at e d h o ri z o nt al 
m a n z a nit a l e af h e at e d i n a fl at fl a m e b u r n e r.  

I n t h e v erti c all y ori e nt e d l e af si m ul ati o ns [ 1 5 3], t h e f u el c o n diti o n w as s et i d e nti c al t o t h e 
h ori z o nt all y ori e nt e d l e af si m ul ati o ns  e x c e pt f or t h e ori e nt ati o n a n d F M C of t h e l e af.  F o ur diff er e nt 
tr e at m e nts of dr y d e a d ( F M C 4 %), r e h y dr at e d d e a d ( 2 6 %), d e h y dr at e d li v e ( 3 4 %) a n d fr es h li v e 
( 6 3 %) w hi c h w er e pr e vi o usl y st u di e d i n t h e F F B [ 2 1 9], w er e si m ul at e d. Until t h e ti m e w h e n t h e f u el 
l ost n e arl y 5 0 % of its i niti al m ass, t h e m o d el s o m e w h at o v er pr e di ct e d t h e e x p eri m e nt all y m e as ur e d 
m ass b ut aft er t his ti m e, t h e m o d el s o m e w h at u n d er pr e di ct e d it  f or d e a d l e a v es (Fi g ur e 9 4 ). F or li v e 
l e a v es, t h e m o d el p erf or m e d v er y w ell u ntil t h e ti m e w h e n 2 5 % a n d 5 0 % of t h e i niti al m ass w er e l ost 
f or t h e d e h y dr at e d a n d fr es h l e a v es, r es p e cti v el y. T h e n, t h e m o d el u n d er pr e di ct e d m e as ur e d m ass 
wit h a n i n cr e asi n g diff er e n c e o v er ti m e. T h e m ass l oss r at e at t h e i g niti o n ti m e i n cr e as e d wit h F M C 
w h er e as t h e f u el t e m p er at ur e at t h e i g niti o n ti m e w as n ot v er y s e nsiti v e t o F M C. T h e i g niti o n ti m es 
o bt ai n e d i n si m ul ati o ns w er e f o u n d i n v er y g o o d a gr e e m e nt wit h t h e o n es d et er mi n e d b y e m piri c al 
c orr el ati o ns f or all F M Cs. O n t h e ot h er h a n d, t h e pr e di ct e d b ur n o ut ti m es w er e s h ort er t h a n t h e 
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e m piri c all y  d et er mi n e d o n es.  

 

Fi g u r e 9 4 . Ti m e e v ol uti o n of v e rti c all y o ri e nt e d l e af n o r m ali z e d m ass. D ott e d li n es i n di c at e 
9 5 % c o nfi d e n c e i nt e r v als f o r e x p e ri m e nt al d at a [ 2 1 9]. 

Si m ul ati o ns r e v e al e d t h at t h e fl o w n e ar t h e l e af w as c h ar a ct eri z e d b y t w o l a mi n ar b o u n d ar y l a y ers 
f or m e d o n t h e f a c es of t h e v erti c all y ori e nt e d l e af. T h e y pl a y e d a criti c al r ol e i n h e ati n g, m oist ur e 
e v a p or ati o n a n d p yr ol ysis, as d e m o nstr at e d b y t h e si m ul ati o ns. T h er e w as a l a c k of a n y v orti ci al 
str u ct ur es n e ar t h e fl o w, w hi c h m a d e t h e fl o w c h ar a ct eristi cs h er e c o m pl et el y diff er e nt fr o m t h at i n 
t h e h ori z o nt all y ori e nt e d l e af. R e c all t h at n o b o u n d ar y l a y ers w er e f or m e d o n t h e f a c es of t h e 
h ori z o nt all y ori e nt e d l e a v es. A n e v a p or ati o n fr o nt pr o p a g ati n g i n w ar d fr o m t h e e d g es w as n ot e d 
i nsi d e t h e l e af. Aft er i g niti o n, a p pr e ci a bl e m oist ur e r e m ai n e d i n t h e l e af. R el e as e of w at er v a p or a n d 
p yr ol ysis g as es b e c a us e of  t h e l e af m oist ur e e v a p or ati o n a n d p yr ol ysis, dis pl a c e d o x y g e n i n t h e l e af 
n ei g h b or h o o d a n d r e d u c e d t h e o x y g e n c o n c e ntr ati o n t h er ei n. Aft er i g niti o n o c c urr e d, g as p h as e 
c o m b usti o n f urt h er d e cr e as e d o x y g e n c o n c e ntr ati o n i n t h e vi ci nit y of t h e l e af. T h e fl a mi n g p att er n 
w as q u alit ati v el y i n a gr e e m e nt wit h pr e vi o usl y r e p ort e d e x p eri m e nt al o bs er v ati o ns.  

Fr o m  t h e st u d y e x a mi ni n g t h e eff e ct  of h e ati n g m o d e o n v erti c all y ori e nt e d l e a v es [ 1 5 4], Fi g ur e 9 5  
s h o ws t h e ti m e e v ol uti o n of t h e n or m ali z e d f u el m ass c o m p ut e d i n t h e c urr e nt st u d y a n d t h e o n e i n 
t h e pr e vi o us e x p eri m e nts [ 4 6] f or t h e c o n v e cti o n- o nl y a n d c o m bi n e d c o n v e cti o n a n d r a di ati o n 
h e ati n g m o d es. C o m p ari n g t h e l eft a n d ri g ht p a n els r e v e als t h at t h e a d diti o n al h e at fl u x s u p pli e d b y 
t h e r a di a nt p a n el c a us e d  t h e l e af t o l os e m ass f ast er i n t h e c o m bi n e d m o d e. T h e ti m e t o r e a c h 5 0 % of 
t h e i niti al m ass w a s d et er mi n e d  as  7. 3 s a n d 8. 1 s f or t h e e x p eri m e nts a n d t h e c o m p ut ati o ns, 
r es p e cti v el y, i n t h e c o n v e cti o n- o nl y m o d e. It is n e arl y i d e nti c al a n d e q u al t o 6. 2 s f or b ot h 

- - E x p. ( Pri n c e, 2 0 14) 
- C o m p ut at i o ns 
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e x p eri m e nts a n d c o m p ut ati o ns i n t h e c o m bi n e d m o d e. T i m e ( m e a n of 1 2 m o nt hl y m e as ur e m e nts) f or 
li v e m a n z a nit a l e a v es t o r e a c h 5 0 % of t h e i niti al m ass w as r e p ort e d as 8. 8 s a n d 5. 8 s f or c o n v e cti o n-
o nl y a n d c o m bi n e d m o d es, r es p e cti v el y [ 1 5 5]. Th e si m ul ati o ns sli g htl y u n d er pr e di ct e d  t h e m ass of 
t h e f u el r e m ai ni n g at  t h e c o n cl usi o n of t h e e x p eri m e nts (r esi d u al m ass) (Fi g ur e 9 5 ). Fr o m Fi g ur e 9 5 , 
it c o ul d b e als o u n d erst o o d t h at i n li g ht of t h e p ar a m etri c v al u es p erti n e nt t o t h e h e ati n g s o ur c es, t h e 
c o n v e cti v e h e ati n g s e e m e d  t o h a v e m or e i m p a ct t h a n t h e r a di ati v e h e ati n g o n t h e p yr ol ysis a n d 
b ur ni n g pr o c ess of t h e l e af. It t o o k a b o ut 9 s f or t h e l e af t o b e c o m pl et el y p yr ol y z e d w h e n t h e 
c o m bi n e d m o d e w a s a p pli e d. As a r es ult, at t h e e n d of ∼ 9 s of t h e c o m bi n e d h e ati n g, t h e l e af l ost 
∼ 9 0 % of its i niti al m ass. W h e n t h e h e ati n g m o d e w a s c o n v e cti o n- o nl y, as i n Fi g ur e 9 5 a, t h e l e af 
l os es ∼ 6 0 % of its i niti al m ass aft er 9 s. T h e i g niti o n ti m es w er e c al c ul at e d ∼ 3. 4 s a n d ∼ 3. 0 s i n t h e 
c o n v e cti o n h e ati n g a n d t h e c o m bi n e d h e ati n g, r es p e cti v el y.  U nli k e t h es e m o d es, t h e r a di ati o n - o nl y 
h e ati n g m o d e di d n ot r es ult i n i g ni ti o n i n t h e si m ul ati o ns, w hi c h is t h e c o nfir m ati o n of n o i g niti o n 
r e p ort e d i n t h e e x p eri m e nts f or t his m o d e. T h e m ass v ers us ti m e w as n ot r e p ort e d i n t h e pr e vi o us 
e x p eri m e nts f or t his m o d e. I n t h e si m ul ati o n, it s m o ot hl y dr o p p e d b y ar o u n d 3 0 % b y t h e e n d 1 5s i n 
t h e r a di ati o n o nl y h e ati n g m o d e. F or br e vit y, t h e m ass w as n ot pl ott e d v ers us ti m e f or t his m o d e.  

 

Fi g u r e 9 5. Ti m e e v ol uti o n of t h e l e af m ass n o r m ali z e d b y t h e l e af i niti al m ass f o r  ( a) 
c o n v e cti o n- o nl y a n d ( b) c o m bi n e d c o n v e cti o n a n d r a di ati o n h e ati n g m o d es i n t h e p r e vi o us 

e x p e ri m e nts  [ 4 6] (s y m b oli z e d d as h e d li n e) a n d t h e c u r r e nt c o m p ut ati o ns (s oli d li n e). 

Fi g ur e 9 6  s h o ws g as t e m p er at ur e, g as v erti c al v el o cit y, a n d o x y g e n v ol u m e fr a cti o n v ers us 𝒁𝒁  i n t h e 
li n e p assi n g t h e mi d dl e of t h e l e af ( w h er e 𝒁𝒁 = 0. 0 4 5  m a n d 𝒁𝒁 = 0  m pl a n es i nt ers e ct) i n t h e g a s 
( F D S) d o m ai n f or t h e c o m bi n e d h e ati n g m o d e. T h e s p ati al distri b uti o ns of g as t e m p er at ur e, g as 
v erti c al v el o cit y a n d o x y g e n v ol u m e fr a cti o n e x hi bit a n as y m m etr y as t h e v ari a bl es i n t h e l eft a n d 
ri g ht si d es of t h e l e af ar e c o m p ar e d.  T h e r e as o n f or t his asy m m etri c b e h a vi or is t h at t h e l eft f a c e of 
t h e l e af is o p p osit e t o t h e r a di a nt p a n el. H e n c e, t h e l eft f a c e h e ats u p f ast er t h a n t h e ri g ht f a c e a n d t h e 
p h ysi c al a n d t h er m o c h e mi c al pr o c ess es l a g o n t h e ri g ht si d e of t h e l e af.  F or i nst a n c e, r ef erri n g t o 
Fi g ur e 9 6 ( a), t h e g as t e m p er at ur e p e a k o n t h e l eft si d e is ∼ 1 1 5 0 ◦C w hi c h i s a b o ut 7 5 ◦C hi g h er t h a n 
t h at o n t h e ri g ht si d e a n d i n di c at es t h at t h e c o m b usti o n r e a cti o n r at e is hi g h er o n t h e l eft si d e.  As a 
r es ult, o x y g e n is c o ns u m e d f ast er a n o v er all l o w er a m o u nt i n t h e l eft si d e as c a n b e s e e n i n Fi g ur e 
9 6 c. M or e o v er, as s h o w n i n Fi g ur e 9 6 b, t h e p e a k of t h e v erti c al v el o cit y w hi c h o c c urs i n t h e r e a cti o n 
z o n e, is hi g h er o n t h e l eft si d e of t h e l e af m ostl y b e c a us e t h e p e a k t e m p er at ur e is hi g h er t h er ei n 
c o m p ar e d t o t h at o n t h e ri g ht si d e. I n t h e c o n v e cti o n- o nl y m o d e ( n ot s h o w n i n t h e fi g ur e), t h e 
v ari a bl es pl ott e d i n Fi g ur e 9 6  s h o w e d q uit e a s y m m etri c distri b uti o n. 
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Fi g u r e 9 6. ( a) T e m p e r at u r e; ( b) v e rti c al ( z- c o m p o n e nt) v el o cit y; a n d ( c) o x y g e n v ol u m e 
f r a cti o n v e rs us y at x = 0 m a n d z = 0. 0 4 5 m i n t h e g as d o m ai n s u r r o u n di n g t h e l e af at 𝒁𝒁 = 𝒁𝒁 s f o r 

t h e c o m bi n e d h e ati n g m o d es o f c o n v e cti o n a n d r a di ati o n. T h e t hi c k li n e i n t h e mi ddl e i n di c at es 
t h e h o ri z o nt al p ositi o n of t h e l e af. 

I n t h e f u el m oist ur e e v a p or ati o n st u d y w hi c h p er mitt e d t h e s oli d f u el t o s hri n k, e v a p or ati o n g e n er all y 
pr e c e d e d a n d si g nifi c a ntl y i nfl u e n c e d t h e p yr ol ysis a n d b ur ni n g pr o c ess es a n d t h e f u el [ 2 2 0]. H e n c e, 
a n a c c ur at e r e pr es e nt ati o n of t h e m oist ur e e v a p or ati o n is criti c al i n t h e p h ysi c al m o d eli n g of fir es, 
es p e ci all y w h e n li v e f u els,  w hi c h ar e c h ar a ct eri z e d b y hi g h F M C, ar e i n v ol v e d. 

Wit h  t h e e q uili bri u m m o d el, a st e e p e v a p or ati o n fr o nt w h er e e v a p or ati o n r at e, m oist ur e m ass fr a cti o n 
a n d t e m p er at ur e pr ofil es w er e f o u n d t o e x hi bit a br u pt c h a n g es. O n t h e ot h er h a n d, pr ofil es o bt ai n e d 
usi n g t h e Arr h e ni us m o d el w er e f o u n d t o b e s m o ot h t hr o u g h o ut t h e sl a b. T his b e h a vi or w as m ai nl y 
attri b ut e d t o t h e e v a p or ati o n r at e e q u ati o n of t h e Arr h e ni us m o d el. It w as n ot e d t h at t h e dr yi n g 
d y n a mi cs d es cri b e d b y t h e e q uili bri u m m o d el w as m or e c o nsist e nt wit h t h e p h ysi cs of e v a p or ati o n. 
T h e e q uili bri u m m o d el s h o w e d a disti n ct e v a p or ati o n fr o nt, a n d m or e a c c ur at el y c a pt ur e d t h e eff e ct 
of F M C o n t h e dr yi n g d y n a mi cs. T h e i m p a ct of t h e e v a p or ati o n m o d el o n t h e a m o u nt of f u el 
s hri n k a g e w as n ot a p pr e ci a bl e f or l o w f u el F M C b ut it w as si g nifi c a nt f or hi g h F M C.  
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Fi g u r e 9 7 . P r ofil es of e v a p o r ati o n ( a, b), li q ui d m oist u r e m ass f r a cti o n ( c, d) a n d t e m p e r at u r e 
( e,f) f o r a n e xt e r n al r a di a nt fl u x of 4 0 k W m- 2. F M C = 2 6 a n d 1 0 0 %, l eft a n d ri g ht, 

r es p e cti v el y. E M is e q uili b ri u m m o d el a n d A M is A r r h e ni us m o d el.  

