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1 INTRODUCTION 

Theore t ica l  a n a l y s i s  of t h e  p y m l y s i s  of wood implies  t h a t  a  non- 

l i n e a r  heat  balance equation m u s t  be solved.Since t h e r e  a r e  no 

a n a l y t i c a l  s o l u t i o n s  i n  ex is tence  f o r  t h i s  corrplex nonl inear  prob- 

lem, t h e  only way of t ack l ing  i t  i s  t o  use nurrerical methods such 

a s  t h e  f i n i t e  d i f f e rence  o r  f i n i t e  element method. 

I n  (11, Wickstrijm describes a  c o w u t e r  pmgram, TASEF-2, based on 

t h e  f i n i t e  element method f o r  t h e  a n a l y s i s  of t h e  thermal response 

of s t r u c t u r a l  elements when exposed t o  t h e  ac t ion  of f i r e .  These 

s t r ~ c t u r a l  elements may cons i s t  of s eve ra l  m a t e r i a l s  and may contain 

c a v i t i e s .  The heat flow a t  t h e  boundaries may comprise r ad ia t ion  and 

convection. An e x p l i c i t  forward d i f f e rence  method is used which means 

t h a t  l a t e n t  h e a t ,  f o r  i n s t ance  i n  conjunc.tion wi th  t h e  vapor isa t ion  

of water  i n  concre te ,  can be taken i n t o  cons idera t ion .  The pmgram 

is two dimensional.  

On t h e  b a s i s  of a  model developed by t h e  au thor  f o r  t h e  p y m l y s i s  of 

wood 121, a  computer program, WOOD.', is presented i n  t h i s  r e p o r t .  

The pmgram i s  one-dimensional and i s  based on t h e  f i n i t e  elerrent 

method. The s o l u t i o n  techniques a r e  based on those  described i n  ( l ) .  

Expressions which m u s t  be s p e c i a l l y  introduced i n  conjunction with 

t h e  p y m l y s i s  of wood a r e  those f o r  the  p y r u l y t i c  r eac t ion  i n  t h e  

wood ma te r i a l  and t h e  consurrption of charcoal  a t  t h e  sur face  of the  

m a t e r i a l .  This means t h a t  a  mathematical desc r ip t ion  of these  two 

reac t ions  must be provided. 

The r e a c t i o n  is assumed t o  conform t o  a  f i r s t  o r d e r  Arrhenius func- 

t i o n .  As a  r e s u l t  of the  r eac t ion  i n  t h e  wood m a t e r i a l ,  its dens i ty  

gradual ly  decreases .  T h i s  means t h a t  expressions must be introduced 

f o r  t h e  t h e m 1  p rope r t i e s  of p a r t i a l l y  pymlysed  wood. The v o l a t i l e  



pyro lys i s  products  g ive  r i s e  t o  an i n t e r n a l  convective heat flow and 

modify t h e  convect ive c o e f f i c i e n t  of heat t r a n s f e r  a t  t h e  s u r f a c e  of 

the  m a t e r i a l .  The convective flow gives r i s e  t o  a  ncnsymnetric con- 

vectiori mat r ix .  

Owing t o  consunption of charcoal  a t  t h e  s u r f a c e  of t h e  m a t e r i a l ,  the  

mesh d i v i s i o n  a t  t h e  boundaries m u s t  be success ive ly  changed during 

t h e  c z l c u l a t i o n s .  

- 
ihe r e p o r t  p re sen t s  t h e  t h e o r e t i c a l  model and descr ibes  the  way i n  

which i t  can be approximated by t h e  f i n i t e  element w t h o d .  A b r i e f  

desc r ip t ion  i s  given of t h e  subrout ines  i n  t h e  program. F i n a l l y ,  

e x p e r i w n t s  ahd c a l c u l a t i o n s  a r e  compared, and a s e n s i t i v i t y  ana lys i s  

of t h e  thermal  p rope r t i e s  of wood i s  c a r r i e d  o u t .  



2. HEAT TRANSFER ANALYSIS 

The fundamental heat Flow equat ion f o r  one-dimensional thermal 

conduction and i n t e r n a l  convection i n  a  ma te r i a l  i s  

where 

k = conduct iv i ty ,  W/& 

K = convect ive term, w/m2K 

Q = heat  generated i n t e r n a l l y  p e r  u n i t  volume, J/m3 

p = dens i ty ,  kg/m3 

c = s p e c i f i c  heat  capaci ty,  J/kgK 

T = temgerature,  K 

X = p o s i t i o n a l  coordinate ,  m 

t = t ime,  s 

The convective term i s  defined as 

where 

c  = s p e c i f i c  heat capac i ty  o f  v o l a t i l e  p y m l y s i s  pmducts ,  J/kgK 
Pg 

h" = mass flow r a t e  p e r  u n i t  area and time, kg/rn2s 

I n  t h e  above, t h e  fundanental  assurn@ion is t h a t  f o r  each X t h e r e  

is l o c a l  t h e m d y n m i c  equi l ibr ium,  i . e .  t h a t  t h e  s o l i d  phase and 

the  gaseous phase i n  t h e  ma te r i a l  have t h e  same terrperature ove r  a  

small spaclo about X. 



2.2  Conservation of mass 

I f  t h e  momentum equat ion i s  not taken i n t o  cons idera t ion ,  t h e  

expression f o r  conservat ion of mass i s  

The s i m p l i f i c a t i o n  i r rp l ies  t h a t  the  v o l a t i l e  

(2 .3)  

p y m l y s i s  pmduc t s  can 

move about f r e e l y  i n  t h e  s o l i d  phase and t h a t  pressure  g rad ien t s  o r  

t h e  v e l o c i t y  of the  p y m l y s i s  products cannot be ca l cu la t ed .  

In  a c t u a l  f a c t ,  t h e  assurrption t h a t  t h e  v o l a t i l e  p y m l y s i s  products 

can move f r e e l y  wi th in  t h e  s o l i d  phase c o n f l i c t s  w i t h  the  fundamental 

assurrption t h a t  t h e r e  is l o c a l  thermodynamic equil ibr ium. Thermo- 

dynamic equi l ibr ium between t h e  phases implies  t h a t  these  a re  i n  

good thermal contac t .  

2 .3 I n i t i a l  and boundary condi t ions  

I n  o r d e r  t h a t  Equation (2.11 may be so lved ,  t h e  boundary and i n i t i a l  

condi t ions  must be spec i f i ed .  The i n i t i a l  condi t ions  a r e  given by 

t h e  i n i t i a l  temperature d i s t r i b u t i o n  i n  t h e  s o l i d  phase a t  t h e  r e fe -  

rence time zero.  The boundary condit ions a r e  given as  prescr ibed  

energy flovj r a t e s  o r  temperatures a t  t h e  boundaries.  

The energy flow r a t e  a t  t h e  boundary must s a t i s f y  t h e  hea t  balance 

equat ion 



where 

n = normal d i r ec t ed  outwards from t h e  boundary 

qn = prescr ibed  flow r a t e  a t  t h e  boundary 

I t  is assumed t h a t  a t  a  f r e e  boundary t h e r e  a r e  f o u r  e n e q y  f lows,  

namely 

- convection betwee11 t h e  s o l i d  phase and t h e  surrounding gas 
- r a d i a t i o n  between t h e  s o l i d  phase and t h e  surrounding gas 

- e n e q y  of chemical r eac t ion  a t  t h e  s u r f a c e  of t h e  m a t e r i a i  
- outward movement of v o l a t i l e  py ro iys i s  products .  

