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INTRODUCTION 

Considering a thermal r e a c t i o n  of a So l id  + F l u i d  type ,  t h e  appa- 
r e n t  r a t e  of r e a c t i o n  can be con t ro l l ed  by chemistry,  thermal and mass trans- 
f e r  r e s i s t a n c e s .  I f  t h e  chemical processes  a r e  ve ry  f a s t ,  and i f  t h e  f l u i d  
products a r e  e a s i l y  e l imina ted  from the  medium, t h e  o v e r a l l  rate of r e a c t i o n  
i s  con t ro l l ed  by hea t  t r a n s f e r  r e s i s t a n c e s .  This  i s  t h e  case  of t h e  a b l a t i o n  
regime [I ] ,  cha rac t e r i zed  by a s t e e p  temperature g rad ien t  a t  t h e  wood sur- 
f ace  and consequently by a t h i n  s u p e r f i c i a l  l a y e r  e of r e a c t i n g  s o l i d  moving 
a t  a cons tan t  v e l o c i t y  v towards t h e  co ld  unreac ted  p a r t s  of t h e  s o l i d .  

t h e o r e t i c a l  i nc rease  of t h e  s u r f a c e  temperature Td of t h e  s o l i d  (by increa-  
s ing  TW) would lead t o  a subsequent i nc rease  of t h e  hea t  f l u x  demand. Such a 
demand would b e  s a t i s f i e d  by an equa l  e x t e r n a l  h e a t  f l u x  supply,  a cond i t ion  

would be  a s t agna t ion  of Td, l ead ing  t o  a fus ion  l i k e  behaviour o f , t h e  reac-  
t i on .  

Suppose now t h a t  h e a t  i s  provided by a su r face  a t  TW. A 
I 

I f u l l f i l l e d  only wi th  l a r g e  tempera ture  g r a d i e n t s  (TW - Td). The consequence 
\ 

Wood pyro lys i s  c a r r i e d  o u t  i n  cond i t ions  of high a v a i l a b l e  hea t  
f l uxes  and e f f i c i e n t  e l imina t ion  of products  occurs  i n  a b l a t i o n  regime wi th  
production of very low f r a c t i o n s  of char  [2,3,4] and could t h e r e f o r e  behave 
as a simple fus ion .  This paper p re sen t s  a b r i e f  o u t l i n e  of t h e  main i d e a s  
and r e s u l t s  obtained t o  t h i s  e f f e c t  and i s sued  from d i f f e r e n t  approaches.  

I 

I 

; More d e t a i l s  can be found i n  r e l a t e d  papers c5,6,7,8]. 

The r e a c t i o n  has  been c a r r i e d  ou t  i n  t h r e e  d i f f e r e n t  cond i t ions  : 
hea t ing  aga ins t  a ho t  sp inning  d i s k  ; a g a i n s t  a f i x e d  hea ted  su r face  ; i n  a 

r e a c t i o n  i s  compared t o  t h a t  of solids undergoing simple fus ion  i n  t h e  same 
condi t ions .  

I continuous cyclone r e a c t o r .  In  t h e  f i r s t  two cases ,  t h e  behaviour of t h e  

SPINNING DISK EXPERIMENTS 

The mel t ing  of ice, p a r a f f i n  and " r i l s a n "  (polyamide 1 1 )  and t h e  
py ro lys i s  of wood have been. c a r r i e d  o u t  by apply ing  under known p res su res  p,  
rods o f  t h e  corresponding s o l i d s  a g a i n s t  a ho t  sp inning  s t a i n l e s s  steel  d i s k  
(-temperature Tw) [5,6]. I n  wood experiments,  t h e  r e a c t i o n  produces almost 
exc lus ive ly  gases and l i q u i d s ,  t h e  s o l i d s  be ing  mainly ashes  depos i ted  on 
t h e  d i sk .  T h q l i q u i d s  produced a r e  r a p i d l y  e x t r a c t e d  from t h e  wood s u r f a c e  
and e l imina ted  by t h e  f a s t  moving d i s k  on which they undergo f u r t h e r  decompo- 
s i t i o n  t o  gases a t  a rate depending on Tw. The presence  of t h e  t h i n  l i q u i d  
l aye r  a c t s  as  a kind of l u b r i c a n t .  