 

4. 4. 2  F D S wi n d t u n n el s c al e 
F or t h e si n gl e st e p r e a cti o n s c h e m e f or a n o wi n d fir e, t h e si m ul ati o n r es ult e d i n a m a xi m u m 
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t e m p er at ur e gr e at er t h a n 9 0 0 C wit h a fl a m e h ei g ht of r o u g hl y 0. 5 m (Fi g ur e 9 8 ). M a xi m u m 
si m ul at e d v erti c al v el o cit y e x c e e d e d 3 m s - 1. 
 
 

 
Fi g u r e 9 8 . C o nt o u r pl ot of t e m p e r at u r e at diff e r e nt ti m e st e ps esti m at e d usi n g a si n gl e st e p 

p y r ol ysis s c h e m e i n a l o n gl e af pi n e f u el b e d u n d e r n o wi n d c o n diti o ns.  

T h e c o m p aris o n of o bs er v e d f u el t e m p er at ur e wit h t h e si n gl e- st e p a n d m ulti -st e p si m ul ati o ns yi el d e d 
s e v er al r es ults ( Fi g ur e 9 9 ). T h e t e m p er at ur e w as r e p ort e d f or a p oi nt at t h e f u el b e d s urf a c e at t h e 
c e nt er li n e. T h e t e m p er at ur e ris e  a n d dr o p i n di c at e t h e l e a di n g a n d tr aili n g e d g es of t h e fl a m e, 
r es p e cti v el y. I n all t hr e e wi n d c o n diti o ns, t h er e w as a r a pi d ris e i n t e m p er at ur e; as wi n d s p e e d 
i n cr e as e d; t h e fl a m e d e pt h i n cr e as e d as i n di c at e d b y t h e i n cr e as e d br e a dt h of t h e t e m p er at ur e cur v e. 
T h e t e m p er at ur e pr ofil es f or t h e si n gl e -st e p si m ul ati o n s w er e si mil ar t o t h e e x p eri m e nt al r es ults  f or 
t h e n o wi n d a n d l o w wi n d ( 0. 4 4 m s- 1) c o n diti o n s. Th e m o d el o v er pr e di ct e d m a xi m u m t e m p er at ur e 
f or hi g h wi n d ( 1 m s- 1). T h e l ar g er wi dt h of t h e p e a k f or t h e si n gl e r e a cti o n c o m p ar e d t o t h e 
e x p eri m e nt i n di c at es t h at t h e si m ul at e d fl a m e wi dt h of t h e si m ul ati o n w a s l ar g er t h a n t h e e x p eri m e nt.  

I n t h e c as e of si n gl e st e p r e a cti o n m o d eli n g, t h e p e a k t e m p er at ur es f or n o wi n d, 0. 4 4 m/s a n d 1. 0 m/s 
wi n d s p e e ds ar e a p pr o xi m at el y 7 6 0 ℃, 6 8 0 ℃ a n d 7 4 0 ℃, r es p e cti v el y. Als o, t h e r el ati v e 
t e m p er at ur e err or b et w e e n m o d el pr e di cti o n a n d e x p eri m e nt al d at a w er e 1 7. 6 %, 1 6. 6 % a n d 4 5 % f or 
n o wi n d, 0. 4 4 m/s a n d 1. 0 m/s wi n d s p e e ds c o n diti o ns, r es p e cti v el y. T h e m ulti- st e p r e a cti o n 
m o d eli n g i m pr o v e d t h e m a xi m u m t e m p er at ur e pr e di cti o n c o m p ar e d t o si n gl e-st e p r e a cti o n. T h e 
wi dt h of t h e p e a k c ur v e is m or e si mil ar t o t h e e x p eri m e nt al m e as ur e m e nts. T h e p e a k t e m p er at ur e f or 
n o wi n d, 0. 4 4 m/s a n d 1. 0 m/s c as es ar e 6 6 5 ℃, 5 5 2 ℃ a n d 6 5 8 ℃, r es p e cti v el y. T h e r el ati v e 
t e m p er at ur e err or b et w e e n m o d el pr e di cti o n a n d e x p eri m e nt al d at a ar e 2. 8 %, 4. 8 % a n d 2 9 %.  
C o m p ar e d t o t h e si n gl e st e p m o d el, t h e r es ults of m ulti -st e p m o d el i n di c at e d t h at t h e m ulti -st e p 
r e a cti o n m o d el is m or e c a p a bl e of pr e di cti n g t h e t e m p er at ur e pr ofil e. H o w e v er, t h e m ulti -st e p 
r e a cti o n m o d el w as i n c a p a bl e t o pr e di ct t h e t e m p er at ur e pr ofil e f or t h e 1 ms - 1 wi n d v el o cit y. 

2 

1. 5 

e 
: E 
Cl 
'ii 
:I: 

0. 5 

2 0 [ s) 

0. 5 
X[ m] 

2 

1. 5 

0. 5 

8 5 [s] 

1. 5 
X[ m] 

2 

1. 5 

0. 5 

1 3 5 [ s) 

2. 5 
X[ m] 

e m p e r at u r e 

9 0 0 [ CJ 

8 0 0 
7 0 0 
6 0 0 
5 0 0 
4 0 0 
3 0 0 
2 0 0 
1 0 0 
0 

3 



1 4 2 

 

Fi g u r e 9 9 . C o m p a ris o n of m e as u r e d f u el b e d s u rf a c e t e m p e r at u r e wit h si m ul ati o ns usi n g si n gl e 
st e p a n d m ulti -st e p p y r ol ysis s c h e m es f o r l o n gl e af pi n e n e e dl e f u el b e ds b u r n e d u n d e r 3 wi n d 

v el o citi es ( n o n e, 0. 4 4 m s - 1, 1 m s- 1) i n a wi n d t u n n el. 

Fi g ur e 1 0 0  s h o ws t h e c o nt o ur of t e m p er at ur e at a v erti c al pl a n e i n t h e mi d dl e of t h e wi n d t u n n el f or 
diff er e nt wi n d c o n diti o ns a n d diff er e nt m o d eli n g s c h e m es. A c c or di n g t o t h e c o nt o urs, a n i n cr e as e i n 
t h e wi n d s p e e d m a d e t h e fl a m e l ar g er a n d r e d u c ed t h e a n gl e b et w e e n fl a m e pl u m e a n d u n b ur n e d f u el 
as is w ell -est a blis h e d  [ e. g. 2 2 1]. C o m p ari n g t h e r es ults of si n gl e-st e p r e a cti o n a n d m ulti-st e p r e a cti o n 
s h o we d  t h at t h e si z e of fl a m e w a s bi g g er f or t h e si n gl e-st e p r e a cti o n m o d e li n g (Fi g ur e 1 0 0 ). Fr o m 
t his r es ult w e c a n c o n cl u d e t h at fir e s pr e a d r at e a n d m a xi m u m fl a m e t e m p er at ur e w er e  hi g h er f or t h e 
si n gl e- st e p r e a cti o n.  

 
Fi g u r e 1 0 0 . T e m p e r at u r e c o nt o u rs i n a v e rti c al pl a n e i n t h e wi n d t u n n el c e nt e rli n e f o r si n gl e 
a n d m ultist e p p y r ol ysis s c h e m es f o r 3 wi n d v el o citi es: ( a) 0 m s - 1, ( b) 0. 4 4 m s- 1, ( c) 1 m s- 1. 
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W hil e e v er y att e m pt w as m a d e i n t h e e x p eri m e nts t o pr o d u c e a li n e ar fl a m e fr o nt, c ur v at ur e of t h e 
fl a m e fr o nt i n e vit a bl y o c c urr e d as t h e fir e pr o gr ess e d i n t h e wi n d t u n n el. B ot h r e a cti o n s c h e m es a n d 
t h e fl o w d y n a mi cs si m ul at e d i n t h e wi n d t u n n el b y F D S r es ult e d i n c ur v at ur e of t h e fl a m e fr o nt ( n ot 
s h o w n) t h at w as si mil ar t o t h e n o a n d l o w wi n d s p e e d c o n diti o ns. T h e hi g h wi n d s p e e d si m ul ati o n 
di d n ot m at c h t h e o bs er v e d fl a m e fr o nt s h a p e. T h e si m ul at e d fl a m e d e pt h ( wi dt h) w as r el ati v el y 
c o nst a nt  al o n g t h e fl a m e fr o nt ( Fi g ur e 1 0 1 ). T h e fl a m e wi dt h f or si n gl e -st e p r e a cti o n is l ar g er 
c o m p ar e d t o t h e m ulti -st e p r e a cti o n. F or t h e si n gl e -st e p r e a cti o n t h e fl a m e wi dt h v ari e d ar o u n d 0. 1 5 
m, w hil e t h e fl a m e wi dt h f or t h e m ulti -st e p r e a cti o n v ari e d ar o u n d 0. 1 m. T h es e d at a c o ul d b e 
p ot e nti all y c o m p ar e d t o m e as ur e m e nts t a k e n wit h t h e I R c a m er a  aft er e xtr a cti n g t h e d at a fr o m t h e 
vi d e os. 

 

Fi g u r e 1 0 1 . Si m ul at e d fl a m e z o n e wi dt h ( d e pt h)  al o n g t h e fi r e f r o nt f o r si n gl e a n d m ulti -st e p 
p y r ol ysis s c h e m es.  

T h e si m ul at e d pi n e n e e dl e m ass l oss diff er e d b et w e e n t h e si n gl e st e p a n d m ulti- st e p r e a cti o n s c h e m es 
at  diff er e nt wi n d s p e e ds (Fi g ur e 1 0 2 ). M ass l oss r at e i n cr e as e d wit h wi n d s p e e d . T h e c o nst a nt m ass 
l oss r at e f or t h e n o wi n d c o n diti o n i n di c at e d t h at t h e c o m b usti o n pr o c ess w a s st a bl e. As wi n d s p e e d 
i n cr e as e d, t h e m ass l oss r at e fl u ct u ate d s u g g esti n g t h at t h e fl a m e c h a n g e d . F or t h e m ulti -st e p s c h e m e, 
t h e b ur ni n g ti m e w as 5 5 0 s, 2 9 5 s a n d 1 3 0 s f or wi n d s p e e ds of 0, 0. 4 4 a n d 1. 0 m s- 1, r es p e cti v el y. 
R esi d u al m ass diff er e d b et w e e n t h e r e a cti o n s c h e m es u n d er n o wi n d c o n diti o ns; t h e s i n gl e-st e p 
s c h e m e r es ult e d i n l ess f u el c o ns u m pti o n ( Fi g ur e 1 0 2 ) i n di c ati n g i n c o m pl et e c o m b usti o n. 
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Fi g u r e 1 0 2 . T h e m ass l oss wit h ti m e f o r diff e r e nt wi n d s p e e ds a): si n gl e -st e p r e a cti o n. b): m ulti -

st e p r e a cti o n.  

 

T a bl e 3 4  c o m p ar es  t h e e x p eri m e nt al fir e s pr e a d r at e wit h si m ul at e d s pr e a d r at e  f or t h e si n gl e st e p a n d 
m ulti -st e p s c h e m es . Si m ul at e d s pr e a d r at es w er e  c al c ul at e d b as e d o n t h e f u el m ass l oss r at e a n d t h e 
fl a m e fr o nt l o c ati o n. F or t h e si n gl e  st e p s c h e m e , t h e pr e di ct e d fir e s pr e a d r at e w a s m u c h f ast er 
c o m p ar e d t o t h e e x p eri m e nt s i n c e s o m e e n d ot h er mi c r e a cti o n s w er e  n e gl e ct e d . T h e diff er e n c e 
b et w e e n o bs er v e d a n d si m ul at e d r at e of s pr e a d w as m u c h s m all er f or t h e m ulti -st e p s c h e m e.   

T a bl e 3 4 . E x p e ri m e nt al a n d si m ul at e d r at e of s p r e a d i n l o n gl e af pi n e n e e dl e f u el b e ds b u r n e d 
i n a l o w s p e e d wi n d t u n n el. 

Wi n d v el o cit y 
( m s - 1) 

R at e of s pr e a d ( m s - 1) 

 E x p eri m e nt al  S i n gl e st e p M ulti -st e p 
0  0. 0 0 5 8  0. 0 0 8 6 ( + 4 8. 9 %)  0. 0 0 5 1 ( -1 2. 1 %)  
0. 4 4  0. 0 1 0 4  0. 0 1 6 7 ( + 6 0. 7 %)  0. 0 0 9 5  (-8. 4 %)  
1. 0  0. 0 2 0 8  0. 0 3 5 1( + 6 8. 7 %)  0. 0 2 1 3  ( 2. 4 %) 

 

4. 4. 3  S p e cifi c h e at a n d V e g et ati o n m o d ul e 
R es ults wit h t h e 1 2 l e af s p e ci es s h o w a li n e ar v ari ati o n of h e at c a p a cit y of dri e d l e af wit h 
t e m p er at ur e u p t o ar o u n d 2 0 0o C wit h a p p ar e nt a n d r e v ersi n g h e at c a p a citi es i n a gr e e m e nt wit hi n 
err or li mits of tri pli c at e t esti n g, a n d i n cl u di n g t h e c orr el ati o n wit h t h e 1 2 c o m p o n e nts i n di vi d u al h e at 
c a p a citi es  (Fi g ur e 1 0 3 ). F or t e m p er at ur es fr o m ar o u n d 2 0 0o C t o 4 4 0 o C t h e r e v er si n g s p e cifi c h e a t 
c a p a cit y, as c orr e ct e d f or s a m pl e m ass l oss, c o ul d b e m o d el e d as c o nst a nt ( wit hi n err or b o u n ds), 
w h er e as t h e p ositi v e diff er e n c e b et w e e n r e v ersi n g h e at c a p a cit y a n d a p p ar e nt h e at c a p a cit y s u g g ests 
t h e e x ot h er mi c h e at of c h arri n g f or m ulti pl e c o m p o n e nts of t h e fr es h l e af [ p a p er b ei n g pr e p ar e d]. 
T his b e h a vi or of t h e h e at c a p a cit y a n d t h e h e at of p yr ol ysis d uri n g l e af d e gr a d ati o n is i n st ar k 
c o nstr ast t o t h at of c urr e nt p yr ol ysis m o d eli n g, i n cl u di n g t h at i n t h e v e g et ati o n m o d ul e of F D S a n d 
G P Y R O.  
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Fi g u r e 1 0 3 . S p e cifi c h e at c a p a cit y m e as u r e d i n a D S C f o r f oli a g e f r o m 1 1 s p e ci es of pl a nts 
n ati v e t o t h e s o ut h e ast e r n U. S. [ 1 6 3] 

