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NOMENCLATURE

Symbol Name U nits

T T em p era tu re °C

t Tim e s e c .

I In tensity  o r heating  ra te
2

c a l /c m  -sec ..

T h e rm a l d iffusiv ity 2cm  / s e c .

L Length cm , in .

x , r P osition , rad iu s cm , in .

w W eight gm
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O

g m /cm

h C onvective heat t r a n s f e r  
coeffic ien t c a l /s e c  . cm 2 0|

K T h erm al conductiv ity c a l /s e c  cm  °C

c Specific heat ca l /g m  °C

E A ctivation energy c a l/m o le

A A rrh en iu s  ra te  co nstan t 1 /se c

q H eat of reac tio n c a l/g m

R G as constan t Atm l i te r  
g m -m ole  °K

Stefan-B oltzm an constan t B T U /hr ft2 °R 4

a A bsorb tiv ity D im ension less

e E m ittance D im ension less



Symbol Name U nits

F 0 F o u r ie r  num ber D im ension less

Re R eynolds num ber D im ension less

Nu N u sse lt num ber D im ension less

Bi Biot num ber D im ension less
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Symbol Nam e

0 In itia l

f F inal

X At a depth , x

c C e n te r

s Surface

ig Ignition

m M axim um

TGA T e m p e ra tu re  of re a c tiv e  sam ple 
in TGA te s t

DTA W eight of reac tiv e  sam ple in DTA
te s t

O ccasionally  su b sc r ip ts  w ill be used  in com bination fo r  p u rp o ses  

of c la r i ty .  F o r exam ple , the sym bol T  w ith the su b sc rip ts  igc (Tigc ) would 

be in te rp re te d  ’’ignition te m p e ra tu re  m e asu re d  a t the c e n te r  of the te s t  s p e c i­

m e n ."
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INTRODUCTION

The study of the ignition  of wood and o th e r ce llu lo s ic  m a te r ia ls  has 

re su lte d  in the pub lication  of a la rg e  am ount of l i t e r a tu r e . As an aid  in the 

p lanning  and in te rp re ta tio n  of fu tu re  r e s e a rc h , i t  w as fe lt that a su rvey  of a 

re p re se n ta tiv e  body of l i te ra tu re  should be m a d e . With th is  a s  its  m o tiv a ­

tion , the p re se n t w ork w as in itia ted .

T he su rvey  p re sen te d  h e re  is  not intended to p rov ide  an exhaustive 

outline of a ll the w ork which has  been done to  date  on the ignition of wood, 

but r a th e r  to  rev iew  a re p re se n ta tiv e  sam ple of the w ork which h as  been 

done in rece n t y e a rs  by those  m ost no ted in the f ie ld . The p erio d  of tim e 

co v ered  by the su rvey  is  1950-1969; how ever, the la rg e r  po rtion  of the m a te r ­

ia l w as published  in the in te rv a l 1960-1968 .

It is  e s tim a ted  tha t of the to ta l am ount of l i te ra tu re  (published in the 

la s t  tw enty y e a rs )  d ire c tly  re la te d  to the ignition of wood, the a r t ic le s  c o n ­

s id e red  in th is  su rvey  re p re s e n t p e rh ap s  5 to  10 p e r  ce n t. This e s tim a te  

w as a r r iv e d  a t by noting tha t in the b ib lio g rap h ies  given in each a r t ic le ,  

th e re  a re  lis ted  the t i t le s  of a t le a s t  five re fe re n c e s  dealing  with the ig n i­

tion  of w ood. M ultiplied by the n um ber of a r t ic le s  in the p r im a ry  and re la te d  

re fe re n c e s , th is  re s u lts  in a to ta l of o v er th re e  h u nd red . The p rev io u s e s t i ­

m ate w as p laced  a t 5 to 10 p e r  cen t by dividing the n um ber of p r im a ry

1
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re fe re n c e s  ( th ir ty -s ix )  by the p rev io u sly -m en tio n ed  to ta l of o ver th re e  h u n ­

d red  .

The study of wood ignition, and the m odeling of the ignition p ro c e s s  

of ce llu lo s ic  m a te r ia ls  in g e n e ra l, h as  im p o rtan t app lica tion  in se v e ra l a r e a s .  

Building and fo re s t  f ir e  p reven tion , f la m e -re ta rd a n t evaluation , and the study 

of flam e weapon effec tiv en ess  a re  a ll  to p ics  in which an understand ing  of the 

ignition p ro c e s s  is  b a s ic .

W hile i t  is  ap p aren t in the l i te ra tu re  tha t th e re  a re  as many specific  

ap p ro ach es  to  the ignition p rob lem  a s  th e re  a re  r e s e a r c h e r s ,  th e re  a re  g en ­

e ra l i t ie s  which m ay be m ade with re g a rd  to  the b as ic  m ethod of an a ly sis  used 

by the r e s e a rc h e r  in g a th erin g  the d a ta . T hese  a re :

1 . The an a ly sis  is  p e rfo rm e d  by m easu rem en t of te m p e ra tu re  v e r ­

sus tim e data; i . e . ,  the m e asu re m en t of a p a r tic u la r  te m p e ra tu re  of in te re s t  

(su rface , am bient su rround ing , o r  a t a specified  depth below the su rface ) 

over a p a r tic u la r  tim e in te rv a l.  D ata obtained in th is  m anner a re  given in 

m any of the a r t ic le s  su rv ey ed .

2 . The tim e to ignition a t a given ra te  of hea ting  is  m e a su re d . In 

th is  type of a n a ly s is , sam ples a re  hea ted  a t v a rio u s  in ten sity  le v e ls , and the 

tim e req u ire d  to ign ite a p a r tic u la r  specim en  is  m e a su re d .

3 . Investigation  is  m ade by T h e rm o g rav im e tric  A nalysis and 

D ifferen tia l T herm al A nalysis (see A ppendixes fo r explanation of TGA and 

DTA). P apers  of th is  type approach  the p rob lem  from  the c h e m ic a l- ra te

point of view , and give re s u lts  in te rm s  of A ctivation E nergy E , ra te  constan t



A, and reac tio n  o rd e r  n (assum ed in m ost c a se s  to be equal to 1).
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4 . A nalysis is m ade of the p ro d u c ts  of com bustion with re g a rd  to 

iden tifica tion  of the type and re la tiv e  am ounts of com pounds p re s e n t .  A r t i ­

c le s  of th is  type a r e  m o re  a p p ro p ria te  and usefu l in the co n sid e ra tio n  of the 

com bustion  p ro c e s s  as  opposed to  the ignition  p ro c e s s ,  but they a re  included 

in th is  su rvey  b ecause  they re p re s e n t a body of re s e a rc h  which does have a 

lim ited  b ea rin g  upon the n a tu re  of the p rob lem  to which th is  su rvey  is  d ire c te d .

5 . T h ere  a r e  a r t ic le s  which deal p r im a r ily  w ith the  m a th em atica l 

m odeling of the ignition p ro c e s s .  The bulk of p a p e rs  of th is  ca teg o ry  u se  the 

heat-conduction  equation in som e fo rm , depending upon the assu m p tio n s m ade 

and the coord ina te  sy stem  c h o se n .

The su rv ey  is  o rgan ized  in w hat sh a ll be ca lled  "co lu m n ar fo rm ."

It is  fe lt tha t by a rra n g in g  the in form ation  under se p a ra te  colum n headings 

it w ill be e a s ily  a c c e s s ib le  and read ily  u s a b le , The following l is t  is  given 

in p a r tia l  explanation  of the colum n headings to be used  in the body of the 

s u rv e y . A m o re  com plete explanation  of the m ethod of data p re sen ta tio n  w ill 

be given la te r  in the r e p o r t .

1 . R eference n u m b er, au th o r, and date of p ub lica tion .
2 . M ethod of a n a ly s is .
3 .  G enera l r e s u l t s .
4 .  C o rre la tio n  p a r a m e te r s .
5 . T ab les and g rap h s .
6 . Math m odels u s e d .
7 . Ignition data  and conditions .
8 . A u th o r's  c o n c lu s io n s .

In addition to the in fo rm ation  supplied  in co lum nar fo rm , the s u r ­

vey w ill draw  a tten tion  to w hat a r e  fe lt to be s ign ifican t re s u lts  and conclu -
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sions given in the l i te r a tu r e .  E m phasis w ill be p laced  upon the co m parison  

of po in ts of c o n tra s t and s im ila r i ty  in the data , and in the conclusions draw n 

by each  au tho r reg a rd in g  h is  w ork .



PART I

RESEARCH METHODS



CHAPTER I

METHOD OF ANALYSIS

S ev era l g en e ra l types of ex p erim en ta l m ethods of an a ly s is  w ere  

m entioned e a r l i e r .  The purpose  of the p re se n t ch ap te r is  to  rev iew  in  c lo se r  

d e ta il the specific m ethod of an a ly s is  used  in s e v e ra l of the a r t i c le s .

Basic to  the m ethod of an a ly sis  is  the choice of m a te r ia l upon which 

the te s ts  a re  to  be conducted . The two te s t  m a te r ia ls  m ost com m only found 

in th is  su rvey  a re  wood, fo r  which no a c c u ra te  chem ica l fo rm ula  has  been 

p roposed , and a lp h a -c e llu lo se , having the com position  (C ^ H io O s)^  in d ic a t­

ing tha t a s  found in n a tu re  it  is  usually  highly p o ly m erized .

The two shapes m ost com m only found in the l i te ra tu re  a re  the 

cy lin d e r and the re c ta n g u la r  s la b . T hese m  tu rn , from  a h e a t- t r a n s fe r  

po int of view , have been reg a rd ed  a s  e i th e r  " th in ,"  o r  " s e m i- in f in i te ," the 

m a jo r  c r ite r io n  used  to d iffe re n tia te  betw een the two configura tions being  

the tim e  taken fo r tha t p a r t  of the sam ple not being heated  to  undergo a 

te m p e ra tu re  change . A slab  m ay be co n sid e red  sem i-in fin ite  un til tha t tim e 

when the unheated su rface  beg ins to re a c t to the im position  of h e a t .

The following p a p e rs , iden tified  by re fe re n c e  num ber and au th o r, 

r e p o r t  w ork done on cy lin d rica l sp ec im en s: A kita :(1), E ick n er (4), Fons (5), 

B lackshear (14), M urty  (15), R oberts  (17), and R oberts  (22).

6
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The a r t ic le s  lis te d  below re p o r t  ex p erim en ta l w ork done on slabs 

(e ith e r  th in  o r  sem i-in fin ite ): G ardon (6), Law son (9), Schaffer (23), Smith 

(29, 30, 31), S im m s (24, 25, 26, 27, 28), and W eatherfo rd  (34).

The following p a p e rs  re p o r t w ork done on w ood-saw dust e i th e r  in 

p re s s e d  o r  in loose , n a tu ra l fo rm : Bowes (2), Brown (3), R o b erts  (20, 21).

Tbe following a r t ic le s  re p o r t  w ork done on specim ens of p a p e r, 

thin sh ee ts  of a lp h a -c e llu lo se , c lo th , o r  o th e r m a te r ia l:  L incoln (10), L ip - 

ska (11), M artin  (14), and Smith (30).

A nother fa c to r  of im p o rtan ce  in the in te rp re ta tio n  of re s e a rc h  c o n ­

s id e red  in th is  su rvey  is  the su rface  te m p e ra tu re  and h ea ting  ra te  a t which 

the v a rio u s  te s ts  w ere  conducted . G enerally  speaking, the m ost usefu l te m ­

p e ra tu re  fo r c o rre la tio n  p u rp o ses  is  the su rface  te m p e ra tu re .  M ost of the 

r e s e a r c h e r s  included th is  te m p e ra tu re  in th e ir  an a ly se s; how ever, th e re  

a re  excep tions w orthy  of m ention:

1 . S im m s (25) m e asu re d  the  te m p e ra tu re  in the v o la tile  s tre a m  

a s  a function of height above the spec im en , a s  w ell as the su rface  te m p e r ­

a tu re .  T h is technique is  unique to th is  p a p e r .

2 . The follow ing p a p e rs  re p o r t  e i th e r  the te m p e ra tu re  in the cen te r  

of the fu rnace  in which the sam ple w as hea ted , o r  the te m p e ra tu re  a t the 

c e n te r  of the te s t  sp ec im en . In both c a s e s ,  the te m p e ra tu re s  re p o rte d  a re  

d ifficu lt to  c o r re la te  w ith su rface  te m p e ra tu re  data given in o ther p a p e rs .  It 

h as  been suggested  tha t w here the sam ple is  hea ted  in a fu rn ace , th is  s i tu a ­

tion m ay be com pared  to  te s ts  in which the specim en  is  ign ited  in the p re se n c e
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of a p ilo t flam e: A kita (1), Bowes (2), Brown (3), E ick n er (4), K ilze r (7),

L ipska (11), and R oberts  (19, 21, 22).

A lso of im portance  in the c o rre la tio n  of ex p e rim en ta l data  is  the

in ten sity  level of the th e rm a l en ergy  to which the sam ple w as sub jec ted .

F o r the m ost p a r t ,  the ex p erim en ta l w ork re p o rte d  in the l i te ra tu re  w as

2
conducted a t in te n s itie s  of fro m  1 to 3 c a l /c m  - s e c .  The im p o rtan t e x c e p ­

tions a re  as  follow s:

1. The low est level of in ten sity  used  w as by W eatherford  and V al- 

t i e r r a  (34). T h e ir  w ork w as conducted at le v e ls  v ary in g  fro m  0 .0 6  to 0 .1 0

O
c a l/c m  - s e c .

2 . The h ighest in ten sity  used  in the w ork rep o rte d  w as tha t used

by L incoln (10). H is w ork w as conducted with a h e lic a l Zenon f la sh  tube

which in sh o rt ( le ss  tha t th ir ty  m illiseco n d s) p u lse s  y ie lded  in te n s itie s  of 

2
up to 3000 c a l /c m  -sec  .

3 . The follow ing p a p e rs  re p o r t  w ork done a t very  high ra te s  (over 

100 c a l /c m  - s e c . )  of heating : L incoln (10), and M artin  (13, 14).

4 . Unique not so m uch fo r its  hea ting  r a te ,  but fo r i ts  m ethod of 

h ea ting  is  the ex p erim en ta l w ork rep o rte d  by M urty (16). The te s t  s p e c i­

m ens w ere  cy lin d rica l, and w ere  heated  by being  in se r te d  into a hollow c o p ­

p e r  cy lin d er of about tw ice the d ia m e te r  of the sam p le . The copper c y lin d e r-  

specim en  unit w as then hea ted  fro m  beneath  by a fla t-f lam e  bunsen b u rn e r .

In th is  m anner, the specim en w as touched only by heated  a i r  in the annulus

betw een it and the co pper c y lin d e r .



A lso w orthy of m ention is  w ork done w ith the in tent of evaluating

9

the e ffec tiv en ess  of f la m e -re ta rd a n t m a te r ia ls .  The following p a p e rs  a re  

of th is  type: A kita (1), Brown (3), and E ickner (4). The f i r e - r e ta rd a n t  sa lts

used  in the above te s ts  w ere  applied  by im m e rs in g  the wood to be te s ted  in a 

solution of the s a l t .  The sa lt content w as m e asu red  by noting  the w eight of 

the sam ple befo re  and a f te r  im m e rs io n .



CHAPTER II

MATH MODELS

In o rd e r  to p re d ic t ignition c h a ra c te r is t ic s  it is  n e c e ssa ry  to fo rm ­

u la te  a m a th em atica l m odel tha t p e rm its  c o rre la tio n  of ignition  d a ta . E q u a­

tions which com plete ly  d e sc r ib e  the ignition  of th e rm a lly  ir ra d ia te d  so lids 

a r e  so com plex tha t analy tic  solution is  im p ra c tic a l .  The p y ro ly s is  of c o m ­

b u stib le  so lids involves chem ica l rea c tio n s  tha t ac t a s  so u rc e s  and sinks of 

en e rg y . At a given depth in the sam p le , p y ro ly s is  depends not only upon the 

te m p e ra tu re  a t tha t depth, but a lso  upon the  length of tim e  a t tha t te m p e ra ­

tu re  . Even if it is  assu m ed  tha t p ro p e r tie s  of the so lid  a re  independent of 

te m p e ra tu re , the  equation  d esc rib in g  the p ro c e s s  is  a n o n -lin e a r  p a r tia l  

d iffe re n tia l equation . If the effec ts  of phase  change, in te rn a l convection of 

gaseous v o la tile  p ro d u c ts  and m o is tu re , d ia th erm an cy , and se lf-h ea tin g  a re  

co n sid e red , the solution to the p rob lem  becom es ex tre m e ly  com plex . F o r 

th is  re a so n , a ttem p ts  have been m ade by v a rio u s  au th o rs  to c o r re la te  ig n i­

tion data w ith h ighly  s im p lified  m a th em atica l m o d e ls . Some of th ese  m odels, 

e sp ec ia lly  those  tha t include the effect of chem ica l re a c tio n s , a re  solved by 

n u m e ric a l m e th o d s . Only a few sim p lified  m odels a re  capable of analy tic  

so lu tion , and th ese  a r e  used  ex ten siv e ly  in the l i te r a tu r e .  They a re  d is -

10

cu ssed  below :



Model one

11

O ne-d im ensional hea ting  of a s e m i-in fin ite , opaque, in e r t so lid  (no 

chem ica l o r phase change). In th is  m odel, the m a te r ia l  is  a ssu m ed  to  be 

ir ra d ia te d  a t the su rface  w ith h ea t lo s se s  a t the su rface  e x p re sse d  by N ew ton­

ian coo ling . The equation d esc rib in g  m odel one is :

„ 3 2AT = 6 A T  (1)
d x z  a t

The in itia l and boundary conditions a re :

&T = 0 (2)

= I - hA Ts (3)

; A T  = 0 (4)

t = 0;

t > 0 ; x = 0: -K-
9A T
9 x

X —

The solution to equation 1 w ith the in itia l and boundary conditions 2 through 

4 is  given by C arslaw  and Jaeg er (5 RR)* a s :

A T
I/h ,,r,c I(«T)?72'

. hx - e x p ( - h^cut
K2

) e rfc x
2 (« t) i /2 \

, h (« t)V 2
K

(5)

At the su rface  (x = 0 ), equation 5 m ay be w ritten  a s ;

*RR r e f e r s  to the l i s t  of re la te d  r e fe re n c e s .
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T s Vk Cc

I i/ 7
1 - exp/? e rfc /6

(6)

1/2
W here /^ :h (o ( t)“  /K  = Iia/ T  /V K f  c = cooling m o d u lu s .

S im m s (24), (25), (26), (27), (28) c o r re la te d  h is  data w ith the d im en ­

s io n le ss  g roups of equation 6 . E s tim atin g  the value of the h ea t t r a n s f e r  coeffi-

ex p erim en ta l d a ta . T his ad ju sted  su rface  te m p e ra tu re  w as found to be 52 5 °C .

W hile it m ay be observed  tha t the te m p e ra tu re  a t ignition  is  p re d ic t­

ab le w ithin c e r ta in  l im its , o th e r r e s e a r c h e r s  contend tha t the constan t s u r ­

face  te m p e ra tu re  c r ite r io n  is  not adequate .

Model two

A nother approach  to  the m odeling p ro c e s s  would be to recognize 

tha t once c e r ta in  ra th e r  d ra s tic  assu m p tio n s a re  m ade (such a s  assu m in g  

the so lid  to  be in e rt) , it is  reaso n ab le  to  ignore a ll unknown p a ra m e te r s .

The re a so n  fo r th is  is  tha t in try in g  to d e sc rib e  a ll cooling lo s se s  (including 

those  due to chem ica l re a c tio n s)  by m eans of N ew tonian-type cooling, one 

m ight p o ssib ly  m ake the c o rre la tio n  of re s u lts  m o re  d ifficu lt. Model 2, in 

a com plete ly  sim plified  approach , c o n s id e rs  the wood to be an infin ite slab  

of th ick n ess  L, ir ra d ia te d  a t the su rface  (x = 0 ). The solid  is  assu m ed  to

c ien t, h, to be .0008 ca l/c m ^  s e c .  °C , he ad ju sted  A T S such tha t the th e o re t 

ic a l cu rve  of equation 6 gave the b e s t fit (within - 30 p e r  cen t) through h is

be opaque and in e r t .  The h ea t lo s se s  fro m  the su rface  a re  com plete ly



ig n o red . The d iffe re n tia l equation is  again  given by:

13

3 2AT = a AT
a  X2  3 1

The in itia l and boundary conditions a re :

@ t = 0; 0 -  x -  L; A T  = 0

t >  0; x - 0; -K q— -  = I a x

5 A T
t > 0; x = L; ~gx = 0

( 1 )

(7)

(8)

(9)

The sam e m odel and boundary conditions apply to the ca se  w here h ea ting  is  

tw o-sided , with L then being the h a lf- th ick n e ss  when only h a lf of the sam ple 

is  co n sid ered  a t a tim e . The su rface  te m p e ra tu re  r is e  fo r  th is  ca se  is given 

by C arslaw  and Jaeger (5 RR) as :

A ^sK = Fo + 1  - —— C -1 -  exp (-n2TT2Fo) (10)
jl 3 if 2 n = 1

W here Fo =oct/L^ = F o u r ie r  m odu lus. Of a l l  the l i te ra tu re  su rveyed , only 

the a r t ic le  by K oohyar (8) em ployed th is  sam ple  m o d e l. K oohyar m odified 

the su rface  boundary condition to  read  - K d A T / S x ^ I ,  w here  ^  is  a n u m e r­

ic a l p a ra m e te r  which is  thought to  be a function of tim e and o ther yet unknown 

v a r ia b le s .