Figure 1 r e v e a l s  t h a t  under comparable va lues  of p, t h e  behaviour 
of v as a func t ion  of vR i s  similar, the o rde r s  of magnitude of v be ing  t h e  
same f o r  t h e  f o u r  types  of s o l i d s .  For v > 2 m s-I, v inc reases  wi th  p 
following : 



a depends on T 
p a r a f f i n  : 0.2y ; " r i l s an"  : 0.83 ; wood : 1) can be  f a i r l y  w e l l  r epresented  
by : 

and F on t h e  material. The mean va lues  of F ( i c e  : 0.035 ; 

F being c l o s e  t o  1 f o r  wood shows t h a t  i t  i s  probable  t h a t  AH, t he  enthalpy 
of py ro lys i s ,  is small w i th  r e s p e c t  t o  s e n s i b l e  hea t  i n  agreement wi th  l i t t e -  
r a t u r e .  

The equa t ions  of h e a t  f l u x  dens i ty  balancesbetween t h e  d i s k  and t h e  
rod a r e  : 

melting s o l i d  : h(TW - Tf)  = vpsCps (Tf - To) + vpSL 

wood : h(TW - Td) = vpsCps (Td - To) + vPsAH ( 3 )  

Assuming t h a t  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  h i s  t h e  only parameter 
depending on t h e  p r e s s u r e  (h = KpF) i t  can  b e  deduced : 

I n  agreement wi th  ( 4 ) ,  Figure  2 shows t h a t  t h e  v a r i a t i o n s  of F wi th  T p 
The vayues of Tf c a l c u l a t e d  from t h e  e x t r a p o l a t i o n  of t h e  s t r a i g h t  l i n e s  t o  
v = 0 a r e  i n  very  good agreement wi th  t h e  known va lues  of mel t ing  po in t s  
( b e t t e r  than 2 Z accuracy) .  The corresponding " fus ion  temperature' '  of wood i s  
then ca l cu la t ed  c l o s e  t o  739 K. 

a r e  l i n e a r  f o r  t h e  t h r e e  mel t ing  s o l i d s  and a l s o  f o r  wood. 

The v a l u e s  of h e a t  t r a n s f e r  c o e f f i c i e n t s  ob ta ined  from t h e  s lopes  
of t he  s t ra i  h t  l i n e s  i n  f i g u r e  2 are o f . t h e  same o rde r  of magnitude (around 
lo4 W I U - ~  K- ) whatever t h e  s o l i d  showing t h a t  t h e  mechanisms of hea t  t rans-  
f e r  a r e  probably s i m i l a r  f o r  wood and mel t ing  s o l i d s .  For wood, h v a r i e s  a s  
h = 0.017 p(W m-2 K-*) [SI. These va lues  r e v e a l  very  e f f i c i e n t  t r a n s f e r s .  

Q 

FIXED HEATED WALL 

The same experiments as be fo re  have been made with rods of i c e ,  
p a r a f f i n  and wood pressed  a g a i n s t  a s t a t i o n n a r y  p i e c e  of b ra s s  heated a t  TW. 

a b l a t i v e  mel t ing  o f  a s o l i d  c y l i n d e r  pressed  a g a i n s t  a ho r i zon ta l  w a l l  main- 
tened a t  TW [7J. In s t eady  state,  a l i q u i d  l a y e r  of cons t an t  th ickness  i s  
formed between t h e  h o t  s u r f a c e  and t h e  rod ,  w i t h  a r a d i a l  flow of l i q u i d .  
The r e so lu t ion  of t h e  equa t ion  o f  l i q u i d  flow a s s o c i a t e d  with t h a t  of energy 
balance between t h e  two su r faces  a l lows  t o  d e r i v e  t h e  fo l lowing  r e l a t ionsh ip :  

An a n a l y t i c  s o l u t i o n  has  been found f o r  r ep resen t ing  t h e  r a t e  of 

(5) 

where Pe i s  a P e c l e t  number, a f u n c t i o n  o f  a phase change number 

Ph = CPl (Tw-Tf 1 as Pe = Ph 

I + ph5% 

The r e l a t i o n  (5) shows t h a t  v v a r i e s  as poaZ5  whatever t he  type  of s o l i d .  In  
reduced form, (5) can  b e  w r i t t e n  as fo l lows  : 
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I 

By p l o t t i n g  V a g a i n s t  6 Pe3 P] ' I 4  one should o b t a i n  a s t r a i g h t  l i n e  o f  s l o p e  
one whatever t h e  n a t u r e  of mel t ing  s o l i d  and w a l l  temperature.  