 
C o m pl e m e nti n g t h e w or k o n m e as uri n g t ars a n d g as es i n a fl at fl a m e b ur n er/r a di a nt p a n el 
e n vir o n m e nt, w e m e as ur e d t ars, s o ot, a n d g as es al o n g wit h m ass l oss r at e a n d h e at r el e as e r at e a n d 
t h eir esti m ati o n d uri n g s m ol d eri n g/ p yr ol ysis t ests a n d d uri n g pil ot e d i g niti o n t ests u n d er irr a di a n c e of 
3 5 k W m - 2 i n t h e i C o n e c al ori m et er, a n d r e p ort e d s p e cifi c all y f or t h e l o n gl e af pi n e n e e dl es [ 1 8 8]. 
S e v er al l e a v es ( ar o u n d 5 0 f or n e e dl es) w er e l ai d as a si n gl e l a y er b et w e e n t w o wir e s cr e e ns t o t a k e 
a d v a nt a g e of a u nif or m r a di a nt h e at fl u x o n a cir c ul ar ar e a of 1 3 2 c m 2  (Fi g ur e 3 ). T h er m o c o u pl es 
w er e pl a c e d o n t h e s h a d e d a n d e x p os e d si d e of t h e l e a v es h el d i n pl a c e b y c o ars e t hi n wir e s cr e e ns. 
R e pli c ati o n of l e af p yr ol ysis/s m ol d eri n g e x p eri m e nts w as d o n e t o pr o vi d e t ars o nt o filt ers a n d i nt o 
b ottl es of s ol v e nt f or G C 2 x T O F M S c h ar a ct eri z ati o n. T o d at e, t h e G C 2 x T O F M S a n al ysis f or L y o ni a 
l u ci d a is ol at e d n e arl y 2 0 0 0 c o m p o u n ds, m a n y of w hi c h h a v e y et t o b e i d e ntifi e d; a p u bli c ati o n wit h 
t h e r es ults f or a m aj orit y of t h e pl a nt s p e ci es h as b e e n r e c e ntl y p u blis h e d [ 2 2 2, 2 2 3]. R es ults fr o m t h e 
i C o n e c al ori m et er c o nfir m t h at f or l o n gl e af pi n e litt er, f u el g as es w er e  o nl y a s m all m ass fr a cti o n of 
t h e c o m b usti n g f u el (Fi g ur e 1 0 4 ). 
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Fi g u r e 1 0 4. P y r ol ysis e missi o ns: a) tr a c e g as es b) m aj o r m ass fl o ws d e ri v e d.  

It is s e e n t h at t h e C H4  m ol ar c o n c e ntr ati o n a v er a g e d t o 1 4 % of C O c o n c e ntr ati o n i n Fi g ur e 1 0 4 a. C O 
i n t ur n h as m ass c o n c e ntr ati o n t h at is ar o u n d 1 % t h at of t h e f u el m ass l oss at t he b e gi n ni n g of 
s m ol d eri n g ( m ostl y c h ar o xi d ati o n) a n d p yr ol ysis at ar o u n d 2 0 0 o C, m o vi n g u p t o ar o u n d 1 0 % of t h e 
f u el m ass l oss as t h e w hit e s m o k e e n ds a n d gl o wi n g p e a ks, f or t e m p er at ur es of 4 0 0 o C t o 6 0 0 o C, 
w hi c h i s o pti m u m f or m a xi mi zi n g t ar pr o d u cti o n. T h is si m plifi es d et er mi n ati o n of t ar m ass ( w hit e 
s m o k e t h at is es c a pi n g c o m b usti o n) e v ol v e d as fr a cti o n of f u el m ass l oss as a f u n cti o n of ti m e as 
f oll o ws. Fr o m t h e r at es of O2  c o ns u m pti o n, pr o d u cti o n r at es of C O2 , C O, a n d bl a c k s m o k e, a n d 
s a m pl e m ass l oss r at e, it w as d et er mi n e d t h e c h ar f u el c o m p ositi o n d uri n g t h e c o m pl et e gl o w 
c o m b usti o n is t h at of li g ni n/ p h e n ol [ 6 4]. Wit h t h er m o c o u pl e s h o wi n g t e m p er at ur es ar o u n d 1 0 0o C u p 
t o 5 0 s t est ti m e, t h e w ei g ht l oss d at a is t h e i niti al m ass l oss pri m aril y t h at of t h e a bs or b e d m oist ur e 
( 1 8 0 % dr y b asis), as s h o w n i n Fi g ur e 1 0 4 b. S p e cifi c e xti n ct i o n ar e a of s m o k e w as c ali br at e d t o 
c o m p ut e t h e r e m ai n d er f u el m ass, w hi c h is t ar m ass r at e as f u n cti o n of ti m e, as s h a d e d pi n k i n Fi g ur e 
1 b (s h a d e d ar e a is 7 1 % of l e af dr y m ass). T h e t ar gl o b al el e m e nt al c o m p ositi o n w as d eri v e d as a 
diff er e n c e b et w e e n t h e  li v e l e af c o m p ositi o n (fr o m Ulti m at e A n al ysis [ 6 4]) a n d t h e d eri v e d gl o wi n g 
c h ar c o m p ositi o n, ass u mi n g h y dr o c ar b o n f u el g as es ar e n e gli gi bl e. 

M ass l oss r at es f or w at er, t ar, a n d c h ar o xi d ati o n ( Fi g ur e 1 0 4 b) w er e pr e di ct e d w ell usi n g p yr ol ysis 
ki n eti cs d eri v e d wit h T G A m e as ur e m e nts i n nitr o g e n a n d air a n d usi n g t h e e x p os e d a n d s h a d e d 
t e m p er at ur es m e as ur e d wit h ti m e fr o m t h e c o n e c al ori m et er t est [ P a p er b ei n g pr e p ar e d]. T h e d at a 
fr o m t h e e x p os e d a n d s h a d e d t e m p er at ur es w as us e d i n t h e i n v ers e h e at c o n d u cti o n a p pr o xi m ati o n 
m et h o d t o esti m at e t h e tr a ns p ort pr o p erti es of s urf a c e e missi vit y, c o n v e cti v e h e at tr a nsf er c o effi ci e nt, 
a n d t h er m al c o n d u cti vit y as f u n cti o n of l e af c o m p ositi o n, m oist ur e, t e m p er at ur e, a n d d e gr a d ati o n of 
l e af c o m p o n e nts [ P a p er b ei n g pr e p ar e d]. All of t h e l e af t h er m al a n d m ass pr o p erti es a n d p yr ol ysis 
ki n eti cs f or m oist ur e, t ar, a n d c h ar o xi d ati o n w er e d eri v e d i n d e p e n d e ntl y of t h e p yr ol ysis m o d els i n 
G P Y R O a n d F D S, as t h e i nt e nt is t o r e pl a c e t h e v e g et ati o n m o d ul e i n t h e F D S wit h a m or e g e n er al  
p yr ol ysis m o d el [ 1 6 4]. A s p ar k pl u g i g niti o n wit h a pil ot e d i g niti o n crit eri a of 2 4 k W m - 2 c o n v ert e d 
t h e w hit e s m o k e (t ars) i nt o c o m b usti o n pr o d u cts of C O2 , C O, H2 O, a n d s o ot t h at w er e m e as ur e d i n 
t h e e arl y p h as e of t h e pr oj e ct wit h st a n d ar d c o n e c al ori m et er t esti n g [ 1 8 8]. 

F u n d a m e nt al p yr ol ysis t h er m al a n d ki n eti cs pr o p erti es f or li v e v e g et ati o n t h at ar e  ess e nti al t o C F D 
m o d eli n g of p yr ol ysis a n d fl a m m a bilit y w er e o bt ai n e d fr o m a s eri es of s m all -s c al e  t ests f or li v e a n d 
d e a d v e g et ati o n. T h e c o m pl e xit y of li v e l e af c o m p ositi o n w as r e c e ntl y d o c u m e nt e d all o wi n g a n al ysis 
of 1 2 cr u d e c o m p o u n ds. M o d el si m plifi c ati o n r e q uir e d a pr a cti c al gr o u pi n g i nt o c o nt e nts of ( 0) 
m oist ur e, ( 1) li pi ds, ( 2) di g esti v es  ( gl u c os e, fr u ct os e, a n d pr ot ei n), ( 3) h e mi c ell ul os e ( x yl a n a n d 
p e cti n), ( 4) gl u c a n ( c ell ul os e a n d st ar c h), ( 5) p h e n oli c (li g ni n a n d t a n ni ns), a n d ( 6) i n ert (sili c at e a n d 
mi n er al), al o n g wit h t h e us e of hi g h er r e a cti o n or d ers t o a c c o m m o d at e t h e wi d e  p yr ol ysis p e a ks, a n d 
of bi pr o d u cti o n of v ol atil es (t ar/ g as) a n d c h ar fr o m e a c h p yr ol ysis gr o u p.  E xt e nsi v e T G A t ests i n 
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nitr o g e n a n d air w er e us e d t o d eri v e o xi d ati v e p yr ol ysis ki n eti cs of t h e c ell ul os es a n d of t h e c h ar, 
w hi c h is als o s uit a bl e f or s m ol d er m o d eli n g. M oist ur e d es or pti o n w as b as e d o n p h as e c h a n g e ki n eti cs 
c o u pl e d wit h t h e m oist ur e is ot h er m r el ati o ns hi p a n d h e at of d es or pti o n f or b o u n d w at er t o a d d 
g e n er alit y o v er t h at of t h e c o m m o n first -or d er Arr h e ni us ki n eti cs  r el ati o ns hi p. E xt e nsi v e D S C t ests i n 
nitr o g e n fl o w pr o vi d e d l e af h e at c a p a cit y a n d esti m at es of t h e  e x ot h er mi c h e at of p yr ol ysis ( pri m aril y 
c h arri n g) r e a cti o ns o v er a r a n g e of t e m p er at ur es. T h e h e at  of c o m b usti o n r e m ai ns est a blis h e d as a 
c orr el ati o n b as e d o n t h e o x y g e n c o ns u m pti o n pri n ci pl e w h et h er as a v ol atil e or a c h ar. Fi n all y, t h e 
tr a ns p ort pr o p erti es of l e af s urf a c e e missi vit y a n d c o n v e cti v e h e at tr a nsf er c o effi ci e nt, i n c o nj u n cti o n 
wit h a s e mi -t h e or eti c al e x pr essi o n f or t h e l e af t h er m al c o n d u cti vit y v ar yi n g wit h c o m p ositi o n, 
t e m p erat ur e, m oist ur e c o nt e nt, a n d m at eri al  d e gr a d ati o n w as o bt ai n e d vi a a n i n v ers e h e at c o n d u cti o n 
a p pr o xi m ati o n m et h o d wit h a s p e ci ali z e d v e g et ati o n t est usi n g l e af s urf a c e t h er m o c o u pl es i n t h e c o n e 
c al ori m et er. T his p a p er pr o vi d es t h e  s u m m ar y of s u c h f or m ul at i o ns a n d pr o p erti es t h at c o ul d r e pl a c e 
or s u p pl e m e nt e xisti n g f or m ul ati o ns i n t h e v e g et ati o n m o d ul e i n t h e C F D m o d eli n g of wil dl a n d fir es, 
e. g., Fir e D y n a mi cs Si m ul at or  ( F D S). 

R es ults of t h e t esti n g of t h e r e m ai ni n g h y p ot h es es f oll o w. 

H 1 0 :  I n cl usi o n of a n a d v a n c e d p yr ol ysis m e c h a nis m f or li v e a n d d e a d wil dl a n d f u els d o es n ot 
i m pr o v e fir e b e h a vi or pr e di cti o ns b y t h e hi g h-fi d elit y p h ysi cs- b as e d m o d els. 

H 1 1 :  I m pr o vi n g t h e e v a p or ati o n m e c h a nis m f or m oist ur e c o nt e nt i n wil dl a n d f u els d o es n ot 
i m pr o v e fir e b e h a vi or pr e di cti o ns b y t h e hi g h- fi d elit y p h ysi cs- b as e d m o d els. 

I n cl usi o n of a n i m pr o v e d p yr ol ysis m e c h a nis m a n d a n i m pr o v e d e v a p or ati o n m e c h a nis m i m pr o v e d 
t h e m o d eli n g of p yr ol ysis a n d c o m b usti o n w h e n c o m p ar e d wit h d at a fr o m pr e vi o us e x p eri m e nts. 

H 1 2 :  Si m ul ati o n of p yr ol ysis a n d i g niti o n of wil dl a n d f u els is n ot i m pr o v e d wit h 3 D f u els 
c h ar a ct eriz ati o n a n d c a n b e j ust as eff e cti v el y si m ul at e d i n 2 D. 

It w as n ot p ossi bl e t o t est t his h y p ot h esis si n c e t h e f o c us of t h e hi g h-fi d elit y m o d eli n g w as o n w e ll-
d es cri b e d e x p eri m e nts i n v ol vi n g si n gl e f u el p arti cl es. A fr a m e w or k t o i m pr o v e t h e m o d eli n g of 
p h ysi c al v e g et ati o n c h ar a ct eristi cs b as e d o n t h e d et ail e d c o m p ositi o n al a n al ysis w as d e v el o p e d. 
A n al ysis t o c orr el at e f u el c o ns u m pti o n d eri v e d fr o m 3 D m e as ur e m e nts wit h o bs er v e d p yr ol ysis g as 
c o m p ositi o n is u n d er w a y. 

 

5  C o n cl u si o n s a n d I m pli c ati o ns f o r F ut u r e R es e a r c h/I m pl e m e nt ati o n  

T his st u d y h as s h o w n t h at t h e c o m p ositi o n a n d r el ati v e a m o u nt of p yr ol ys at es diff er e d b et w e e n 
c o m m o n pl a nt s p e ci es n ati v e t o t h e s o ut h er n U nit e d St at es. W hil e t h e p er m a n e nt g as es ( C O, C O 2 , H 2 
a n d C H 4 ) w er e c o m m o n t o all s p e ci es, s o m e tr a c e g as es, n ot a bl y p h e n ol, w as pr es e nt at r el ati v el y 
hi g h er l e v els i n s o m e s p e ci es. T h e r el ati v e a m o u nt of H 2  i n t h e p yr ol ys at e c o m p ositi o n w as s h o w n t o 
b e gr e at er t h a n C H 4 . T h e i m p a ct of t h es e r el ati v e diff er e n c es o n fir e s pr e a d m o d el o ut p ut is c urr e ntl y 
u n k n o w n s o it is n ot p ossi bl e t o d et er mi n e if a c o m m o n p yr ol ysis s c h e m e c a n b e us e d. W hil e it h as 
b e e n k n o w n f or s o m e ti m e t h at t h e c o m p ositi o n of p y r ol ys at es is aff e ct e d b y h e ati n g r at e w hi c h h as 
t y pi c all y b e e n d o n e i n a f as hi o n t o eli mi n at e h e at tr a nsf er aff e cts, t his w or k h as s h o w n t h at b ot h 
h e ati n g r at e a n d h e ati n g m o d e aff e ct t h e c o m p ositi o n of p yr ol ys at es i n i nt a ct f u els, p arti c ul arl y i n 
t er ms of t ar c o m p ositi o n. T h es e diff er e n c es h a v e p ot e nti al i m pli c ati o ns f or fir e s pr e a d m o d eli n g; 
h o w e v er, m ost p h ysi c all y b as e d fir e m o d els d o n ot c urr e ntl y m o d el s e c o n d ar y p yr ol ysis d u e t o its 
c o m pl e x n at ur e a n d u n k n o w n c h e mi c al p at h w a ys. A d diti o n all y, diff er e n c es i n t ar c o m p ositi o n h a v e 
i m p ort a nt i m pli c ati o ns si n c e t h e t ars c o n d e ns e a n d f or m p arti c ul at e m att er. 