A l l  t h e s e  a l e  com?lex phenomena, and only approximate r e l a t i o n s h i p s  

can t h e r e f o m  be given. I t  is assumed t h a t  t h e  convective t e n  con- 

f o m  t o  t h e  expression 

where 
C 

qn 
= heat  t r a n s f e r  by convection, w/m2 

h  = su r face  c o e f f i c i e n t  of heat  t r a n s f e r ,  w / ~ ' K  

T = su r face  temperature,  K 
S 

T = ambient gas temperature,  K 
g  

Radiat ion Crom t h e  su r face  of t h e  ma te r i a l  i s  approximated by 

w h e n  
r 

4n = heat  t r a n s f e r  by r a d i a t i o n ,  w/rn2 

E = r e s u l t a n t  emis s iv i ty  r 
U = Stefan-Bol tmann cons tant  

T = abso lu te  s u r f a c e  temperature,  K s 
T = absolu te  gas terrperature,  K 

g  



The r e s u l t a n t  emiss iv i ty  v a r i e s  w i t h  su r f ace  c h a r a c t e r i s t i c s  and 

geometry. 111 f i r e  engineering a p p l i c a t i o n s ,  r a d i a n t  heat t r a n s f e r  

t akes  p lace  between the surrounding flames and t h e  su r face  of t h e  

m a t e r i a l .  A c m o n  assumption i s  t o  c a l c u l a t e  t h e  r e s u l t a n t  emiss iv i ty  

as  t h a t  between two i n f i n i t e l y  long p a r a l l e l  planes ( 3 1 

w h e n  

E = emiss iv i ty  of su r face  
S 

E = emiss iv i ty  of gas 
g  

The energy of chemical r eac t ion  a t  t h e  su r face  i s  given by 

where 

-AHs = heat  generated ay t h e  r e a c t i o n  a t  t h e  su r face ,  J/kg 

S = r a t e  of recess ion  of m a t e r i a l  su r face  due t o  the  r e a c t i o n ,  

m/ s 

I t  is assumed t h a t  t h e  chemical r eac t ion  a t  t h e  su r face  is described 

by a  curve according t o  t h e  fol lowing empir ica l  equation (4 1 

where 

Ts = su r face  te i rpera ture ,  K 

B = empir ica l  cons tant ,  l/sK 

E = a c t i v a t i o n  energy, J / m l  A 
R = universa l  gas cons tan t ,  J/mol K 



The energy flow r a t e  a t  the  su r face  of t h e  ma te r i a l  due t o  the  

emitted v o l a t i l e  p y m l y s i s  products is given by 

where 

K = convective t e r n  according t o  Equation (2.2) a t  t h e  s u r f a c e  
S 

of t h e  ma te r i a l  

To = re ference  temperature a t  time t = 3 

The t o t a l  heat  flow r a t e  is ca lcu la t ed  by summating t h e  flow r a t e s  

due t o  convection, r a d i a t i o n ,  s u r f a c e  r eac t ions  and mass flow 

c - c h m f  
& = ci,'SF,'& +qn 12.11) 

2.4  The e f f e c t  of mass flow r a t e  on t h e  convective 

su r face  c o e f f i c i e n t  of hea t  t r a n s f e r  

The products  of pyru lys is  given o f f  a t  t h e  s u r f a c e  of t h e  ma te r i a l  

inf luence  t h e  convective su r face  hea t  t r a n s f e r  condit ions.  Owing t o  

emission of t h e  v o i a t i l e  p y m l y s i s  pmduc t s  i n  t h e  boundary l aye r ,  

t h e  terrperature g rad ien t  a c m s s  t h e  boundary l a y e r  i s  no longer  

l i n e a r .  

I f  t h e  conduct iv i ty  of t h e  gas i n  t h e  boundary l a y e r  i s  denoted k 
6 

and K = ri?" c f o r  the  v o l a t i l e  p y m l y s i s  pmduc t s  emitted a t  t h e  
P 

su r face  of t h e  ma te r i a l ,  a  heat  balance equat ion f o r  t h e  boundary 

l a y e r  can be w r i t t e n  a s  



/, Boundary-I, S o l i d  phase 
l ayer  

-T 4 

FIG. 2 . 1 .  Temperature d i s t r i b u t i o n  across  a  boundary l a y e r  ad jacent  

t o  the  su r face  of a  m a t e r i a l .  Curve 1) app l i e s  when the re  

a re  no v o i a t i i e  pyro lys ic  pmduc t s  emit ted from t h e  s o l i d  

phase, and Curve 2) when p y m i y s i s  pmducts  a re  being 

mi t t e d .  

The s o l u t i o n  of t h i s  d i f f e r e n t i a l  equat ion is 

w i t h  rl = 0 

I f  t h e  th ickness  of t h e  boundary l aye r  i s  denoted d, t h e  cons tants  

Cl and C2 can be c a l c u l a t e d  by considering t h a t  ( s e e  FIG. 2.1) 

T = Ts when X = 0 

T = T  whenx = d .  
g  



With t h e  values o f  the  constants C,, and C2 subs t i tu ted ,  t h e  tempe- 

r a t u r e  d i s t r i b u t i o n  across the  boundary l a y e r  i s  g iven by 

k e g - l  
The temperature g rad ien t  adjacent t o  the  sur face o f  t h e  m a t e r i a l  i s  

obta ined by d i f f e r e n t i a t i n g  Equation [2.131 w i t h  respect  t o  x and 

s u b s t i t u t i n g  t h e  coordinate f o r  t h e  m a t e r i a l  surface, i . e .  x = 0. 

When v o l a t i l e  p y r o l y s i s  products are be ing  emitted, t h e  temperature 

g rad ien t  a t  t h e  sur face o f  t h e  ma te r ia l ,  w i t h  t h e  su r face  c o e f f i c i e n t  

o f  heat t r a n s f e r  de f i ned  by h = k /d, w i l l  be 
g  

When temperature d i s t r i b u t i o n  acmss t h e  boundary l a y e r  i s  l i n e a r ,  

t h e  temperature g rad ien t  a t  the sur face o f  the  m a t e r i a l  i s  

Heat t r a n s f e r  a t  the  sur face o f  the  m a t e r i a l  i s  p r o p o r t i o n a l  t o  the 

temperature g r a d i e n t a t  the sur face.  Tne usual  convect ive energy 

t r a n s f e r  across a  boundary l a y e r  can be cor rec ted  w i t h  respect  t o  

mass t r a n s f e r  across t h e  boundary l a y e r  by the  i n t r o d u c t i o n  o f  the 

b lowing f a c t o r  E Ib )  which i s  de f ined as t h e  r a t i o  o f  Equat ion [2.14) 

t o  Equat ion (2.151, as g iven by 

The convect ive hetit t r a n s f e r  between t h e  s o l i d  phase and the  surmund- 

i n g  gas i s  then 



For small  va lues  o f  ~ / h ,  i . e .  a  smal l  mass flow r a t e  a t  t h e  su r face  

of t h e  ma te r i a l ,  the  func t ion  E(b )  approaches 1 while  f o r  l a rge  

values of < / h  it approaches zero. 

2 . 5  i n e  k i n e t i c s  of wood p y m l y s i s  and t h e  

v a r i a t i o n  i n  ma te r i a l  p rope r t i e s  

P number of complex chemical r eac t ions  a re  involved i n  t h e  p y m l y s i s  

of wood. The process of py ro lys i s  is assumed t o  conform t o  a  mean 

r e a c t i o n  described hy an Arrhenius func t ion  

where 

E = a c t i v a t i o n  energy, J/mol A 
2 = universa l  gas cons tan t ,  J/mol K 

b = cons tant ,  l/s 

p = dens i ty  a t  s e c t i o n  X a t  t ime t ,  kg/m3 

The o r i g i n a l  wood ma te r i a l  is assumed t o  be divided i n t o  an i r r e d u c i b l e  

p a r t  2 which pmduces charcoal  t h a t  is oxidised a t  t h e  su r face  of t h e  

m a t e r i a l ,  and an a c t i v e  p a r t  1 which produces v o l a t i l e  p y m l y s i s  pm-  

ducts .  I n  terms of d e n s i t i e s ,  t h i s  g ives  

The s p e c i f i c  h e a t  capac i ty  o f  t h e  wood matel-ial i s  assumed t o  follow a 

l i n e a r  v a r i a t i o n  wi th  t h e  en tha lpy  f o ~  t h e  c o n s t i t u e n t  mterials 1 and 

2 which g ives  t h e  fo l lowing f u n c t i o n  o f  t h e  d e n s i t y  



w h e n  

c  = s p e c i f i c  hea t  capaci ty of wood ma te r i a l ,  J/kg K 
PO 

c  = s p e c i f i c  heat  capaci ty of charcoal ,  J/kg K 
p2 

c  = s p e c i f i c  hea t  capaci ty a t  s e c t i o n  X a t  t im t ,  J/kg K 
P 