A s  i n  t h e  case  of i c e  and p a r a f f i n  [7], a b l a t i o n  rate v f o r  wood 
pyro lys i s  v a r i e s  a s  wi th  a mean va lue  o f  F (0.29) c l o s e  t o  t h e  t h e o r e t i c a l  
one (0.25)(Fig. 3). The f i g u r e  4 ga the r s  a l l  t h e  experimental  po in t s  accor- 
d ing  t o ( 7 ) .  The phys ica l  p r o p e r t i e s  used f o r  t h e  c a l c u l a t i o n  of V and P f o r  
i c e  and p a r a f f i n  a r e  r epor t ed  i n  r e f .  [7,8]. I n  t h e  c a s e  of wood, t he  f a c t o r  
conta in ing  these  p r o p e r t i e s  i n  equat ion  ( 5 )  has  been f i t t e d  t o  the  experimen- 
t a l  r e s u l t s  ( f i g .  3) l ead ing  t o  v = 1.55 x 
f i t t e d  cons tan t  a s soc ia t ed  wi th  es t imated  va lues  f o r  pe(500 kg m-3), 
Cpx (3.65 kJ.kg-lK-1) and ae (0 .3  x m2 s-l) allows t o  c a l c u l a t e  
p e  = 72.5 x 
mel t ing  po in t  of 739 K [7,8]. 

(Pe3 ~ / p , ) ' / ~  (m s- ' ) .  The 

Pa.s,a reasonable  va lue  f o r  t h e  v i s c o s i t y  of a l i q u i d  a t  a 

I 

i 

The r eac t ion  occur ing  i n  a b l a t i o n  cond i t ion  concerns only a t h i n  ex te rna l  
wood l aye r  e i n s i d e  which t h e  equa t ion  of mass ba lance  ke  = v a s soc ia t ed  wi th  
e v  = as [5] l eads  t o  a r e l a t i o n s h i p  between t h e  a b l a t i o n  v e l o c i t y  and the  
chemical f i r s t  o rde r  k i n e t i c  cons t an t  k : k = v2/as and f i n a l l y  t o  : 

CYCLONE REACTOR EXPERIMENTS 

The continuous f a s t  py ro lys i s  of wood sawdust has been s tud ied  i n  a 
e (2.8 x IO-' m d iameter )  cyclone r e a c t o r  hea ted  between 893 and Lapple t 

1330 K 67. The wood p a r t i c l e s  c a r r i e d  away by a flow of steam en te r  tangen- 
t i a l l y  i n t o  t h e  cyclone on t h e  inne r  ho t  w a l l s  o f  which they move and undergo 
decomposition. Mass ba lances  show i n  a l l  the cases ,  a very low f r a c t i o n  of 
char  (< 4 2 )  while t h e  g a s i f i c a t i o n  y i e l d  i n c r e a s e s  wi th  w a l l  temperature TW. 
It appears from f i g u r e  5 t h a t  t h e  r e a c t i o n  seems t o  occur  only  f o r  w a l l  tem- 
pera tures  g r e a t e r  than  about 800 K i n  good agreement wi th  fus ion  temperature 
of 739 K. I n  such a model, t h e  decomposition temperature of p a r t i c l e s  be ing  
roughly cons tan t ,  t h e  g a s i f i c a t i o n  y i e l d  i n c r e a s e  with TW would then r e s u l t  
from f u r t h e r  vapor i za t ion  and/or decomposition of primary products  (mainly 
l i q u i d s )  a t  t h e  w a l l  and/or i n  t h e  gas phase wi th  an e f f i c i e n c y  depending 
on TW. 