W hil e w at er is a m aj or c o m p o n e nt t h at is r el e as e d as v e g et ati o n is h e at e d a n d is als o a c o m b usti o n 
pr o d u ct, its r el ati v e a m o u nt h as n ot t y pi c all y b e e n d es cri b e d i n a n al yti c al m et h o ds us e d t o d es cri b e 
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p yr ol ys at e c o m p ositi o n. I n t his st u d y, usi n g F TI R s p e ctr os c o p y, t h e a m o u nt of H 2 O pr es e nt i n 
p yr ol ys at e c o m p ositi o n h as b e e n d es cri b e d u n d er a ct u al fir e c o n diti o ns. It is p ot e nti all y a si g nifi c a nt 
c o m p o n e nt a n d pri or m o d eli n g d es cri b e d c o n diti o ns u n d er w hi c h a n i d e ali z e d fl a m e c o ul d f ail t o 
f or m d u e t o hi g h w at er c o nt e nt. A n al ysis of t h e c o m p ositi o n of p yr ol ys at es fr o m t h e F TI R 
m e as ur e m e nts is u n d er w a y a n d s h o ul d all o w us t o d et er mi n e if H 2 O aff e ct e d t h e r el ati v e a m o u nts of 
ot h er p yr ol ys at es. O ur m o d eli n g of p yr ol ysis usi n g G p yr o i m pr o v e d t h e m o d eli n g of e v a p or ati o n a n d 
t h e pr es e n c e of H2 O. T h e i m pli c ati o n of t h e i m pr o v e d m o d eli n g i n m o d els s u c h as F D S h as n ot b e e n 
e x pl or e d. As i n di c at e d i n t h e ori gi n al pr o p os al , f ut ur e m o d eli n g w or k is n e c ess ar y t o d et er mi n e if t h e 
k n o wl e d g e g ai n e d a n d i m pr o v e m e nts m a d e i n m o d eli n g p yr ol ysis i m pr o v e o ur a bilit y t o m o d el fir e 
b e h a vi or i n s u p p ort of pr es cri b e d fir e o p er ati o ns.  

C o m p aris o n of t h e p yr ol ys at e c o m p ositi o n b et w e e n wi n d t u n n el a n d fi el d fir es b as e d o n G C M S 
c a nist er s a m pl es s h o w e d t h at t h e c o m p ositi o n w as aff e ct e d b y t his f a ct or. F ut ur e st atisti c al a n al ys es 
of t h e c a nist er s a m pl es a n al y z e d b y G C M S a n d c o m p ositi o n d et er mi n e d b y F TI R w hil e i n cl u di n g 
a d diti o n al v ari a bl es s u c h  as h e at fl u x es a n d f u el l o a di n g ar e pl a n n e d o utsi d e of t his pr oj e ct.  T h e 
r es ults fr o m t h es e a n al ys es will all o w us t o d et er mi n e  a p pli c a bilit y of l a b r es ults t o t h e fi el d.  
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m e as ur e m e nts of tr a c e g as e missi o ns fr o m bi o m ass b ur ni n g of f u el t y p es fr o m t h e s o ut h e ast er n 
a n d s o ut h w est er n U nit e d St at es, At m os. C h e m. P h ys. 1 0 ( 2 0 1 0) 1 1 1 1 5 – 1 1 1 3 0. 
htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 0- 1 1 1 1 5- 2 0 1 0. 

[ 9 8]  T.J. J o h ns o n, R.J. Y o k els o n, S. K. A k a gi, I. R. B urli n g, D. R. W eis e, S. P. Ur b a ns ki, C. E. 
St o c k w ell, J. R e ar d o n, E. N. Li n c ol n, L. T. M. Pr of et a, a n d 1 3 ot h ers, Str at e gi c E n vir o n m e nt al 
R es e ar c h a n d D e v el o p m e nt Pr o gr a m Fi n al R e p ort f or R C- 1 6 4 9: A d v a n c e d c h e mi c al 
m e as ur e m e nts of s m o k e fr o m D o D - pr es cri b e d b ur ns, P a cifi c N ort h w est N ati o n al L a b or at or y, 
Ri c hl a n d, W A, 2 0 1 4. htt ps:// w w w.s er d p- est c p. or g/ c o nt e nt/ d o w nl o a d/ 2 4 3 1 4/ 2 5 2 1 3 0/fil e/ R C-
1 6 4 9- F R. p df. 

[ 9 9]  T.J. J o h ns o n, L. T. M. Pr of et a, R. L. S a ms, D. W. T. Griffit h, R. L. Y o k els o n, A n i nfr ar e d s p e ctr al 
d at a b as e f or d et e cti o n of g as es e mitt e d b y bi o m ass b ur ni n g, Vi br ati o n al S p e ctr os c o p y. 5 3 
( 2 0 1 0) 9 7 – 1 0 2. htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. vi bs p e c. 2 0 1 0. 0 2. 0 1 0. 

[ 1 0 0]  R. Li n d e n m ai er, N. M. Ti pt o n, R. L. S a ms, C. S. Br a u er, T. A. Bl a k e, S. D. Willi a ms, T.J. 
J o h ns o n, Assi g n m e nt of t h e f u n d a m e nt al m o d es of h y dr o x y a c et o n e f usi n g g as- p h as e i nfr ar e d, 
f ar-i nfr ar e d, R a m a n a n d a b i niti o  m et h o ds: b a n d str e n gt hs f or at m os p h eri c m e as ur e m e nts, T h e 
J o ur n al of P h ysi c al C h e mistr y A. 1 2 0 ( 2 0 1 6) 5 9 9 3 – 6 0 0 3. 
htt ps:// d oi. or g/ 1 0. 1 0 2 1/ a cs.j p c a. 6 b 0 5 0 4 5. 

[ 1 0 1]  R. Li n d e n m ai er, S. D. Willi a ms, R. L. S a ms, T.J. J o h ns o n, Q u a ntit ati v e i nfr ar e d a bs or pti o n 
s p e ctr a a n d vi br ati o n al assi g n m e nts of cr ot o n al d e h y d e a n d m et h yl vi n yl k et o n e usi n g g as-
p h as e mi d -i nfr ar e d, f ar-i nfr ar e d, a n d li q ui d R a m a n s p e ctr a: s-cis  vs s- tr a ns c o m p ositi o n 
c o nfir m e d vi a t e m p er at ur e st u di es a n d a b I niti o  m et h o ds, T h e J o ur n al of P h ysi c al C h e mistr y 
A. 1 2 1 ( 2 0 1 7) 1 1 9 5 – 1 2 1 2. htt ps:// d oi. or g/ 1 0. 1 0 2 1/ a cs.j p c a. 6 b 1 0 8 7 2. 

[ 1 0 2] D. E. W ar d, L. F. R a d k e, E missi o ns m e as ur e m e nt fr o m v e g et ati o n fir es: a c o m p ar ati v e 
e v al u ati o n of m et h o ds a n d r es ults, i n: P.J. Cr ut z e n, J. G. G ol d a m m er ( E ds.), Fir e i n t h e 
E n vir o n m e nt: T h e E c ol o gi c al, At m os p h eri c, a n d Cli m ati c I m p ort a n c e of V e g et ati o n Fir es: 
R e p ort of t h e D a hl e m W or ks h o p, H el d i n B erli n, 1 5- 2 0 M ar c h 1 9 9 2, J o h n Wil e y & S o ns Lt d., 
1 9 9 3: p p. 5 3 – 7 6. htt p:// w w w.fs.f e d. us/r m/ p u bs _ ot h er/r mrs _ 1 9 9 3 _ w ar d _ d 0 0 1. p df. 

[ 1 0 3]  D. E. W ar d, H. B. Cl e m e nts, R. M. N els o n Jr., P arti c ul at e m att er e missi o n f a ct or m o d eli n g f or 
fir e i n s o ut h e ast er n f u els, i n: Si xt h C o nf er e n c e o n Fir e a n d F or est M et e or ol o g y, A m eri c a n 
M et e or ol o gi c al S o ci et y, S e attl e, W A, 1 9 8 0: p p. 2 7 6 – 2 8 4. 

[ 1 0 4]  D. E. W ar d, W. M. H a o, Pr oj e cti o ns of e missi o ns fr o m b ur ni n g of bi o m ass f or us e i n st u di es of 
gl o b al cli m at e a n d at m os p h eri c c h e mistr y, i n: Air a n d W ast e M a n a g e m e nt Ass o ci ati o n, 
V a n c o u v er, Britis h C ol u m bi a, C a n a d a, 1 9 9 1: p. 1 9. 
htt p:// w w w.tr e es e ar c h.fs.f e d. us/ p u bs/ 4 3 2 5 8. 

[ 1 0 5]  R.J. Y o k els o n, R. S us ott, D. E. W ar d, J. R e ar d o n, D. W. T. Griffit h, E missi o ns fr o m s m ol d eri n g 
c o m b usti o n of bi o m ass m e as ur e d b y o p e n- p at h   F o uri er tr a nsf or m i nfr ar e d s p e ctr os c o p y, J. 
G e o p h ys. R es.- At m os. 1 0 2 ( 1 9 9 7) 1 8 8 6 5 – 1 8 8 7 7. htt ps:// d oi. or g/ 1 0. 1 0 2 9/ 9 7J D 0 0 8 5 2. 

[ 1 0 6]  D. R. W eis e, J. P al ar e a‐ Al b al a d ej o, T.J. J o h ns o n, H. J u n g, A n al y zi n g wil dl a n d fir e s m o k e 
e missi o ns d at a usi n g c o m p ositi o n al d at a t e c h ni q u es, J. G e o p h ys. R es. At m os. 1 2 5 ( 2 0 2 0) 
e 2 0 1 9J D 0 3 2 1 2 8. htt ps:// d oi. or g/ 1 0. 1 0 2 9/ 2 0 1 9J D 0 3 2 1 2 8. 

[ 1 0 7]  L. M ert z, A u xili ar y c o m p ut ati o n f or F o uri er s p e ctr o m etr y, I nfr ar e d P h ysi cs. 7 ( 1 9 6 7) 1 7 – 2 3. 
htt ps:// d oi. or g/ 1 0. 1 0 1 6/ 0 0 2 0- 0 8 9 1( 6 7) 9 0 0 2 6- 7. 

[ 1 0 8]  F.J. H arris, O n t h e us e of wi n d o ws f or h ar m o ni c a n al ysis wit h t h e dis cr et e F o uri e r tr a nsf or m, 
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Pr o c e e di n gs of t h e I E E E. 6 6 ( 1 9 7 8) 5 1 – 8 3. htt ps:// d oi. or g/ 1 0. 1 1 0 9/ P R O C. 1 9 7 8. 1 0 8 3 7. 
[ 1 0 9]  A. H u gi, G. Vill ar es, S. Bl as er, H. C. Li u, J. F aist, Mi d-i nfr ar e d fr e q u e n c y c o m b b as e d o n a 

q u a nt u m c as c a d e l as er, N at ur e. 4 9 2 ( 2 0 1 2) 2 2 9 – 2 3 3. htt ps:// d oi. or g/ 1 0. 1 0 3 8/ n at ur e 1 1 6 2 0. 
[ 1 1 0]  D. K. W. W a n g, C. C. A u sti n, D et er mi n ati o n of c o m pl e x mi xt ur es of v ol atil e or g a ni c 

c o m p o u n ds i n a m bi e nt air: c a nist er m et h o d ol o g y, A n al Bi o a n al C h e m. 3 8 6 ( 2 0 0 6) 1 0 9 9 – 1 1 2 0. 
htt ps:// d oi. or g/ 1 0. 1 0 0 7/s 0 0 2 1 6- 0 0 6- 0 4 6 6- 6. 

[ 1 1 1]  J. C. E v a ns, J. L. H u c k a b y, A. V. Mitr os h k o v, J. L. J ul y a, J. C. H a y es, J. A. E d w ar ds, L. M. 
S as a ki, 3 2- w e e k h ol di n g-ti m e st u d y of S U M M A p olis h e d c a nist ers a n d tri pl e s or b e nt tr a ps 
us e d t o s a m pl e or g a ni c c o nstit u e nts i n r a di o a cti v e w ast e t a n k v a p or h e a ds p a c e, E n vir o n. S ci. 
T e c h n ol. 3 2 ( 1 9 9 8) 3 4 1 0 – 3 4 1 7. htt ps:// d oi. or g/ 1 0. 1 0 2 1/ es 9 8 0 3 1 5 3. 

[ 1 1 2]  W. A. M c Gl e n n y, J. D. Pl eil, G. F. E v a ns, K. D. Oli v er, M. W. H ol dr e n, W. T. Wi n b err y, 
C a nist er - B as e d M et h o d f or M o nit ori n g T o xi c V O Cs i n A m bi e nt Air, J o ur n al of t h e Air & 
W ast e M a n a g e m e nt Ass o ci ati o n. 4 1 ( 1 9 9 1) 1 3 0 8 – 1 3 1 8. 
htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 1 0 4 7 3 2 8 9. 1 9 9 1. 1 0 4 6 6 9 2 4. 

[ 1 1 3] D. R. W eis e, T. H. Fl et c h er, M. - S. S af d ari, E. A mi ni, J. P al ar e a- Al b al a d ej o, Eff e ct of pl a nt 
s p e ci es, m oist ur e c o nt e nt a n d h e ati n g m o d e o n c o m p ositi o n of p yr ol ysis pr o d u cts – a n e w 
a p pr o a c h usi n g c o m p ositi o n al d at a a n al ysis, ( 2 0 2 0). 

[ 1 1 4]  D. R. W eis e, H. J u n g, J. P al ar e a- Al b al a d ej o, C o m p ositi o n al d at a a n al ysis of s m o k e e missi o ns 
fr o m d e bris pil es wit h l o w- d e nsit y p ol y et h yl e n e, ( 2 0 2 0). 

[ 1 1 5]  K. G. v a n d e n B o o g a art, R. T ol os a n a-D el g a d o, A n al y zi n g c o m p ositi o n al d at a wit h R, S pri n g er, 
H ei d el b er g, 2 0 1 3.  