P = dens i ty  a t  s ec t ion  X a t  t im t ,  kg/m3 

p c  = dens i ty  of o r i g i n a l  wood m a t e r i a l ,  kg/m3 

P -  = dens i ty  of charcoal ,  kg/m3 
L 

- 
lhermal conduzt ivi ty is assumed t o  be given by a  l i n e a r  v a r i a t i o n  

of t h e  d e n s i t i e s  of t h e  cons t i t uen t  ma te r i a l s  

where 

k = thennal  conduct ivi ty a t  s e c t i o n  X a t  t irre t, W / T K  

k = thermal conduct ivi ty of o r i g i n a l  wood m a t e r i a l ,  W/& 
0 

k2 = t h e m 1  conduct ivi ty of charcoal ,  W/M, 



3. FIivITE ELEMENT APPROXIMATION 

3 . 1  So lu t i on  procedure 

The heat balance equations s e t  ou t  i n  Chapter 2 conta in n o n l i n e a r  

boundary cond i t i ons  and m t e r i a l  p rope r t i es  which vary w i t h  tempe- 

r a t u r s  and dens i ty .  A n a l y t i c a l  so lu t i ons  are ava i l ab le  only  f o r  

l i n e a r  app l i ca t i ons  o f  sirqzile geometries and w i t h  simple boundary 

condi t ions.  The only  way i n  which a s o l u t i o n  can be obta ined i s  

t he re fo re  a numer ica l  method. The method decided on i n  t h i s  case, 

which can be e a s i l y  expanded so as t o  apply t o  mre than one dimen- 

s ion,  i s  t h e  f i n i t e  element method. The p resen ta t i on  below i s  based 

on the  one-dimensional case. 

3.2 F i n i t e  element d i s c r e t i s a t i o n  

The f i n i t e  element method i s  charac ter ised by t h e  s tud ied  continuum 

being d i v i d e d  i n t o  sma l l  subregions, f i n i t e  elements. These elements 

may vary i n  s i z e  and shape. I n s i d e  each element t h e  terrperature i s  

approximated w i t h  the a i d  o f  t h e  te rpe ra tu re  a t  c e r t a i n  p o i n t s  o f  

contac t  between the  elements, i . e .  t h e  nodes. 

I n s i d e  each element t h ~  temperature f i e l d  i s  approximated by a shape 

f u n c t i o n  i n  such a way t h a t  the  temperature i n s i d e  the  element 

i s  described on ly  by means o f  t h e  nodal terrperatures. A polynomial  

i s  u s u a l l y  chosen as t h e  approximation func t i on .  F o r  the  one-d imn-  

s i o n a l  case t h e  temperature i s  approximated as 

where ii i s  t h e  temperature a t  node i, n the nurrber of degrees of 

freedom o r  nodal  temperatures p e r  element, and N. the  shape funct ion.  
1 



The snape funct ions  N .  a r e  chosen i n  such a way t h a t  they assume 
1 

t h e  value 1 a t  node i and a r e  zero a t  a l l  o t h e r  nodes. In  t h e  e i e -  

ments i n  contac t  w i t h  node i ,  N .  assumes values between zero and 
1 

one. I n  a l l  t h e  o t h e r  elements t h e  funct ion  i s  z e m .  

3.3 Matrix formulation of t h e  energy balance equations 

a - a 
By i n t roduc t ion  of t h e  symbols V = - and V = - , the  governing ax a t  
d i f f e r e n t i a l  equation i n  ( 2 . 1 )  can be w r i t t e n  a s  

Equation ( 3 . 2 )  is changed i n t o  weak formulat ion by m u l t i p l i c a t i o n  

by t h e  weighting func t ion  V and i n t e g r a t i o n  ove r  t h e  volume V .  

P a r t i a l  i n t e g r a t i o n  of t h e  f i r s t  term, using Green's formula, pro- 

duces 

whe- n is t h e  outward normal a t  boundary S. 

The weighting funct ion  v is s e l e c t e d  according t o  Galerk in ' s  method 

i n  which t h e  weighting func t ion  i s  put  equal t o  t h e  shape funct ion  

N ,  i . e .  

For a one-dimensional element with two degrees of freedom whose 

length i s  A L ,  t h e  s imples t  shape funct ion  i s  



The l a s t  i n t e g r a l  i n  Equation (3 .C)  contains t h e  boundary condit ion 

according t o  Equation 12.41. S u b s t i t u t i o n  of (2.41, (3 .11  and (3.5) 

i n t o  (3.41 pmduces 

I t  i s  e a s i e s t  t o  perform i n t e g r a t i o n  sepa ra t e ly  f o r  each element, 

a f t e r  which t h e  con t r ibu t ions  of a l l  elements a re  assembled i n t o  

g lobal  mat r ices .  If t h e  ma te r i a l  p r n p e r t i e s  a m  assumed cons tant  i n  

each element, t h e  i n t e g r a t i o n s  i n  Equation (3.71 can be c a r r i e d  out  

a n a l y t i c a l l y .  

3.4 Conductivity matr ix 

For a  one-dimensional i n t e r n a l  element of length AL. t h s  f i r s t  

i n t e g r a l  i n  Equation 3 . 7  is c a l c u l a t e d .  

The d e r i v a t i v e s  V N ~  and VN a r e  obtained a s  - 

and 

W i t h  Equations ( 3 . e )  and (3 .9 )  s u b s t i t u t e d ,  t h e  loca l  conduct ivi ty 

mat r ix  i s  ca l cu la t ed  by simple i n t e g r a t i o n  

where A is t h e  c m e s  s e c t i o n a l  a rea  of t h e  element. 



Since conduct ivi ty genera l ly  va r i e s  as  a  funct ion  of temperature 

and d e n s i t y ,  t h a t  value of k is used which i s  v a l i d  f o r  t h e  mean 

terrperature and mean dens i ty  of an element. 

3 .5  Convective matr ix 

The second i n t e g r a l  i n  Equation 13.7) which conta ins  t h e  contribu- 

t i o n  due t o  t h e  i n t e r n a l  mass flow is ca l cu la t ed  i n  t h e  s m e  way as 

f o r  t h e  conduct iv i ty  mat r ices .  S u b s t i t u t i o n  of NT and V! according 

t o  Equations (3 .6 )  and (3 .9)  and i n t e g r a t i o n  over  t h e  element length 

A L  produces 

Note t h a t  t h e  convective matr ix i not symnetr ic .  Owing t o  t h i s  com- 

p l i c a t i o n ,  t h e  whole mztr ix m u s t  be s t o r e d  i n  t h e  computer. I n  t h e  

case  of syrrmetric mat r ices ,  t h e  e n t i r e  matr ix i s  not  normally s t o r e d .  

If t h e  mass flow r a t e  is l a rge ,  t h e  convect ive t e r n  a l s o  gives r i s e  

t o  numerical d i f f i c u l t i e s .  There a r e  however methods ava i l ab le  t o  

prevent  numerical i n s t a b i l i t y .  These a r e  based on a  nonl inear  form 

of t h e  shape funct ion  ( 5 1. 

3.6 Heat capaci ty  matr ix 

The hea t  capac i ty  matr ix i s  ca l cu la t ed  fmm t h e  t h i r d  i n t e g r a l  i n  

Equation ( 3 . 7 ) .  Subs t i tu t ion  of FT and N - and i n t e g r a t i o n  over  t h e  

length of t h e  element produces 



- 
l h i s  matr ix can however be s impl i f i ed  i n t o  a  lumped diagonal matr ix 

without  any l o s s  of corrputational accuracy 1 11. Owing t o  t h i s  s i m -  

p l i f i c a t i o n ,  when the change i n  energy content  f o r  node i has been 

ca l cu la t ed  f o r  a  time increment, t h e  assoc ia ted  change i n  terrpera- 

t u r e  can be e a s i l y  computed. See Sec t ion  3 .9 .  