Model th ree

T his m odel is  s im ila r  to m odel one (sem i-in fin ite , opaque, in e r t

so lid ), excep t th a t no heat lo s se s  a re  a ssu m ed  fo r the su rface  bou n d ary . In
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th is  c a se , equations 1, 2, and 4 hold , but equation 3, which defines the s u r ­

face boundary condition, becom es s im ila r  to equation 8. The su rface  tem  ­

p e ra tu re  r is e  in th is  ca se  is  given by C arslaw  and Jaeg er (5 RR) by:

1/2
^ Ts = ~ - ^ >  ( I D

It should be noted tha t in the sem i-in fin ite  so lid  c a se , the th ick n ess  L does 

not ap p ea r in the so lu tion . F o r  the com p ariso n  of m odels two and th re e , 

both s id es  of equation 11 a r e  m ultip lied  by K/'HL to  obtain:

A T sK  = = 1.1284VrFcT (12)
IL A'n r

in which L m ay be thought of a s  a c h a ra c te r is t ic  d is tan ce  fro m  the s u r fa c e .

Both equations 10 and 12 suggest the c o rre la tio n  of data in te rm s  of

the en ergy  m odulus IL/A.TSK, the F o u r ie r  m odulus, o r the d im en sio n le ss

2 1/2tim e v a ria b le  (<*t/L ) . It m ay be noticed  th a t in p lo tting  the ir ra d ia n c e

m odulus IL /A T SK v e rsu s  d im en sio n le ss  tim e , ( o c t /L ^ )^ 4  fo r  ( « t /L ^ ) ‘'^  

le s s  than .6 the p resu m ed  m odels two and th ree  behave a like , ind icating  that 

the sam ple is  th ick  enough to  be co n sid e re d  s e m i- in f in i te .

Model four

The la s t  m odel to be co n sid e red  d e sc r ib e s  the b u rn ing  of a re a c tiv e , 

sem i-in fin ite  so lid . It is  a ssu m ed  tha t the bu rn ing  su rface  is  consum ed a t 

a constan t r a te ,  and m oves into the so lid  a t  a ra te  v .  The d iffe re n tia l e q u a ­

tion is  again:



<x <9 2A.T = 9 A T
9x2 Qt

The tra n s fo rm a tio n  of v a r ia b le s

z = x - vt

15

(1)

(13)

p laces  the o rig in  on the m oving s u r f a c e . The o rig in a l p a r tia l  d iffe re n tia l 

equation  1 now becom es an o rd in a ry  d iffe re n tia l equation;

d 2T _ v dT  
dz2 ** dz

(14)

Equation 14 has  the g en era l solution

T  = Ci t c-> exo ( )' a (15)

Applying the boundary conditions:

T  = T s @ z = 0 

T  = T | @ z =c» 

the final solution becom es

( 17)

T - T i  , -vz .
—-----—  = exP ( ~ET )
Trf - Ti

Model fou r is  used  in the an a ly s is  of com bustion  r a th e r  than ign ition , and fo r 

th is  re a so n  o ccu rs  le s s  frequen tly  in th is  su rvey  than any of the o th e r th re e  

co n sid e red  in th is  c h a p te r .

It w ill be found tha t each au th o r em ploys a t le a s t  the b a s ic  id eas  of
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one o r m ore  of the m o d e ls . M odifications in the approach  taken  in using  

each  m odel v a ry  w ith each a r t ic le ,  but the equations d iscu ssed  above rem ain  

the foundation fo r the w ork co n sid e red  by th is  su rv ey .

In the co lum nar review  of each a r t ic le  p re se n te d  In the follow ing 

c h a p te r , the m odels d e sc rib e d  a r e  r e f e r r e d  to  by n u m b e r. W here a p a r t i c ­

u la r  au th o r u ses  an equation fe lt to  con tribu te  s ign ifican tly  in a m an n er not 

e x p re s se d  o r  im plied  by any of the fou r m ath m odels, it w ill be included in 

the colum n en titled  "M ath M od els ."

Highly spec ia lized  equations which do not fa ll into one of the c a te ­

g o rie s  m entioned in the p reced in g  two p a ra g ra p h s  w ill be o m itted . W here 

such is  the c a se , the w ord "om itted"  w ill be w ritten  in the m ath m odel co lum n.



PART II

SURVEY AND DISCUSSION



CHAPTER III

REVIEW OF ARTICLES SURVEYED IN COLUMNAR FORM

On the following page, an exp lanato ry  a r t ic le  is  given which w ill 

aid  the re a d e r  in the in te rp re ta tio n  of the m a te r ia l p re se n te d  in th is  c h a p te r . 

By re fe re n c e  to the a r t ic le ,  no d ifficu lty  should be ex perienced  in obtaining 

any of the in fo rm ation  contained  th e re in .  The in fo rm ation  contained in each 

a r t ic le  su rveyed  w as ca teg o rize d  in each  of s e v e ra l a r e a s .  These w ere  then 

a rra n g e d  into co lum ns, one fo r  each  of the a r e a s  in to  which the a r t ic le s  w ere 

d iv id ed .

In com piling  the con ten ts of th is  ch ap te r , e ffo rt w as m ade to p r e ­

se rv e  a s  much of the exac t w ording of each a r t ic le  as  po ssib le  . No add itions 

w ere  m ade except a s  n e c e s sa ry  to p iece  to g e th e r sec tio n s  p a ra p h ra se d  o r 

condensed from  the w ork of a p a r t ic u la r  a u th o r.

18
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_______________ R eferen ce  Number. A u tho r, and D ate______________
T his colum n con ta in s the num ber of the a r t ic le  a s  lis ted  in the B ibliography, the nam e of the f i r s t  

au th o r , and the y e a r  in which the a r t ic le  w as p u b lished ._________________

A
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The conclusions draw n by the au th o r a r e  p re se n te d  in th is co lum n .

No in te rp re ta tio n  of the conclu s ions draw n by the au th o r(s) is  m ade a t th is  po in t.
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a 
an

d 
C
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s

T h is colum n su m m arize s  in fo rm ation  co ncern ing  the ac tua l te s tin g  of the sam p le .

The in fo rm ation  is  p re se n te d  in the follow ing o rd e r ; a) R adiant o r  convective sou rce  
b) Self o r p ilo t ignition c) P re s s u re  (in a tm o sp h ere ) a t  w hich the te s t  w as conducted d) The 
a tm o sp h e re  su rro u n d in g s of the te s t  e) T e m p e ra tu re  and tim e  of ignition* f) M ethod of flux 
m easu rem en t*  g) Method of te m p e ra tu re  m easu rem en t*  h) O rien ta tion , s iz e , and shape of

M
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h
M
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el

s
D

se
d

T h is colum n con ta ins the nu m b er of the m ath m odel (as d e sc r ib e d  in C h ap te r Two) used  
by the a u th o r .

W here the m odel is  h igh ly  sp ec ia lized  o r  not re la te d  to  one of the m ath m odels d iscu ssed , 
the w ord "O m itted" w ill be w rit te n .

T
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G
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This colum n l is ts  the g raphs and tab les  p re se n te d  by the a u th o r . W herever p o ss ib le , 
the conten ts w ill be ind ica ted  with the sym bols used  o r  d e sc rib ed  in the "C o rre la tio n  
P a ra m e te rs "  co lum n.

C
o
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P
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s The p a ra m e te r s  used  in the g a th e rin g  of data  and its  in te rp re ta tio n  a r e  p re se n te d  in th is 
co lu m n .

P a ra m e te rs  com m on to m ost of the a r t ic le s  w ill be re p re se n te d  only by the sym bols given 
in the l is t  contained under "N om encla tu re , " w here a com plete  defin ition  m ay be found.
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T h is colum n su m m arize s  what the au th o rs  found out in  the c o u rse  of th e i r  w o rk .

A lso given a re  a few of the a u th o r 's  p re lim in a ry  conclu s ions reg a rd in g  the in te rp re ta tio n  
of r e s u l t s .

M
et

ho
d

of
A

na
ly

si
s

In th is  colum n, a b r ie f  explanation  is  given of w hat is done, and how it is  a cco m p lish ed . 

A b r ie f  sta tem en t a s  to  the scope of co v erag e  is  a lso  g iven .
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R eference  Number, A u tho r, and Date
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the  sam ple*  i) Ign ition -detec tion  c r i t e r i a .  

*If re p o r te d .
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C
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P
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s P a ra m e te rs  u se d  only in frequen tly , and those  which a r e  p e c u lia r  to  a  single a r t ic le ,  w ill 
be defined in th is  colum n bu t not u nder "N o m en c la tu re ."
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R eference  Number. A u tho r, and D ate

(1) Akita 1967
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A ctivation energy  "undoubtedly" independent of the heating  r a te .

The th eo ry  developed is  re lia b le  in the te m p e ra tu re  range s tu d ied . 

The p y ro ly s is  ra te  is  a c c e le ra te d  by the addition  of flam e re ta rd a n ts  . 

A ctivation en erg y  is  low ered  by the addition  of ch em ica l re ta rd a n ts .
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s a ) R adiant so u rce  b) Self ignition c) P re s s u re ;  l a t m .  d) A ir, n itrogen  e) A th e rm o ­
couple is  located  in the c e n te r  of the body of the cy lin d e r h) The cy lin d e r is heated  (rad ia lly  
inw ard) un ifo rm ly  o v er its  whole su r fa c e . Pow dered sam p les of “ -ce llu lo se  a re  from  100- 
200 mg in w e ig h t.
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T able of the k inetic p a ra m e te r s  of c e llu lo se  (A, n, E, o /(o m ).

G raph of T-j-q ^ vs Ps fo r  v a rio u s  sam p les  in a i r ,  n itro g en , and p a r t ia l vacuum .
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s t :  Ts ; T-fGA’ w eight; n; re ac tio n  o rd e r
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1 O O
A verage va lues of E, A, and n a re ;  E = 5 3 .5  k ca l/m o le ; A = 10 /m in  fo r “ -ce llu lo se , 

and F = 32 k ca l/m o le ; A = 1 0 ^ /m in ;  n = 1 fo r m odified c e llu lo se .

A deep endo therm  is  found in the DTA and TGA c u rv e s  in the range of 300°-350°C  fo r the 
sam p les py ro lyzed  in the vacuum  and N2 .

DTA and TGA c u rv e s  obtained fo r te s ts  in a i r  show only a s lig h t endo therm  m asked  by a 
sh a rp  exo therm  due to  th e  oxidation of the vo la tile  p ro d u c ts .
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“ -ce llu lo se  and ce llu lo se  m odified w ith dihydrogen am m onium  phosphate a re  exam ined by 
D iffe ren tia l T h erm a l A nalysis (DTA) and T h erm o g rav im etric  A nalysis (TGA) to  obtain data 
re g a rd in g  ac tiva tion  en erg y  E, p re -ex p o n en tia l fa c to r  A, and reac tio n  o rd e r  n .

F ire  re ta rd a n t p ro p e r tie s  of the sa lt (d i-hydrogen  am m onium  phosphate) used to  modify 
the ce llu lo se  a re  d is c u sse d .

The au th o rs  p ropose  a th eo ry  tha t th e  peak value of the DTA cu rv e  co inc ides w ith the m a x i­
m um  ra te  of a c tio n .
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(2) Bowes 1966
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The h ig h e r ignition te m p e ra tu re  o b se rv ed  in sam p le s  having undergone one ignition - 
ex tinc tion  cycle  is  concluded to be a re s u lt of: a) ch em ica l change p roducing  a h ig h er a c t i ­
vation  en erg y  (possib ly  10% higher); b) physica l changes including an in c re a se  in p o ro s ity  
and an accom panying d e c re a se  in th e rm a l conductiv ity .

M ore w ork on ign itions and re - ig n itio n  a f te r  ex tinction  needs to be done to v e rify  the 
above co n c lu s io n s .
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a ) R adiant sou rce  b) Self ignition  c) P re s s u re :  1 a tm . d) Oxygen, n itro g en  e) T jgc = 
230°C g) A therm ocouple  i s  located  in the c e n te r  of the cubes h) The cube is  heated  on a ll 
s id e s  by being  suspended in the c e n te r  of an oven.

The saw dust cube s ize  v a r ie s  from  2 .5  cm  to 10.2 cm on a s id e .
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Cube c e n te r  and fu rnace  am bien t te m p e ra tu re  vs t im e .

Oxygen concen tra tion  vs ra te  of hea t evo lu tion .

T able of m inim um  ignition te m p e ra tu re  vs cube s ize  and oxygen co n cen tra tio n .
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s T: t:  %02 : %N2 : M; oxygen consum ption ra te :  C0 ; density  of oxygen: D; diffusion 
coeffic ien t: P; p o ro s ity : A; A rrh en iu s  p re -ex p o n en tia l fa c to r
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T em p e ra tu re  vs tim e p lo ts  show an in flection  point o ccu rr in g  a t about t = l h r .  and Tc - 220° 
C . The au th o rs  s ta te  that ignition o ccu rs  a t about 10°-20°C  above the point of inflection , with 
the la te r  and h ig h e r te m p e ra tu re  ignitions o ccu rr in g  a t the low er oxygen co n cen tra tio n s . 
S m alle r  cubes in g en e ra l have h ig h er ignition te m p e ra tu re s .

C alcu lation  of a m ean ac tiva tion  en erg y  re s u lts  in  E = 2 2 . 8  k c a l /m o le .

A 2 /3  pow er re la tio n sh ip  is  seen  to e x is t betw een hea t evolution and oxygen co n cen tra tio n .
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P re s se d  saw dust cubes a re  suspended in the c e n te r  of an oven. A tm osphere w ithin the oven 
is  v a ried  by blow ing in oxygen o r n itrogen  at a con tro lled  r a te .

T e s ts  a re  conducted to  e s tab lish  m inim um  ignition te m p e ra tu re  fo r  a given s ize  cube and 
a given oxygen co n cen tra tio n . T em p era tu re  is  m on ito red  with a therm ocoup le  in the c e n te r  
of the c u b e .

In each te s t ,  fu rnace  te m p e ra tu re  is  in c re a se d  un til ignition  o c c u rs , then d e c re a se d  until 
ex tinc tion  is  a tta in ed .
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(3) Brown 1962
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In g e n e ra l , f la m e -re ta rd a n t sa lts  low er the te m p e ra tu re  at which p y ro ly s is  b eg in s , and 
in c re a se  the am ount of w eight lo ss  o ccu rr in g  below 34 0 °C . The m ost e ffec tive  s a l ts  d e c re a se  
the am ount of decom position  in d ire c t  p ro p o rtio n  to  th e i r  in itia l c o n cen tra tio n .

1 S a lts  a re  decom posed and a lm o s t wholly v o la tilized  befo re  p y ro ly s is  of the wood is  c o m ­
ple te  ,

DTA an a ly s is  re v e a ls  ex tho therm ic  peaks a t 340° and 440°C w ith an endo therm ic  w ell 
be tw een . The m ost e ffec tive  re ta rd a n t is sodium te tra b o ra te , the le a s t effective sodium  
ch lo r id e .
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a )  R adiant sou rce  b) Self ignition c) P re s s u re :  1 a tm .;  p a r t ia l  vacuum  d) N itrogen 
e) The low er th resh o ld  ignition te m p e ra tu re  is  150°-220°C , depending upon w hat sa lt w as 
u sed . (220°C is  fo r u n trea ted  w ood.) g) A therm ocouple  w as located  n e a r  the c e n te r  of the 
sam p le  h) Pine shavings . 16 x 46 x 77 mm w ere  heated  in a fu rn a c e .
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W eight of c h a r v s tem p e ra tu re  .
T able  of s a l ts  used vs effect on w eight lo ss  fo r d iffe ren t te m p e ra tu re  le v e ls . 
T able of ac tiva tion  en erg y  fo r wood im pregnated  with re ta rd a n t s a l ts .
^DTA v sTg fo r tre a te d  and u n trea ted  wood.
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TGA c u rv e s  obtained in a vacuum  a re  very  c lo se ly  approx im ated  by TGA c u rv es  
obtained in N itrogen  in 1 a tm o sp h e re  (for wood shav ings).

F o r th ick  sam p les (wood dow els) p y ro ly s is  o ccu rred  fa s te r  and y ie lds le s s  c h a r in a 
vacuum  than in N itrogen at 1 a tm o sp h e re .

Salts  a r e  c la s s if ied  in fou r g roups acco rd ing  to th e i r  e ffec tiv en ess  in reducing  level of 
d ecom position , oe-cellulose decom poses much m ore  rap id ly  than lignin in the sam e te m p e r-  
a tu re  su rro u n d in g s .______________________ _____________________________________________________
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DTA and TGA a re  p e rfo rm ed  on spec im ens of wood dust and shavings to  d e te rm in e  the 
e ffec ts  of f ire  re ta rd a n t s a lts  on p y ro ly s is .

C om parison  of g rap h s  thus obtained y ield  changes in ra te  co n stan t, ac tiva tion  energy , and 
th resh o ld  tem p e ra tu re  fo r  ac tiv e  p y ro ly s is  b rough t about by the addition  of re ta rd a n t c h e m i­
c a ls  .

A lso te s te d  a re  specim ens of a -ce llu lo se  and lign in .
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(4) E ick n er 1962
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Once p y ro ly s is  is  begun, ce llu lo se  is  vo la tilized  n e a rly  com ple te ly  and m ostly  en d o th e rm - 
a lly  b e fo re  400°C is  re a c h e d . F lam e re ta rd a n t s a lts  low er the ac tiv a tio n  en e rg y .

Some sa l ts  low er the hea t of com bustion  of the v o la tile  p ro d u c ts  of the tre a te d  wood during  
the in itia l s ta g e s  of th e  p y ro ly s is  a s  com pared  to  u n trea ted  wood.

Salts  in g en e ra l low er the th resh o ld  te m p e ra tu re  fo r  decom position , in c re a se  the-w eight 
lo ss  o ccu rr in g  below 250°C , and e x e r t an endo therm ic  effec t on the te m p e ra tu re  a t the point 
of g re a te s t  w eight lo s s .
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s a ) R adiant so u rce  b) Self ignition c) P re s su re  1 a tm . d) A ir, oxygen, n itrogen  
d) Tj ?  150-220°C depending upon which sa lt is  u sed  a s  the re ta rd a n t g) A therm ocoup le  
is  located  below  the sa m p le . In th is  position  it is  c la im ed  tha t the therm ocoup le  re ad s  
w ithin 3°C the ac tu a l su rface  te m p e ra tu re  of the sa m p le , h) The sam p les  a r e  heated  in a 
fu rn a c e . The sam p les  a re  v e n e e rs  from  .005 to .125 inch th ick  and dow els from  .250 to 
.50 inch in d ia m e te r .
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Avs ^  v s  T s fo r tre a te d  and u n trea ted  s a m p le s .

T ab les  of ac tiva tion  energy  fo r tre a te d  and n o n -tre a te d  sam p les a re  g iven . 

T able of ex ten t of decom position  observed  with each  re ta rd a n t .
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The au th o r g ives the m ost "log ica l"  solution to  the f i re - r e ta rd a t io n  m echan ism  as ;

F ir e - re ta rd a n t  ch em ica ls  low er the tem p e ra tu re  a t which p y ro ly s is  s t a r ts ,  and 
thus d ire c t  the decom position  to  le s s  flam m able g ases  and ta r s ,  and m ore  c h a r ­
coal and w a te r . The prom otion  a t low er te m p e ra tu re s  m ay a lso  cau se  the te m p e r ­
a tu re  a t which the reac tio n  becom es exo therm ic  to be sligh tly  in c re a s e d .

The au th o r g ives d e ta iled  exp lana tions of ex p erim en ta l p ro c e d u re s .
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P onderosa p ine cy lin d e rs  and v e n e e rs  a re  heated  in  a fu rnace  a t v a rio u s  te m p e ra tu re s .  
T h e rm o g ra v im e tric  and d iffe ren tia l th e rm a l an a ly ses  of the sam p les a re  p e rfo rm e d . Data 
thus obtained is  u sed  to evalua te  the change in ac tiva tion  energy  E and the r a te  co n stan t A .

C om parison  of seven d iffe ren t f i r e - r e ta rd a n t  sa lts  is  given with re s p e c t to individual a f ­
fe c ts  of ac tiv a tio n  energy  and am ount of d ecom position .

The p h y sica l m echan ism  of f ire  re ta rd a tio n  is  d is c u sse d , w ith seven po ss ib le  m ech an ism s 
offered  a s  p o ss ib le  so lu tio n s .
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R eference  Number. A u tho r, and Date 

(5) Fons 1950
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No exo therm ic  reac tio n  o ccu rs  in the wood b e fo re  ign ition .

The in c re a se  in ignition tim e cau sed  by m o is tu re  conten t is  g r e a te r  than can be accounted 
fo r by the in c re a se  in the specific  hea t of the m o is tu re  a lo n e . The au th o r concludes that the 
p re se n c e  of w a te r  v apo r in the gaseous plum e ex tends the tim e  req u ired  fo r the v o la tile s  to 
becom e a com bustib le  m ix tu re .

S pecim ens below 235°C w ill glow, but not support flam ing  com bustion .
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a )  R adiant so u rce  b) Self ignition c) P re s s u re ;  1 a tm . d) A ir g) A therm ocoup le  is 
p laced  a t v a rio u s  rad ia l dep ths h) The sam p les a re  heated  in a fu rn a c e . Specim ens a re  
dow els 5 -1 /8  inches in length , with d ia m e te rs  of 3 /3 2 , 1 /8 , 5 /3 2 , 3 /1 6 , 1 /4 , and 1/2 
in c h e s , i) V isual observa tion  is m ade of the e v en t. When flam e f i r s t  a p p e a rs , m a te r ia l 
h a s  undergone ign ition .
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F u rn ace  te m p e ra tu re  vs ignition  tim e  (fo r each s ize  spec im en). 