[ 1 1 6]  J.J. E g o z c u e, V. P a wl o w s k y- Gl a h n, Gr o u ps of p arts a n d t h eir b al a n c es i n c o m p ositi o n al d at a 
a n al ysis, M at h e m ati c al G e ol o g y. 3 7 ( 2 0 0 5) 7 9 5 – 8 2 8. htt ps:// d oi. or g/ 1 0. 1 0 0 7/s 1 1 0 0 4- 0 0 5-
7 3 8 1- 9. 

[ 1 1 7] G. M at e u - Fi g u er as, V. P a wl o ws k y- Gl a h n, J.J. E g o z c u e, T h e Pri n ci pl e of W or ki n g o n 
C o or di n at es, i n: V. P a wl o ws k y- Gl a h n, A. B u c ci a nti ( E ds.), C o m p ositi o n al D at a A n al ysis, 
J o h n Wil e y & S o ns, Lt d, C hi c h est er, U K, 2 0 1 1: p p. 3 1 – 4 2. 
htt ps:// d oi . or g/ 1 0. 1 0 0 2/ 9 7 8 1 1 1 9 9 7 6 4 6 2. c h 3. 

[ 1 1 8] V. P a wl o ws k y - Gl a h n, J.J. E g o z c u e, R. T ol os a n a- D el g a d o, M o d elli n g a n d a n al ysis of 
c o m p ositi o n al d at a, Wil e y, C hi c h est er, W est S uss e x, U. K., 2 0 1 5. 

[ 1 1 9]  F. A. Gr a y bill, M atri c es wit h a p pli c ati o ns i n st atisti cs, D u x b ur y, B el m o nt, 2 0 0 2. 
[ 1 2 0]  J. Ait c his o n, T h e st atisti c al a n al ysis of c o m p ositi o n al d at a, C h a p m a n a n d H all, L o n d o n ; N e w 

Y or k, 1 9 8 6. 
[ 1 2 1]  P. Fil z m os er, K. Hr o n, M. T e m pl, A p pli e d c o m p ositi o n al d at a a n al ysis: wit h w or k e d e x a m pl es 

i n R, S pri n g er B erli n H ei d el b er g, N e w Y or k, N Y, 2 0 1 8. 
[ 1 2 2] V. P a wl o ws k y - Gl a h n, A. B u c ci a nti, e ds., C o m p ositi o n al d at a a n al ysis: t h e or y a n d 

a p pli c ati o ns, Wil e y, C hi c h est er, W est S uss e x, U. K., 2 0 1 1. 
[ 1 2 3] M.J. Gr e e n a cr e, C o m p ositi o n al d at a a n al ysis i n pr a cti c e, C R C Pr ess, T a yl or a n d Fr a n cis  

Gr o u p, B o c a R at o n, 2 0 1 9. 
[ 1 2 4] M. -S. S af d ari, E. A mi ni, D. R. W eis e, T. H. Fl et c h er, H e ati n g r at e a n d t e m p er at ur e eff e cts o n 

p yr ol ysis pr o d u cts fr o m li v e wil dl a n d f u els, F u el. 2 4 2 ( 2 0 1 9) 2 9 5 – 3 0 4. 
htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.f u el. 2 0 1 9. 0 1. 0 4 0. 

[ 1 2 5] M. -S. S af d a ri, E. A mi ni, D. R. W eis e, T. H. Fl et c h er, C o m p aris o n of p yr ol ysis of li v e wil dl a n d 
f u els h e at e d b y r a di ati o n vs. c o n v e cti o n, F u el. 2 6 8 ( 2 0 2 0) 1 1 7 3 4 2. 
htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.f u el. 2 0 2 0. 1 1 7 3 4 2. 

[ 1 2 6] D. R. W eis e, T. H. Fl et c h er, M. - S. S af d ari, E. A mi ni, J. P al ar e a- Al b al a d ej o, A p pli c ati o n of 
c o m p ositi o n al d at a a n al ysis t o d et er mi n e t h e eff e cts of h e ati n g m o d e, m oist ur e st at us a n d pl a nt 
s p e ci es o n p yr ol ys at es, I nt er n ati o n al J o ur n al of Wil dl a n d Fir e. ( 2 0 2 1) 2 2. 
htt ps:// d oi. or g/ 1 0. 1 0 7 1/ W F 2 0 1 2 6. 
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[ 1 2 7] J. P al ar e a -Al b al a d ej o, J. A. M artí n -F er n á n d e z, z C o m p ositi o ns — R p a c k a g e f or m ulti v ari at e 
i m p ut ati o n of l eft- c e ns or e d d at a u n d er a c o m p ositi o n al a p pr o a c h, C h e m o m etri cs a n d 
I nt elli g e nt L a b or at or y S yst e ms. 1 4 3 ( 2 0 1 5) 8 5 – 9 6. 
htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. c h e m ol a b. 2 0 1 5. 0 2. 0 1 9. 

[ 1 2 8] J. P al ar e a -Al b al a d ej o, J. A. M artí n -F er n á n d e z, V al u es b el o w d et e cti o n li mit i n c o m p ositi o n al 
c h e mi c al d at a, A n al yti c a C hi mi c a A ct a. 7 6 4 ( 2 0 1 3) 3 2 – 4 3. 
htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. a c a. 2 0 1 2. 1 2. 0 2 9. 

[ 1 2 9]  K. P e ars o n, M at h e m ati c al c o ntri b uti o ns t o t h e t h e or y of e v ol uti o n.--o n a f or m of s p uri o us 
c orr el ati o n w hi c h m a y aris e w h e n i n di c es ar e us e d i n t h e m e as ur e m e nt of or g a ns, Pr o c e e di n gs 
of t h e R o y al S o ci et y of L o n d o n ( 1 8 5 4- 1 9 0 5). 6 0 ( 1 8 9 6) 4 8 9 – 4 9 8. 
htt ps:// d oi. or g/ 1 0. 1 0 9 8/rs pl. 1 8 9 6. 0 0 7 6. 

[ 1 3 0] R C or e T e a m, R: A L a n g u a g e a n d E n vir o n m e nt f or St atisti c al C o m p uti n g, R F o u n d ati o n f or 
St atisti c al C o m p uti n g, Vi e n n a, A ustri a, 2 0 2 1. htt ps:// w w w. R- pr oj e ct. or g/. 

[ 1 3 1]  J.J. E g o z c u e, V. P a wl o w s k y-Gl a h n, G. M at e u -Fi g u er as, C. B ar c el ó -Vi d al, Is o m etri c l o gr ati o 
tr a nsf or m ati o ns f or c o m p ositi o n al d at a a n al ysis, M at h e m ati c al G e ol o g y. 3 5 ( 2 0 0 3) 2 7 9 – 3 0 0. 
htt ps:// d oi. or g/ 1 0. 1 0 2 3/ A: 1 0 2 3 8 1 8 2 1 4 6 1 4. 

[ 1 3 2]  Y. B e nj a mi ni, Y. H o c h b er g, C o ntr olli n g t h e f als e dis c o v er y r at e: a pr a cti c al a n d p o w erf ul 
a p pr o a c h t o m ulti pl e t esti n g, J o ur n al of t h e  R o y al St atisti c al S o ci et y. S eri es B 
( M et h o d ol o gi c al). 5 7 ( 1 9 9 5) 2 8 9 – 3 0 0. 

[ 1 3 3]  X. Z h o u, L. S u n, S. M a h ali n g a m, D. R. W eis e, T h er m al p arti cl e i m a g e v el o cit y esti m ati o n of 
fir e pl u m e fl o w, C o m b usti o n S ci e n c e a n d T e c h n ol o g y. 1 7 5 ( 2 0 0 3) 1 2 9 3 – 1 3 1 6. 
htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 0 0 1 0 2 2 0 0 3 0 2 3 7 6. 

[ 1 3 4]  J. L o z a n o, W. T a c h aj a p o n g, D. R. W eis e, S. M a h ali n g a m, M. Pri n c e v a c, Fl ui d d y n a mi c 
str u ct ur es i n a fir e e n vir o n m e nt o bs er v e d i n l a b or at or y- s c al e e x p eri m e nts, C o m b usti o n S ci e n c e 
a n d T e c h n ol o g y. 1 8 2 ( 2 0 1 0) 8 5 8 – 8 7 8. htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 0 0 1 0 2 2 0 0 9 0 3 4 0 1 2 4 1. 

[ 1 3 5]  T. M a y n ar d, M. Pri n c e v a c, D. R. W eis e, A st u d y of t h e fl o w fi el d s urr o u n di n g i nt er a cti n g li n e 
fir es, J o ur n al of C o m b usti o n. 2 0 1 6 ( 2 0 1 6) 1 – 1 2. htt ps:// d oi. or g/ 1 0. 1 1 5 5/ 2 0 1 6/ 6 9 2 7 4 8 2. 

[ 1 3 6]  G. M ei er, C o m p ut eri z e d b a c k gr o u n d- ori e nt e d s c hli er e n, E x p eri m e nts i n Fl ui ds. 3 3 ( 2 0 0 2) 
1 8 1 – 1 8 7. htt ps:// d oi. or g/ 1 0. 1 0 0 7/s 0 0 3 4 8- 0 0 2- 0 4 5 0- 7. 

[ 1 3 7]  H. Ri c h ar d, M. R aff el, Pri n ci pl e a n d a p pli c ati o ns of t h e b a c k gr o u n d ori e nt e d s c hli er e n ( B O S) 
m et h o d, M e as ur e m e nt S ci e n c e a n d T e c h n ol o g y. 1 2 ( 2 0 0 1) 1 5 7 6 – 1 5 8 5. 
htt ps:// d oi. or g/ 1 0. 1 0 8 8/ 0 9 5 7- 0 2 3 3/ 1 2/ 9/ 3 2 5. 

[ 1 3 8]  M. R aff el, B a c k gr o u n d- ori e nt e d s c hli er e n ( B O S) t e c h ni q u es, E x p eri m e nts i n Fl ui ds. 5 6 
( 2 0 1 5). htt ps:// d oi. or g/ 1 0. 1 0 0 7/s 0 0 3 4 8- 0 1 5- 1 9 2 7- 5. 

[ 1 3 9]  A. A mi nf ar, J. C o bi a n-I ñi g u e z, M. G h as e mi a n, N. Ros al es Es piti a, D. R. W eis e, M. Pri n c e v a c, 
Usi n g b a c k gr o u n d- ori e nt e d s c hli er e n t o vis u ali z e c o n v e cti o n i n a pr o p a g ati n g wil dl a n d fir e, 
C o m b usti o n S ci e n c e a n d T e c h n ol o g y. 1 9 2 ( 2 0 2 0) 2 2 5 9 – 2 2 7 9. 
htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 0 0 1 0 2 2 0 2. 2 0 1 9. 1 6 3 5 1 2 2. 

[ 1 4 0]  J. S. B arr o ws, Fir e B e h a vi or i n N ort h er n R o c k y M o u nt ai n F or ests, F or est S er vi c e- St ati o n 
P a p er N O. 2 9. ( 1 9 5 1) 1 – 1 0 3. 

[ 1 4 1]  N. P. C h e n e y, J. S. G o ul d, W. R. C at c h p ol e, T h e i nfl u e n c e of f u el, w e at h er a n d fir e s h a p e 
v ari a bl es o n fir e -s pr e a d i n gr assl a n ds, I nt er n ati o n al J o ur n al of Wil dl a n d Fir e. 3 ( 1 9 9 3) 3 1 – 4 4. 
htt ps:// d oi. or g/ 1 0. 1 0 7 1/ W F 9 9 3 0 0 3 1. 

[ 1 4 2]  W. L. F o ns, A n al ysis of fir e s pr e a d i n li g ht f u els, J o ur n al of A gri c ult ur al R es e ar c h. ( 1 9 4 6) 9 3 –
1 2 1. 

[ 1 4 3]  P. A. C all, F. A. Al bi ni, A eri al a n d S urf a c e F u el C o ns u m pti o n i n Cr o w n Fir es, I nt er n ati o n al 
J o ur n al of Wil dl a n d Fir e. 7 ( 1 9 9 7) 2 5 9. htt ps:// d oi. or g/ 1 0. 1 0 7 1/ W F 9 9 7 0 2 5 9. 

[ 1 4 4]  R. Li n n, J. R eis n er, J.J. C ol m a n, J. Wi nt er k a m p, St u d yi n g wil dfir e b e h a vi or usi n g FI R E T E C, 
I nt er n ati o n al J o ur n al of Wil dl a n d Fir e. 1 1 ( 2 0 0 2) 2 3 3 – 2 4 6. htt ps:// d oi. or g/ 1 0. 1 0 7 1/ W F 0 2 0 0 7. 
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[ 1 4 5]  W. M ell, M. A. J e n ki ns, J. G o ul d, P. C h e n e y, A p h ysi cs-b as e d a p pr o a c h t o m o d elli n g gr assl a n d 
fir es, I nt er n ati o n al J o ur n al of Wil dl a n d Fir e. 1 6 ( 2 0 0 7) 1 – 2 2. 
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[ 1 9 3]  N. K. S c h ar k o, A. M. O e c k, T. L. M y ers, R. G. T o n k y n, C. A. B a n a c h, S. P. B a k er, E. N. Li n c ol n, 
J. C h o n g, B. M. C or c or a n, G. M. B ur k e, R. D. Ott m ar, J. C. R est ai n o, D. R. W eis e, T.J. J o h ns o n, 
G as - p h as e p yr ol ysis pr o d u cts e mitt e d b y pr es cri b e d fir es i n pi n e f or ests wit h a s hr u b 
u n d erst or y i n t h e s o ut h e ast er n U nit e d St at es, At m os. C h e m. P h ys. 1 9 ( 2 0 1 9) 9 6 8 1 – 9 6 9 8. 
htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 9- 9 6 8 1- 2 0 1 9. 

[ 1 9 4]  C. A. B a n a c h, O. N. Willi a ms, A. M. Br a dl e y, R. G. T o n k y n, J. C h o n g, D. R. W eis e, T. L. M y ers, 
T.J. J o h ns o n, D y n a mi c I nfr ar e d G as A n al ysis fr o m L o n gl e af Pi n e F u el b e ds B ur n e d i n a 
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Wi n d T u n n el: O bs er v ati o n of P h e n ol i n P yr ol ysis a n d C o m b usti o n P h as es, G as es/ L a b or at or y 
M e as ur e m e nt/ D at a Pr o c essi n g  a n d I nf or m ati o n R etri e v al, 2 0 2 0. htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a mt -
2 0 2 0- 3 3 2. 

[ 1 9 5]  N. L. C hrist e ns e n, V e g et ati o n of t h e S o ut h e ast er n C o ast al Pl ai n, i n: M. G. B ar b o ur, W. D. 
Billi n gs ( E ds.), N ort h A m eri c a n T err estri al V e g et ati o n, 2 n d e d., C a m bri d g e U ni v ersit y Pr ess , 
N e w Y or k, N Y, 2 0 0 0: p p. 3 9 7 – 4 4 8. 