The s i n p l i f i e d  heat  capaci ty matr ix can bs w r i t t e n  a s  

3 . 7  I n t e r n a l l v  generated heat 

The heat generated i n s i d e  t h e  element i s  ca l cu la t ed  fmm t h e  f o u r t h  
T 

i n t e g r a l  i n  Equation 13 .7) .  S u b s t i t u t i o n  of N and i n t e g r a t i o n  over 

t h e  length of t h e  e l e w n t  pmduces 

The energy r e l eased  p e r  u n i t  volume i s  a func t ion  of t h e  r a t e  of 

p y m l y s i s .  I f  t h e  r a t e  of r eac t ion  is denoted AH, t h e  energy 

r e l eased  can be ca l cu la t ed  fmm 

w h e r e  p conforms t o  an Arrhenius funct ion  according t o  Equation 

( 2 .18 ) .  



3 . 8  Heat flow a t  t h e  boundary 

The l a s t  i n t e g r a l  i n  Equation (3.71 represents  t h e  boundary con- 

d i t i o n s .  For t h e  case where t h e  heat T'lm a t  t h e  boundary i s  p r e -  

s c r ibed ,  t h e  nodal flow r a t e  can be ca l cu la t ed  by s u b s t i t u t i n g  

Equation (2.111 i n t o  t h e  i n t e g r a l ,  which pmduces 

If t h e  con t r ibu t ion  of r ad ia t ion  t o  the  hea t  t r a n s f e r  l a y e r ,  

defined a s  

is introduced,  t h e  heat  flow a t  t h e  boundary due t o  r a d i a t i o n ,  

according t o  Equation (2.61,  can be r e w r i t t e n  as  

I n  t h e  same way as  f o r  t h e  thermal conduct ivi ty matr ix and t h e  con- 

vec t ive  mat r ix ,  values of hr corresponding t o t h e a c t u a l  temperature 

l eve l s  a r e  s u b s t i t u t e d  during t h e  c a l c u l a t i o n s .  In  t h i s  case h p  is 

ca l cu la t ed  according t o  Equation [3.161 using temperatures from t h e  

previous c a l c u l a t i o n  s t a g e .  

S u b s t i t u t i o n  of Equations (2.171, (3.171, 12.81 and (2.101 i n t o  

Equation (3.151 y i e l d s  



The th ree  sur face  i n t e g r a l s  i n  Equat ion (3.18) are ca l cu la ted  f o r  

t h e  sur face  e l e m n t s .  For  t h e  one-dimensional case t h e m  are two 

boundaries, namely f o r  X = O and X = L. These i n t e g r a l s  a r e  so lved 

e a s i l y  s i n c e  i n t e g r a t i o n  i s  c a r r i e d  ou t  ove r  t h e  sur faces a t  the 

boundaries whem the  shape f u n c t i o n  has the  va lue 1. The s o l u t i o n  

i s  exemp l i f i ed  f o r  t he  edge element a t  node X = 0. 

The f i r s t  te rm i n  Equat ion (3.18) i s  denoted K ~ T  - - and, w i t h  t he  

values subs t i t u ted ,  i s  

and i f  t h e  o t h e r  two terms i n  Equat ion (3.18) ai-E, denoted we 

have 

We can now, w i t h  t h e  above no ta t i ons ,  sumnarise Equat ion (3.7) by 

t he  f o l l o w i n g  equat ion 

k 
where t h e  sum o f  5 , and K~ c o n s t i t u t e s  t h e  t o t a l  heat t r a n s f e r  

m a t r i x  K, i . e .  t h e  s t i f f n e s s  m a t r i x .  C i s  t h e  s i n p l i f i e d  lumped heat  - 
capac i ty  m a t r i x .  The r i g h t  hand s i d e  cons i s t s  o f  t h e  e x t e r n a l  im- 

Q posed heat  f l o w  F~ - and t h e  i n t e r n a l l y  produced heat  F  . The t o t a l  - 
heat load  i s  denoted F.  - 



3.9 I n t e g r a t i o n  w i t h  r e spec t  t o  t ime 

and c r i t i c a l  t ime increments 

The hea t  balance equat ion is solved incremental ly by t h e  forward 

d i f f e r e n c e  method. This means t h a t  t h e  s o l u t i o n  does not  converge 

if the time increment is g r e a t e r  than a  c r i t i c a l  value A t c r .  The 

magnitude of t h e  c r i t i c a l  time increment i s  a  funct ion  of t h e  element 

s i z e ,  ma te r i a l  q u a n t i t i e s  and boundary condi t ions .  An e x m p l e  of t h e  

o t h e r  f a c t o r s  which govern t h e  s i z e  of t h e  time increment is t h a t  

it m u s t  bear  a  reasonable r e l a t i o n s h i p  t o  v a r i a t i o n s  i n  ma te r i a l  

q u a n t i t i e s  and changes i n  boundary condi t ions  ( 1 ) .  

When t h e  s i m p l i f i e d  heat capaci ty matr ix w i t h  only diagonal e l e -  

ments according t o  Equation 13.12) i s  used, t h e  new temperature f o r  

t ime t + A t  can be ca l cu la t ed  without so lv ing  a  system of equat ions 

f o r  a l l  nodes. The method i s  t h e n f o r e  e x p l i c i t .  

I f  the  energy content  o r  enthalpy i s  def ined  as  

Equation (3.211 can be r e -wr i t t en  as  

The e x p l i c i t  forward d i f f e rence  formula can, w i t h  the  a i d  of Equa- 

t i o n  (3.231, be w r i t t e n  a s  

where t is t h e  time and A t  t h e  time increment.  

The new temperature is then ca l cu la t ed  d i r e c t l y  from Equation 

(3 .22 ) .  



According t o  [ 1 l ,  t h e  c r i t i c a l  t ime increment A t c r  can be appmxi -  

mated by t h e  f o l l o w i n g  expression 

AT = l?liil 
'ii 

cr K.. +;zK .; 
11 ; El, 

where 

dFi 
K . = -  and i and j denote rows and columns respec t i ve l y .  
Fi; dT. 

J 

I t  i s  ev ident  f rum t h e  equat ion t h a t  when t h e  r a t i o  o f  heat capaci ty  

t o  c o n d u c t i v i t y  i s  smal l ,  the  t ime increment i s  smal l .  

Normally i t  i s  t h e  boundary nodes which are c r i t i c a l  w i t h  respect  

t o  t h e  t ime increrrent because o f  t h e i r  h igh  sur face c o e f f i c i e n t  o f  

heat t r a n s f e r ,  b u t  even elements i n  the  p y r n l y s i s  zone may, depend- 

i n g  on t h e  r a t e  o f  p y r o l y s i s ,  exe r t  a  dec i s i ve  i n f l uence .  



4.  COMPUTER PROGRAM 

4.1 Sackground 

The corrputer program WOODl has been developed on t h e  l i n e s  of t h e  

p resen ta t ion  i n  Chapters 1 and 2. A l l  subrout ines  a1-F: p r o g r m e d  

i n  FORTRN 77.  The submut ines  have been developed f o r  one-dimen- 

s i o n a l  heat flow and assume dry wood. W i t h  some modif icat ions,  t h e  

program can be expanded s o  as t o  hold f o r  two dimensional heat f l m  

and f o r  wet wood. I n  t h e  s i r rp l i f i ed  case,  expansion t o  permit ca l -  

cu la t ions  with t h e  inc lus ion  of a moisture content  i s  based on 

modif icat ion of t h e  heat capaci ty matr ix and t h e  energy content  of 

t h e  gases evolved during py ro lys i s .  

Some subrout ines  were o r i g i n a l l y  w r i t t e n  by Ulf i.iickstfirn, and a re  

represented  by one-dimensional vers ions  of t h e  rou t ines  i n  t h e  com- 

p u t e r  p r o g r m  TASEF-2. 

4 .2  Subroutines 

FIG. 4.1 p resen t s  an o u t l i n e  of t h e  subrout ines  i n  WOODl and t h e  

way these  a r e  l inked  t o  one another .  

The fol lowing i s  a b r i e f  desc r ip t ion  of t h e  subrout ines .  