T s v s  t .
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In itia l te m p e ra tu re s  of up to 150°C a s  the sam ple w as in troduced  into the fu rnace  had no 
effec t on ignition tim e .

F o r dow els of d ia m e te r  ^  3 /8 " , d ia m e te r  s ize  had no effect on ignition tim e .

Ignition tim e  in c re a s e s  w ith m o is tu re  con ten t.
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P onderosa p ine cy lin d e rs  of 3 /3 2 "  to  1 /2 " in d ia m e te r  w ere  ir ra d ia te d  a t high ra te s  in an 
e le c tr ic  fu rn a c e .

Data w as taken to p rov ide tim e  to  ignition vs fu rnace  te m p e ra tu re  fo r  sp ec im en s of v ary ing  
s ize  and m o is tu re  con ten t.
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(6) G ardon 1953
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U nder in tense rad ia tio n  the a b so rb tiv ity  of n a tu ra l co lo red  wood a p p e a rs  to  in c re a se  
s ligh tly , w hile tha t of p re -b lack en ed  wood seem s to  d e c re a s e  s lig h tly .

The d isc rep an cy  in ab so rb tiv ity  noted above is  accom panied  by va lues of m easu red  
ab so rb tiv ity  of up to  25% le s s  than exp ec ted . It is  concluded tha t th is  d iffe ren ce  m ay be 
accounted  fo r by the re f le c tin g , sc a tte r in g , and re - ra d ia t io n  of the inc iden t rad ia tio n  by the 
sm oke plum e em itted  by the ta rg e t .

B lackened sam p les  behave a s  opaque so lid s with re s u lts  following th eo ry  c lo s e ly .
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s a ) R adiant so u rce  b) Self ignition c ) P re s s u re  1 a tm . d) A ir f) A s i lv e r -d is k  c a lo r im ­
e te r  is  u sed  to m easu re  flux in ten sity  of up to 5 c a l/c m 2 -s e c .  g) S urface te m p e ra tu re  and 
in te r io r  te m p e ra tu re s  up to a depth of 5 m m  a re  m easu red  by m eans of th erm o co u p les  
h) A 2 -1 /4 "  d ia m e te r  c ir c u la r  a re a  w as ir ra d ia te d  p e rp en d icu la r to  the g ra in , with the s a m ­
ple lying h o r iz o n ta lly . Wood sam p les  a re  2 -1 /2 ” x 2 -1 /2 ” x 1 /2 " . i) V isual o b serva tion  is  
m ade of the ignition p ro c e s s .
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T s v s t , l vsF o ’ L vs ’ L VK F 0 on log -log  p lo ts , with x /L  and x inc luded . T his 
shows the re la tio n  betw een fin ite s la b s , sem i-in fin ite  so lid s , and d ia th erm an o u s m a te r ia ls .
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4> = —  - —  ; m odified depth below su r fa c e ) .
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T em p e ra tu re  d is trib u tio n  in fin ite  s lab s  and in sem i-in fin ite  so lid s is  rep o rted  fo r both 
opaque and d ia therm anous o b je c ts .

A pparatus d iscu ssed : 1) so la r  fu rn ace , 2) s i lv e r  d isk  c a lo r im e te r , 3) c i r c u la r  foil 
ra d io m e te r , 4) th e rm o co u p les , 5) c i r c u la r  foil ra d io m e te r .

An in te re s tin g  observa tion  is  that the su rface  te m p e ra tu re  of a p re -b lack en ed  sam p les 
r i s e s  sm oothly  to 500°C - 50°C and then has a sh a rp  b reak -p o in t, dropping  20°C to 100°C .
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F in ite  and sem i-in fin ite  s la b s , som e p re -b lack en ed , som e n a tu ra l-c o lo r , a re  i r r a d ia te d . 

E ffective in tensity  and tim e to ignition a re  m ea su re d .

S urface te m p e ra tu re  and te m p e ra tu re  d is tr ib u tio n s  a re  m e a su re d .

V arious sp ec ie s  of wood, includ ing  m aso n ite , a r e  used a s  sa m p le s .

P ercen tage  of m o is tu re , content, co lo r , and g ra in  o rien ta tion  a r e  noted fo r each sam p le .
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(6) G ardon 1953
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The d ia th e rm an cy  of n a tu ra l co lo red  wood has a d im in ish ing  e ffec t a s  tim e  of ir ra d ia tio n  
in c r e a s e s .
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The m a jo rity  of the w ork is  devoted to  the sem i-in fin ite  d ry  solid , with co n sid e ra tio n  of 
v a ria tio n  in ac tu a l in ten sity  of ab so rbed  rad ia tio n  v s  in tensity  of rad ia tio n  em itted  by the 
s o u r c e .
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(7) K ilze r 1965
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The py ro ly tic  decom position  of c e llu lo se  involves a t le a s t th re e  p ro c e s s e s ,  each having 
one o r  m ore reac tio n s :

a) A sligh tly  endo therm ic  reac tio n  with lo ss  of w a te r to  fo rm  "d e h y d ro c e llu lo se ."

b) An endo therm ic  reac tio n  com peting  with (a) fo rm in g  levoglucosan (the m a jo r  constituen t 
of the ta r ) .

c) An ex o th erm ic  reac tio n  in w hich the "d eh y d ro ce llu lo se"  ex p e rien ce s  ca rb o n -ca rb o n  and 
carbon-oxygen  bond ru p tu re s  and h v d ride-ion  t r a n s f e r s  to  p roduce v o la tile  carb o n -co n ta in in g
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s a ) R adiant so u rce  b) Self ignition c) P re s s u re  1 a tm . d) N itrogen , H elium
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S evera l p o ss ib le  exp lana tions of the s tep s in the chem ica l breakdow n of “ -ce llu lo se  a re  
g iven, with supporting  evidence fo r e ach .

G en era liza tio n s  app licab le  to  each  p o ss ib le  explanation  a re  g iv e n .

The ra te  and heat of decom position  a re  strong ly  dependent on the concen tra tio n  of in o rg a n ­
ic im p u r i t ie s .
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The au th o rs  specu la tive ly  in te rp re t  the re s u lts  of m a s s -s p e c tro g ra p h ic , th e rm o g ra v i-  
m e tr ic , and d iffe ren tia l th e rm a l an a ly s is  of the p ro d u c ts  of ce llu lo se  p y ro ly s is .

C on sid e ra tio n  is  given to  the heat c h a ra c te r  of each step  in the reac tio n , i . e . ,  w hether 
the step  is  endo- o r  e x o -th e rm ic .
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com pounds and hydrogen , and in te rm o le c u la r  condensations to p roduce  c h a r .
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An ignition c r i te r ia  based  only on the ra te  of w eight lo ss  is  not adeq u a te .

The s im p lified  m odel given (Model 2) a g re e s  with ex p e rim en ta l d a ta .

Since the physica l p ro p e r tie s  of the sam p les  ap p ea r in the d im en sio n le ss  g ro u p s , the 
deviation  of the data  fo r  d iffe ren t sp ec ies  shows th a t the ra te  a n d /o r  the m ech an ism s of 
p y ro ly s is  re a c tio n s  a r e  dependent a lso  upon the d ensity  and g ra in  s t ru c tu r e .
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s a )  C onvective so u rce  b) Self and p ilo t ignition  c) P re s s u re  1 a tm . d) A ir h) T est 
spec im ens w ere  heated  over a 3 .9  inch square  a r e a .  Buoyancy e ffec ts  m ust be c o n s id e re d .
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(F 0 ) ^ ^ v s  IL /T SK fo r p ilo t and se lf  ignition fo r  one and tw o-sided  h ea tin g .
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m odulus; I; the net hea t gained by the sam ple  ra th e r  than the in ten sity  with which it is  
i r r a d ia te d .
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The ex p e rim en ta l w ork of th is  study is  com pared  to  the constan t su rface  te m p e ra tu re  
c r i te r io n  a r r iv e d  a t by S im m s (24) and the conclusion  is  draw n that th is  c r i te r io n  is  not 
a c c u ra te  o ver the range s tud ied .

The au th o r p ro p o ses  a sim plified  m odel, w hich, a f te r  the app lica tion  of a n u m erica l 
c o rre c tio n  fa c to r, a g re e s  favorab ly  with ex p e rim en ta l d a ta .
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Wood sam p les of 5 d iffe ren t sp ec ies  a re  heated  by being  exposed to  the buoyant d iffusion 
flam e from  a liquid  poo l.

2
In tensity  level v a r ie s  from  .275 to .855 c a l/c m  -sec  .

T em p e ra tu re  and w eight of the specim en  is  continuously  re c o rd e d .

T e s ts  a re  conducted u nder both o n e -s id ed  and tw o-s ided  heating  con d itio n s .
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P ilot ignition (I-% r )t2 /3  = .025 • 106 * (kpc + 68 • 10’ 6)

Self-ign ition  (I-Ir „)t4 /5  = .05 • 106 • (kpc * 35 • 10~6)

F o r a given sp ec ies  of wood, p ilo t ignition a lw ays o c c u rs  befo re  se lf - ig n it io n .
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s a )  C onvective so u rce  b) P ilot and se lf ignition c) P re s su re  1 a tm . d) A ir f) In tensity  
a s  seen by the wood su rface  is  m easu red  with a rad ia tion  p y ro m e te r  h) The sam p les  a re  
ir ra d ia te d  p e rp en d icu la r to the g ra in .  The sam p les  a re  p laced  in fron t of the g a s - f ir e d  
panel, so that bouyancy-effec ts m ay not be neg lec ted .

Wood sam p le s  a re  2 inches sq u are  x 3 /4  inches th ick .
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Log (I-Ic p )v sL o g  (tim e) 

L °g (I-Ic s )v sL o g  (tim e)

tj v s l fo r v a rio u s  sp ec ie s
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M inim um  in te n s itie s  of ir ra d ia tio n  fo r p ilo t and se lf ignition of wood a re  g iven .

E m p irica l e x p re ss io n s  a re  given fo r ignition tim e , in tensity , and density  fo r both p ilo t 
and se lf ignition .

About 30% by w eight of m ost sp ec ie s  is  lib e ra ted  in the v o la tile  p lu m e .

F rom  log-log  p lo ts of ( I - I ^ v s  tim e , e m p ir ic a l re la tio n sh ip s  a re  ob ta ined .
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Seven types of d ry  wood a re  te s te d .

The sp ec im en s a re  i r ra d ia te d  w ith in te n s itie s  rang ing  from  0 .1 5  to  1.5 c a l/c m 2 sec  by 
v a ry in g  the d is tan ce  from  so u rce  to sp ec im en .
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F lash  heated  “ -ce llu lo se  w ill not decom pose un til its  te m p e ra tu re  is  over 600°C .

The h ea ting  ra te  h as a sign ifican t effec t on the type of v o la tile s  p ro d u ced . C O /C O 2 
ra t io  in c re a s e s  with h ea ting  r a te .

The am ount of ch a r  p roduced  re la tiv e  to  o th e r v o la tile s  (e sp ec ia lly  CO) d e c re a s e s  with 
hea tin g  r a t e .  High ra te s  of heating  b re a k s  p o ly m ers  into sm a lle r  c o n s titu e n ts .
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s a )  R adiant so u rce  b) Self ignition c) P re s s u re  1 a tm . d) P a r tia l vacuum , H elium  
f) flux lev e ls  a r e  m easu red  with a c a lo r im e te r  p laced  a t the c e n te r  of the h e lic a l flash  tube 
h) The sam p les a re  ir ra d ia te d  by being p laced  in a cy lin d rica l tube which is  en c irc le d  by a 
h e lic a l flash  tu b e . The sam ple  is  i r ra d ia te d  on a ll  s id e s  s im u ltan eo u sly . The sam p les a re  
b lack  oc-cellulose sh ee ts  .002 inches th ick  x 1/2 inches th ick .
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T im e vs K ilo -vo lts

R adiant en erg y  vs Joules (input)

Table of re s u lts  of m a ss  sp e c tro m e try
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F lash  d u ra tion  tim e ; R adiant en erg y  (c a l/c m  ): E le c tr ic a l input (Joules)
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R esu lts  of m a ss  sp e c tro m e try  a re  given fo r v a rio u s  in ten s itie s  and tim es  i r ra d ia tio n . 

The re s u lts  show the g en e ra l b reak-dow n of the p ro d u c ts  of p y ro ly s is .
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A h e lica l zenon flash tube is  u sed  to  i r ra d ia te  b lack  “ -ce llu lo se  p a p e rs  with high (3000 
c a l/c m ^ -s e c  .) in tensity  p u lse s  (< .001 sec .) .

P roducts of com bustion  a re  im m edia te ly  fed through a m ass  s p e c tro m e te r .
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The th re e -p h a se  exp lanation  given fo r  the physica l m echan ism  of p y ro ly s is  is  c o r r e c t .  
The in itia l w eight lo s s  in phase  (a) is  due to  the decom position  of c e llu lo se  r a th e r  than  s im ­
ply a lo s s  in ad so rbed  w a te r .

The p y ro ly s is  of c e llu lo se  of both p a p e r  and cotton is  k in e tica lly  s im ila r  w hether p e r ­
fo rm ed  in N itrogen o r  in a p a r t ia l  vacuum .

An unders tand ing  of the high ra te s  of p y ro ly s is  d u ring  the tr a n s ie n t (b) phase  is  d e s ira b le  
in o rd e r  to  c o r re la te  TGA and DTA m e a su re m e n ts  w ith is o th e rm a l p y ro ly s is  data  and ig n i­
tion  s tu d ies  w here v e rv  hieh  ra te s  of heating- a re  u sed .
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s a ) R adiant so u rce  b) Self ignition c) P re s s u re  1 a tm .;  p a r t ia l  vacuum  d) N itrogen , 
Oxygen g) The te m p e ra tu re  in side  the te s t  ch am b e r is  co n tro lled  and m easu red  w ith a 
therm ocoup le  h) The sam p les  a re  heated  in a ch am b e r through w hich N itrogen  o r  Oxygen 
is  being  p a s s e d . The sam p les  a r e  ^ -ce llu lo se  d isk s  2 .0  cm x .030 in . th ick .
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T ab le  of te m p e ra tu re , tim e , w eight, and re s id u a l w eight of c e llu lo se  in the sam p les  vs 
final w eight of sam ple is  g iven .

G raph of log A vs 1 /T S .
G raph of p e rcen tag e  of w eight lo ss  vs oxygen content of su rround ings .
G raph of p e rcen tag e  of g lucosan  lo ss  and w eight lo ss  vs t im e .
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R e su lts  ind ica te  th re e  ch rono log ica l p h ases  of p y ro ly s is  at each  te m p e ra tu re ; (a) a  rap id  
decom position  and w eight lo ss  pe rio d , (b) a z e ro - o rd e r  decom position  and w eight lo ss  p e r ­
iod, (c) a f i r s t -o rd e r  w eight lo ss  period  re su ltin g  in the c h a r  which does not undergo fu r th e r  
p y ro ly s is .

The decom position  and vo la tiliza tio n  ra te  o ccu rr in g  d u ring  the z e ro - o rd e r  phase 
in c re a se s  w ith in c re a s in g  te m p e ra tu re . A ctivation energy  w as found to  be 42 k c a l/m o le .

M
et

ho
d

of
A

na
ly

si
s

P u re  « -ce llu lose  sam p les  a re  py ro lyzed  a t constan t te m p e ra tu re s  rang ing  fro m  250- 
2 9 8 °C .

R esu lts  a re  rep o rted  in te rm s  of w eight lo ss  and decom position  (g lucosan lo s s ) .

Sam ples te s te d  a re  p r e - d r ie d .  M easu re s  a re  taken  to  in su re  ag a in s t oxidation of the 
v o la t i le s .
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The iden tity  of ch ro m ato g ram s taken of sam p les  in oxidizing and non-ox id iz ing  a tm o s ­
p h e re s  su g g es ts  tha t the m echan ism  of deg redation  of ce llu lo se  is  non-ox idative , being 
ra th e r  of a th e rm a l n a tu r e .
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s a ) R adiant and convective so u rce  b) Self ign ition  c) P re s s u re  1 a tm . d) A ir, N itrogen , 
H elium  h) The sam p le s  w ere  heated  in constan t te m p e ra tu re  su rro u n d in g s m on ito red  by 
th e rm o c o u p le s .
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v v s v /m in .

A tab le  is  given which shows tw enty of the th ir ty -se v e n  com pounds the au th o r say s  a re  
in d ic a te d .
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A nalysis of the v o la tile s  ind ica tes  the p re sen ce  of th ir ty -se v e n  com pounds.

C h ro m ato g ram s of the v o la tile  p ro d u c ts  obtained from  p y ro ly s is  in n e u tra l o r oxidizing 
a tm o sp h e re  and a t d iffe ren t ra te s  of degredation  a r e  found to  be id e n tic a l.
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The au th o r su rv ey s six  individual so u rc e s  of l i te r a tu re  from  w hich a r e  c ited  p ro c e d u re s  
u sed  in p re p a ra tio n  of sam p les  fo r p y ro ly s is .

The sam p les  w hich a r e  the sub jec t of th is  p ap e r w ere  py ro lyzed  in  a fu rn ace  in te s ts  
designed  to  e s ta b lish  the e ffec ts  of an oxidizing v s  an in e r t a tm o s p h e re .

The v o la tile  p ro d u c ts  w ere  analyzed  by m ass  sp e c tro m e try , in f ra re d  abso rb tion  
sp ec tro sco p y , and m ic ro c ry o sc o p y .
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M ost in v e s tig a to rs  a g re e  tha t above 250°C th e re  a r e  two m ethods of c e llu lo se  d eco m p o s i­
tion : (a) a d ep o lym eriza tion  to  lev o g lu co san .  About 75% of the ce llu lo se  w ill be in the ta r  
fra c tio n , 80% of which is  levoglucosan ; (b) c h a r  fo rm ation  a s  a r e s u lt  of d ra s tic  changes in 
m o lecu la r s t ru c tu re .
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The exposed su rface  is  a s ite  fo r secondary  re a c t io n s . H ydrogen, M ethane, E thane, and 
E thylene a re  tr ig g e re d  by seco n d ary  re a c tio n s  in the c h a r  la y e r  ju s t  p r io r  to ig n itio n -- if  the 
te m p e ra tu re  p ro file  is  e s ta b lish e d  a t th is  tim e (of tr ig g e rin g ) , ignition  w ill o c c u r .
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Due to  the g e n e ra l n a tu re  of the su rv ey , specific  ite m s  in th is  a re a  w ere  o m itted .
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C hem ical changes in the ce llu lo se  a r e  d is c u sse d : T h ere  a re  s e v e ra l com petitive  ro u te s  
by which ce llu lo se  d ecom poses, each w ith its  own te m p e ra tu re  reg im e , i . e . ,  when heated  
slow ly, a la rg e  frac tio n  of the o rig in a l w eight re m a in s  a s  c h a r .

G to 0) <D O A lso w ith slow heating , the vo la tile  p lum e is r ic h  in oxygenated p ro d u c ts  such a s  HnO 
and C O j .

Rapid h ea ting  leav es li tt le  o r  no c h a r , and the v o la tile  p ro d u c ts  a r e  r ic h e r  in c a rb o n .
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The au th o r rev iew s and d is c u sse s  m ethods and w ork being  done by o th e r r e s e a rc h e r s ;  he 
inc ludes: S auer; B utler, M artin , and Lai; A lvares ; H ottel; Siddons; NASL, and NRDL.
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(14) M artin  1965

H ie en e rg y  re q u ire d  fo r ignition is  in v e rse ly  p ro p o rtio n a l to  ir ra d ia n c e  level and in d e ­
pendent of th ic k n e ss .

w
W C- o
U
O  CO

A  G
4J |H

The s te a d y -s ta te  ab la tion  ra te  is d ire c tly  p ro p o r tio n a l to  in ten s ity , w hile the am ount 
ab la ted  is  d ire c tly  p ro p o rtio n a l to the to ta l rad ian t exposu re  (It).

3  a  
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u

F o r sh o r t, high in ten s ity  p u ls e s , p e rs is te n t flam ing  ignition is  not dependent upon 
exposu re  t im e .
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s a ) R adiant so u rce  b) Self ignition  c) P re s s u re  1 a tm . d) A ir e) F ro m  h is  p rev ious 
w ork , the au th o r g ives T jg s = 600°C f) A rad ia tio n  c a lo r im e te r  is  u sed  to m e a su re  flux 
lev e ls  h) The spec im ens a re  ir ra d ia te d  fro m  the s id e , so  tha t buoyancy e ffec ts  m ay not be 
n eg lec ted . The sam p les  w e re  b lack  ^ -ce llu lo se  d is k s , .005 in . to  .031 in . th ick .
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I v s  It
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The ab la tion  ra te  a t 100 c a l/c m  -sec  inc iden t rad ia tio n  is  about 2 m m /s e c .

i-H CO nj 4-i 
U  rH
QJ G

No rep o r tin g  of su rface  te m p e ra tu re  v s  tim e  w as a ttem p ted .
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At high in ten sity  lev e ls  (250 c a l/c m 2 sec) m ech a n ic a l- th e rm a l s t r e s s e s  w ere  v is ib le  in 

the sam p le . The au th o r suggests tha t s t ru c tu ra l  dam age would o ccu r in  bu ild ings exposed 
to  sh o r t th e rm a l p u lse s  of g r e a te r  than 10,000 c a l/c m ^ -s e c  .
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A p a rab o lic  m i r r o r  and carbon  a rc  a r e  used  to  i r r a d ia te  a c ir c u la r  sam ple of 3 /8 "  d ia m ­
e te r  a t high v a lu es of in ten sity  fo r sh o r t tim e s , i . e . ,  50, 75, and 100 c a l/c m 2 -sec  fo r 
tim e s  of about 30 m illis e c o n d s .
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E in c r e a s e s  w ith ra d iu s .  T h is is  concluded to be a r e s u lt  of the "incubation" of the inner 
la y e rs  fo r a longer p e rio d  than the o u te r la y e r s , in itia tin g  a change in s t ru c tu re  m aking final 
decom position  e a s ie r  in the in n e r la y e r s - -h e n c e  the low er E a t the c e n te r .