[ 1 9 6]  N. K. S c h ar k o, A. M. O e c k, R. G. T o n k y n, S. P. B a k er, E. N. Li n c ol n, J. C h o n g, B. G. C or c or a n, 
G. M. B ur k e, D. R. W eis e, T. L. M y ers, T.J. J o h ns o n, I d e ntifi c ati o n of G as- p h as e P yr ol ysis 
Pr o d u cts i n a Pr es cri b e d Fir e: S e mi n al  D et e cti o ns Usi n g I nfr ar e d S p e ctr os c o p y f or 
N a p ht h al e n e, M et h yl Nitrit e, All e n e, A cr ol ei n a n d A c et al d e h y d e, ( 2 0 1 8). 

[ 1 9 7]  M. C. P hilli ps, T. L. M y ers, T.J. J o h ns o n, D. R. W eis e, I n-sit u m e as ur e m e nt of p yr ol ysis a n d 
c o m b usti o n g as es fr o m bi o m ass b ur ni n g usi n g s w e pt w a v el e n gt h e xt er n al c a vit y q u a nt u m 
c as c a d e l as ers, O pt. E x pr ess. 2 8 ( 2 0 2 0) 8 6 8 0. htt ps:// d oi. or g/ 1 0. 1 3 6 4/ O E. 3 8 6 0 7 2. 

[ 1 9 8]  N. K. S c h ar k o, A. M. O e c k, R. G. T o n k y n, S. P. B a k er, E. N. Li n c ol n, J. C h o n g, B. M. C or c or a n, 
G. M. B ur k e, D. R. W eis e, T. L. M y ers, C. A. B a n a c h, D. W. T. Griffit h, T.J. J o h ns o n, 
I d e ntifi c ati o n of g as-p h as e p yr ol ysis pr o d u cts i n a pr es cri b e d fir e: first d et e cti o ns usi n g 
i nfr ar e d s p e ctr os c o p y f or n a p ht h al e n e, m et h yl nitrit e, all e n e, a cr ol ei n a n d a c et al d e h y d e, 
At m os p h eri c M e as ur e m e nt T e c h ni q u e s. 1 2 ( 2 0 1 9) 7 6 3 – 7 7 6. htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a mt- 1 2-
7 6 3- 2 0 1 9. 

[ 1 9 9]  A. R. K oss, K. S e ki m ot o, J. B. Gil m a n, V. S eli m o vi c, M. M. C o g g o n, K.J. Z ar z a n a, B. Y u a n, 
B. M. L er n er, S. S. Br o w n, J. L. Ji m e n e z, J. Kr e c h m er, J. M. R o b erts, C. W ar n e k e, R.J. 
Y o k els o n, J. d e G o u w, N o n- m et h a n e or g a ni c g as e missi o ns fr o m bi o m ass b ur ni n g: 
i d e ntifi c ati o n, q u a ntifi c ati o n, a n d e missi o n f a ct ors fr o m P T R- T o F d uri n g t h e FI R E X 2 0 1 6 
l a b or at or y e x p eri m e nt, At m os. C h e m. P h ys. 1 8 ( 2 0 1 8) 3 2 9 9 – 3 3 1 9. 
htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 8- 3 2 9 9- 2 0 1 8. 

[ 20 0]  R.J. F er e k, J. S. R ei d, P. V. H o b bs, D. R. Bl a k e, C. Li o uss e, E missi o n f a ct ors of h y dr o c ar b o ns, 
h al o c ar b o ns, tr a c e g as es a n d p arti cl es fr o m bi o m ass b ur ni n g i n Br a zil, J o ur n al of G e o p h ysi c al 
R es e ar c h: At m os p h er es. 1 0 3 ( 1 9 9 8) 3 2 1 0 7 – 3 2 1 1 8. htt ps:// d oi. or g/ 1 0. 1 0 2 9/ 9 8J D 0 0 6 9 2. 

[ 2 0 1]  F. Brilli, B. Gi oli, P. Ci c ci oli, D. Z o n a, F. L or et o, I. A. J a nss e ns, R. C e ul e m a ns, Pr ot o n 
Tr a nsf er R e a cti o n Ti m e - of-Fli g ht M ass S p e ctr o m etri c ( P T R -T O F -M S) d et er mi n ati o n of 
v ol atil e or g a ni c c o m p o u n ds ( V O Cs) e mitt e d fr o m a bi o m ass fir e  d e v el o p e d u n d er st a bl e 
n o ct ur n al c o n diti o ns, At m os p h eri c E n vir o n m e nt. 9 7 ( 2 0 1 4) 5 4 – 6 7. 
htt ps:// d oi. or g/ 1 0. 1 0 1 6/j. at m os e n v. 2 0 1 4. 0 8. 0 0 7. 

[ 2 0 2]  J. B. Gil m a n, B. M. L er n er, W. C. K ust er, P. D. G ol d a n, C. W ar n e k e, P. R. V er es, J. M. R o b erts, 
J. A. d e G o u w, I. R. B urli n g, R.J. Y o k els o n, Bi o m ass b ur ni n g e missi o ns a n d p ot e nti al air 
q u alit y i m p a cts of v ol atil e or g a ni c c o m p o u n ds a n d ot h er tr a c e g as es fr o m f u els c o m m o n i n t h e 
U S, At m os p h eri c C h e mistr y a n d P h ysi cs. 1 5 ( 2 0 1 5) 1 3 9 1 5 – 1 3 9 3 8. 
htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 5- 1 3 9 1 5- 2 0 1 5. 

[ 2 0 3]  K. S e ki m ot o, A. R. K oss, J. B. Gil m a n, V. S eli m o vi c, M. M. C o g g o n, K.J. Z ar z a n a, B. Y u a n, 
B. M. L er n er, S. S. Br o w n, C. W ar n e k e, R.J. Y o k els o n, J. M. R o b erts, J. d e G o u w, Hi g h- a n d 
l o w-t e m p er at ur e p yr ol ysis pr ofil es d es cri b e v ol atil e or g a ni c c o m p o u n d e missi o ns fr o m 
w est er n U S wil dfir e f u els, At m os p h eri c C h e mistr y a n d P h ysi cs. 1 8 ( 2 0 1 8) 9 2 6 3 – 9 2 8 1. 
htt ps:// d oi. or g/ 1 0. 5 1 9 4/ a c p- 1 8- 9 2 6 3- 2 0 1 8. 

[ 2 0 4]  E. B. L e d es m a, N. D. M ars h, A. K. S a n dr o wit z, M.J. W or n at, A n e x p eri m e nt al st u d y o n t h e 
t h er m al d e c o m p ositi o n of c at e c h ol, Pr o c e e di n gs of t h e C o m b usti o n I nstit ut e. 2 9 ( 2 0 0 2) 2 2 9 9 –
2 3 0 6. htt ps:// d oi. or g/ 1 0. 1 0 1 6/ S 1 5 4 0- 7 4 8 9( 0 2) 8 0 2 8 0- 2. 

[ 2 0 5]  L. F a g b e mi, L. K h e z a mi, R. C a p art, P yr ol ysis pr o d u cts fr o m diff er e nt bi o m ass es, A p pli e d 
E n er g y. 6 9 ( 2 0 0 1) 2 9 3 – 3 0 6. htt ps:// d oi. or g/ 1 0. 1 0 1 6/ S 0 3 0 6- 2 6 1 9( 0 1) 0 0 0 1 3- 7. 

[ 2 0 6]  D. Fr a n k m a n, B. W. W e b b, B. W. B utl er, I nfl u e n c e of A bs or pti o n b y E n vir o n m e nt al W at er 
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V a p or o n R a di ati o n Tr a nsf er i n Wil d L a n d Fir es, C o m b usti o n S ci e n c e a n d T e c h n ol o g y. 1 8 0 
( 2 0 0 8) 5 0 9 – 5 1 8. htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 0 0 1 0 2 2 0 0 7 0 1 7 4 1 4 0 0. 

[ 2 0 7]  T. L. Cl ar k, M. A. J e n ki ns, J. L. C o e n, D. R. P a c k h a m, A c o u pl e d at m os p h er e-fir e m o d el: r ol e of 
t h e c o n v e cti v e Fr o u d e n u m b er a n d d y n a mi c fi n g eri n g at t h e fir eli n e, I nt er n ati o n al J o ur n al of 
Wil dl a n d Fir e. 6 ( 1 9 9 6) 1 7 7 – 1 9 0. htt ps:// d oi. or g/ 1 0. 1 0 7 1/ W F 9 9 6 0 1 7 7. 

[ 2 0 8]  A. M. Gris hi n, M at h e m ati c al m o d eli n g of f or est fir es a n d n e w m et h o ds of fi g hti n g t h e m, 
N o v osi birs k. “ N a u k a ” P u blis h er. Tr a nsl ati o n fr o m r ussi a n ( 1 9 9 2) 1 – 4 5 0. 

[ 2 0 9]  B. P ort eri e, S. Ni c ol as, J. L. C o ns al vi, J. C. L or a u d, F. Gir o u d, C. Pi c ar d, M O D E LI N G 
T H E R M A L I M P A C T O F WI L D L A N D FI R E S O N S T R U C T U R E S I N T H E U R B A N 
I N T E R F A C E. P A R T 1: R A DI A TI V E A N D C O N V E C TI V E C O M P O N E N T S O F F L A M E S 
R E P R E S E N T A TI V E O F V E G E T A TI O N FI R E S, N u m eri c al H e at Tr a nsf er, P art A: 
A p pli c ati o ns. 4 7 ( 2 0 0 5) 4 7 1 – 4 8 9. htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 1 0 4 0 7 7 8 0 5 9 0 8 9 1 4 3 4. 

[ 2 1 0]  D. Fr a n k m a n, B. W. W e b b, B. W. B utl er, D. Ji m e n e z, J. M. F ort h of er, P. S o p k o, K. S. S h a n n o n, 
J. K. Hi ers, R. D. Ott m ar, M e as ur e m e nts of c o n v e cti v e a n d r a di ati v e h e ati n g i n wil dl a n d fir es, 
I nt er n ati o n al J o ur n al of Wil dl a n d Fir e. 2 2 ( 2 0 1 3) 1 5 7 – 1 6 7. htt ps:// d oi. or g/ 1 0. 1 0 7 1/ W F 1 1 0 9 7. 

[ 2 1 1] W. F. F er g er, T h e n at ur e a n d us e of t h e h ar m o ni c m e a n, J o ur n al of t h e A m eri c a n St atisti c al 
Ass o ci ati o n. 2 6 ( 1 9 3 1) 3 6 – 4 0. htt ps:// d oi. or g/ 1 0. 1 0 8 0/ 0 1 6 2 1 4 5 9. 1 9 3 1. 1 0 5 0 3 1 4 8. 

[ 2 1 2]  F. M. B u c ki n g h a m, T h e h ar m o ni c m e a n i n f or est m e ns ur ati o n, T h e F or estr y C hr o ni cl e. 4 5 
( 1 9 6 9) 1 0 4 – 1 0 6. htt ps:// d oi. or g/ 1 0. 5 5 5 8/tf c 4 5 1 0 4- 2. 

[ 2 1 3]  F. M. F uji o k a, Esti m ati n g wil dl a n d fir e r at e of s pr e a d i n a s p ati all y n o n u nif or m e n vir o n m e nt, 
F or est S ci e n c e. 3 1 ( 1 9 8 5) 2 1 – 2 9. 

[ 2 1 4]  N.I. Fis her, St atisti c al a n al ysis of cir c ul ar d at a, C a m bri d g e U ni v ersit y Pr ess, C a m bri d g e, 
E n gl a n d, 1 9 9 5. 

[ 2 1 5]  R. M. N els o n Jr., R e a cti o n ti m es a n d b ur ni n g r at es f or wi n d t u n n el h e a dfir es, I nt er n ati o n al 
J o ur n al of Wil dl a n d Fir e. 1 2 ( 2 0 0 3) 1 9 5 – 2 1 1. htt ps:// d oi. or g/ 1 0. 1 0 7 1/ W F 0 2 0 4 1. 

[ 2 1 6]  B. M. W ott o n, J. S. G o ul d, W. L. M c C a w, N. P. C h e n e y, S. W. T a yl or, Fl a m e t e m p er at ur e a n d 
r esi d e n c e ti m e of fir es i n dr y e u c al y pt f or est, I nt er n ati o n al J o ur n al of Wil dl a n d Fir e. 2 1 ( 2 0 1 2) 
2 7 0. htt ps:// d oi. or g/ 1 0. 1 0 7 1/ W F 1 0 1 2 7. 

[ 2 1 7] B. B utl er, S. Q u arl es, C. St a n d o h ar- Alf a n o, M. M orris o n, D. Ji m e n e z, P. S o p k o, C. W ol d, L. 
Br a ds h a w, L. At w o o d, J. L a n d o n, J. O’ Bri e n, B. H or ns b y, N. W a g e n br e n n er, W. P a g e, 
E x pl ori n g fir e r es p o ns e t o hi g h wi n d s p e e ds: fir e r at e of s pr e a d, e n er g y r el e as e a n d f l a m e 
r esi d e n c e ti m e fr o m fir es b ur n e d i n pi n e n e e dl e b e ds u n d er wi n ds u p t o 2 7 ms <s u p > − 1 <\s u p >, 
I nt. J. Wil dl a n d Fir e. 2 9 ( 2 0 2 0) 8 1. htt ps:// d oi. or g/ 1 0. 1 0 7 1/ W F 1 8 2 1 6. 

[ 2 1 8]  J.J. O’ Bri e n, E. L. L o u d er mil k, B. H or ns b y, A. T. H u d a k, B. C. Bri g ht, M. B. Di c ki ns o n, J. K. 
Hi ers, C. T es k e, R. D. Ott m ar, Hi g h-r es ol uti o n i nfr ar e d t h er m o gr a p h y f or c a pt uri n g wil dl a n d 
fir e b e h a vi o ur: R x C A D R E 2 0 1 2, I nt. J. Wil dl a n d Fir e. 2 5 ( 2 0 1 6) 6 2. 
htt ps:// d oi. or g/ 1 0. 1 0 7 1/ W F 1 4 1 6 5. 

[ 2 1 9]  D. R. Pri n c e, M e as ur e m e nt a n d m o d eli n g of fir e b e h a vi or i n l e a v es a n d s p ars e s hr u bs, P h D 
T h esis, Bri g h a m Y o u n g U ni v ersit y, 2 0 1 4. htt p://s c h ol ars ar c hi v e. b y u. e d u/ et d/ 5 5 4 5. 