Subroutine D ~ s c r i p t i o n  

AFFE Calcula tes  t h e  r a d i a t i v e  coriponent of the su r face  

c o e f f i c i e n t  of heat  t r a n s f e r  

ASSAI Calcula tes  t h e  g loba l  thermal conduct iv i ty  matr ix 

ASSKI Calcula tes  t h e  convective terms of t h e  nodes 

ASSPI Calcula tes  t h e  g lobal  heat capac i ty  matr ix 



TSTART P 

SURFT 

FIG. 4.1.  The subrout ines i n  t h e  program WOOD1 and t h e  r e l a t i o n -  

sh ips  between these. 



Submut ine  Description 

BOUNDS 

CAP l 

CENT): 

CON01 

DTIMEI 

FEW1 

GEOCOI 

IIUITI 

INPIJT 

KONVER 

MAIN1 

MASS l 

MAT1 

WACKV 

NET l  

OUT l  

PACKFW 

PROGI 

Sumnates energy flows t o  t h e  nodes. The component flows 

a r e  convection i n  the  m a t e r i a l ,  energy from t h e  pyro- 

l y s i s  process,  and con t r ibu t ions  fmm t h e  boundaries 

Calculates  t h e  t o t a l  heat t r a n s f e r  a t  t h e  ma te r i a l  

s u r f  aces 

Calcula tes  t h e  heat capaci ty of t h e  nodes 

Calcula tes  t h e  coordinate  X f o r  t h e  sec t ion  where, c 
f o r  X < x t h e  py ro lys i s  gases flow towards boundary 

c' 
1 and, f o r  x > xc, flow towards boundary 2 

Gives t h e  thermal conduct ivi ty of t h e  elements 

Calcula tes  the  c r i t i c a l  time increment 

Main rou t ine  f o r  t h e  incremental  procedure 

Assigns geometrical cons tants  t o  t h e  e l m e n t s  

I n i t i a t e s  t h e  terrperature f i e l d  i n  t h e  s o l i d  phase 

Reads p r i n t o u t  times 

Calcula tes  t h e  p rope r t i e s  of boundary elements w i t h  

respec t  t o  heat capaci ty and conduct iv i ty  before mesh 

d iv i s ion  a t  the  boundary is updated 

Determines maximum f i e l d  s i z e s  

Calcula tes  t h e  con t r ibu t ion  of each element t o  mass flow 

Reads phys ica l  input  da ta  f o r  t h e  cons t i t uen t  ma te r i a l s  

Calcula tes  heat flow due t o  thermal conduct ivi ty a t  

each node 

Creates computation network with t h e  read geometrical da ta  

Writes output  da t a  f o r  the t imes s p e c i f i e d  i n  inpu t  data  

Calcula tes  convective heat flow i n  t h e  ma te r i a l  

Determines f i e l d  s i z e s  requi red  f o r  t h e  cu r ren t  compu- 

t a t i o n a l  t a s k  

Calcula tes  t h e  region t o  which a c e r t a i n  element is 

assigned 



Submut ine  Descript ion 

SELEMI 

SELEMZ 

SURFT 

TIRITE- 

TSTART 

VELRI 

XCHAR 

4 . 3  

Ind ica t e s  when computation network i s  t o  be changed by 

aggregating t h e  two elements neares t  t o  boundary 1 

The same as  SELEMI but  f o r  boundary 2 

Calculates  r a t e  of r eac t ion  6 a t  t h e  boundaries 

Checks whether s e v e r a l  computational cases a r e  t o  be 

analysed. Reads input  da t a  such as  coirpartment teirpera- 

t u r e  as a  func t ion  of time f o r  t h e  two boundaries 

Gives t h e  f i r s t  time increment 

Calcula tes  r a t e  of p y m l y s i s  p 

Gives t h e  coordina te  of t h e  py ru lys i s  zone. 

Inpu t  data  

Input  d a t a  f o r  the  program WOOD1 a r e  of t h e  following types :  

- Geometrical input  da t a  used f o r  the  genera t ion  of a  computation 

network 

- Mater ia l  da ta  a re  t o  be given f o r  t h e  c o n s t i t u e n t  ma te r i a l s ,  pyro- 

l y s i s  gases ,  charcoal  and t h e  o r i g i n a l  wood ma te r i a l .  For charcoal  

andwood t h e  s p e c i f i c  heat  capac i ty  and thennal  conduct ivi ty a r e  

given a s  a  funct ion  o f  temperature, and f o r  t h e  p y m l y s i s  gases 

only t h e  s p e c i f i c  heat  capac i ty  i s  given as  a  funct ion  of tempera- 

t u r e  

- Kine t i c  i n p u t  da ta  f o r  t h e  p y r u l y t i c  r e a c t i o n  and t h e  r eac t ions  

a t  t h e  s u r f a c e  a re  given. The dens i ty  of t h e  ma te r i a l  i n  t h e  

p y r o l y s i s  zone is a l s o  s p e c i f i e d  t o  de f ine  t h e  depth of pene t r a t ion  

of t h e  char red  zone 



- I n p u t  d a t a  which d e s c r i b e  p r i n t o u t  t i m e s .  

- Boundary c o n d i t i o n s  f o r  boundar ies  1 and 2 a r e  g i v e n  i n  t e r n  o f  

t h e  f i r e  gas  t e m p e r a t u r e  a s  a  f u n c t i o n  of  t i m e  

- C o n d i t i o n a l  r e a d i n g  ana  s i m u l a t i o n  o f  s e v e r a l  computat ional  

c a s e s .  

An e x m p l e  of  i n p u t  d a t a  f o r  a  s i m u l a t i o n  is g iven  below. Exp lana to ry  

c o m e n t s  a r e  a l s o  g i v e n .  

4.4  Exanple of  r e q u i r e d  i n p u t  d a t a  f o r  t h e  program WOOD1 

F 

.80 ,010 1 30 F 

.Q02 .004 .006 .008 ,010 .D12 .D14 .016 .018 .020 .022 ,024 .026 .028 .030 

.D32 .034 .03E .03E .040 .042 .D44 .046 .048 ,050 .052 ,054 .056 .D58 .060 

DRY WOOD 

10 1.  

500. 150. 

300. 

5 0 . . l 5  50. . l 5  100. . l 5  200. .15 2000. . l 5  

2 0. .0.05 2000. .0.05 

3 0. 700. 1000. 900. 2000. 1100. 

3 0.  1000. 1000. 5000. 2000. 5000. 

5 0.  1000. 500. 1117. 1000. 1200. 1500. 1263. 2000. 1409. 

0.5OE-7 1. 3.1E3 

1500. 63000. 8.314 

2 0.  0. 2000. 0 .  

0.  

F 

13 1.1 



20 .06 .D67 0 .1  .2  .30 .40 .50 .60 .70 .80 .g0 

21 F F 1  

22 TEST EXAWLE 

23 1 

24 5 

25 0 .  20. .03333 646. .3333 903. .7333 916. 10 

Comnents 

- 
! R U E  i f  t h e  program is t o  be run i n t e r a c t i v e l y  

T o t a l  th ickness  (m),  element th ickness  ( m ) ,  number of ma te r i a l  

types ,  number of e x t r a  nodes. 

TRUE i f  axysymnetric case .  