E in c re a s e s  w ith te m p e ra tu re .
The " re a r ra n g e m e n t” of ce llu lo se  w hich r e le a s e s  w a te r  and fo rm s "d eh y d ro -ce llu lo se "  

o ccu rs  p r io r  to  the o nse t of d eco m p o s itio n .
The m a th -m o d e l p o s tu la ted  g ives sa tis fa c to ry  re s u l ts  fo r: E = 13 to  22 k c a l/m o le ; A =

10^ to l 07 s e c " ^ . The above p a ra m e te r s  a re  functions of s ize  and h ea ting  r a te .
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a ) R adiant sou rce  b) Self ignition c) P re s s u re :  1 a tm . d) A ir g) The te m p e ra tu re  of 
the sam ple  is  m easu red  by therm ocoup les p laced  a t  v a rio u s  rad ia l dep ths h) The sp e c i­
m ens w ere  p laced  h o rizo n ta lly  in side  a ro ta tin g  co p p er tu b e . The tube w as hea ted  from  
beneath  by a bunsen b u rn e r , such th a t in  the 3 /4  cm  annulus su rround ing  the sam ple th e re  
w as tu rb u len t C ouette flow .
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Tx v s tim e  fo r v a rio u s  ra d ia l d ep th s . 
D ensity  v s  ra d iu s .
Tx v s density  fo r v a rio u s  ra d ia l d ep th s . 
E v s  ra d iu s .
E v s Tx .
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At about 357°C , the te m p e ra tu re  v s  tim e  p lo t lag s , in d ica ting  an  en erg y  " s in k ."

Above 400°C the te m p e ra tu re - t im e  re sp o n se  s te ep en s , ind ica ting  a so u rce  of en e rg y . 

The two "s in k s"  a r e  a ssu m ed  to  be app rox im ate  boiling  po in ts of the m ig ran t v o la t i le s . 

The fo rm ation  of "d eh y d ro ce llu lo se"  p o stu la ted  by K ilze r and Broido is  su p p o rted .
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^ -ce llu lo se  cy lin d e rs  a r e  heated  in a ro ta tin g  hollow copper c y lin d e r which is  heated  
fro m  beneath  by a fla t flam e bunsen b u rn e r .

D uring heating , te m p e ra tu re  p ro f ile s  a r e  m easu red  w ith th erm o co u p les  w hile density  
is  m easu red  w ith x - r a y  photography .

Specim ens a re  p re - d r ie d ,  so  tha t any w a te r  fo rm ed  is  due to  the decom position  of the 
c e l lu lo s e .
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H eat of com bustion  i s  negative (endo therm ic  reac tio n ) in the spec im en  w here  the te m p e r ­
a tu re  is  below 35 0 °C .

The s tro n g  exo therm ic  reac tio n  o ccu rr in g  in the su rface  c h a r - la y e r  i s  a  r e s u lt  of: (a) 
"c rack in g "  re a c tio n s  in the out-flow ing p ro d u c ts; (b) an oxidation p ro c e s s  in w hich the o u t­
flowing p ro d u c ts  re a c t  w ith oxygen th a t d iffuses in to  the c h a r - la y e r  fro m  the su r ro u n d in g s . 
The reac tio n  ra te  p la teau  evidenced  by the endo therm ic  w ell in  d iffe ren tia l th e rm a l an a ly s is  
c u rv e s  is  poss ib ly  the r e s u lt  of the  v ap o riza tio n  of the m ig ran t c o n d en sa te s .

A ctivation en erg y  w ill v a ry  w ith s ize  of sam ple a s  w ell a s  w ith depth below the c h a r -  
la y e r .
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s a )  R adiant so u rce  b) Self ignition c) P re s su re  1 a tm . d) A ir e) T j is  e s tim a te d  by 
re s u lts  of DTA to be in the range 350°-450°C  g) The te m p e ra tu re  w as m e a su re d  with 
th erm o co u p les  h) The sam p les  w ere  heated  un ifo rm ly  in a fu rn a c e .
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D ensity  d is tr ib u tio n  a s  a function of tim e  and ra d iu s .
V olatile  m a ss  flow ra te  a s  a  function of tim e  and ra d iu s .
C har th ick n ess  and te m p e ra tu re  v s  t im e .
A sp a c e - tim e  m ap shows reg ions and p ro c e s se s  co n tro llin g  h ea t and m a ss  evolution  and 

tra n  s f e r .
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A s tro n g  endo therm ic  p ro c e s s  o ccu rs  n e a r  300°C .
The co n tro llin g  reac tio n s  ap p ea r to  take  p lace  ju s t beneath  the c h a r  la y e r .
M ass flow ra te  n e a r  the su rface  i s  fa ir ly  constan t due to high p o ro s ity  and c ra c k s  in the 

c h a r .
The th e rm a l d iffusiv ity  is  app ro x im ate ly  th re e  tim e s  la rg e r  in a d irec tio n  p a ra l le l  to  the 

g ra in , than in  a  d irec tio n  p e rp e n d ic u la r to  th e  g ra in .
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L ocal te m p e ra tu re  and density  in a py ro lyz ing  “-ce llu lo se  cy lin d e r a re  used  to: (a) e s t i ­
m ate  the hea t of re ac tio n  a s  a function of space and tim e , (b) c o r r e la te  the hea t of reac tio n  
with density  changes to  obtain v o lu m etric  h ea t so u rc e s  o r  s in k s , (c) m ap the position  and 
tim e  d is tr ib u tio n  of th e  reg io n s in w hich v a rio u s  p ro c e s s e s  a re  im p o rta n t.
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R eferen ce  Number. A u tho r, and D ate 

(17) P e rs so n  1964
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F o r  the tube heated  from  w ith in , the m odel g ives the b e s t re s u l ts  n e a r  the in n e r w all, 
and becom es p o o re r  tow ard  the o u te r  w a ll.

The m odel c o rre c tly  d e sc r ib e s  the te m p e ra tu re  d is tr ib u tio n  in sem i-in fin ite  s la b s  fo r 
low Biot n u m b e r .
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The au th o rs  a ssu m e  the te m p e ra tu re  p ro file  m ay be re p re se n te d  by a fo u r th -o rd e r  
polynom ial fo r t ( x , t ) .
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The p ap e r is  a rev iew  of the m ath em atica l technique used  to  obtain an  in te g ra l so lu tion  
to  the p ro b lem  of ca lcu la tin g  the te m p e ra tu re  d is tr ib u tio n  in  a convectively  hea ted  body: a 
slab  and c y lin d e r a re  c o n s id e re d .
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R eferen ce  Number. A u tho r, and Date

(18) Rein 1968
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The d iffe ren ces  in the co n stan ts  fo r the fou r equations a r e  due to the effec tive  re flec tan ces 
fo r the v a rio u s  com binations of sam ple co lo r and rad ia tio n  s o u r c e s .

The s te e p e r  slopes of the c u rv e s  fo r the p re -b lack en ed  sp ec im en s in d ica te s  a n ea rly  
co n stan t re f le c tan ce  throghout the ir ra d ia tio n  p e r io d .

Ignition tim e  in c re a s e s  w ith sam ple th ic k n e s s .

In g e n e ra l, p la s tic s  take lo n g er to  ignite than wood heated  a t the sam e r a te .
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s a )  C onvective so u rce  b) P ilo t ignition c) P re s s u re  1 a tm . d) A ir  h) Sam ples w ere  
10.1 cm  sq u a re , and v a rie d  in  th ick n ess  fro m  .2 to 1 .9  c m . Buoyancy e ffec ts  m u s t be co n ­
s id e red  i) Ignition w as defined a s  the f i r s t  appea ran ce  of f la m e .
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The equation  used in c o rre la tio n  of the data is  of the fo rm  tjg  = f [ ^  , I, e r f  (1 /2  F q * ^ ) ] ,  
in w hich the tim e  to  p ilo ted  ignition is  p red ic ted  a s  a function of the ir ra d ia n c e  leve l I, the 
den sity  ^  , and the F o u rie r  nu m b er F0 .
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t jg  vs I fo r each sp ec im en . 

t ig v s  I1/ 3 - [ e r f  (1 /4  F 0 1 /2 )]

F (view fa c to r)  vs the d iffe ren t g e o m e tr ie s  u sed  in the te s t s .
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Ignition tim e s  fo r n a tu ra l and b lackened , d ried  wood sam p les  w ere  c o rre la te d  a s  a fu n c ­
tion of sam ple  th ick n ess , inciden t ir ra d ia n c e , d ensity , and th e rm a l d iffusity  fo r both flam e 
and T ungsten lam p ra d ia tio n .

A d im en sio n less  view fac to r F is  used in d e te rm in in g  the am ount of hea t t r a n s fe r re d  
fro m  the flam e to  the t a r g e t .
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F ou rteen  types of wood and fourteen  types of p la s tic  a r e  sub jected  to both flam e and 
T ungsten -lam p  rad ia tio n  in p ilo t ignition te s t s .

Ign ition -tim e is  m easu red  a t  v a rio u s  lev e ls  of ir ra d ia n c e .

The data  obtained in  the ex p e rim en ta l w ork is  te s te d  fo r c o rre la tio n  using  a m odel 
adapted  from  an equation used  in a p rev io u s  r e p o r t .

Sam ple th ick n ess  is  co n sid e red  fo r  i t s  effec t on ign ition  tim e .
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R eferen ce  Number. A u tho r, and D ate 

(19) R oberts and Clough 1963
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W eight lo ss  is  dependent on h ea ting  ra te  co n d itio n s , 

q d e c re a s e s  rad ia lly  in w ard .
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s a )  R adiant so u rce  b) Self ignition c) P re s su re  1 a tm . d) N itrogen e) T ig  is  e s tim a ted  
by re s u lts  of therm ocoup le  data  to be in the range 350-450°C  g) H ie  te m p e ra tu re  a t  v a r i ­
ous depths w as m easu red  by th erm ocoup les  h) The spec im ens w ere  heated  un ifo rm ly  on a ll 
su rfa c e s  in a fu rn a c e . Beech wood cy lin d e rs  15 cm  x 2 cm  d ia m e te r .
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w v s  t 
q v s r / r 0 
T v s  r / r Q 
T r  v s t
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S am ples a re  in a fu rnace  to  a p re - s e le c te d  te m p e ra tu re  a t  a ra te  of 2 0 °C /m in .

The reac tio n  k in e tic s  a r e  analyzed  assum ing : (a) f i r s t - o r d e r  re a c tio n , (b) heat 
re le a se d  by exo therm ic  re a c tio n s  is  p ro p o rtio n a l to  w e ig h t- lo ss  r a te .

Equations a r e  given by w hich w eight lo ss  and reac tio n  ra te  a r e  re la te d .
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Beech cy lin d e rs  a re  heated  in a fu rnace  through w hich N itrogen  is  pum ped.

R adial te m p e ra tu re  v a ria tio n  is  m easu red  w ith th e rm o co u p les , and the w eight co n tin ­
uously  m e a s u re d .

The equations fo r hea t g en e ra tio n  by a f i r s t - o r d e r  re ac tio n  and h ea t conduction in a so lid  
a r e  solved by a fin ite  d iffe ren ce  m ethod . The v a lu es  of ac tiva tion  en e rg y  and heat of r e a c ­
tion which give the b e s t a g reem en t betw een ex p e rim en ta l and ca lcu la ted  values a re  d e te r ­
m ined .
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R eferen ce  Number. A u tho r, and D ate

(20) R oberts 1964

coco a - o
U  -H

The c a lo r if ic  value of the evolved vo la tile  m a tte r  is  concluded to  be co n stan t throughout 
the decom position  p ro c e s s  a t 3 .9 6  k c a l/g m . The c a lo r if ic  va lue  of the unheated wood is  
found to  be 4 .6 6  k c a l/g m .

O CO
&  34J iH3 o 
<3 c o u

The com bustion  of the c h a rco a l accoun ts  fo r 30% of the hea t re le a se d  by the com bustion  
of undecom posed w ood.
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s a ) R adiant so u rce  b) Self ignition  c) P re s su re  1 a tm . d) A ir
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Wood decom position  reac tio n s  a re  influenced by p re s s u re ,  ra te  of h ea tin g , and s iz e  a s  
p r im a ry  f a c t o r s .
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The c a lo r if ic  v a lu es  of seven wood sam p les in v a ry in g  d eg ree s  of decom position  a re  
d e te rm in ed  so tha t the c a lo r if ic  value of the evolved v o la tile  m a tte r  can  be e s tim a te d  by a 
d iffe ren ce  m ethod . T e s ts  a r e  p e rfo rm ed  using  a b o m b -c a lo r im e te r  in which wood d u st in 
v a ry in g  s ta te s  of decom position  is  exploded .
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R eferen ce  Number. A u th o r, and Date

(21) R oberts 1964

CA

The av e rag e  com position  of the evolved v o la tile s  is  constan t th roughout the decom position  
p r o c e s s .

The m ean  m o lecu la r fo rm u la s  of the spec im ens a re :
W C - O 
U  «HO CO
■d 3

U nheated wood: (CHj jO  y)n

4-1 iH
3 °  

<  a o
V ola tiles : (CH20 )n

u C h arco a l: (CH i2 O_02)n
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s a ) R adiant so u rce  b) Self ignition c) P re s su re  1 a tm . d) A ir g) F u rn ace  te m p e ra ­
tu re  is  m on ito red  with th e rm o co u p le s .
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U ltim ate  an a ly s is  fo r vary in g  d e g re e s  of decom position .

A verage com position  and th e o re tic a l a i r  re q u ire m e n ts  fo r wood, v o la tile s , and c h a rc o a l.
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A m a ss-b a la n c e  equation  is  u sed  to  te s t  the hypo thesis that the com position  of the 
v o la tile s  is  constan t th roughout th e  e n tire  decom position  p ro c e s s .
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U ltim ate  an a ly s is  is  m ade of seven  wood sam p les in v ary ing  s ta te s  of d ecom position . 
The u ltim ate  an a ly s is  of the vo la tile  p ro d u c ts  is  m ade by a m ethod of d if fe re n c e s .
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R eferen ce  Number. A u tho r, and D ate

(22) R oberts  1967

A
u

th
o

r'
s

C
on

cl
us

io
ns

The h ea t of com bustion  of the v o la tile  p ro d u c ts  v a r ie s  su b stan tia lly  with d eg ree  of 
decom position .
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s a )  R adiant so u rce  b) Self ignition c) P re s su re  1 a tm . d) A ir
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rH 05 flj 4-1 
U  rH3

The heat of com bustion  of vo la tile  p ro d u c ts  v a r ie s  a lm o st lin e a rly  in d ire c t p ro p o rtio n  
to  w /\^ , the w eight lo ss  f r a c tio n .

C  05 CU <D O Ctf
AH v a r ie s  iro m  zl(JU to 4UUU c a l/g m .

Pine c y lin d e rs  1” x 1 /4 ” d ia m e te r  a r e  heated  in a fu rn a c e .
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hea t of com bustion  of the specim en  is  m ade befo re  and a f te r  p y ro ly s is .
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R eference  Number. A u tho r, and Date

(23) Schaffer 1965
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E xo therm ic and endo therm ic  re a c tio n s  in wood m ay be n eg lec ted  below 3 0 0 °C .
The equation  given a s  the solution (see math m odel colum n) app lies  to a q u as i-s te ad y  

s ta te  p ro c e s s  which m ay be said  to  e x is t a f te r  the fo rm ation  of the f i r s t  1 /2" of c h a r .  The 
solution g ives re s u lts  w ithin 10% of ex p erim en ta l data fo r c h a r  depths to 1 -1 /2 " .

T em p era tu re  e ffec ts  on th e rm a l p ro p e r tie s  a r e  com pensated  fo r in p a r t  by die effec t of 
m o is tu re  m ovem ent w ithin the wood, so tha t the o v e ra ll effec t m ight lead  to the conclusion  
th a t th e rm a l p ro p e r tie s  rem a in  unchanged.
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s a )  R adiant sou rce  b) Self ignition  c) P re s s u re  1 a tm . d) A ir e) The te m p e ra tu re  at 
b ase  of c h a r  a v e rag es  288°C fo r m ost sp ec ies  g) The spec im ens a re  heated  in a fu rn a c e .
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T e m p e ra tu re  g rad ien t fo r v a rio u s  t im e s .
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The two assu m p tio n s allow  the sy s tem  to be m odeled  a s  a se m i-in fin ite  slab  being 
app roached  by a m oving, co n stan t te m p e ra tu re , plane heat so u rc e , re p re se n tin g  the moving 
g ase  of the c h a r  la y e r .

The au th o r g ives te m p e ra tu re  a t c h a r  b ase  »288°C  fo r five sp ec ie s  of wood.
F o r 2" x 8" f i r  lam in a tes , the ch a r  b a se  m oves a t 1 .54  i n . / h r .
The c h a r -b a s e  speed is  constan t fo r m o is tu re  content up to 16%  of d ry  w eight.
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By assu m in g  tha t; (a) a constan t te m p e ra tu re  is  developed a t the b ase  of the c h a r  zone, 
and (b) c h a r  p en e tra tio n  o ccu rs  a t a constan t r a te  fo r a given sp ec ie , the au th o r d e riv e s  an 
equation  to p re d ic t the te m p e ra tu re - t im e  b ehav io r of wood sp ec im en s .

By th is m ethod and the two a ssu m p tio n s , the te m p e ra tu re  r i s e  of the wood beneath  the 
c h a r  lay e r is  m odeled , w ith the c h a r  la y e r  it s e l f  neg lec ted .



R eferen ce  Number. A u th o r, and D ate

(24) S im m s 1960
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Ignition is  thw arted  if  v o la tile s  a r e  exhausted  b efo re  su rface  te m p e ra tu re  r i s e s  to  T i g . 
T h is is  to  say  that under c e r ta in  cond itions and lev e ls  of flux in te n s ity  it  is  p o ss ib le  fo r 
the specim en  to  ach ieve  a te m p e ra tu re  d is tr ib u tio n  su ffic ien t to  c au se  the em iss io n  of v o la ­
ti le s  w ithout the o c c u rre n c e  of ig n itio n .

M inim um  in tensity  fo r ignition in c re a s e s  a s  the a re a  being  ir ra d ia te d  d e c re a s e s  .
M inim um  in tensity  fo r  ignition in c re a s e s  with in c re a s in g  m o is tu re  co n ten t.
Ignition o ccu rs  in gas p h ase , a t  tu rb u len t p o in t. T urbu lence  is  a n e c e s s a ry  fa c to r, but 

not su ffic ien t alw ays to  p e rm it ig n itio n .
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s a )  R adiant and convective so u rce  b) Self ignition c) P re s s u re  (1) d) A e) T i g « 5 2 5 °C
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M odels one and two
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” E" vs "C " 
Fo v s Bi
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"E "; I t /2 L p c T m (energy  rece iv ed  /  heat content a t  ignition): ”C "; h t /p c L  (energy lo s t /  
h eat content)
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The effec t of a b so rb tiv ity  is  obtained by ignition tim e and in ten sity  co m p ariso n  of d u p li­
c a te  sp ec im en s, one p re -b la c k e n e d .

The flam e f i r s t  ap p ea rs  in v o la tile  s t re a m , a t the po in t w here the s tre a m  becom es 
tu rb u le n t.
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S pecim ens of v a ry in g  th ickness*  (.02  < T  < 1  cm ) a r e  ir ra d ia te d  a t d iffe ren t in ten s itie s  
and the tim e  to ignition m e a su re d .

* i . e . ,  both th in  s lab s and sem i-in fin ite  so lid s  a re  m odeled .
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R eference  Number. A u tho r, and D ate

(25) S im m s 1961
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If tu rb u len ce  does not o ccu r, ignition w ill not take p lace even though the te m p e ra tu re  a t 
the su rfa c e  and in the vo la tile  s tre a m  a re  the sam e a s  when ignition does o c c u r .

Sm all a r e a s  em it sm a ll vo la tile  p lum es w hich becom e tu rbu len t f a r th e r  away from  the 
su r fa c e . L onger h ea ting  tim e  is  re q u ire d  fo r the plum e to  reach  ignition  te m p e ra tu re  and 
hence sm a ll a r e a s  re q u ire  longer heating  t im e s .

Superim posing  a tu rb u len t d raugh t on an  a lre a d y  tu rb u len t s tre a m  w ill not sh o rten  ig n i­
tion  tim e  any f u r th e r .
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s a ) R adiant and convective so u rce  b) Self ignition c) P re s s u re  1 a tm . d) A e) R ates 
of h ea ting  a r e  g re a te r  than 3 .0  c a l/c m  - s e c . T jgs = 525°C g) S u rface  te m p e ra tu re  w as 
m easu red  with a therm ocoup le  h) E x perim en ta l ap p a ra tu s  w as a rra n g e d  so  tha t buoyancy 
e ffec ts  could be e lim in a ted  o r  inc luded .
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T e m p e ra tu re  in v o la tile  s tre a m  vs height above su r fa c e . 

Hg v s I 

t ig  vs T g
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F lam e f i r s t  a p p e a rs  in the v o la tile  s t r e a m . F lam e ap p e a rs  at the point of tu rbu lence  in 
the v o la tile  s t r e a m .

The rad ian t sou rce  req u ired  h ig h e r in tensity  fo r  ignition than the convective so u rce  fo r 
both p ilo t and se lf ign ition .