[ 2 2 0]  P. R. B or uj er di, B. S h ot or b a n, S. M a h ali n g a m, D. R. W eis e, M o d eli n g of w at er e v a p or ati o n 
fr o m a s hri n ki n g m oist bi o m ass sl a b s u bj e ct t o h e ati n g: Arr h e ni us a p pr o a c h v ers us e q uili bri u m 
a p pr o a c h, I nt er n ati o n al J o ur n al of H e at a n d M ass Tr a nsf er. 1 4 5 ( 2 0 1 9) 1 1 8 6 7 2. 
htt ps:// d oi. or g/ 1 0. 1 0 1 6/j.ij h e at m asstr a nsf er. 2 0 1 9. 1 1 8 6 7 2. 

[ 2 2 1]  G. M. B yr a m, F or est fir e b e h a vi or, i n: K. P. D a vis ( E d.), F or est Fir e : C o ntr ol a n d Us e, 1st e d., 
M c Gr a w - Hill, N e w Y or k, N Y, 1 9 5 9: p p. 9 0 – 1 2 3. 

[ 2 2 2]  R. K. M o or e, D. M a n n, F. M att, M. Di et e n b er g er, D. W eis e, C h ar a ct eri z ati o n of f ett er b us h 
L y o ni a l u ci d a li q ui d e xtr a cti o ns, U S D A F or est S er vi c e, F or est Pr o d u cts L a b or at or y, M a dis o n, 
WI, 2 0 2 0. htt ps:// w w w.fs. us d a. g o v/tr e es e ar c h/ p u bs/ 6 1 0 7 3. 

[ 2 2 3]  R. K. M o or e, M. A. Di et e n b er g er, D. H. M a n n, P. K. L e b o w, D. R. W eis e, Utili zi n g t w o-
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di m e nsi o n al g as c hr o m at o gr a p h y ti m e of fli g ht m ass s p e ctr o m etr y ( G C x G C T O F M S) t o 
c h ar a ct eri z e v ol atil e pr o d u ct s fr o m p yr ol ysis of li vi n g v e g et ati o n f oli a g e, Bi or es o ur c es. 1 7 
( 2 0 2 2) 8 6 2 – 8 8 9. 
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A p p e n di c es:  
 

S u p p o rti n g D at a  a n d A n al ys es : 
 
T his pr oj e ct g e n er at e d a l ar g e q u a ntit y of d at a a n d m o d el si m ul ati o ns. T h e d at a will b e ar c hi v e d i n 
t h e F or est S er vi c e R es e ar c h D at a Ar c hi v e. T h e d at a s ets t h at will b e i n cl u d e d i n t h e ar c hi v e ar e 
d es cr i b e d i n T a bl e 3 5 . M o difi c ati o ns t o c o m p ut er c o d e is a v ail a bl e fr o m t h e f a c ult y at U A H u nts vill e 
( S h ot or b a n) a n d U C Ri v ersi d e ( Pri n c e v a c). 
 
T a bl e 3 5 . D at a s ets c r e at e d b y  S E R D P p r oj e ct R C - 2 6 4 0 t o b e a r c hi v e d i n t h e F o r est S e r vi c e 
R es e a r c h D at a A r c hi v e  ( htt ps:// w w w.fs. us d a. g o v/ r ds/ a r c hi v e/). 

D at a s et n a m e  O bj e cti v e  C at e g or y  Ori gi n at or  M e as ur e m e nts  
P h ysi c al 
pr o p erti es  

0  d at a  Di et e n b er g er   

 0  d at a  Fl et c h er   
Wi n d t u n n el 
f u els 

0  d at a  W eis e   

Ft. J a c ks o n 
f u el d at a 

0  d at a  H u d a k, Ott m ar   

P yr ol ys at e 
c o m p ositi o n – 
b e n c h s c al e  

1  d at a  Fl et c h er   

P yr ol ys at e 
c o m p ositi o n – 
wi n d t u n n el 
c a nist er  

1  d at a  H a o/ B a k er   

P yr ol ys at e 
c o m p ositi o n – 
wi n d t u n n el 
F TI R  

1  d at a  J o h ns o n/ M y ers   

P yr ol ys at e 
c o m p ositi o n – 
Ft. J a c ks o n 
c a nist er  

1  d at a  H a o/ B a k er   

P yr ol ys at e 
c o m p ositi o n – 
Ft. J a c ks o n 
F TI R  

1  d at a  J o h ns o n/ M y ers   

Fl a m e g as 
c o m p ositi o n - 
R F L  

 d at a  H a o/ B a k er/J o h ns o n/ Fl et c h er  m e as ur e m e nts 
c oll e ct e d as 
a d diti o n al d at a  

B e n c h -s c al e 
h e ati n g, 
f oli a g e 
t e m p er at ur es 

2  d at a  Fl et c h er   

Wi n d t u n n el 
h e at fl u x es 

2  d at a  Pri n c e v a c/ W eis e   
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Ft. J a c ks o n 
h e at fl u x es  

2  d at a  B utl er / M c Allist er/ W eis e  

Ft. J a c ks o n 
f oli a g e 
t e m p er at ur es 

2  d at a  O’ Bri e n   

Ft. J a c ks o n 
f u el 
c o ns u m pti o n  

2  d at a  H u d a k/ Ott m ar   

 
List of S ci e ntifi c/ T e c h ni c al P u bli c ati o ns:  
 
P e er -r e vi e w e d j o ur n al arti cl es 
 

2.  A mi nf ar, A., C o bi a n- I ñi g u e z, J., G h as e mi a n, M., R os al es, Es piti a N. R., W eis e, D. R., 
Pri n c e v a c, M. 2 0 1 9. Usi n g B a c k gr o u n d- Ori e nt e d S c hli er e n t o vis u ali z e c o n v e cti o n i n a 
pr o p a g ati n g wil dl a n d fir e. C o m b usti o n S ci e n c e a n d T e c h n ol o g y  1 – 2 1. 
d oi: 1 0. 1 0 8 0/ 0 0 1 0 2 2 0 2. 2 0 1 9. 1 6 3 5 1 2 2 

3.  A mi ni, E., M. - S. S af d ari, D. R. W eis e, a n d T. H. Fl et c h er. 2 0 1 9. P yr ol ysis ki n eti cs of li v e a n d 
d e a d wil dl a n d v e g et ati o n fr o m t h e s o ut h er n U nit e d St at es. J o ur n al of A n al yti c al a n d A p pli e d 
P yr ol ysis , 1 4 2: 1 0 4 6 1 3, 1 0. 1 0 1 6/j.j a a p. 2 0 1 9. 0 5. 0 0 2 

4.  A mi ni, E., S af d ari, M.- S., D e Y o u n g, J. T., W eis e, D. R., & Fl et c h er, T. H. 2 0 1 9. 
C h ar a ct eri z ati o n of p yr ol ysis pr o d u cts fr o m sl o w p yr ol ysis of li v e a n d d e a d v e g et ati o n n ati v e 
t o t h e s o ut h er n U nit e d St at es. F u el , 2 3 5, 1 4 7 5- 1 4 9 1, d oi: 1 0. 1 0 1 6/j.f u el. 2 0 1 8. 0 8. 1 1 2 
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4.  W eis e , D. R., J o h ns o n, T.J., M y ers, T. L., H a o, W. M., B a k er, S., P al ar e a- A b al a d ej o, J. 
C o m p ari n g t w o m et h o ds t o m e as ur e p yr ol ysis g as es i n a wi n d t u n n el a n d i n pr es cri b e d b ur ns. 

C o nf er e n c e or s y m p osi u m pr o c e e di n gs s ci e ntifi c all y r e c o g niz e d a n d r ef er e n c e d.  

1.  Di et e n b er g er, M. A., B o ar d m a n, C. R., W eis e, D . R. 2 0 2 0. N e w m et h o ds f or p yr ol ysis a n d 
c o m b usti o n pr o p erti es of f or est litt er: e n h a n c e d c o n e c al ori m etr y wit h l o n gl e af pi n e n e e dl es. 
P p. 7 2- 8 3 I n H o o d, S h ar o n; Dr ur y, St a c y; St e el m a n, T o d di; St eff e ns, R o n, t e c h. e ds. T h e fir e 
c o nti n u u m — pr e p ari n g f or t h e f ut ur e of wil dl a n d fir e: Pr o c e e di n gs of t h e Fir e C o nti n u u m 
C o nf er e n c e. 2 1 - 2 4 M a y 2 0 1 8, Miss o ul a, M T. Pr o c. R M R S- P- 7 8. F ort C olli ns, C O: U. S. 
D e p art m e nt of A gri c ult ur e, F or est S er vi c e, R o c k y M o u nt ai n R es e ar c h St ati o n. 3 5 8 p. 

2.  Di et e n b er g er, M. A., C. R. B o ar d m a n, B. S h ot or b a n, W. M ell, a n d D. R. W eis e. 2 0 2 0. T h er m al 
D e gr a d ati o n M o d eli n g of Li v e V e g et ati o n f or Fir e D y n a mi c Si m ul at or. S pri n g T e c h ni c al 
M e eti n g, C e ntr al St at es S e cti o n of t h e C o m b usti o n I nstit ut e, M a y 1 7- 1 9, 2 0 2 0, H u nts vill e, 
Al a b a m a. 2 0 p. 

3.  W eis e, D. R., J o h ns o n, T.J., H a o W M., Pri n c e v a c, M., S c h ar k o, N., O e c k, A., M y ers, T. L., 
B a k er, S., Li n c ol n, E., A mi nf ar, A. 2 0 1 8. M e as ur e m e nt of p yr ol ysis pr o d u cts fr o m mi x e d f u el 
b e ds d uri n g fir es i n a wi n d t u n n el. P p. 5 3 4- 5 4 1 I n Vi e g as, D. X. ( e d.) A d v a n c es i n F or est Fir e 
R es e ar c h 2 0 1 8, I m pr e ns a d a U ni v ersi d a d e d e C oi m br a, d oi: 1 0. 1 4 1 9 5/ 9 7 8- 9 8 9- 2 6- 1 6-
5 0 6 _ 5 9. 
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4.  W eis e; D. R., Fl et c h er, T. H., J o h ns o n, T.J., H a o, W M., Di et e n b er g er, M., Pri n c e v a c, M., 
B utl er, B., M c Allist er, S., O’ Bri e n, J., L o u d er mil k, L., Ott m ar, R., H u d a k, A., K at o, A., 
S h ot or b a n, B., M a h ali n g a m, S., M ell, W. E. 2 0 1 8. A pr oj e ct t o m e as ur e a n d m o d el p yr ol ysis 
t o i m pr o v e pr e di cti o n of pr es cri b e d fir e b e h a vi or. P p. 3 0 8- 3 1 8 I n Vi e g as, D. X. ( e d.) 
A d v a n c es i n F or est Fir e R es e ar c h 2 0 1 8, I m pr e ns a d a U ni v ersi d a d e d e C oi m br a, d oi: 
1 0. 1 4 1 9 5/ 9 7 8- 9 8 9- 2 6- 1 6- 5 0 6 _ 3 3. 

5.  Fl et c h er, T. H., S af d ari, M.- S., A mi ni, E., W eis e, D. R. 2 0 1 8. B e n c h- s c al e m e as ur e m e nt of 
p yr ol ysis pr o d u cts fr o m i nt a ct li v e f u els. P p. 1 2 2 3- 1 2 2 6 I n Vi e g as, D. X. ( e d.) A d v a n c es i n 
F or est Fir e R es e ar c h 2 0 1 8, I m pr e ns a d a U ni v ersi d a d e d e C oi m br a, d oi: 1 0. 1 4 1 9 5/ 9 7 8- 9 8 9-
2 6- 1 6- 5 0 6 _ 1 4 3. 

C o nf er e n c e or s y m p osi u m a bstr a cts  

1.  S af d ari, M. - S., M. R a h m ati, E. A mi ni, a n d T. H. Fl et c h er, “ A n al ysis of P yr ol ysis Pr o d u cts 
fr o m Li v e S hr u b F u els, ” 1 0t h N ati o n al C o m b usti o n I nstit ut e M e eti n g, U ni v ersit y of M ar yl a n d 
( A pril 2 3- 2 6, 2 0 1 7). 

2.  W eis e, D., T. H. Fl et c h er, B. S h ot or b a n, B. B utl er, M. Pri n c e v a c, T. J. J o h ns o n, M. 
Di et e n b er g er, W. M ell, R. Ott m ar, A. H u d a k, S. M c Allist er, W. M. H a o, J. O’ Bri e n, S. 
M a h ali n g h a m, a n d J. R e ar d o n, “ M e as uri n g a n d M o d eli n g P yr ol ysis t o I m pr o v e Pr e di cti o n of 
Pr es cri b e d Fir e B e h a vi or, ” p ost er pr es e nt e d at t h e 1 0 t h N ati o n al C o m b usti o n I nstit ut e 
M e eti n g, U ni v ersit y of M ar yl a n d ( A pril 2 3- 2 6, 2 0 1 7). Als o pr es e nt e d at 2 n d I nt er n ati o n al 
S m o k e S y m p osi u m, N o v. 1 4- 1 7, 2 0 1 6, L o n g B e a c h, C A. 

3.  W eis e, D . R.; M ell, W. E.; Z h o u, X.; M a h ali n g a m, S. 2 0 1 7. C o m p aris o n of t h er m al 
d e c o m p ositi o n m o d els i n c h a p arr al f u els. 1 0 t h N ati o n al C o m b usti o n I nstit ut e M e eti n g, 
U ni v ersit y of M ar yl a n d ( A pril 2 3 - 2 6, 2 0 1 7). 

4.  S h ot or b a n, B., Y as h w a nt h, B. L., M a h ali n g a m, S., H ari n g, D. J., a n d R a hi mi B or uj er di, P. *, 
P yr ol ysis a n d b ur ni n g of l e af-li k e f u el b y c o n v e cti v e h e ati n g: A c o m p ut ati o n al st u d y. T h e 
1 0t h U. S. N ati o n al M e eti n g o n C o m b usti o n, C oll e g e P ar k, M ar yl a n d, A pril 2 0 1 7 

5.  W eis e, D. R., T. H. Fl et c h er, S. M a h ali n g h a m, Z. Z h o u, a n d L. S u n, “ F ir e S pr e a d i n 
C h a p arr al: C o m p aris o n of D at a wit h Fl a m e -M ass L oss R el ati o ns hi ps, ” pr es e nt e d at t h e 
Ei g ht h I nt er n ati o n al S y m p osi u m o n S c al e M o d eli n g (I S S M- 8), P ortl a n d, Or e g o n ( S e pt 1 2- 1 4, 
2 0 1 7). 

6.  A mi ni, E., M. - S. S af d ari, M. R a h m ati, J. H o w art h, J. D e Y o u n g, a n d T. H. Fl et c h er, 
“ P yr ol ysis of Li v e V e g et ati o n at Sl o w H e ati n g R at es, ” W est er n St at es S e cti o n of t h e 
C o m b usti o n I nstit ut e, U ni v ersit y of W y o mi n g, L ar a mi e, W Y ( O ct o b er 2- 3, 2 0 1 7). 