Coordinates of e x t r a  nodes ( m )  

Coordinates of e x t r a  nodes ( m )  

Material  name 

> l  i f  m t e r i a l  p rope r t i e s  main region 1 ,  c ross  s e c t i o n a l  a rea  [ m 2 )  

Density wood, dens i ty  charcoal  (kg/m3 

Density of py ro lys i s  zone f o r  which depth of char r ing  is defined (kg /m3)  

INumjer of ordered p a i r s ,  tempei-a ture-conduct ivi ty  ordered p a i r  f o r  

wood ('C, W / n X )  

10. Number of ordered p a i r s ,  temperature-conduct ivi ty ordered p a i r  f o r  

charcoal  ('C, W / n K )  

11. Number of ordered p a i r s ,  t empera ture-spec i f ic  heat  capaci ty 

ordered p a i r  f o r  charcoal ('C, J/kg K )  

12. Number of ordered p a i r s ,  t empera ture-spec i f ic  heat  capaci ty 

ordered p a i r  f o r  wood ('C, J/kg K )  

13. Number of  ordered p a i r s ,  t empera ture-spec i f ic  heat  capaci ty 

ordered p a i r  f o r  py ru lys i s  gas ('C, J/kg K )  

14. B,,, B2, B3 where 6 = E l  Ts B2 exp (-B3/Tsl  descr ibes  the r eac t ions  

a t  the  su r face  of t h e  ma te r i a l  ( l / & ,  -, K )  

15. b, EA, R where = pb exp ( - E A / R T )  descr ibes  t h e  r a t e  of p y m l y s i s  

( l / s ,  J/mole, J/mole K )  



16. Number of ordered p a i r s ,  temperature-energy consumed i n  surFace 

r eac t ion  ['C, J/kgl 

17.  Energy consumed during g y m l y s i s  IJ/kg) 

18. TRUE i T  i npu t  data  f o r  p r i n t o u t  times a re  given i r ;  minutes 

19. Number of p r i n t o u t  t imes,  maximum s imula t ion  t ime i - ,  h o r  m i n )  

20. Pr in tou t  t ims [ h  o r  rnin) 

21. TRJE i+ sa-ne t enpe ra tu re  curve a t  both boundaries,  TRUE i f  pre- 

sc r ibed  heat flow a t  boundaly 2 ,  number of s imula t ion  cases 

21b. The p resc r ibed  heat  f l w  a t  boundary 2 is given here i f  t h i s  i s  

wanted according t o  previous input  da t a  l i n e  (Ld/m2l 

22. Heading f o r  s imula t ion ,  max. 80 cha rac te r s  

23. Counter 

24. Number of time-gas temperature ordered p a i r s  

25. Time-gas t enpe ra tu re  or&red p a i r  ( h ,  'C) 



5 COMPARISON OF EXPERIMENTS AND CALCULATIONS 

5 .1  The ma te r i a l  used i n  t h e  c m a r i s o n s  

The accuracy of t h e  computer program can be t e s t e d  i n  r e l a t i o n  t o  

a n a l y t i c a l  s o l u t i o n s  o r  experiments.  Since there a r e  no exact ana- 

l y t i c a l  s o l u t i o n s  a v a i l a ~ l e  f o r  t h e  problem s tudied  here,  such a  

comparison cannot be c a r r i e d  o u t .  Even comparison w i t h  experiments 

i s  d i f f i c u l t  s i n c e  t h e  i n v e s t i g a t i o n s  repor ted  i n  t h e  l i t e r a t u r e  of ten  

omit input  d a t a  which a r e  i r rportant  f o r  s imulat ion.  Hmever, a  l a r g e  

numoer of fire t e s t s  on beams and columns, i n  most cases i n  confor- 

mity w i t h  s tandard f i r e  t e s t s  according t o  IS0 834, have been 

repor ted .  (€51, ( 7 1 ,  (81 and (91. 

A d e t a i l e d  a n a l y s i s  of t h e  behaviour of wood when exposed t o  t h e  

a c t i o n  of f i r e  i s  given i n  ( 1 0 ) .  The r epor t  conta ins  d e t a i l s  of 

experiments,  and descr ibes  t h e  cons t ruc t ion  and s o l u t i o n  of energy 

balance equat ions  by computerised methods. The experiments and simu- 

l a t i o n s  described i n  t h e  r e p o r t  a= however r e l a t i v e l y  s h o r t ,  a  few 

minutes.  T h i s  is however n a t u r a l  s i n c e  t h e  r e p o r t  i s  l a rge ly  concerned 

w i t h  i g n i t i o n  and f i r e  spread.  

Even i f  d e t a i l e d  inforniation i s  a v a i l a b l e  concerning experiments,  

u n c e r t a i n t i e s  remain regarding boundary condi t ions ,  f o r  i n s t ance  

combustion of t h e  emit ted v o l a t i l e  p y m l y s i s  pmducts  j u s t  ou t s ide  

t h e  s u r f a c e  of t h e  m a t e r i a l ,  o r  t h e  e x t e n t  of  cracking i n  t h e  char- 

coal  l a y e r .  Generally speaking,  t h e r e  i s  a  shor tage  of r e l evan t  

knowledge concerning the  thermal p r o p e r t i e s  of wood and charcoal  a t  

high temperatures .  To t h i s  must be added t h e  uncer ta in ty  repor ted  

i n  t h e  l i t e r a t u r e  concerning determinat ion of t h e  k i n e t i c  cons tants .  

See, f o r  i n s t ance ,  t h e  t a b l e  on p .  1 .9  i n  I l l )  o r  p. 4-51 i n  (101. 

I t  i s  evident  from t h e s e  t a b l e s  t h a t  t h e r e  a r e  a t  l e a s t  as  many 

values of  t h e  cons tants  suoted  a s  t h e r e  a re  au thors .  The dec is ion  



taken i n  t h i s  r epor t  has been t o  t e s t  t h e  k i n e t i c  constants  i n  

t h e  l i t e r a t u r e  aga ins t  my a d n  t e s t s  and then  t o  study t h e  sens i -  

t i v i t y  of some ma te r i a l  cons tants .  

5.2 Test on a wooden cube exposed t o  r a d i a t i o n  

The t e s t  specimen was a wooden m b e  of 150 m s i d e s .  Temperature 

senso r s  and thermocouples a s  well  a s  r e s i s t i v e  moisture senso r s  

were i n s t a l l e d  i n  t h e  cube a t  a  spacing of 10 mm, i n i t i a l l y  a t  a  

d i s t ance  of 2 m frnm t h e  su r face  exposed t o  r ad ia t ion .  The s i d e s  a t  

r i g h t  angles  t o  t h e  one exposed were i n s u l a t e d  i n  o rder  t o  s imula te  

one-dimensiohal thermal r a d i a t i o n .  These s i d e s  were a l s o  coated w i t h  

a  vaDour b a r r i e r .  

FIG. 5.1.  Test arrangement f o r  wooden cube exposed t o  r a d i a t i o n .  



The specimen was mounted on a t r a l l e y  i n  o r d e r  t o  permit automatic 

d i s t ance  a d j u s t r e n t  from a conputer ised data  c o l l e c t i o n  system. A 

r a d i a t i o ~ i  meter  was mounted near  t h e  wooden cube t o  measurs t h e  

r a d i a t i o n  inc iden t  on t h e  cube. The source  of r a d i a t i o n  was a 

ceramic gas f i r e d  r a d i a n t  panel of 350x350 m?. The t e s t  was c a r r i e d  

out  w i t h  t h e  specimen i n  a normal room atmosphere. 

- 
ihe t e s t  arrangement i s  i l l u s t r a t e d  i n  FIG. 5.1. The measured inc iden t  

r a d i a t i o n  on t h e  specimen i s   show;^ i n  FIG. 5.2, and t h e  recorded tem- 

pe ra tu re  and moisture d i s t r i b u t i o n  a s  a funct ion  of time a r e  shown 

i n  FIG. 5.3 and 5 .4  r e spec t ive ly .  

0 8 16 24 32 40 48 

T I M E  lmin l  

F IG.  5.2. Radiation inc iden t  on t h e  specimen as  a funct ion  of time. 
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FIG. 5.3. Xecorded and calculsTea t e m p e r a r w e  rise as a func r ion  

of t h e  a t  d i f f e r e n t  d i s t ances  from t h a t  s i d e  of t h e  wooden 

cube which is exposed t o  r a d i a t i o n .  'dry 
= 455 kg/m3. 

The depth of pene t r a t ion  of t h e  charcoal  l a y e r  was measured manually 

w i t h  t h e  a id  of t h r e e  approx. 3 m t h i c k  wood s t i c k s  i n s e r t e d  i n t o  

t h e  cube. The observed depth of char r ing  i s  s e t  out  i n  FIG. 5.5 .  