T e m p e ra tu re  d is tr ib u tio n  in  the v o la tile  s tre a m  a p p e a rs  to  be the sam e re g a rd le s s  of 
w hether o r  not ien ition  o c c u r s .
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Oak, c e d a r , and f ib re  in su la ting  b oard  a re  ir ra d ia te d  with rad ian t and convective 
so u rc e s  to  d e te rm in e  the e ffec t of tu rbu lence  upon ignition  tim e and in te n s ity .

E x p erim en ts  a r e  done with p re -b lack en ed  sp ec im en s, so that d ia therm ancy  is  ig n o red .

The te m p e ra tu re  d is tr ib u tio n  in the v o la tile  s tre a m  is  m easu red  by p lac ing  a th e rm o - 
couple in the s tre a m  a t v a rio u s  he igh ts above the sam p le .

Specim ens w ere  d ry .
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(26) S im m s 1962
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The te m p e ra tu re  a t w hich a given am ount of dam age o ccu rs  w ith the in ten s ity  o r  ra te  of 
h ea tin g .

The in te rn a l convection of v o la tile s  is  c lo se  to  z e ro  b e fo re  c h a r r in g  o c c u r s . It m ay be 
neg lec ted  in c a se s  w here ignition o ccu rs  befo re  o r  a t the f i r s t  sign of c h a r .  V ola tiles 
is su ed  at the in te rfa ce  of the sam ple with its  su rro u n d in g s a re  p roduced  v e ry  n e a r  the s u r ­
face of the sp ec im en . Only d u ring  v e ry  high o r  low ra te s  of heating  does the hea t t r a n s ­
fe r re d  by the in te rn a l convection  of the vo la tile  g a se s  becom e s ig n ific an t.
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s a )  C onvective so u rce  b) Self ignition  c) P re s s u re :  1 a tm . d ) A e) T jg  = 525°C
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Model one
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The follow ing m ethods a re  suggested  a s  w ays to  solve the equation :
a ) A ssum e ignition  o r  c h a r r in g  o c c u rs  a t a  given su rface  te m p e ra tu re , m ade non- 

d im ensional by using  R T /E .
b) A ssum e a c r i t ic a l  ra te  of v o la tile  is s u e .
c) A ssum e tha t c h a rr in g  o ccu rs  when the v o la tile  con ten t fa lls  to  a c r i t ic a l  lev e l.
d) A ssum e a c r i t ic a l  w eight lo ss  c r i te r io n .
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The au th o r beg ins with the one-d im en tional en e rg y -b a lan ce  d if fe re n tia l equation  in a 
fo rm  w hich inc ludes d ia th e rm an cy  e ffe c ts .

The equation is  non -d im ensiona lized  a f te r  which the te r m s  which m ake solution  d ifficu lt 
a re  rem o v e d .

The s im p lified  equation is  applied  to  the thin slab  and the se m i-in fin ite  so lid .
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(27) Sim m s 1963
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Any fa c to r  p ro longing  the p e riod  betw een the su rface  reach in g  the te m p e ra tu re  a t which 
v o la tile s  a re  em itted  and the su rface  reach ing  the te m p e ra tu re  at which ignition o ccu rs  w ill 
in c re a se  the m inim um  ignition in te n s ity .

The quan tita tive  p roduction  ra te  of the v o la tile  g a se s  co n tro ls  the ignition p ro c e s s  in 
connection  w ith the su rface  te m p e ra tu re .
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s a ) C onvective so u rce  b) P ilot ignition c) P re s s u re ,  1 a tm . d) A ir e) T igs = 525°C 
h) B uoyancy-effect m ust be co n s id e re d . The sp ec im en s a re  5 c m . sq u are  x 1 .9  c m . th ic k .
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" E ” v s  "C " fo r both p ilo t and se lf ign ition , 

tig  v s I fo r v a rio u s  w o o d s.

tjg  v s position  of p ilo t flam e above su rface  of s a m p le .
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T im e to  ignition v a r ie s  with position  of p ilo t flam e a t a given in te n s ity .

The boundary  la y e r th ick n ess  of the v o la tile  s tre a m  is  c a lc u la te d . It is  found that when 
the v o la tile  s tre a m  becom es tu rb u len t, the position  of the p ilo t flam e c e a se s  to be a c r i t ic a l  
fa c to r . The equation used to  ca lcu la te  the th ick n ess  of the boundary la y e r  is  g iven . D enser 
woods ap p ea r to  ign ite  a t low er te m p e ra tu re s  than lig h te r  w oods.
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T h is p ap e r rev iew s e a r l ie r  w ork on p ilo t ignition , and d is c u s s e s  o rig in a l ex p erim en ta l 
t e s t s .

The te s ts  a re  conducted to d e te rm in e  ignition tim e  v s in tensity  fo r v a rio u s  w oods.
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(28) S im m s) 1967
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M o istu re  in c re a se s  the to ta l energy  re q u ire d  fo r ign itio n . The add itional en erg y  used  is  
m an ifested  in  the lo n g er ignition tim e s  re q u ire d  fo r the m o is tu re -b e a r in g  w ood. The ig n i­
tion te m p e ra tu re  re m a in s  about the sam e a s  fo r  d ry  w ood. The in c re a se  in ignition  tim e 
fo r the w et wood is  accounted  fo r  s a tis fa c to r ily  by using  the values of the th e rm a l p r o p e r ­
t ie s  ap p ro p ria te  to  the d iffe ren t m o is tu re  co n ten ts , and allow ing fo r  the effec t of the hea t 
of w etting  and la ten t hea t of v ap o riza tio n  in the equation  g iven fo r the specific  h e a t .
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s a )  C onvective so u rce  b) Self and p ilo t ignition c) P re s s u re , l a t m .  d) A ir 
e ) Imin 1 -31 c a l /c m ^ - s e c .  Tj_ (pilot) = 36 0 °C . T jg  (self) = 525°C f) I w as m easu red  
with a T hw ing-type p y ro m e te r  n) Buoyancy e ffec ts  m ust be c o n s id e re d . Wood spec im ens 
w ere  7 .6  cm  sq u are  x 1 .9  cm  th ic k .

M
at

h
M

od
el

s
U

se
d

The follow ing equations a re  given to  c o r re c t  c and k fo r  the am ount of m o is tu re  conten t: 

c m = c 0 ♦ [W - 0 .01  (L ♦ T 100) M ] /  T s 

km = 1 0 '4 [p0 (4178 t 10.2 m) + 0 .5 7 ]
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"E " v s  "C " fo r each  wood sp ec ies  fo r both se lf and pilo t ignition , and fo r v ary ing  
m o is tu re  co n ten ts .

G raph of m inim um  in ten sity  v s  m o is tu re  content fo r each sp e c ie .
A tab le  is  given con tain ing  m o is tu re  conten t, density , and ign ition  tim e  data  fo r each 

s a m p le .
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"E " = ^  : "C " =——----  : M; p e rcen tag e  of m o is tu re  con ten t: W; heat of
2 f L cT  fc L

w etting : L; la ten t hea t of s team : T^qq; te m p e ra tu re  r is e  from  am b ien t to  100°C .
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Ignition tim e  in c re a s e s  w ith m o is tu re  co n ten t. T o ta l energy  fo r  ign ition , and m inim um  
in ten sity  fo r both p ilo t and se lf  ign ition , a lso  in c re a se  with m o is tu re  con ten t.

A p la teau  on the te m p e ra tu re  v e rs u s  tim e  g rap h s  show s the ap p aren t c o rre la tio n  at 
100°C of the tim e lag  caused  by the v ap o riza tio n  of the w a te r and the longer ignition  tim e 
o b se rv e d .
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The te s t  spec im ens a re  d ried  and then w etted with w a te r to given p e rc e n ta g e s  of w a te r 
co n ten t. They a r e  then heated  and the in tensity  v e rs u s  ignition tim e  p lo tte d . F ive d if fe r ­
en t woods a re  te s ted  in  th is  m an n e r .
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(29) Sm ith 1965
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The "dip" is  due to  an en do therm ic  decom position  o r  "d e s tru c tiv e  d is tilla tio n "  of the 
wood, w hich advances like a wave fro m  the su rface  inw ard , leav ing  c h a r  b eh ind . C h a rrin g  
is  c lo se ly  a s so c ia te d  w ith the ap p ea ran ce  of the dip, although only p a r t  of th is  e ffec t can  be 
a ttr ib u te d  to  changes in re f le c tiv ity  due to  c h a rr in g .

T ra n s ie n t flow ca lcu la tio n s  o r ex trap o la tio n s of te m p e ra tu re  w ith in  the so lid  to su rface  
conditions ignore  the decom position  la y e r , and, if in e r tn e s s  is  a ssu m ed , give low su rface  
te m p e ra tu re  fo r ig n itio n .

R ubber, sappy wood, and tr e a te d  canvas w ould be d ifficu lt to  ign ite  by rad ia tio n  from  
h yd rocarbon  f i r e s  a lo n e .

C o n v erse ly , c a rd b o a rd , low -sap  wood, cotton  un ifo rm  m a te r ia l and p a p e r  m ay bp
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s a ) R adiant so u rce  b) Self ignition c) P re s s u re  1 a tm . d) A ir e) The ign ition  te m p e r ­
a tu re  is  m e a su re d  in the range of 670-1200°C  f) Flux is  m e a su re d  with a co p p er slug 
c a lo r im e te r  g) The te m p e ra tu re  is  m easu red  w ith a th e rm o -d o t T D -6 in f ra re d  p y ro m e te r  
h) The sam ple  is  n e a rly  v e rtic a lly  below  the f r e sn e l len s , so  tha t bouyancy -effec ts  m ay be 
n eg lec ted . Specim ens w ere  3" x  3" sq u a re . T h ick n ess  v a rie d  from  sam ple to  sam p le .
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T s v s  t .
T able of "dip" te m p e ra tu re s  fo r  v a rio u s  ta rg e t m a te r ia ls  including pine of v a ry in g  sap  

c o n te n t.
A u th o r's  sch em atic  d raw ing  of conditions p re s e n t du ring  ignition  of wood i l lu s tr a te s  a 

hypo thetica l m ech an ism .
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C opper slug  c a lo r im e te r  m easu rem en ts  of the flux inciden t on the ta rg e t give a va lue  of 
about 1 c a l /c m ^ - s e c .

On te m p e ra tu re  tim e  c u rv e s  fo r  each  specim en , th e re  is  a p ronounced  "d ip ” ju s t p r io r  
to  ig n itio n .

E stim a te  is  m ade th a t with e r r o r s  " lu m p ed ,"  the m axim um  e r r o r  in te m p e ra tu re  would 
be 16°C low .

The au th o r su g g es ts  a p o ss ib le  explanation  of the even ts lead ing  up to  ign ition : As the 
v o la tile  gas d iffu ses through the c h a r  la y e r  it  is  su p e r -h e a te d . It then expands and lo se s
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V arious ce llu lo se  and wood specim ens a r e  ign ited  w ith the use of s o la r  rad ia tio n  m ag n i­
fied  through a f re sn e l le n s .

S urface te m p e ra tu re  r i s e  v e rs u s  tim e  to  ignition  is  re co rd ed  fo r  each  sp ec im en . Surface 
te m p e ra tu re  is  m easu red  w ith a re c o rd in g  in f ra re d  p y ro m e te r .
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(29) Sm ith 1965
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e a s i ly  ign ited  by the ra d ia tio n .
Im portan t questions fo r fu r th e r  w ork :
1) What is  the re la tio n  betw een heat flux and the "dip" in te m p e ra tu re ?
2) What is  the r a te  of d e s tru c tiv e  d is tilla tio n  a t v a rio u s  te m p e ra tu re s?
3) How does the tem p e ra tu re , tu rb u len ce  and com position  of the su rround ing  a tm o sp h ere  

a ffec t the ignition p ro c e s s?
4) What a r e  su rface  te m p e ra tu re  ran g es  in w hich ignition m ay be in itia ted  by a spark?
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s i )  V isual o b serva tion  is  m ade of the sa m p le . W hen flam e f i r s t  a p p e a rs , the o b se rv e r  c a lls  
" f ire ,  " upon which event the o th e r o b se rv e r  w ould m ark  a p e n c il-d o t on the t im e - s tr ip  
c h a r t .
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te m p e ra tu re  a s  it c ro s s e s  the th e rm a l boundary  la y e r .  Ignition m u s t depend on the deg ree  
of su p e r-h e a t a tta in ed  being  of a m agnitude such tha t a f te r  coo ling  in the boundary  la y e r , it 
is  s t il l  hot enough to ign ite  once it  ach iev es a su itab le  m ix tu re  w ith the su rround ing  a i r .

L ocally  v io len t convection  c u r re n ts  m ay c a r r y  edd ies of com bustib le  m ix tu re  n e a r  the 
su rfa c e , thus com plica ting  the ignition p ro c e s s .
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(30) Smith 1968
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Due to convective cooling, r e - ra d ia t io n , and re f le c tiv e  lo s s e s ,  even b lackened  s p e c i­
m ens have av a ilab le  only a frac tio n  of the to ta l inc iden t flux to r a i s e  th e ir  te m p e ra tu re s .  
This fra c tio n  v a r ie s  w ith te m p e ra tu re  and is  sm a lle r  fo r th e rm a lly  thin than th ick  sp e c i­
m ens .

The d iffe rence  in  ignition  tim e  fo r rad ian t v e rs u s  convective so u rc e s  is  due m ore  to  the 
sen s itiv ity  of ignition  tim e to  hea t flux than to  la rg e  d iffe ren ces  in  ab so rb ed  flux a t le s s  than 
1 .0  c a l / c m ^ - s e c .
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s a )  C onvective and rad ian t so u rce  b) Self ignition  c) P re s s u re  1 a tm . d) A ir f) Flux 
is  m easu red  w ith a co p p er slug c a lo r im e te r  g) An Ircon  In fra red  P y ro m e te r is  used to 
m e a su re  the specim en  te m p e ra tu re , h) P ine, c a rd b o a rd , and c lo th  specim ens a r e  te s te d . 
The spec im ens a re  app rox im ate ly  2" x 2" sq u a re , and of v a rio u s  th ic k n e sse s .
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T s v s t .
I v s  T s to  200°C .
B lackened vs n a tu ra l co lo red  sp ec im en s c o m p a red . 
S p ec tra l d is tr ib u tio n  v s  rad ian t (quartz ) sou rce
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S u rface te m p e ra tu re  h is to ry  of b lackened  v e rs u s  n a tu ra l sp ec im en s is  d ev ised  fo r 
m aking  approx im ation  of re f le c tan ce  and re ta in ed  h ea t flux d u ring  ignition te s t s .
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Both n a tu ra l and p re -b lack en ed  sp ec im en s of fo u r c e llu lo s ic  m a te r ia ls  a re  i r ra d ia te d  a t 
1 = 1 c a l / c m ^ - s e c . ,  and the te m p e ra tu re  r i s e  v e r s u s  tim e  of th e  su rface  n o ted .

P rim a ry  co n sid e ra tio n  is  given to  o b se rv in g  and com paring  d iffe ren ces  in te m p e ra tu re  
r i s e - t im e  resp o n se  to  rad ia tio n  from  rad ian t v e rs u s  convective so u rc e s , w ith the in ten t 
of observ ing  and g en era liz in g  the e ffec ts  of re f le c tiv ity  upon data  from  rad ian t v e rs u s  co n ­
vec tive  s o u r c e .

No a ttem p t is  m ade to d ry  the te s t  sa m p le s .
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(31) Smith 1968
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T h is being  an in te r im  re p o r t ,  no specific  conclusions a re  d raw n .
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s a )  R adiant so u rce  b) Self and pilo t ignition  c) P re s s u re  1 a tm . d) A ir e) M inim um 
ignition  tim e  p a r t ic u la r  to  each sam ple  is  given in tab le s  in appendix of a r t ic le  f) A H y-C al 
E ng ineering  C o. c a lo r im e te r  of the w a te r-co o led  G ardon-type w as u sed  to m e a su re  flux .
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T able of each  ta rg e t sam ple  ign ited  in each iso -d am ag e  zone .
B ar-g rap h  of Im o bserved  in each  z o n e .
T  v s t a t v a rio u s  flux lev e ls  fo r  " s ta n d a rd ” ign itio n .
Iso -dam age zone lin es  p lo tted  on d rop  zone .
C urves of hea t flux v s tim e to  flam ing  ignition  obtained with q u a rtz -lam p  fo r  se v e ra l 

m a te r i a l s .
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T em p e ra tu re  v e rs u s  tim e  data  is  taken from  ch ro m e l-a lu m e l th erm ocoup les  m ounted on 
b lackened  s te e l p la te s .  The fire -b o m b  a ttack  is  m on ito red  rem o te ly  via the therm ocouple  
r e s p o n s e .

Roughly e llip tic a l " iso -d am ag e"  zones a re  draw n around  ground z e ro .

9
F luxes of up to  5 .0  c a l /c m  -sec  a re  m e a su re d  n e a r  ground z e r o .
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Ignition tim e s  a t v a rio u s  flux lev e ls  a re  m easu red  fo r se v e ra l ta rg e t  m a te r ia ls  sub jected  
to  rad ia tio n  fro m  a q u a rtz - la m p  rad ian t hea t so u rc e .

Data obtained in th is  m a tte r  a r e  c o r re c te d  to  re p re se n t ignition  by a convective so u rc e , 
by applying a tim e  c o rre c tio n  fa c to r .

An ignition c h a r t is  c o n s tru c te d . The c h a r t is  u sed  to  p re d ic t w hat specific  ta rg e t  m a te r ­
ia l w ill ignite w ithin a p a r t ic u la r  zone su rround ing  the s ite  of a fire -b o m b  exp losion , thus 
g iv ing a m eans of evalua ting  fire -b o m b  e ffe c tiv e n e ss .
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A s a  n a tu ra l co lo red  specim en  of wood is heated  a t  a constan t r a te ,  the su rface  te m p e ra ­
tu re  c lim b s  a t a d e c re a s in g  ra te  tow ards an  eq u ilib riu m  te m p e ra tu re  th a t is  a ba lance  b e ­
tw een hea t input and h ea t lo s s e s .  Ignition w ill o ccu r only if  th is  eq u ilib riu m  te m p e ra tu re  is  
high enough to  ign ite  the p y ro ly s is  g a se s  is su in g  fro m  the s u r fa c e .

When the su rface  te m p e ra tu re  re a c h e s  425°C, a t hea t fluxes of from  1 .0  - 2 .5  c a l /c m 2 - 
sec the v o la tile  g a se s  a r e  evolved a t a ra te  g re a t  enough to  p rov ide  a flam m able  m ix tu re . 
F lam ing  com bustion  w ill occu r a t th is  po in t if a p ilo t ig n ite r  is  p re s e n t and is  in the c o r r e c t  
p o s itio n .

Sm all "h o t-sp o ts"  fo rm  on the su rface  of the sp ec im en , a s  c h a r  fo rm s  a t d iffe ren t tim e s  
over the s u r fa c e . T his m akes te m p e ra tu re  m easu rem en t sub iec t to additional e r r o r ,  and
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s a )  R adiant sou rce  b) Self and p ilo t ignition  c) P re s s u re  1 a tm . d) A ir e) T jg s is  g e n ­
e ra l ly  betw een 340-425°C . tjg  v a r ie s  in v e rse ly  w ith I f) Flux is  m easu red  w ith a H y-C al 
E ng ineering  w a te r-co o led  G ardon gauge type c a lo r im e te r .  The flux v a r ie s  fro m  .125 to 
2 .5 c a l/c m 2 s e c . g) T e m p e ra tu re  is  m easu red  by sigh ting  an Irc o n -ra d ia tio n  p y ro m e te r  
m odel 710 betw een the two banks of q u a rtz - la m p s  h) The sam p les te s te d  a re  i r ra d ia te d  on
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T s v s t fo r both p ilo ted  and se lf-ig n itio n  of s e v e ra l types of sa m p le s . 

T able  of av e rag e  su rface  te m p e ra tu re s  a t ign ition .
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T em p e ra tu re  r is e  is  rap id  a t f i r s t ,  d e c re a s in g  in slope w ith tim e . The slope becom es 
co n stan t betw een 230 and 260°C w here  sco rch in g  and c h a rr in g  b e g in . Above 315°C the 
slope tends to  in c re a se  s lig h tly  and then again  d e c re a s e s  above 480°C until ignition  o c c u rs .

Specim ens heated  w ith .75 c a l /c m 2 -se c  using  a p ilo t- ig n ite r  ign ite  a t much h ig h er s u r ­
face te m p e ra tu re s  than those  sub jec ted  to h ig h e r hea t f lu x es .

At .5 c a l /c m 2 -s e c , no flam e o c c u rs , due to the v o la tile s  be ing  d riv en  off b efo re  the 
su rface  te m p e ra tu re  had r is e n  to the 340-425°C  n e c e s s a ry  fo r ignition, w ith s low er heating  
(I = .5  c a l/c m 2 -se c ) , ignition does not o c c u r .
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Wood, c lo th , c a rd b o a rd , and o th e r sam p les , including n o n -ce llu lo s ic  types of m a te r ia l, 
a re  sub jected  to  a rad ian t q u a rtz -la m p  so u rce  in p ilo t and se lf-ig n itio n  t e s t s .

A rad ia tio n  p y ro m e te r  is  u sed  to m easu re  the su rface  tem p e ra tu re  of the sp ec im en . The 
sen s itiv ity  range is  th a t re f le c ted  rad ia tio n  (which i s  in  the range le s s  than 3 .5  m ic ro n ) such 
th a t it  is  not seen , thus e lim in a tin g  a ll but the c o rre c tio n  fo r e m iss iv ity  n e c e s s a ry  fo r 
a c c u ra te  su rface  te m p e ra tu re  m e a su re m e n t.