7.  S af d ari, M. - S., J. H o w art h, M. R a h m ati, a n d T. H. Fl et c h er, “ St u d y of P yr ol ysis Pr o d u cts of 
Li v e a n d D e a d S hr u b F u els fr o m t h e F or est i n t h e S o ut h e ast er n U nit es St at es, ” 2 0 1 7 AI C h E 
A n n u al M e eti n g, Mi n n e a p olis, M N ( O ct o b er 2 9- N o v e m b er 3, 2 0 1 7). 

8.  S c h ar k o , N. K., M-S.  S af d ari, T . O. D a n b y, J. H o w art h, T. N. B eis w e n g er, D . R. W eis e, T L. 
M y ers, T . H. Fl et c h er, a n d T. J. J o h ns o n, “L a b or at or y M e as ur e m e nts of G as P h as e P yr ol ysis 
Pr o d u cts fr o m S o ut h er n Wil dl a n d F u els usi n g I nfr ar e d S p e ctr os c o p y, ” A m eri c a n G e o p h ysi c al 
U ni o n C o nf er e n c e, N e w Orl e a ns ( D e c e m b er 1 1- 1 5, 2 0 1 7). 

9.  A mi nf ar, A mir H ess a m; Pri n c e v a c, M ar k o; Es piti a, N. R os al es; W eis e, D a vi d R. Vis u ali z ati o n 
a n d M e as ur e m e nts of C o n v e cti v e M ass Fl u x Ar o u n d Fir e Usi n g B a c k gr o u n d Ori e nt e d 
S c hli er e n. Or al pr es e nt ati o n. 1 2t h Fir e a n d F or est M et e or ol o g y S y m p osi u m, M a y 1 5- 1 8, 
2 0 1 8, B ois e, I D 
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1 0.  A mi ni, E., J. H o w art h, J. D e Y o u n g, a n d T. H. Fl et c h er, “ T ar a n d G as C o m p ositi o n fr o m Sl o w 
P yr ol ysis of 1 5 Li v e a n d D e a d Pl a nt S p e ci es fr o m t h e S o ut h e ast er n U nit e d St at es, ” pr es e nt e d 
at t h e Fir e C o nti n u u m C o nf er e n c e, Miss o ul a, M T ( M a y 2 1- 2 4, 2 0 1 8). 

1 1.  S af d ari, M - S., J. P. B err y hill, a n d T. H. Fl et c h er, “ F ast P yr ol ysis of 1 5 Li v e a n d D e a d Pl a nt 
S p e ci es at H e ati n g R at es T y pi c al of Wil dl a n d Fir es, ” pr es e nt e d at t h e Fir e C o nti n u u m 
C o nf er e n c e, Miss o ul a, M T ( M a y 2 1 - 2 4, 2 0 1 8). 

1 2.  S c h ar k o, Ni c ol e K. , As hl e y M. O e c k, T yl er O. D a n b y, J o e y C h o n g, B o n ni C or c or a n, Gl ori a 
B ur k e, Br u c e E. B er n a c ki, D a vi d R. W eis e, T a n y a L. M y ers, a n d Ti m ot h y J. J o h ns o n. G as-
p h as e pr o d u cts fr o m t h e p yr ol ysis of s o ut h e ast er n f u els usi n g i nfr ar e d s p e ctr os c o p y. Or al 
pr es e nt ati o n. T h e Fir e C o nti n u u m C o nf er e n c e, M a y 2 1- 2 4, 2 0 1 8, Miss o ul a, M T 

1 3.  O e c k,  As hl e y M. Ni c ol e K. S c h ar k o, J o e y C h o n g, B o n ni C or c or a n, Gl ori a B ur k e, D a vi d R. 
W eis e, T a n y a L. M y ers, Ti m ot h y J. J o h ns o n. 2 0 1 8. G as p h as e p yr ol ysis pr o d u cts of s o ut h er n 
wil dl a n d f u els vi a e xtr a c ti v e i nfr ar e d s p e ctr os c o p y. P ost er pr es e nt ati o n. T h e Fir e C o nti n u u m 
C o nf er e n c e, M a y 2 1 - 2 4, 2 0 1 8, Miss o ul a, M T 

1 4.  Di et e n b er g er, M ar k A.; B o ar d m a n, C h arl es R.; W eis e, D a vi d R. N e w M et h o ds f or P yr ol ysis 
a n d C o m b usti o n Pr o p erti es of F or est Litt er: E n h a n c e d C o n e C al ori m etr y wit h L o n gl e af Pi n e 
N e e dl es. Or al pr es e nt ati o n. T h e Fir e C o nti n u u m C o nf er e n c e, M a y 2 1- 2 4, 2 0 1 8, Miss o ul a, 
M T  

1 5.  A mi nf ar, A mir H ess a m; Pri n c e v a c, M ar k o; W eis e, D a vi d R. A p pli c ati o n of B a c k gr o u n d 
Ori e nt e d S c hli er e n o n Vis u ali z ati o n a n d M e as ur e m e nts of C o n v e cti v e M ass Fl u x Ar o u n d 
Fir e. Or al pr es e nt ati o n. T h e Fir e C o nti n u u m C o nf er e n c e, M a y 2 1- 2 4, 2 0 1 8, Miss o ul a, M T 

1 6.  A mi nf ar,  A. N. D a v o o d z a d e h, D. R. W eis e, G. A g uil ar a n d M. Pri n c e v a c. A p pli c ati o n of 
C o m p ut er Visi o n i n M ulti- S c al e Fl o w Vis u ali z ati o n Usi n g Gr a n ul ar Li g ht P att er ns. Or al 
pr es e nt ati o n. P a cifi c Di visi o n of t h e A m eri c a n Ass o ci ati o n f or t h e A d v a n c e m e nt of S ci e n c e 
9 9t h A n n u al m e eti n g, J u n e 1 2- 1 5, 2 0 1 8, C alif or ni a St at e P ol yt e c h ni c U ni v ersit y, P o m o n a, 
C A.  

1 7.  Y a n g, H., T. H. Fl et c h er, Y. Li, L. Ji n, S. Li, Y. S h a n g, H. H u, “ M o d eli n g t h e I nfl u e n c e of 
C h a n g es i n Ali p h ati c Str u ct ur e o n C h ar S urf a c e Ar e a d uri n g C o al P yr ol ysis, ” pr es e nt e d at t h e 
3 7 t h I nt er n ati o n al S y m p osi u m o n C o m b usti o n, D u bli n, Ir el a n d (J ul y 2 9- A u g ust 3, 2 0 1 8). 

1 8.  S af d ari, M - S., J. B err y hill, D. R. W eis e, a n d T. H. Fl et c h er, “ B e n c h-s c al e M e as ur e m e nt of 
P yr ol ysis Pr o d u cts fr o m I nt a ct Li v e F u els, ” 2 0 1 9 AI C h E A n n u al M e eti n g, Pitts b ur g h, P A 
( N o v e m b er 1 0- 1 5, 2 0 1 8). 

1 9.  W eis e, D. R., T. H. Fl et c h er, T. J. J o h ns o n, W. H a o, M. Di et e n b er g er, M Pri n c e v a c, B. 
B utl er, S. M c Allist er, J. O' Bri e n, L. L o u d er mil k, R. Ott m ar, A. H u d a k, A. K at o, B. 
S h ot or b a n, S. M a h ali n g a m, W. E. M ell, “ A Pr oj e ct t o M e as ur e a n d M o d el P yr ol ysis t o 
I m pr o v e Pr e di cti o n of Pr es cri b e d Fir e B e h a vi or, ” 8t h I nt er n ati o n al C o nf er e n c e o n F or est Fi r e 
R es e ar c h, C oi m br a, P ort u g al ( N o v e m b er 1 0- 1 6, 2 0 1 8).  

2 0.  Fl et c h er, T. H., M- S. S af d ari, E. A mi ni, a n d D. R. W eis e, “ B e n c h- s c al e m e as ur e m e nt of 
p yr ol ysis pr o d u cts fr o m i nt a ct li v e f u els, ” 8t h I nt er n ati o n al C o nf er e n c e o n F or est Fir e 
R es e ar c h, C oi m br a, P ort u g al ( N o v e m b er 1 0- 1 6, 2 0 1 8).  

2 1.  A mi nf ar,  A mir H ess a m , D a vi d R.  W eis e, M ar k o Pri n c e v a c. Fl o w Vis u ali z ati o n of Fir e 
Pr o p a g ati o n i n Mi x e d V e g et ati v e F u el B e ds. 1 1t h U. S. N ati o n al C o m b usti o n m e eti n g, M ar. 
2 4- 2 7, 2 0 1 9, P as a d e n a, C A. Pr es e nt ati o n 3 C 0 9  

2 2.  R a hi mi B or uj er di,  P e y m a n B a b a k S h ot or b a n, S h a n k ar M a h ali n g a m, a n d D a vi d R. W eis e. A 
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c o m p ar ati v e st u d y of m oist ur e e v a p or ati o n m o d els i n t h e dr yi n g a n d p yr ol ysis of m oist s oli d 
f u els. 1 1t h U. S. N ati o n al C o m b usti o n m e eti n g, M ar. 2 4- 2 7, 2 0 1 9, P as a d e n a, C A. Pr es e nt ati o n 
3 D 0 2 

2 3.  W eis e, D a vi d R. Ti m ot h y J. J o h ns o n, J a vi er P al ar e a- Al b al a d ej o, H e ej u n g J u n g. Pr e di cti n g 
s m o k e e missi o ns usi n g a c o m p ositi o n al li n e ar tr e n d. 1 1t h U. S. N ati o n al C o m b usti o n m e eti n g, 
M ar. 2 4- 2 7, 2 0 1 9, P as a d e n a, C A. Pr es e nt ati o n 1 K 0 6 

6 t h Fir e  B e h a vi or a n d F u el s C o nf er e n c e,  A pr.  3 0-M a y  2, 2 0 1 9, Al b u q u er q u e, N M  

S p e ci al S essi o n: D e e p  Di v e  – M e as uri n g  a n d m o d eli n g p yr ol ysis  i n l o n gl e af pi n e f u el b e ds t o 
i m pr o v e fir e b e h a vi or m o d els – D a vi d  W eis e,  M o d er at or ( #2 4 -3 1 ) 

2 4.  A n  o v er vi e w of t h e S E R D P  R C - 2 6 4 0 st u d y t o m e as ur e  a n d m o d el p yr ol ysis i n l o n gl e af pi n e  
f or ests. D a vi d  R.  W eis e  

2 5.  Ki n eti c  st u d y  of sl o w p yr ol ysis of li v e a n d d e a d  wil dl a n d  f u els. El h a m  A mi ni,  M o h a m m a d -
S a e e d  S af d ari,  D a vi d  R.  W eis e,  T h o m as  H.  Fl et c h er  

2 6.  H e ats  f or e v a p or ati o n, c a p a cit y,  a n d c o m b usti o n of fr es h l e a v es a n d t h eir r el ati o ns hi ps t o l e af 
c o m p ositi o n a n d m oist ur e  c o nt e nt. M ar k  Di et e n b er g er,  C h arl es  B o ar d m a n, D a vi d  R.  W eis e  

2 7.  Fir e  m o nit ori n g  usi n g 3 D  d at a fr o m dr o n e b as e d  P h o D A R  a n d  T err estri al  L as er  S c a n n er.  A.  
K at o,  A.  H u d a k, J. B at c h el or,  L. M.  M os k al,  D a vi d  R.  W eis e  

2 8.  A p pli c ati o n of B a c k gr o u n d Ori e nt e d  S c hli er e n  t o fl o w vis u ali z ati o n  i n li v e v e g et ati v e f u el 
b e ds. A mir h ess a m  A mi nf ar,  D a vi d  R.  W eis e,  M ar k o  Pri n c e v a c  

2 9.  A n al yti c al  ki n eti cs  s ol uti o ns wit h  d eri v e d p ar a m et ers  f or m oist ur e  d es or pti o n, p yr ol ysis, a n d 
c h ar  c o m b usti o n f or fr es h l e a v es r el ati v e t o c o m p ositi o ns  a n d m oist ur e  c o nt e nt. M ar k  
Di et e n b er g er,  C h arl es  B o ar d m a n, B a b a k  S h ort o b a n, D a vi d  R.  W eis e  

3 0.  P h ysi cs b as e d  m o d eli n g of m oist ur e e v a p or ati o n i n li vi n g l e a v es. P.  R a hi mi  B or uj er di,  B.  
S h ot or b a n, S.  M a h ali n g a m,  D a vi d  R.  W eis e  

3 1.  N u m eri c al  M o d eli n g of  Fir e  S pr e a d  a cr oss  pi n e  n e e dl e f u el b e ds. M as o u d  G h as e mi a n,  
Y u bi a o H u a n g, A mir H ess a m  A mi nf ar,  M ar k o  Pri n c e v a c,  D a vi d  R.  W eis e  

3 2.  W eis e , D. R.  A n e w w a y  t o a n al y z e  t h e c o m p ositi o n of m at eri als  – a p pli c ati o n  t o wil dl a n d  fir e 
g as es.  

3 3.  W eis e,  D. R.,  Ott m ar,  R. D.  A p pr o pri at e a n al ysis of wil dl a n d f u el c o m p ositi o n. 

 

3 4.  H u d a k, A. T., R. M c C arl e y, P. F e k et y, B. Bri g ht, A. K at o, L. L o u d er mil k, E. R o w ell, C. Sil v a, 
J. R est ai n o, S. Pri c h ar d, R. Ott m ar a n d D. W eis e. 2 0 1 9. Q u a ntif yi n g bi o m ass a n d bi o m ass 
c h a n g e at m ulti pl e s c al es fr o m T L S a n d A L S. I n vit e d s e mi n ar, U ni v ersiti K e b a n gs a a n 
M al a ysi a, K u al a L u m p ur, M al a ysi a, 1 A u g 2 0 1 9. ( or al pr es e nt ati o n, p u blis h e d a bstr a ct)  

3 5.  A mi ni, E., M - S. S af d ari, D. R. W eis e, a n d T. H. Fl et c h er, “ P yr ol ysis Ki n eti cs of Li v e a n d 
D e a d Wil dl a n d V e g et ati o n fr o m t h e S o ut h er n U nit e d St at es, ” pr es e nt e d at t h e AI C h E A n n u al 
M e eti n g, Orl a n d o, F L ( N o v e m b er 1 0- 1 5, 2 0 1 9).  

3 6.  W eis e, D. R., J o h ns o n, T.J., P al ar e a- Al b al a d ej o, J., J u n g, H. P ost er pr es e nt ati o n – A n e w w a y 
t o pr e di ct e missi o n f a ct ors – a c o m p ositi o n al d at a a p pr o a c h, 8t h I nt er n ati o n al Fir e E c ol o g y 
a n d M a n a g e m e nt C o n gr ess, 1 8- 2 2 N o v. 2 0 1 9, T u cs o n, A Z 
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