The th ickness  of t h e  charcoal  l a y e r  can a l s o  be determined appmx- 

imate ly  f r m  FIG. 5.3  by i n t e r p r e t i n g  t h e  shapes of the  temperature 

curves a t  900-1000•‹C. When t h e  thermocouples i n s e r t e d  i n t o  t h e  wood 

m a t e r i a l  a r e  exposed a t  t h e  ma te r i a l  surFace owing t o  combustion of 

t h e  charcoal ,  they are a f f ec t ed  by f l u c t u a t i o n s  i n  t h e  gas terrperature 

j u s t  o u t s i d e  t h e  s u r f a c e  of t h e  charcozl  l aye r .  On t h e  assumption t h a t  



FIG. 5.4.  Moisture d i s t r i b u t i o n  as a func t ion  o f  time i n  a wooden 

cube exposed t o  r a d i a t i o n .  p = 455 kg/rn3 
d  r~ 

Time imlnl 

FIG. 5.5. Experimentally and t heo re t i c a l l y  detemiined depth of charring 

as a function of time in a wooden cube exposed t o  rad ia t ion .  



t h e  p o s i t i o n  o f  t h e  c h a r c o a l  s u r f a c e  is de te rmined  by t h e  occur rence  

of  t h e s e  f l u c t u a t i o n s  a t  each node, we have 

Time P o s i t i o n  o f  P o s i t i o n  of  Th ickness  of 
s u r f a c e  p y m l y s i s  zone c h a r c o a l  l a y e r  

m i  n  mn mn m 

The wooden cube exposed t o  r a d i a t i o n  was s i m u l a t e d  by t h e  pmgram 

WOOD? u s i n g  i n p u t  d a t a  a c c o r d i n g  t o  T a b l e  5 . 1 .  The boundary c o n d i t i o n s  

on t h e  s u r f a c e  exposed t o  f i re  were r e p r e s e n t e d  by a  f i n  gas  tempe- 

r a t u n  cor respond ing  t o  i n c i d e n t  r a d i a t i o n  on t h e  m a t e r i a l  s u r f a c e  

accorr i ing t o  t h e  curve  i n  FIG.  5 . 2 ,  The o p p o s i t e  m a t e r i a l  s u r f a c e  was 

i n  c o n t a c t  w i t h  a  c o n s t a n t  a i r  t e r m e r a t u r n  of  2O0C. 

Tab le  5 . 1 .  M a t e r i a l  d a t a  f o r  s i m u l a t i o n  a f  wooden cube 

exposed t o  r a d i a t i o n  

Dens i ty  , wood 455 

D e n s i t y ,  carbon 150 

Dens i ty  which d e f i n e s  po- 300 
s i t i o n  of p y m l y s i s  zone 

C o n d u c t i v i t y ,  wood 0.12 

C o n d u c t i v i t y ,  carbon 20,  0.05 400,  0 . 0 5  600 ,  0.20 1000,  
0 .40  

S p e c i f i c  h e a t  c a p a c i t y ,  20, 1400 500, 1500 
wood 

S p e c i f i c  h e a t  c a p a c i t y ,  20,  700 1000, 1000 
carbon 

S p e c i f i c  h e a t  c a p a c i t y ,  20,  ID00 500, 1117 1000, 1200 
p y m l y s i s  g a s  ( a s  f o r  a i r )  

Reac t ion  c o n s t a n t s  f o r  
m a t e r i a l  s u r f a c e  

$2 

63 



I ab le  5.1.  (cont inued) 

Heat of r eac t ion  
f o r  surFace 

Reaction cons tants  
f o r  p y m l y s i s  

Heat of r eac t ion  0 
f o r  p y m l y s i s  

Owing t o  t h e  convergence requirement,  t h e  length of t h e  element was 

made only 2 m. For su r face  elements on t h e  s i d e  exposed t o  f i r e ,  t h e  

element length success ive ly  decreases a s  t h e  ma te r i a l  s u r f a c e  bums.  

When t h e  su r face  element has decreased t o  0.3AL, it is ignored i n  

c a l c u l a t i o n s  and t h e  boundary condit ions a r e  applied t o  the  adjacent  

element. 

In  FIG. 5 .3  and 5 .5  t h e  ca l cu la t ed  terrperature d i s t r i b u t i o n  and 

depth of charr ing have been shown by dashed l i n e s .  

S ince  t h e  s imula t ions  were made on t h e  assurrption t h a t  t h e  wood m a t e r  

i a l  i s  dry,  t he re  i s  a  d i f f e rence  between t h e  measured and ca l cu la t ed  

temperature d i s t r i b u t i o n s  due t o  vapor isa t ion  of water  a t  100•‹C. When 

t h e  wood has d r i ed  out ,  t h e  c u w e s  i n  FIG. 5 .3  a r e  i n  good agreement 

but  a r e  displaced l a t e r a l l y  by an amount corresponding t o  t h e  time 

taken f o r  vapor isa t ion .  

I t  i s  ev iden t  fmm F I G .  5.5 t h a t  t h e  s imula ted  depth of char r ing  i s  

i n  good agreement with t h a t  measured experimental ly.  The corparison 

shows how i m ~ o r t a n t  i t  i s  t o  take account i n  the  model of t h e  water  

content  of  wood. One way i n  which t h i s  can be done is t o  represent  



the vapor isa t ion  p m c e s s  by an Arrhenius funct ion .  with t h e  heat of 

r eac t ion  equal t o  t h e  heat  of vapor isa t ion .  The cons tants  i n  Tabie 

5.1 were not s e l e c t e d  s p e c i a l l y  i n  o r d e r  t o  f i t  t h e  ca l cu la t ions  

t o  t h e  masured  da ta ,  but  a re  exarp les  of values repor ted  i n  t h e  

l i t e r a t u r e .  

5.3 Tes t  on a  giued laminated t imber  baam 

according t o  IS0 834 

A t  t h e  reques t  of t h e  Norwegian I n s t i t u t e  of Wood Technology, f i v e  

glued laminated t i r rber  beams w i t h  b o l t s  and f i t t i n g s  were t e s t e d  

a t  t h e  Norwegian F i r e  Research L a b r a t o r y  [Conmission No 250103.00178). 

I he firm Moeiven L i r n t i - ~  A/S mun ted  e x t r a  t e r p e r a t u m  and moisture 

sensors  i n  t h e  b e m s  i n  o r d e r  t o  enable t h e  au thor  t o  car ry  out  

d e t a i l e d  measurements i n  addi t ion  t o  those  s p e c i f i e d  i n  t h e  comnission 

t o  t h e  F i r e  Research Laboratory. 

FIG. 5 .6  shows t h e  gas temperature measured i n  t h e  furnace as a  func- 

t i o n  of t ime according t o  rreasurements a t  t h e  Laboratory, and FIG. 

5 .7  shows t h e  p lac ing  of t h e  e x t r a  senso r s .  

One ha l f  of t h e  c m s s  s e c t i o n  was simiilated, w i t h  t h e  boundary condi- 

t i o n  a t  one boundary i n  conformity w i t h  t h e  measured furnace  ternpera- 

t u r e ,  and t h a t  a t  t h e  o t h e r  boundary w i t h  a  prescr ibed  edge flow 

equal t o  zero.  The reason f o r  t h e  zero edge flow is t h a t  t h e  cen t r e  

l i n e  is considered t o  be a  l i n e  of symmetry. 

The m a s u r e d  and ca l cu la t ed  temperature f i e l d s  as  a  funct ion  of time 

a m  compared i n  FIG. 5.8.  The s i g n i f i c a n c e  of t h e  moisture r a t i o  of 

wood i s  evident  i n  t h i s  case a l so .  
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FIG.  5 .6 .  Measured gas terrperature- t ime curve f o r  t e s t  on a glued 

laminated t imber beam. 
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FIG.  5 .7 .  P l a c i n g  o f  temperature and mois tu re  sensors i n  t h e  g lued 

laminated t imber  beam, and measured mois tu re  r a t i o s  
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FIG. 5.8. Calculated and measured temperature f i e l d s  as a  funct ion  

of  time 

The measured moisture r a t i o s  a r e  s e t  out  i n  FIG. 5.7 .  In t roduct ion  

of express ions  f o r  t h e  moisture content  i n  t h e  t h e o r e t i c a l  model 

should pmduce good agreement i n  t h i s  case a l s o .  