56

R eferen ce  Number. A u tho r, and Date 

(32) Sm ith 1969
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s in ce  the p y ro m e te r  can  only see  a 1 /8" x  1 /8" a re a ,  the m e a su re d  te m p e ra tu re s  m ay be on 
the low s id e .

U npiloted ignition w ill o ccu r when the su rface  te m p e ra tu re  r i s e s  to  above 370°C when 
c h a rr in g  and su rface  oxidation allow  c e r ta in  p a r ts  of the su rface  to  glow and m ake s e l f ­
ignition p o s s ib le .
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s a th re e  -inch square  a r e a . Buoyancy e ffec ts  m u s t be c o n s id e re d , i)  Ignition is  de tec ted  by 
the f i r s t  ap p ea ran ce  of f lam e .
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R eferen ce  Number. A u th o r, and Date

(33) Squire 1963
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The app rox im ate  an a ly tica l so lu tion  show s - 20% ag reem en t w ith data obtained e x p e r i­
m en ta lly  .
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s a )  R adiant and convective so u rce  b) Self ignition  c) P re s s u re  1 a tm . d) A ir
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The a u th o r 's  n u m erica l so lu tion  (trap ezo id a l m ethod) is  p lo tted  a g a in s t ex p erim en ta l 
data obtained by o th er r e s e a r c h e r s .  The ex p e rim en ta l data w ere  obtained from  te m p e r ­
a tu re - t im e  p lo ts  of the ignition of saw dust s p h e re s .
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A pplication of the n o n -s tead y  th eo ry  allow s the p a r t ia l  d iffe ren tia l equation  to  becom e an 
o rd in a ry  d if fe re n tia l equation  by using  the tim e v a ria tio n  of an av e rag e  te m p e ra tu re  and 
co m p o sitio n . The d iffe ren tia l equations a re  app rox im ated  by an in te g ra l equation  w hich is  
subsequently  solved by the trap ezo id a l m ethod .
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The m ethod is  an approx im ate  a n a ly tic a l-n u m e ric a l so lu tion  of the equation  govern ing  a 
no n -s tead y  ex p lo s io n . The m ethod a ssu m e s ;

a) C onstan t th e rm o p h y sica l p ro p e r tie s .
b) F ir s t - o r d e r  A rrh en iu s  re ac tio n  r a te .
c) Rate of e scap e  of v o la tile s  is  m easu red  by ra te  of fo rm ation  ra th e r  than by d iffusion .
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R eferen ce  Number. A u tho r, and D ate

(34) W eatherfo rd  1966
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A fixed fu e l-g en e ra tio n  ra te  c r i te r io n  m ust be sa tis f ie d  to  ach ieve  su s ta in ed  p ilo t ig n i­
tion in the p re sen ce  of a heat s o u r c e .

L ow er ignition te m p e ra tu re s  fo r s lab s heated  on one side only ind ica te  a low er h e a t- lo s s  
ra te  fo r  the o n e-s id ed  h ea ting  c a se , which w ill lead  to  a s h o r te r  ignition tim e than s lab s  
hea ted  on both s id e s , w here hea t is  lo s t fro m  both su r fa c e s .
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s a )  C onvective so u rce  b) P ilo t ignition c) P re s s u re  1 a tm . d) A ir h) C om pacted c o t­
ton s lab s  15 cm  sq u are  a re  heated  on an a re a  15 cm  by 12 c m .
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The above a r e  g iven fo r two c a se s ;  (a) heating  on one side only, (b) heating  on both sides 
s im u ltan eo u sly .
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Sm all v a ria tio n s  from  sam ple of density  and th ick n ess  have sign ifican t influence on 
ignition  t i m e .

It is  reaso n ab le  to  m odel the su s ta ined  ignition in the p re se n c e  of the hea t so u rce  a s  
being  co n tro lled  by a fixed fuel g en era tio n  r a te .
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C om pacted cotton s lab s  ( .1 ,  .3 , 1 .0  and 3 .0 cm  th ick ) a r e  hea ted  a t ra te s  v a ry in g  from  
.06 to .10 c a l / c n r - s e c  w ith tim e  to  ignition m e a su re d  and  m o is tu re  conten t c a re fu lly  no ted .



R eferen ce  Number. A u tho r, and Date 

(35) W elker 1968
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The co rre la tio n -e q u a tio n  fo r ignition  tim e , in ten s ity , and density  is  s a tis fa c to ry  in p r e ­
d ic ting  the ign itio n -b eh av io r fo r  e leven  sp ec ies  of wood with d e n s itie s  rang ing  from  .3 to 
.7 g m /cm ^  fo r in te n s itie s  of .5  to 2 .5  c a l /c m ^ s e c .

R adiation fro m  c lean , sm o k e less  f lam es  p ro d u ces ig n ition -da ta  of e s s e n tia lly  the sam e 
c h a ra c te r  a s  tha t obtained  using  r ic h , sooty f la m e s . It is  concluded tha t wood ab so rb s  
rad ia tio n  from  e q u a l- in ten s ity  flam es a t  a  ra te  independent of the n a tu re  of the f la m e .
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s a )  C onvective so u rce  b) P ilo t ignition c) P re s s u re  1 a tm . d) A ir e) I v a r ie s  from  
.5 to 3 c a l /c m ^ - s e c .  h) Buoyancy e ffec ts  m u s t be included . Specim ens a r e  10.1 cm  
s q u a r e .
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The le a s t- s q u a re s  an a ly s is  re su lte d  in the equation: tjg  = 8 0 f / I ^ .
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t ig s  v s  I < - 33>

tig s v s  * f ° r  v a r i° u s specim ens
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A le a s t- s q u a re s  c u rv e - f it  on the ignition  tim e  v e rs u s  in tensity  d a ta , w ith a p roposed  
equation  of the fo rm  tjg  = KIa f b , is  u sed  to p re d ic t ignition tim e  a t a given in ten sity  and 
fo r  wood of a c e r ta in  d en sity .

Of the th re e  kinds of sp ec im en s, the p la s tic  tak e s  longest to  ign ite  a t a given in te n s ity .

B lackened sam p les ign ite  so o n er than  n a tu ra l co lo red  s a m p le s .
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Wood, ca rd b o a rd , and p la s tic  sam p les  a re  te s te d  in p ilo ted  ign ition  ex p e rim en ts  at 
in te n s itie s  of .5 to  3 c a l /c m ^ - s e c .

Ignition is  accom plished  by sub jec ting  the sam ple  to  a buoyant d iffusion flam e produced 
from  a pool of bu rn ing  acetone o r  b e n z e n e .

H eating ra te  is ad ju s ted  by v a ry in g  the d is tance  betw een the specim en  and the f la m e .
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R eferen ce  Number. A u th o r, and D ate

(36) W elker 1969
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F o r  fu tu re  r e s e a rc h ,  it is  im p o rtan t to m e a su re  the v a lu es  of the re f le c tiv ity  and t r a n s ­
m iss iv ity  of the ta rg e t fo r  each app licab le  w ave-leng th , a s  w ell a s  function of w ave-length  
fo r  both ta rg e t and s o u r c e .

The p roposed  s ing le  c o r re la t io n  of m a te r ia l ign ition  tim e s  a s  a function of the in tensity  
a p p e a rs  to  c o rre c tly  re p re s e n t the ignition  b eh av io r w hether spec im ens a re  hea ted  w ith a 
convective o r  rad ian t s o u r c e .
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a )  C onvective so u rce  b) P ilo t and se lf ignition c) P re s su re  1 a tm . d) A ir h) Buoyancy 
e ffec ts  m ust be con sid e red  i) Ignition w as d e sc rib ed  a s  the o ccu rren ce  of flam ing  o r  g low ­
ing.
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E v s  w ave leng th . 

a v s  w avelength . 

I vs t .
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E vidence is  obtained p rov ing  th a t ignition b ehav io r of a m a te r ia l not ac ting  as  a b lack  
body is  s tro n g ly  dependent upon the sp e c tra l ab so rb tiv ity  of the ta rg e t and the e m iss iv e  
pow er of the ir ra d ia tin g  s o u r c e .

Ignition by flam e rad ia tio n  o c c u rs  in  about o n e -th ird  the tim e  a s  ignition by the T ungsten 
filam en t s o u r c e .
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The e ffec t of sp e c tra l quality  on ignition  beh av io r is  s tu d ied . Two so u rc e s , one a 
T ungsten lam p , the o th e r a v e r t ic a l d iffusion flam e, a re  u sed  to  d e te rm in e  the ignition 
re sp o n se  of spec im ens sub jec ted  to  flux of the sam e in ten sity  from  each  s o u rc e . White 
and black  «-ce llu lose  is  te s te d .

1



CHAPTER IV

GRAPHS AND TABLES

R eference to  F ig u re s  1 through 4 w ill point out the influence on the 

ignition tim e of the type of so u rce  used  to h ea t the spec im en , the type of ig n i­

tion  (spontaneous o r  p ilo t), and the c o lo r  of the sam p le .

It is  ap p aren t from  th ese  f ig u re s  tha t in g e n e ra l, ignition  tim e a t a 

given in ten sity  w ill be s h o r te s t fo r  a sam ple being hea ted  by a convective 

so u rce , using  p ilo t ign ition , and which has been  b lackened  p r io r  to te s t in g . 

W here one o r  m ore  of these  conditions a re  m iss in g , the tim e re q u ire d  fo r 

ignition  w ill be co rrespond ing ly  lo n g e r.

On F ig u re  1, the two po in ts in the upper le ft and low er rig h t c o m e rs  

a re  d ifficu lt to c o r re la te  w ith the m a jo rity  of the o th e r so u rc e s  of d a ta . It is

p o ssib le  that if the c u rv e s  of the m o re  "av e rag e"  data w ere ex trap o la ted  to

2ex tre m e  v alues  in both d ire c tio n s , the point ind icated  a t 3000 c a l /c m  - s e c . ,  

.0001 s e c . ,  m ight p ossib ly  lie on o r  n e a r  one of the ex trap o la ted  c u rv e s , 

ind icating  tha t a t  high r a te s  of h ea ting  the m a te r ia l responds to  the th e rm al 

en erg y  in  a m o re  rap id , but n e v e rth e le s s  p red ic tab le  m a n n e r. On the o th e r 

hand, the point shown in the low er rig h t-h an d  c o m e r  a t  .06 c a l /c m  - s e c . ,

1700 s e c . (rep o rte d  by W eatherford  and V a lt ie r ra , 35), does not a p p e a r  to be 

in a position  tha t would lie  on one of the ex tra p o la ted  cu rv es  m entioned e a r l i e r .
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F ig . 1. - -Incident flux v s  ignition tim e fo r spontaneous ignition  of 
n a tu ra l co lo red  w ood.
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F ig u re  2 . --In c id en t flux v e rsu s  ignition  tim e fo r p ilo t ignition of 
n a tu ra l co lo red  w ood.
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F ig u re  3 . - -Incident flux v e rsu s  ignition  tim e fo r  p ilo t ignition  of 
p re  -b lackened  w ood .
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Key to  labeling  of c u rv e s :
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( ): N um ber in p a re n th e se s  ind ica te s  
re fe re n c e  fro m  which cu rv e  was 
ta k e n .

B: P re -b lack en ed
w: W hite
N: N atu ra l co lo red  ( re fe rs  to  wood

sam p les)

-1_______L_ -An t I

4 6 8 101 2 4 6 8 102 2
Ignition T im e, seconds

4 6 8 10"

F ig u re  4 . - -In tensity  v e rsu s  ignition tim e fo r spontaneous ignition  of 
« -c e llu lo se  and wood sp e c im e n s .
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at-, « -ce llu lo se  
R: R adiant h ea t sou rce
C: Convective heat sou rce
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The heating  ra te  used  in th is  case  is  app rox im ate ly  th re e  tim es  the so la r  c o n ­

s ta n t. It is  p o ssib le  tha t a t v e ry  low ra te s  of heating , the ignition  p ro c e s s  is  

influenced by p a ra m e te rs  o th e r than those which a re  c u rre n tly  thought to be 

m o st im p o rta n t. In any even t, w ithout fu r th e r  ex p erim en ta l v e rif ic a tio n , it 

would be d ifficu lt to  d e te rm in e  fro m  p re se n tly  availab le  data w hether o r  not 

the few in s ta n ces  of ignition  re p o rte d  a t ex trem e  v alues  of tim e o r  flux in te n ­

s ity  a r e  e n tire ly  re p re se n ta tiv e  of the ignition  p ro c e s s  a t such le v e ls .

F ig u re s  5 and 6 show the su rface  te m p e ra tu re  h is to ry  of wood s p e c i­

m ens du rin g  the hea ting  p ro c e s s .  The data of F igu re  6 m ay be co m p ared  to 

F ig u re  5 to  show the influence of the ra te  of h e a tin g . Note tha t a t a given 

ra te  of heating , the b lack -p a in ted  spec im ens ex p erien ce  a m ore  rap id  r is e  in 

su rface  te m p e ra tu re . A lso of in te re s t  is  th a t a t  high hea ting  ra te s  th e re  is  

an ab ru p t drop in te m p e ra tu re  w ith a subsequent sh a rp  te m p e ra tu re  r is e  in 

the 450°-550°C  ra n g e . S im ila r beh av io r h a s  been noted by s e v e ra l o th e r 

r e s e a r c h e r s  who have used  the technique of D ifferen tia l T h e rm a l A nalysis 

to study the ignition  p ro c e s s .  Akita (1), Brown (3), and K ilz e r  (7) w ere  am ong 

those  who re p o rte d  an endo therm ic  ’’w ell" in the DTA c u rv e s , i . e . ,  a d e p r e s ­

sion followed by a sh a rp  r is e  in te m p e ra tu re . The range of te m p e ra tu re  in 

th e se  la t te r  c a se s  w as 350°-550°C , w id er than shown on the f ig u re s , but 

n e v e rth e le s s  w ithin lim its  tha t could be accounted  fo r by sam ple te x tu re , 

s iz e , c o lo r, o r o ther p o ssib le  d iffe re n c e s .

F ig u re  7 shows the te m p e ra tu re  p ro file  w ithin the s tre a m  of v o la ­

ti le s  above a h ea ted  specim en  of w ood. The data a re  taken from  the w ork of
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F ig u re  5 . - -S urface te m p e ra tu re  of n a tu ra l co lo red  wood heated  to 
f i r s t  o ccu rren c e  of ignition (a fte r Sm ith, 32).
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F ig u re  6 . - -S urface  te m p e ra tu re  v e rs u s  tim e fo r n a tu ra l and p r e -  
b lackened  wood at v a rio u s  in ten s itie s  (a f te r  G ardon and H otte l, 6 ).
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F ig u re  7 . - -T e m p e ra tu re  p ro file  in v o la tile  s tre a m  at v a rio u s  tim e s ; 
befo re  ignition , a f te r  ign ition , and when no ign ition  o c c u rre d  (a fte r  S im m s, 25).
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Sim m s (26). In th is  p a r tic u la r  study, S im m s used  a g a s -f ire d  panel to heat 

the sam ple being  te s te d . T herm ocoup les w ere  p laced  a t v a rio u s  heigh ts  above 

the wood so tha t the te m p e ra tu re  a t each  of the se v e ra l po in ts  could be read  

s im u ltan eo u sly . Of in te re s t  is  the point a t which each of the cu rv es  becom es 

app rox im ate ly  l in e a r .  F o r the data shown on the fig u re , th is  point is  a t about 

one and one-half inches above the top edge of the sp ec im en . The fac t that 

a ll th re e  cu rv es  (before, a f te r ,  and when no ign ition  o ccu rred ) seem  to becom e 

lin e a r  a t about the sam e point m ight ind icate  tha t the o v e ra ll h e a t- t r a n s fe r  

m echan ism  a t a c e r ta in  d is tan ce  above the sam ple is  the sam e re g a rd le s s  of 

w hether o r  not ignition  o c c u r s . S im m s pointed out that ignition  o ccu rs  a t the 

point in the v o la tile  s tre a m  at which the flow becom es tu rb u le n t. It would be 

of in te re s t  to d e te rm in e  in fu tu re  experim ents if  th e re  is  any co rresp o n d en ce  

betw een the tu rb u len t point and the point a t which the te m p e ra tu re  p ro file  

becom es l in e a r .  In such ex p erim en ta l w ork , it would be n e c e s s a ry  to  v e rify  

the behav io r il lu s tra te d  in  F igu re  7, and exam ine the d eg ree  to which the 

te m p e ra tu re  p ro file  is  affected  by the hea ting  ra te ,  o rien ta tio n , and d is tan ce  

betw een the sam ple and h ea t s o u rc e .

T h ree  of the four m ath m odels d isc u sse d  e a r l ie r  r e s u l t  in p a r a m ­

e te r s  which a re  p lo tted  to g e th e r  on F ig u re  8 . The graph  shows the range  of 

v a lu es  fo r which the m odels give s im ila r  r e s u l t s .

Each ax is  of the fig u re  h as  two la b e ls . It is  intended tha t the labels

be re a d  in p a i r s ,  i . e . ,  energ y  m odulus v s  cooling m odulus, and ir ra d ia n c e

1/2 _m odulus v s  (F o u rie r  m odulus)
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F igu re  8 . - -T h e o re tic a l cu rv es  of equations 6, 10, and 12
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With re fe re n c e  to the f i r s t  p a i r  of ax is  la b e ls , the cu rv es  m ay be 

thought of a s  re p re se n tin g  the locus of energy  balance com binations fo r which 

the m ath  m odels p re d ic t ignition w ill o c c u r .

The second p a ir  of ax is  lab e ls  re p re s e n t the d im en sio n le ss  flux in te n ­

s ity  vs the d im en sio n le ss  ignition  tim e , i . e .,  the tim e re q u ire d  to obtain ig n i­

tion  of a specim en  being ir ra d ia te d  a t a given in ten sity  of h ea t f lu x . Note tha t

1/2
fo r  (F o u rie r  m odulus) o r  cooling m odulus in the range of 0 .6  a ll th re e  

m odels give approx im ate ly  the sam e r e s u l t s ,  bu t fo r  la rg e  v a lues  of th ese  p a r a m ­

e te r s  the cu rv es  re p re se n tin g  each m odel becom e in c re as in g ly  d iv e rg e n t.

The fou rth  m ath m odel is  not shown on F igu re  8 because  it is  a m odel 

of the com bustion p ro c e s s  ra th e r  than the ignition  p ro c e s s , and a s  such is  not 

capable of being c o rre la te d  with the o th e r th ree  m odels a s  d iscu ssed  above.

F ig u re  9 shows the v a ria tio n  of ignition  tim e as  the s ize  of the a re a  

being  hea ted  is  changed . T h is d a ta , taken  fro m  Sim m s (25), show tha t a s  the 

a re a  being  heated  is  m ade la rg e r ,  the ignition  tim e a t a given ra te  of heating  

becom es s h o r te r .  The c u rv e s  have been ex trap o la ted  dow nward to m ee t the 

a b sc is s a  a t a point which fo r  each in ten sity  leve l o r  hea ting  ra te  is  the tim e 

which would be re q u ire d  to ignite a specim en  of in fin ite  a r e a .

The c u rv e s  a lso  point out tha t fo r  h ea ting  a t high r a te s ,  the size 

a re a  being ir ra d ia te d  becom es le ss  and le ss  an im p o rtan t f a c to r . T h is is  

il lu s tra te d  by the  cu rve  p lo tted  in which the ra te  of heating  w as 10.0  c a l /c m ^ -  

s e c . Note tha t th is  cu rv e  is  n ea rly  v e r t ic a l ,  ind icating  tha t la rg e  changes in

a re a  s ize  w ill have little  e ffec t on ignition  t im e .
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F ig u re  9 . - -V aria tion  of ign ition  tim e with ir ra d ia te d  a re a  fo r  v a rio u s  
in ten sity  lev e ls  (a fte r S im m s, 24).
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F ig u re s  10 and 11 show the v a ria tio n  of m inim um  in ten s ity  fo r  ig n i­

tion w ith v a ry in g  m o is tu re  conten t and d ensity  re sp e c tiv e ly . It is  shown that 

a s  density  and m o is tu re  conten t in c re a s e , the m inim um  in ten sity  re q u ire d  fo r 

ignition  a lso  in c re a s e s .

With re g a rd  to m o istu re  conten t, S im m s w as ab le  to  account fo r  the 

in c re a se  in m inim um  ignition in ten sity  and in the co rrespond ing ly  longer tim e 

re q u ire d  to  obtain ignition  with the use  of an equation which c o r re c ts  the th e r ­

m al p ro p e r tie s  fo r changing v a lues  of m o is tu re  co n ten t. In doing so, S im m s 

im p lie s  tha t a ll  changes in the ignition p ro c e s s  which m ay be caused  by the 

addition of m o is tu re  to the te s t  specim en  a re  p red ic tab le  by m aking a p p ro ­

p ria te  changes in the v a lues  of the th e rm a l p ro p e r t ie s .
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F ig u re  1 0 .--M in im um  in ten sity  fo r ign ition  of wood with v a ry in g  
m o is tu re  conten t (a f te r  S im m s, 24, 28).
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R eference
N um ber E; k ca l/m o le Wood °<-cellulose

1 53 .5 X

2 22 .8 X

10 4 2 .0 X

16 17 .0 X

19
25 .0

15.0
X

F ig u re  1 2 .--V a lu es  of ac tiva tion  en ergy  re p o rte d  fo r wood and 
c t-ce llu lo se .
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TABLE 1

GAS-LIQUID CHROMATOGRAPHIC ANALYSIS OF THE PYROLYZATE 
FROM PYROLYSIS OF COTTON CELLULOSE*

Compound Identification**

V olatile  G ases; CO, CO2
F orm aldehyde
A cetaldehyde
A cro le in
Propionaldehyde

P
P
P
P
P

n  -Butyraldehyde
Glyoxal
F u rfu ra l
5 -H ydroxym ethyl F u rfu ra l 
A cetone

T
P
P
P
P

M ethyl Ethyl Ketone 
M ethanol 
F o rm ic  Acid 
A cetic Acid 
L actic  Acid

P
T
T
P
P

W ater
Levoglucosan

P
T

*Taken from  re fe re n c e  n um ber 11.