FIG. 5.9 shows t h e  pene t ra t i on  of t h e  charcoal  l a y e r  as a  f u n c t i o n  

o f  t ims.  A f t e r  t h e  end o f  the  t e s t  i n  the  furnace, 40 minutes p lus  

8-'i/2 minutes before t h e  beams were ext inguished, the  depth o f  

cha r r i ng  was measured as about 2" U m. 

Measured depth 8 112 minutes after testing , 

TIME Iminl 

FIG. 5.9. Theore t i ca l  pene t ra t i on  o f  charcoal l a y e r  as a  f u n c t i o n  

o f  t ime. 

I n  the  f o l l o w i n g ,  t h e  s e n s i t i v i t y  o f  t h e  charcoal l a y e r  pene t ra t i on  

as a  f u n c t i o n  o f  c e r t a i n  m a t e r i a l  data i s  s tudied.  I t  was not  the  

i n t e n t i o n  t o  car ry  ou t  a  f u l l  p a r a m t r i c  study, b u t  t o  t e s t  some o f  

the  parameters i nc luded  i n  t h e  model. The coirparison i s  based on 



the charcoal  l a y e r  p e k t r a t i o n  as t h e  dependent va r i ab le .  Some o f  

the t e s t e d  m a t s r i a l  data pmduce q u i t e  u n r e a l i s t i c  temperature d i s -  

t r i b u t i o n s ,  bu t  are nevertheless inc luded f o r  t h e  sake o f  corrplete- 

ness . 

The depth o f  cha r r i ng  as a  f u n c t i o n  o f  t ime i s  s e t  ou t  i n  FIG. 5.10 

t h e  thermal  conduc t i v i t y  being v a r i e d  between 1/2 h 2' h 2 and 2  k2, 

where k2 = 0.10 W/mK. 

I n  t h e  s a m  way, FIG. 5.11 se ts  ou t  t h e  depth o f  charr ing,  w i t h  the  

constant = 1 .10-7 l / s  h i n  t h e  expression f o r  the  sur face reac t ions  

be ing  v a r i e d  between 1/2 B,,, B? and 2  B,,. 

FIG. 5.10. Depth o f  cha r r i ng  as a  f u n c t i o n  o f  t ime f o r  v a r i a b l e  

thermal  conduc t i v i t y  k2 o f  charcoal .  k2 = 0.10 W / d  



F IG .  5.11. Depth o f  c h a r r i n g  as a f u n c t i o n  o f  t ime  f o r  v a r i a b l e  

r a t e  of sur face  r e a c t i o n  accord ing t o  5 = B ?  T exp(-B3/Ts). 
-7 B =0.5.10 l / s K  1 

I f  t h e  p y m l y t i c  r e a c t i o n  r a t e  constant  b = 1500 i s  halved o r  

doubled, t h e  curves i n  FIG. 5.12 are obtained. . 

Many authors have discussed t h e  ques t i on  o f  whether t h e  p y r o l y t i c  

r e a c t i o n  of wood i s  exothermic o r  endothermic. The s i g n i f i c a n c e  o f  

t h i s  f o r  t he  depth o f  charr ing,  when the  heat  o f  r e a c t i o n  Q i s  

changed f r o m  t h e  endothennic +Q t o  t he  exothermic - W ,  i s  shown i n  

FIG. 5.13. 



Other thermal p m p e r t i e s  can be t e s t e d  by a n a l y t i c a l  models i n  t h e  

sane way, but t h e  above are  among those about which t h e r e  i s  the  

g r e a t e s t  unce r t a in ty .  

TIME (min) 

FIG.  5.12. Depth of  char r ing  a s  a  funct ion  of t ime when.the pym- 

l y t i c  r eac t ion  r a t e  cons tant  b i s  var ied  i n  the  express- 

ion 6 = p b exp ( -EA/RT) ,  b = 1500 l / s .  



FIG. 5.13. Depth of char r ing  as a  func t ion  of t ime when t h e  p y r u l y t i c  

r eac t ion  i s  changed fmm an endothennic t o  an exothermic 

r e a c t i o n .  Q = 125 kJ /kg 



SUMMARY AND CONCLUSIONS 

The f u n d a ~ e n t a l  equations f o r  t h e  t h e o r e t i c a l  t reatment  of wood 

during t h e  process o f  pyro lys i s  a r e  presented i n  Chapter 1 .  

Expressions which m u s t  be s p e c i a l l y  introduced f o r  combustible 

m a t e r i a l s  a r e  those which descr ibe  t h e  p y m l y t i c  r eac t ion  and 

r eac t ions  a t  t h e  sul-face of t h e  m a t e r i a l .  The reac t ions  a r e  assumed 

t o  conform t o  f i r s t  o r d e r  Arrhenius func t ions .  The treatment a l s o  

inc ludes  t h e  v a r i a t i o n  i n  heat capac i ty  and thermal conduct ivi ty as  

a  func t ion  of t h e  decrease i n  dens i ty  due t o  pyrolys is .  When pyro- 

l y s i s  comnences, an i n t e r n a l  convective f low i s  s e t  up which a f f ec t s  

hea t  t r a n s f e r  both i n s i d e  t h e  ma te r i a l  and a t  t h e  surFace of t h e  

m a t e r i a l .  

The numerical s o l u t i o n  i s  c a r r i e d  out  by t h e  f i n i t e  element method 

using t h e  computer program W3001 w r i t t e n  i n  FORTRAN 77. The heat 

balance equat ion i s  solved incremental ly by t h e  forward d i f f e r e n c e  

method, and t h e  c r i t i c a l  t ime increment is ca lcu la t ed  success ive iy  

f o r  each computation s t a g e .  I n  view of  t h e  na ture  of t h e  problem, 

w i t h  r a p i d  reduct ions  i n  dens i ty  i n  t h e  py ro lys i s  zone, i n t e r n a l  

convect ive heat  flow and boundary elements which diminish i n  s i z e ,  

it i s  necessary t o  employ both smal l  elements and s h o r t  t ime inc re -  

ments i n  t h e  c o m u t a t i o n s .  

The c a l c u l a t i o n s  a r e  compared with experiments,  but  the pauci ty of 

well  def ined  p y m l y s i s  t e s t s  i s  ev iden t ,  There is a l s o  a  shor tage  

of r e l evan t  ma te r i a l  da t a ,  p a r t i c u l a r l y  a t  e leva ted  temperatures ,  

and t h e  s c a t t e r  i n  t h e  reported k i n e t i c  cons tants  i s  extremely 

l a r g e  (101 ,  111). The conparison between ca l cu la t ed  and measured 

temperature d i s t r i b u t i o n s  shows t h a t  i t  is e s s e n t i a l  t o  take  mis- 

tu rn  content  i n t o  cons ide ra t ion ,  and a l s o  t h a t  f u r t h e r  development 

of t h e  model f o r  wet wood is important .  I t  is  evident  from t h e  



p a r m e t r i c  s tudy which has been c a r r i e d  out  t h a t  t h e  conduct ivi ty 

of carbon and t h e  r a t e  of reac t ion  a t  t h e  s u r f a c e  of t h e  ma te r i a l  

have g r e a t  s i g n i f i c a n c e  f o r  t h e  depth of cha r r ing .  I t  fol lows fmm 

t h i s  t h a t  i t  i s  important f o r  t hese  ma te r i a l  p rope r t i e s  t o  be b e t t e r  

e luc ida ted  and f o r  knowledge concerning s u r f a c e  r eac t ions  t o  be i m -  

~ m v e d .  

S ince  t h e  computation times i n  these  s imula t ions  were very long. 

it is des i r ab le  t h a t  t h e  s o l u t i o n  procedure should be made more 

e f f i c i e n t ,  e s p e c i a l l y  i f  a  two dimensional pmgrarr i s  t o  be 

developed. 

T h i s  computer program has been developed pr imar i ly  as  an a i d  i n  

r e sea rch ,  bu t ,  i f  computation times can be appreciably reduced, 

it can a l s o  be used f o r  design c a l c u l a t i o n s .  
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