**P - Positive iden tifica tion ; T  = T en ta tive  id en tifica tio n .



CHAPTER V

DISCUSSION OF RESULTS

In o rd e r  that the m a te r ia l  p re se n te d  in th is su rvey  be view ed in 

p ro p e r  p e rsp e c tiv e , it is  fe lt n e c e s sa ry  to  p rov ide  an sw ers  to s e v e ra l q u e s ­

tions ra is e d  when a ttem p ting  to c o r re la te  r e s u lts  fro m  d iffe ren t a u th o rs .

The questions a re  a s  follow s;

1. A re d iffe ren ces  in ignition  te m p e ra tu re  re p o rte d  by the se v e ra l 

au th o rs  connected in any way w ith the m ethod used  to m e a su re  th is  te m p e r  ­

a tu re ?

2 . A re any of the ignition p a ra m e te rs  influenced by the o rien ta tio n  

of the te s t  specim en  re la tiv e  to the sou rce  of heat a n d /o r  the fo rce  of g rav ity ?

3 . Is the size  sam ple o r a re a  being ir ra d ia te d  a con tro llin g  p a ra m  ­

e te r?

4 . Does th e re  ex is t a g en e ra lly -ac cep te d  se t of ignition c r i te r ia ?

5 . A re th e re  a r e a s  of co n trad ic tio n  betw een the au th o rs  of the l i t e r ­

a tu re  su rveyed?

The an sw ers  to the above questions w ill be d iscu ssed  in the fo llow ­

ing pages in the o rd e r  given a b o v e .

T em p era tu re  m e asu re m en t effects

E xam ination  of the ignition  te m p e ra tu re s  re p o rte d  in  the l i te ra tu re

79
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lead  to  the follow ing g en e ra liza tio n  with re sp e c t to m ethods of te m p e ra tu re  

m e asu re m en t:

T h ree  overlapp ing  levels  of ignition  te m p e ra tu re s  a re  apparen t;

1. The h ig h est, in which su rface  ignition  te m p e ra tu re s  a re  rep o rte d  

in the range of 750°C - 500°C .

2 . The m iddle ran g e , in w hich su rface  ignition  te m p e ra tu re s  a re  

re p o rte d  in the range 500°C - 30 0 °C .

3 . The low ran g e , in which te m p e ra tu re  a t the c e n te r  of a body 

w as m e asu re d  in the range 300°C - 175°C.

It is  im po rtan t to  note the qualifica tion  given to the low range  above. 

The te m p e ra tu re s  rep o rte d  in th is  range w ere  from  ex p erim en ta l w ork p e r ­

fo rm ed  in a fu rn ace , and w ith cub ical, cy lin d rica l, o r  sp h e ric a l specim ens 

w hose b o d y -cen te r te m p e ra tu re  w as being m e asu red  by a th e rm o c o u p le . 

U nder th ese  c irc u m sta n c e s  it is  d ifficu lt to  m ake any g e n e ra liza tio n s  about 

the te m p e ra tu re -m e a su re m e n t m ethod .

The te m p e ra tu re s  in the high range (#1 above) w ere  re p o rte d  fo r 

the ignition  of sam p les  by flam e and q u a rtz - lam p  rad ia tio n , and w ere  m e a s ­

u red  with op tica l m ethods, in m ost c a se s  a ra d ia tio n -p y ro m e te r .

The te m p e ra tu re s  rep o rte d  in the m iddle range (#2 above) w ere  

re p o rte d  fo r the ignition of sam p les by flam e and q u a rtz - lam p  rad ia tio n , 

and w ere  m e asu re d  by m eans of therm ocoup les p laced  both on the su rface  

and a t known depths below i t .  F o r the la t te r  c a se , the te m p e ra tu re  a t  the

su rface  w as ex trap o la ted  fro m  the te m p e ra tu re  a t the known positions  beneath
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F ro m  the g raphs re la te d  to the question being p re se n tly  d iscu ssed  

(F ig u re s  1 through 5), it m ay be observed  tha t the th re e  te m p e ra tu re  ran g es  

d isc u sse d  a r e  not w ell defined, but r a th e r  a re  som ew hat overlapp ing .

In an sw er to the question  of te m p e ra tu re  m easu rem en t m ethod and 

its  re la tio n  to  the te m p e ra tu re  o b serv ed  a t ign ition , it  m u st be sa id  th a t th e re  

does seem  to  be a c o rre la tio n  betw een the two; how ever, at th is  po int it  is  

d ifficu lt to  d e te rm in e  how in terdependen t the two a r e .  It is  in te re s tin g  to 

no tice tha t in those  c a se s  w here  the te m p e ra tu re  w as m easu red  op tica lly  

and re su lte d  in the ignition  te m p e ra tu re  fa lling  in  the low range (300° - 175° 

C), in n e a rly  e v e ry  ca se  the te s t  w as fo r  p ilo ted  ign ition . T his se e m s  to 

suggest tha t p ilo ted  ignition  m ay be analogous to  the te s t  in which the s a m ­

ple is  heated  in a fu rnace  a t a p re -d e te rm in e d  r a te .  Subject to  fu r th e r  v e r i f i ­

ca tion , the c o rre la tio n  spoken of e a r l ie r  su g g ests  tha t ignition  te s ts  in  which 

the su rface  te m p e ra tu re  is  m easu red  w ith an op tica l device w ill re s u lt  in 

the observation  of h ig h e r su rface  te m p e ra tu re s  than s im ila r  te s ts  in which 

the su rface  te m p e ra tu re  is  m easu red  w ith th e rm o co u p le s . F u rth e rm o re , 

both of the above m ethods when com pared  to te s ts  in which the specim en  is  

h ea ted  in a fu rnace  y ie ld  high v a lu es  of ignition te m p e ra tu re .  T h is  does not 

n e c e s sa r i ly  im ply  that the d iffe re n ces  in ignition  te m p e ra tu re  noted above 

a re  a re s u lt  only of the m ethod of te m p e ra tu re  m e a su re m e n t. It w ill be 

pointed out la te r  tha t such d iffe re n ces  a re  a ttr ib u tab le  to many o ther fa c to rs ,

am ong them  the heating  ra te  and type of sou rce  used  to p rov ide  the h e a t .



O rien ta tion  effec ts

82

Of the se v e ra l p o ssib le  ex p e rim en ta l configu ra tions of sam ple and 

h ea t so u rce , the follow ing th re e  occu r w ith about equal frequency  in the l i t e r ­

a tu re :

1. Sam ple and h ea t so u rce  located  on the sam e h o rizo n ta l p lane, 

so  tha t the radiant energy  tra v e ls  h o rizo n ta lly  to the ta rg e t .  The v o la tile  

p lum e is su e s  fo rth  from  the ta rg e t and fo rm s a free -co n v ec tio n  boundary 

la y e r  a s  buoyancy effec ts  p ro p e l the v o la tile s  upw ard along the ta rg e t s u r ­

face .

2 .  Sam ple and h ea t sou rce  located  on the sam e v e r tic a l p lane, so 

th a t the rad ia n t energy  tra v e ls  dow nward to the ta rg e t .  The v o la tile  plum e 

is su e s  fo rth  fro m  the ta rg e t and r i s e s  v e r tic a lly  and p e rp en d icu la rly  away 

from  the ta rg e t s u r fa c e . In th is  te s t  configura tion  no ex te rn a l boundary la y e r  

(supported  by buoyancy and fre e  convection) a ffec ts  the ignition  p ro c e s s  .

3 .  Sam ple is  hea ted  a t a p re -d e te rm in e d  ra te  o r  a t a constan t 

te m p e ra tu re  in a fu rn a c e . In th is  configura tion , the sam ple is  su rrounded  

com plete ly  by the hot g a se s  w ithin the fu rn a c e . B oundary -layer e ffec ts  a re  

thought to  be a m inim um  in th is  type of h ea ting .

The effect of sa m p le -h e a t sou rce  o rien ta tio n  is  d ifficu lt to  m e a su re . 

T h is p a r t ic u la r  phenom enon is  not sp ec ifica lly  d ea lt with by any of the l i t e r ­

a tu re  su rveyed , although it  is  fe lt to  have a m e a su ra b le  influence o v er one 

o r  m o re  of the ignition  p a ra m e te r s .  One re fe re n c e  which o ffe rs  an  insigh t

into th is  p rob lem  is  that w ork rep o rte d  by S im m s (27); S im m s investigated
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the e ffec t of tu rbu lence  upon the ignition  p r o c e s s . O rien ta tion  of the sam ple 

w ith re sp e c t to the heat sou rce  and to  the fo rce  of g rav ity  m ay influence the 

location  of the point of tu rb u len ce . F o r th is  re a so n , the follow ing co n c lu ­

sions draw n by S im m s (27) a re  p re se n te d .

1. T urbu lence im posed on a p rev io u sly  la m in a r  v o la tile  s tre a m  

w ill p e rm it ignition  to o ccu r w here  the sam ple would n o rm ally  not have 

ig n ite d .

2 . Given two te s ts  in which the su rface  te m p e ra tu re  and te m p e r ­

a tu re  g rad ien t in the v o la tile  s tre a m  a re  the sam e, ignition w ill o ccu r, if

a t a l l ,  in that specim en  which h a s , in addition  to the above, a tu rb u len t v o la ­

tile  s t r e a m .

3 . Sm all su rface  a re a s  em it sm a ll v o la tile  p lum es which by n a tu re  

becom e tu rbu len t fa r th e r  fro m  the ir ra d ia te d  su rface  than a la rg e  sam ple 

be ing  hea ted  at the sam e r a te .  The sm all a re a  w ill take longer to  ign ite due 

to  the add itional tim e req u ire d  fo r its  v o la tile  s tre a m  to becom e co m b u st­

ible .

T hese  o b se rv a tio n s  by S im m s suggest tha t one co n tro llin g  p a ra m ­

e te r  in the ignition  p ro c e s s  is  the point at which the v o la tile  s tre a m  becom es 

tu rb u len t. With th is  p re m is e , it is  log ical to  assu m e  tha t if the tu rb u len t 

po int can be affected  by the o rien ta tion  of the sam ple with re sp e c t to the heat 

so u rc e , th is  o rien ta tion  effect m ay to  som e d eg ree  con tro l the p ro c e s s  le a d ­

ing to ign ition . F u r th e r  support i s  g iven to th is  idea by a s ta tem en t m ade by

Sim m s (29). He pointed out tha t fro m  h is  m e asu re m en ts  of the te m p e ra tu re
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s tre a m  is  the sam e re g a rd le s s  of w hether o r not ignition o ccu rs  in a p a r tic u la r  

t e s t .  If th is  tru ly  is  the c a se , then the location of the point of tu rbu lence  in 

re la tio n  to the ir ra d ia te d  su rface  m ay w ell be the decid ing  fac to r  in d e te rm in ­

ing the o ccu rren c e  of ign ition . F o r  h ea ting  a t a given ra te , the p a ra m e te rs  

m o st likely  to  be influenced by the sam ple o rien ta tion  a re  the ignition te m ­

p e ra tu re  at the su rface  and the ignition tim e, a s  d isc u sse d  b e lo w .

The re a so n s  fo r th is  w ill be d iscu ssed  in de ta il la te r ,  but fo r  the 

p re se n t it is  su ffic ien t to say  that the sam p le -h ea t sou rce  o rien ta tio n  can 

affect the su rface  te m p e ra tu re  by its  influence on the fo rm ation  of a boundary 

la y e r  along the in te rface  betw een the sam ple and its  su rro u n d in g s . The 

p re su en ce  of a boundary la y e r  m ay a lso  influence the tim e  taken fo r the s u r ­

face of the specim en  to  reach  a te m p e ra tu re  a t which ignition can o c c u r .

When the sam ple is  below the heat so u rce , the boundary la y e r  w ill be 

a lm o st neg lig ib le  b ecause  the v o la tile  plum e r is e s  v e r tic a lly  away from  the 

ta rg e t s u rfa c e . H ow ever, when the sam ple is  being  hea ted  from  the side , 

the v o la tile s  a re  c a r r ie d  upw ard along the su rface  and fo rm  a boundary 

la y e r  which can affect the te m p e ra tu re  d is tr ib u tio n  over the su rface  and p o ten ­

tia lly  influence both ignition te m p e ra tu re  and ignition t im e .

No w ork has  been done to sp ec ifica lly  d e te rm in e  the m agnitude of 

any effec ts  caused  by d iffe ren ces  in sam p le -h ea t o r ie n ta tio n . It is  d ifficu lt 

to  iso la te  th is  effect by com paring  the w ork of two o r  m o re  au th o rs  because

of the d iffe ren ces  in  ex p erim en ta l a p p a ra tu s .
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p a r t ic u la r  h ea ting  ra te ,  ign ition  te m p e ra tu re  has  been re p o rte d  w ith a v a r i a ­

tion of as  much as 200°C by d iffe ren t au th o rs  (see Brown, 3, and Smith 30).

It is  a lm o st c e r ta in  that a p o rtion  of the re p o rte d  d iffe ren ces  in ignition  te m ­

p e ra tu re  a re  due to o rien ta tio n  e f fe c ts . In the  o rien ta tio n  r e fe r re d  to in 

which the sam ple and sou rce  a re  on the sam e h o rizo n ta l p lane , it is  quite 

conceivable tha t a s  the boundary  la y e r  bu ilds up along the ta rg e t  su rfa c e , 

b ecause  th is  la y e r  is  com posed of ho t g a se s  it w ill cause  the te m p e ra tu re  

a t the upper edge of the ta rg e t to be h ig h e r than the te m p e ra tu re  a t the low er 

ed g e . If th is  is  the c a se , then th e rm ocoup les p laced  on the su rface  would 

m e a su re  d iffe ren t ignition  te m p e ra tu re s .  It i s  a lso  p o ssib le  that fo r a dup licate  

ex p erim en t u sin g  the sam e therm ocoup les w ith the second o rien ta tio n  (sam ple 

and sou rce  in the sam e v e r tic a l p lane), in the absence  of the boundary la y e r , 

s t i l l  a d iffe ren t te m p e ra tu re  range fo r ign ition  would be  m e a su re d . F o r 

m e asu re m en t with an op tica l dev ice , th is  sam e p ro b lem  would ex is t b ecau se  

the device ' see s"  only a v e ry  sm all a re a  and no te s ts  w ere  re p o rte d  in which 

the su rface  w as " sc a n n e d ."  With re fe re n c e  now to  the tim e  req u ire d  fo r  ig n i­

tion to  o ccu r, it  would be im p o ssib le  to  say w ith confidence which of the two 

con figu ra tions would lead to  co n sis ten tly  s h o r te r  ignition  tim es  w ithout e x p e r ­

im en ta l v e r if ic a tio n . The location  of the point of tu rbu lence  is  d iffe ren t in 

both c a s e s , and th is  conceivably  could m ake a d ifferen ce  in the ignition tim e .

In the f i r s t  c a se , the point of tu rbu lence  (at low ra te s  of heating) is  above the

lev e l of the p lane along which the rad ian t energ y  p a s s e s  to  a r r iv e  at the ta rg e t
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s u r fa c e . The tendency fo r the la m in a r  boundary la y e r  which is  p re se n t in 

th is  c a se  to p rev en t the p ro p e r  m ixing of the v o la tile s  w ith the su rround ing  

a i r  m ay pro long  the tim e re q u ire d  fo r  ignition  to  o c c u r . On the o th e r hand, 

the hot v o la tile s  issu in g  from  the bottom  of the  ta rg e t su rface  m ay ac tua lly  

h ea t the upper p a r t  of the su rface  (as d iscu ssed  e a r l ie r )  and h as ten  the 

ignition  p r o c e s s . In the second o rien ta tion  (sam ple and so u rce  in the sam e 

v e r t ic a l  p lane), it is  conceivable tha t b ecau se  the v o la tile s  a re  r is in g  up and 

d ire c tly  away fro m  the ta rg e t su rface  tha t the point of tu rbu lence would occu r 

f a r th e r  away fro m  the sam ple and th e reb y  pro long  the ignition  tim e . C on­

v e rse ly , the absence  of a boundary  la y e r  m ay p e rm it the oxygen-bearing  

su rround ing  a tm o sp h ere  to m ix m o re  effectively  with the v o la tile s  and 

a c c e le ra te  the o ccu rren c e  of ig n itio n .

F ina lly , it m ust be added tha t although much of the p reced in g  d i s ­

cu ss io n  concerned  the o rien ta tio n  of the spec im en  re la tiv e  to  the gaseous 

plum e of v o la tile s , it is  d ifficu lt to  obtain a m en ta l p ic tu re  of the ex p erim en ta l 

ap p a ra tu s  w ithout m entioning  the location  of the so u rc e .

A rea effec ts

Although only a few of the a r t ic le s  su rv ey ed  co n sid ered  th is  q u e s ­

tion , those  tha t did (S im m s, 24, 25, 26, 27, 28) w ere  in ag reem en t a s  to 

the fac t tha t fo r  a given flux leve l, spec im ens being  ir ra d ia te d  on a sm all 

a re a  re q u ire  longer exposure  (at the sam e h eating  ra te )  fo r ign ition  than do

la rg e  a r e a s .  The s ize  a r e a s  in question  a re  co n sid ered  sm all if under 5 cm
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on a s ide , and la rg e  if over th is  s ize  (the la rg e s t  s ize  a re a s  encoun tered  

w ere  about 10 cm  sq u a re ) . Of the th e o rie s  o ffered  in explanation  of th is  

b eh av io r, the m ost com m on p ro p o ses  tha t since ignition f i r s t  o ccu rs  in the 

v o la tile  p lum e, the size  of the p lum e w ill d e te rm in e  to a la rg e  ex ten t the tim e 

re q u ire d  fo r a com bustib le  m ix tu re  to  be found som ew here w ithin the g a se s  

which m ake up the p lu m e . T his being  the c a se , it follow s tha t the la rg e r  the 

s ize  of the v o la tile  colum n, the m o re  likely  it i s  tha t i ts  g a se s  w ill com bine 

w ith the su rround ing  a tm o sp h ere  to fo rm  a com bustib le  m ix tu re . Because 

of th is  g re a te r  likelihood, the la rg e  exposed su rface  w ill g en era lly  ign ite  in 

s h o r te r  tim e than the sm a ll su rfa c e . In g e n e ra l, the s ize  of the hea ted  a re a  

is  only sligh tly  sm a lle r  ( le s s  than 10 p e r  cen t) than the whole su rface  in 

questio n .

In an sw er to  the question  o rig in a lly  posed , the s ize  of the a re a  

being  ir ra d ia te d  i £ a  co n tro llin g  p a ra m e te r  to  the ex ten t tha t the tim e re q u ire d  

fo r  la rg e  a re a s  to ignite w ill g en e ra lly  be s h o r te r  than th a t fo r sm all a r e a s .  

O ther p a ra m e te r s  which m ay be affec ted  by a re a  a r e  the ign ition  te m p e ra tu re  

and the m a ss  ra te  of flow of the v o la ti le s . No com m ents reg a rd in g  th ese  

la s t  two p a ra m e te r s  w ith re g a rd  to  a re a  e ffec t w ere  found in the l i t e r a tu r e .

Ignition* c r i t e r ia

The com plexity  of the p ro c e s s  lead ing  to ignition is  such tha t of a ll 

the m odels d e sc rib e d  in the l i te r a tu re ,  no single solution o r  se t of equations 

h as  been p roposed  which g ives a com plete  p ic tu re  of the e n tire  ignition p ro c e s s .
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equation  is  accep ted  by a ll au th o rs  a s  the one solution to the ignition  p ro c e s s .  

In fac t, it is  ap p aren t tha t each  r e s e a r c h e r  b e liev es  h is  approach  to the p ro b ­

lem  g ives the b e s t o v era ll p ic tu re  of w hat is  tak ing  p la c e .

It is  tru e , how ever, tha t th e re  a re  spec ific  c r i t e r ia  which o ccu r 

re g u la r ly  in the l i te ra tu re  and seem  to be the b a s is  of m ost a ttem p ts  to 

c o r re la te  ignition d a ta . T hese a re :  The su rface  te m p e ra tu re  a t ignition ,

Tirr; the c r i t ic a l  ra te  of w eight lo ss  a t ign ition , w • the tim e  taken fo r thel g  C

specim en  to ign ite , r  ; the in tensity  (o r h ea ting  ra te )  to which the sp e c i-
L  O

m en is  sub jec ted , I; the ac tiva tion  energ y , E; and the reac tio n  ra te  constan t, 

k .  As m entioned e a r l ie r ,  th e re  is  no ag reem en t as  to which c r i t e r ia  tru ly  

govern  the ignition  p ro c e s s .  T here  is  a group, m ost notable of whom is  

S im m s, tha t ad h ere  to  a fixed ig n itio n -te m p e ra tu re  c r i t e r ia  as  being d e s c r ip ­

tive of the ignition  p ro c e s s .  A nother school of thought sug g ests  tha t a c r i t ­

ic a l w eight lo ss  ra te  is  a b e t te r  c r i t e r ia .  S till an o th e r group holds tha t th e re  

is  a n u m e ric a l c o rre la tio n  betw een the ignition  tim e  re q u ire d  and a given 

hea ting  ra te  . And finally , i t  is  p rop o sed  by som e that by using  com bined 

d iffe re n tia l th e rm a l an a ly sis  and th e rm o g ra v im e tr ic  a n a ly s is , tha t the ig n i­

tion  re sp o n se  m ay be p red ic ted  from  the slopes of cu rv es  obtained in the 

above m e thods. In add ition , th e re  a re  au th o rs  w hose w ork in c o rp o ra te s  the

use of m ore  than one of the above-m entioned m ethods of a p p ro a c h .
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In the d iscu ss io n  im m ed ia te ly  p reced in g , i t  w as pointed out tha t 

s e v e ra l schools of thought have been p roposed , a ll of which a re  c la im ed  to 

su ccessfu lly  m odel the ignition p ro c e s s .  To the ex ten t that they cannot a ll 

be 100 p e r  cen t c o r re c t ,  they m ay be sa id  to be s e lf -c o n tra d ic to ry . F o r 

the m om ent, how ever, it is  not th ese  d iffe ren ces  in accep tance  of ignition 

c r i t e r ia  which w ill be d isc u sse d . The pu rp o se  of the p re s e n t  d iscu ss io n  is  

to  point out o th e r d iffe re n ces  of opinion a s  e x p re sse d  e i th e r  as  a re s u lt  o r 

a conclusion  by the au th o rs  co n ce rn ed .

A ctivation e n e rg y . - -A kita (I)  s ta te s  tha t "ac tiva tion  energy  is  

undoubtedly independent of the hea ting  r a t e ,"  w hile M urty and B lackshear 

(15) (16) contend tha t the ac tiv a tio n  energy  is  a function of ra d iu s , with E 

a t the c e n te r  of the specim en  being  low er than a t the s u r f a c e . T his is  p e r ­

haps not an obvious co n trad ic tio n , but if it is  rem e m b ered  tha t the in n e r p a r ts  

of a p a r tic u la r  sam ple do ac tu a lly  h ea t a t d iffe ren t r a te s  than the su rface , the 

s ta tem en t tha t E is  a function of rad iu s  is equ ivalen t to  say ing  tha t E is  a 

function of the hea ting  ra te ,  which is  in d ire c t opposition to the p rev io u s 

s ta tem en t by A kita (1). Of fu r th e r  in te re s t  is  the fac t tha t on s e v e ra l o th e r 

po in ts the au th o rs  c ite  in fo rm ation  which is  in c lo se  a g re e m e n t. Both a r t i ­

c le s  used TGA and DTA as  the m ethod of approach  to the p ro b lem , thus

m aking the one co n trad ic tiv e  point seem  m ore  out of p la c e .
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A ctivation e n e r g y - W i th  fu r th e r  re fe re n c e  to the  ac tiva tion  energ y , 

M urty  and B lackshear (15) s ta te  tha t ac tivation  energy  in c re a se s  w ith te m p e r ­

a tu re  of the sam ple , w hile R o b erts  and Clough (19) c la im  th e ir  w ork shows 

a d e c re a se  in E w ith te m p e ra tu re . Again the m ethod of an a ly s is  used  in both 

a r t ic le s  w as TGA and DTA .

M o istu re  c o n te n t. - -With re fe re n c e  now to  the e ffec t of m o is tu re  

content upon the ignition p ro c e s s , it is  ag reed  by those  r e s e a r c h e r s  who 

co n sid e red  m o is tu re  e ffec ts  tha t wood which is  dam pened w ill re q u ire  a d d i­

tional en erg y  to  ignite as  com pared  w ith d ry  w ood. The ex tra  energy  r e ­

qu ired  is  m an ifested  by the longer tim e  taken  fo r  the dam pened specim en 

to  ig n ite . The point upon which th e re  is  a d ifferen ce  of opinion is  w hether o r 

no t the longer ignition tim e s  re q u ire d  by the m o is tu re -b e a r in g  sam p les  may 

be reco n c iled  by the app lication  of a c o rre c tio n  fa c to r  to the spec ific  h ea t and 

th e rm a l conductiv ity , o r  if th e re  e x is ts  som e v a lid  equation re la tin g  the 

m o is tu re  conten t M to  the specific  h ea t and th e rm a l conductiv ity . S im m s 

(27) s ta te s  tha t it is  po ssib le  to  c o r re la te  the longer ignition  tim e s  of 

m o is tu re -b e a r in g  wood with changes in the th e rm a l p ro p e r tie s  caused  by 

w a te r .  Fons (5) concludes fro m  h is  w ork tha t such a c o rre la tio n  is  not 

p o ss ib le . It m ust be pointed out tha t the equations u sed  in th ese  two a r t i ­

c le s  to  a r r iv e  a t th ese  conclusions w ere  quite d iffe re n t.

H eat of re a c tio n .- -R o b e r ts  (20, 21), c la im s  tha t the heat of r e a c ­

tion  is  e s se n tia lly  constan t throughout the decom position  p ro c e s s ,  bu t in a
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la te r  a r t ic le  (22) re v e r s e s  h is  thinking and concludes tha t the h ea t of r e a c ­

tion v a r ie s  du ring  d eco m p o sitio n .

T hickness e f fe c t .- -S m ith  (31) concludes tha t due to  convective 

cooling, re - ra d ia tio n , and re fle c tiv e  lo s s e s ,  the frac tio n  of the to ta l in c i­

dent flux ac tu a lly  availab le  to ra is e  the te m p e ra tu re  of the specim en is  

sm a ll.  This frac tion  is sa id  to v a ry  with te m p e ra tu re  and is  sm a lle r  fo r 

th e rm a lly  th in  specim ens than fo r  those  which a re  th e rm a lly  th ic k . M a r­

tin  (14) s ta te s  tha t the energy  re q u ire d  fo r  ignition  is  independent of th ic k ­

n e s s .  It is  s ign ifican t that M a rtin 's  w ork w as done on sam p les  of black a lpha- 

ce llu lo se  rang ing  in th ick n ess  from  .005 to  .031 in ch es, w hile Sm ith te s ted  

sam p les  which w ere  .026 to  .75 inches th ick . This m ight suggest tha t th e re  

is  a range in which th ick n ess  is  not a sign ifican t p a ra m e te r .  It should be

2m entioned , how ever, tha t M artin  used a v e ry  high ra te  of h ea ting  (100 c a l /c m  -

2s e c .)  a s  com pared  with Sm ith ( .5  to 2 .5  c a l /c m  - s e c . )  and th is  d ifferen ce  

m ight o v e rrid e  any o th e r conclusions d raw n by com paring  th ese  two a r t i c le s .



CHAPTER VI

CONCLUDING RECOMMENDATIONS

By its  v e ry  n a tu re , tha t is ,  unsupported  by any o rig in a l e x p e r i­

m en ta l w ork , a l i te ra tu re  su rvey  is  lim ited  with re g a rd  to  the conclusions 

which m ay be d raw n . R ather than re p o r t any new d isco v ery  which p ro p o ses  

to be a solution to a p a r t ic u la r  p ro b lem , the su rvey  can  only rev iew  and 

co m p are , o r  analyze and d isc u ss  what from  the l i te ra tu re  a re  taken to  be 

sign ifican t con tribu tions to the o v e ra ll o b jec tiv e . T hat ob jective is , in th is  

c a se , the m odeling of the p ro c e s s  by which wood, and o ther m a te r ia ls  w hose 

s tru c tu re  is  b a s ic a lly  ce llu lo se , is  hea ted  and eventually  ignited  by exposure  

to a so u rce  of th e rm a l e n e rg y . F ina lly , the su rvey  can  point out a re a s  in 

which no re s e a rc h  has been done. Such voids in  the ex p e rim en ta l in v e s tig a ­

tion  of a p a r tic u la r  sub ject could hold the key to g re a te r  u nders tand ing  of 

the e n tire  questio n . In such c a s e s , the su rv ey  can make recom m endations 

fo r  re s e a rc h  to be done to fill any ex istin g  gaps in p re se n t know ledge.

A f i r s t  conclusion com ing out of the l i te ra tu re  is  tha t each  au tho r, 

if judged only in the light of h is  own d ata , is  c o r r e c t  is  h is  d e sc rip tio n  of 

the ignition  p ro c e s s  w ith i ts  acco rd in g  m odel; i . e . ,  each  au tho r th inks h is  

approach  is  m ost c o r r e c t .  It is  im p o rtan t, th e re fo re , no t to  assu m e  tha t 

any one individual o r  team  of ind iv iduals is  c o r re c t  w ithout f i r s t  exam ining
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a few of the b asic  d iffe ren ces  in  approach  taken and in  r e s u lts  ob ta ined . As 

w as pointed out e a r l ie r ,  exam ination  of th is  kind re su lte d  in  the b ring ing  to 

light of co n trad ic tio n s  in both m ethod of approach  and r e s u lts  obtained by 

se v e ra l of the au th o rs  .

S ince no one m odel of the ignition  p ro c e s s  has been  shown o r  accep ted  

by any of the au th o rs  to be the com plete  so lution of the ignition  p ro b lem , it 

m ay be valuab le  fo r fu tu re  r e s e a r c h e r s  to  co n s id e r  the follow ing po in ts:

1 . The fa ilu re  of any of the s im p lified  m a th em atica l m odels to 

a c c u ra te ly  d e sc r ib e  the ignition  p ro c e s s  sug g ests  tha t the sim p le  m odel is 

the w rong ch o ice . The effec ts  of chem ica l re a c tio n s  w ithin the so lid , change 

of p ro p e r tie s  w ith te m p e ra tu re , su rface  cooling by o ther than Newtonian 

m ethods, and convection of m a ss  w ithin the so lid  m ight ac tu a lly  dom inate 

the p ro c e s s .  If th is  is  the c a se , then , by e lim in a tin g  them  in the in itia l 

a ssu m p tio n s, the final solution is  m ade in a c c e s s ib le .

2 . The p ro b lem  of o rien ta tio n -e ffec ts  on the ignition p ro c e s s  h as  

not been  adequately  re so lv e d . F u r th e r  study should include the co n sid era tio n  

of th is  e ffec t. One m eans of doing th is  would be to run  two independent s e r ie s  

of te s t s ,  w ith the m ethod of flux and te m p e ra tu re  m e asu re m en t exactly  the 

sam e on each , in which id en tica l spec im ens w ere  te s te d  in each  of the two 

m ost com m only used  o rien ta tio n s  (d escrib ed  e a r l ie r  in the  p a p e r) . Any 

m a jo r  d iffe re n ces  in the r e s u lts  of such te s ts  would ind ica te  tha t the o r ie n ta ­

tion of the sam ple does indeed e x e rt a s tro n g  influence on the ignition p ro c e s s .

3 . The th re e  te m p e ra tu re  ran g es  m entioned in an e a r l ie r  c h a p te r ,
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by the v a rio u s  a u th o rs , in troduce the p o ss ib ility  th a t d iffe re n ces  betw een 

op tica l and e le c tr ic a l  m ethods of te m p e ra tu re  m e asu re m en t a re  s ig n ifican t. 

To fu r th e r  investiga te  th is  p o ss ib ility , a sam ple on w hose su rface  w as 

a ttach ed  se v e ra l th e rm ocoup les could be hea ted  w hile the su rface  te m p e ra ­

tu re  in the v ic in ity  of each therm ocoup le  w as m e asu red  with a rad ia tion  

p y ro m e te r  sen s itiv e  in a range which would e lim in a te  the p o ss ib ility  of 

"see in g "  any en ergy  of the sam e w ave-leng th  as  tha t p roduced  by the h ea t 

so u rc e . T h is  type of te s t  should aid  in the d e te rm in a tio n  of the m agnitude 

of the effect of te m p e ra tu re  m e asu re m en t, and p e rh ap s  account fo r  p a r t  of 

the wide v a ria tio n  of re p o rte d  ignition  te m p e ra tu re s  .

4 .  M entioned only b rie f ly  by Sm ith (31), the p o ss ib ility  e x is ts  

tha t re p o rte d  flux lev e ls  have been m e asu re d  by im p ro p erly  c a lib ra te d  

in s tru m e n ts  (th is would a lso  apply to m ethods of te m p e ra tu re  m e a su re m e n t).

Sm ith re p o rte d  tha t of fou r c a lo r im e te r s  te s te d , th e re  w as a m axim um  v a r i -

2ation  of 22 p e r  cen t when m e asu rin g  flux of 1 c a l /c m  - s e c .  E r r o r s  such as  

th is  could be m agnified  if the in s tru m e n ts  of one au th o r m e asu re d  high and 

a n o th e r 's  m e asu re d  low . The low slope of the in ten sity  v e rs u s  tim e to ig n i­

tion  c u rv e s  (F ig u re s  1 through 4) i l lu s tra te s  tha t a t m o d e ra te  r a te s  of heating  

2(1 to 3 c a l /c m  - s e c .) ,  sm all changes in the value of the h ea ting  ra te  w ill 

p roduce la rg e  v a ria tio n  in the ignition  t im e . If even a 15 p e r  cen t d ifferen ce  

in the value of the hea ting  ra te  w as a ttr ib u tab le  to  e r r o r s  in m easu rem en t,

it would ap p ea r as a la rg e  d ifferen ce  in the tim e re q u ire d  fo r  ign ition , and
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p e rh ap s  lead  to the m aking of invalid  conclusions with re g a rd  to the ignition  

p r o c e s s . T h ere  does not ap p ea r to be any im m ed ia te  solution to  th is  p ro b ­

le m . Its  influence is  po ten tia lly  g re a t and d e se rv e s  fu tu re  co n s id e ra tio n .

In addition to  the above, it is  im p o rtan t to  co n s id e r the follow ing 

po in ts upon which ag ree m en t w as reached  by m o st of the au th o rs  su rveyed :

5 . Ignition tim e a t a given in ten s ity  level is  s h o r te r  fo r ta rg e ts  

sub jected  to a flam e-ty p e  (convective) so u rce  than fo r those heated  by a r a d ­

ian t s o u rc e . V arious exp lanations w ere  o ffered  as to the re a so n , but tha t 

which p redom inated  c la im ed  tha t the tu rbu lence  induced by the convective 

sou rce  w as the decid ing  fa c to r .

6 . Ignition te m p e ra tu re , w hile not a lw ays co nstan t, n e v e rth e le ss  

lie s  w ithin a p red ic tab le  ra n g e . The range v a r ie d  with the  ex p erim en ta l 

m ethod of approach  and m ath  m odel u sed .

7 . Ignition tim e is  s h o r te r  fo r te s ts  in which the sam ple is  heated  

in the p re se n c e  of a p ilo t ig n ite r  than fo r  those  in  w hich the sam ple is  

re q u ire d  to  ign ite spon taneously .

8 . The addition of flam e re ta rd a n t s a lts  to wood h a s  the effect of 

low ering  the ac tivation  energ y , and low ering  the te m p e ra tu re  a t which active  

p y ro ly s is  b eg in s . The p y ro ly s is  p ro c e s s  in g e n e ra l is  a c c e le ra te d  so that 

the dam age o ccu rs  a t te m p e ra tu re s  below tha t a t which dam age would o ccu r 

in u n trea ted  wood. The am ount of dam age to the tre a te d  wood is  m uch le s s ,  

and seem s to be re la te d  to the concen tra tion  of f ire  re ta rd a n t p re s e n t in  the

sp e c im e n .
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9 . The to ta l energy  re q u ire d  fo r  ignition  of a g iven sam ple is  

p ro p o rtio n a l to the sam ple s ize  and th ick n ess , and in v e rse ly  p ro p o rtio n a l 

to  the s ize  a re a  which is  sub jected  to  the th e rm a l en e rg y .

10. Of the to ta l en ergy  availab le  to a te s t  specim en , only a f r a c ­

tion of th is  to ta l is  used  to ac tu a lly  r a is e  the te m p e ra tu re  of the sp ec im en . 

I b i s  frac tio n  in c re a s e s  as  the specim en c h a rs  and beg ins to  tu rn  b la ck .

11. The following th ree  p a ra m e te r s  exhib it behav io r which su p ­

p o r ts  the contention tha t they a re  m utually  dependent: I, T g ,  and t^ g .

F in a lly , it is  o bserved  tha t no w ork w as done on n a tu ra l (g reen) 

f re s h -c u t wood o r tr e e  b a rk .  Such a study would f ill a void in the l i t e r a ­

tu re , and p rov ide fo r fu r th e r  understand ing  of the ignition p ro c e s s .
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THERMOGRAVIMETRIC .ANALYSIS

T h e rm o g ra v im e tric  A nalysis (TGA) is  a p ro c e s s  in which the 

sam ple  is  hea ted  a t constan t te m p e ra tu re  w hile its  w eight i s  reco rd ed  

a s  a function of t im e . Such an a ly sis  m akes p o ssib le  the ca lcu la tion  of 

b a s ic  re a c tio n - ra te  c o n s ta n ts .

A ssum ing the reac tio n  to  be f i r s t  o rd e r , the reac tio n  ra te  co n ­

s tan t is  the  slope of the p lo t of the log of the re s id u a l w eight v e rs u s  t im e . 

This can be w ritten  a s :  K = - In  ( l - w / w ^ / t  w here  w^ = the w eight lo ss  a t 

the end of the p y ro ly s is  a t constan t te m p e ra tu re  and w = the w eight lo ss  at 

any tim e t .

The th e rm a l s tab ility  o r ac tiva tion  energy  can be obtained by p e r ­

fo rm in g  the TGA a t each of a s e r ie s  of constan t te m p e ra tu re s .  The a c t iv a ­

tion energ y  is  a m e asu re  of the am ount of energy  re q u ire d  to ac tiv a te  the 

m a te r ia l  to  the s ta te  of re a c tio n . By applying the a r rh e n iu s  equation, the 

ac tiva tion  energy  E has the following re la tio n sh ip  to the  re a c tio n  ra te  c o n ­

s tan t, K: E = - RT In  K +■ C T, w here  R = gas con stan t, T  = abso lu te  te m ­

p e ra tu re ,  and C = co n s tan t. E th e re fo re  can be com puted from  the slope 

of the log a rith m ic  p lo t of the reac tio n  ra te  co n stan ts  fo r  a given s e r ie s  of 

te m p e ra tu re s  v e rs u s  the re c ip ro c a l of the abso lu te  te m p e ra tu re .

M ore de ta iled  in fo rm ation  on the app lication  of TGA is  availab le  

in re fe re n c e  num ber tw elve of the re la te d  re fe re n c e s  sec tion  of the b ib lio g ­

raphy  .
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D ifferen tia l T h erm al A nalysis (DTA) involves the continuous m e a s ­

u rem en t of the te m p e ra tu re  d ifference  betw een a sm a ll sam ple (usually  10 

to 75 m g) and a th e rm ally  in e r t re fe re n c e  m a te r ia l ,  a s  a function of sam ple 

o r  re fe re n c e  m a te r ia l a r e  heated  at a p re -d e te rm in e d  r a te .  Such an a ly sis  

re v e a ls  the o ccu rren c e  of endo therm ic  and exo therm ic  re a c tio n s  a t  v a rio u s  

lev e ls  of te m p e ra tu re , and g ives a rough e s tim a te  of the am ount of h ea t 

envolved o r abso rb ed  in the re a c tio n . When a reac tio n  o c c u rs , changes in the 

h ea t content and in the th e rm a l p ro p e r tie s  of the sam ple a r e  ind icated  by a 

deflection  o r  peak which shows on the g raph ic  re c o rd .  If the reac tio n  p r o ­

c e e d s  a t a ra te  v a ry in g  with te m p e ra tu re  ( i . e . ,  p o s se s s e s  an activation  

energy ), the position  of the peak v a r ie s  with the hea ting  r a te ,  p rov id ing  

tha t o th e r  ex p erim en ta l conditions a re  m ain ta ined  fix ed .

D etailed  in fo rm ation  on the app lication  of DTA is  ava ilab le  in

re fe re n c e  num ber tw elve in the re la te d  re fe re n c e s  section  of the b ib lio g rap h y .
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ABSTRACT

The w ork re p o rte d  in th ir ty - s ix  a r t ic le s  on the ignition  of wood is  
su rv ey ed . The in fo rm ation  con tained  in each  a r t ic le  is  rev iew ed w ith a t te n ­
tion  given to the follow ing a r e a s  of in te re s t :  the m ethod of a n a ly s is  and g en ­
e r a l  r e s u lts  of the w ork, the m a th em a tica l m odel used  to  c o r re la te  re s u lts  
ob ta ined , and th e  conclu sions draw n by each a u th o r re g a rd in g  h is  find ings.

The m ethod used  m ost often to  study the ignition  of wood is  to  h ea t 
a sm a ll (a 4 -inch sq u are  sam ple  is  com m on) specim en  of wood a t a known ra te  
w hile a t the sam e tim e m on ito ring  its  te m p e ra tu re  h is to ry . R esu lts  of such 
a n a ly s is  ind ica te  tha t the ignition p ro c e s s  is  m ost influenced by the ra te  of 
app lica tio n  and sp e c tra l quality  of the inc iden t th e rm a l en e rg y , the tim e  of 
ex p o su re , the su rface  te m p e ra tu re  a tta in ed  in the  spec im en , the s ize  and d e n ­
s ity  of the spec im en , and the c o lo r  of the exposed  s u r fa c e .

No com m on explanation  a s  to  the effect each of the above fa c to rs  h as  
upon the  ign ition  p ro c e s s  is  found in the l i te r a tu r e .  It is  found, how ever, tha t 
fo r  a given ra te  of heating , the m a jo rity  of the au th o rs  w hose w ork is  c o n s id ­
e re d  in th is  su rvey  a g re e  tha t a spec im en  w ill ign ite  m ost read ily  if i ts  s u r ­
face  is  b lack , if i t s  exposed  a re a  is  la rg e  in co m p ariso n  to its  th ic k n e ss , if 
i t  is  h ea ted  by a flam e so u rc e , and if i t  is  of low density  and m o is tu re  co n ten t.

C oncluding recom m en d atio n s  a re  m ade tha t po int out the need  to  fill 
ex is tin g  gaps in the study of the ignition  p ro c e s s .
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