DISCUSSION 

A l l  t h e s e  r e s u l t s  ob ta ined  i n  d i f f e r e n t  experimental  condi t ions ,  
show s t r i k i n g  similarities between a b l a t i v e  wood pyro lys i s  and mel t ing  of 
s o l i d s .  Nevertheless t he  equ iva len t  fu s ion  tempera ture  of 739 K has been c a l -  
cu la t ed  from r e l a t i o n  ( 4 )  based on the  assumption t h a t  Td i s  cons t an t .  L e t  
suppose now t h a t  Td depends on ex te rna l  phys i ca l  cond i t ions  (p ,  TW) under t h e  
assumption t h a t  AH << vpsCps (Td-To). The hea t  f l u x  d e n s i t y  ba lance  equa t ion  
i s  : 



Figure  6 shows t h e  v a r i a t i o n s  of Td w i th  TW (A  
Cp, = 2800 J kg-l K-l ; p, = 700 kg m-3) wi th  ?I as a parameter. The f i r s t  
o r d e r  r a t e  cons t an t  f o r  t h e  format ion  o f  " a c t i v e  ce l lu lose"  [g] 
k(s-1) = 2.83 x 1019 exp -29000/Td) has  been supposed t o  f i t  the  present  case 
of wood primary decomposition. 

= 0.2  W m-lK-' ; 

It can b e  observed t h a t  t h e  smaller t h e  va lues  of h ,  t h e  s h o r t e s t  
t h e  domain of w a l l  t empera ture  where Td = Tw ( f o r  t h e  lowest va lues  of h ,  
Td/TW becomes less than  one as wood beg ins  t o  decompose). I n  most of usua l  
experimental  dev ices  wood tempera ture  i s  then  very  d i f f e r e n t  from source  t e m -  
pe ra tu re .  Consequently,  t h e  d i r e c t  de t e rmina t ion  of py ro lys i s  r a t e  laws would 
have senseonly f o r  low w a l l  t empera tures  (< 750 K). 

F igure  6 shows t h a t  Td v a r i e s  wi th  TW and h ind ica t ing  t h a t  s t r ic t -  
l y  speaking, t h e  f u s i o n  model i s  not  appropr ia te . .  But i t  can be observed 
( s p e c i a l l y  f o r  t h e  low h)  t h a t  as soon a s  Td/TW < 1, Td inc reases  more and 
more slowly with TW and r a p i d l y  reaches  a roughly cons tan t  va lue .  Fusion 
model seems then t o  b e  a n  e x c e l l e n t  f i r s t  approximation. 

The hatched zone r epor t ed  i n  f i g u r e  6 is bounded by the  extreme 
va lues  of h determined i n  r e f .  
The "fusion temperature" of 739 K appears  t o  b e  w e l l  s i t u a t e d  i n s i d e  t h e  
hatched su r face .  Such a fa i r  agreement shows t h a t  t h e  chosen k i n e t i c  l a w  
i s  a good approximation f o r  wood decomposition. The "fusion temperature" 
must then be  cons idered  a a mean va lue  ly ing  roughly between 660 and 725 K 
f o r  TW = 773 K and between 700 and 800 K f o r  TW = 1173 K. 

[5] and by t h e  extreme va lues  of TW explored. 

CONCLUSION 

The behaviour  of wood rods undergoing a b l a t i v e  py ro lys i s  by more 
o r  l e s s  i n t ima te  c o n t a c t  with a hot s u r f a c e  has  revea led  s t rong  s i m i l a r i t i e s  
w i th  a phase change phenomenon. The p r i n c i p a l  reasons  developed a r e  the  
fo l lowings  : q u i t e  similar behaviour o f  wood rods  wi th  t r u e  mel t ing  s o l i d s  
when appl ied  on moving o r  f i x e d  s u r f a c e s  : same ordersof  magnitude of v and 
h ; same dependance l a w  w i th  app l i ed  p res su re  wi th  a power F showing probable 
l o w  va lues  of t h e  en tha lpy  of r e a c t i o n  ; same p0*25 dependance of v i n  the  
case of f ixed  s u r f a c e  ; same low of v a r i a t i o n s  of v wi th  wa l l  temperature.  
Abla t ive  p y r o l y s i s  c a r r i e d  o u t  w i th  sawdust i n  a cyclone reactor proves t h a t  
no f a s t  r e a c t i o n  occurs  f o r  w a l l  temperatureslower than  % 800 K.  

A consequence of t h e s e  conclus ions  i s  t h a t  t h e  accu ra t e  d i r e c t  de- 
te rmina t ion  of k i n e t i c  r a t e  cons t an t  o f  wood decomposition is  a d i f f i c u l t  
t a s k ,  l i k e l y  imposs ib le  over wide ranges  of tempera tures  i n  most of experi-  
mental  devices  (upper l i m i t  around about 800 K ) .  Even i f  such high tempera- 
t u r e s  could be reached, t h e  system should b e  designed i n  such a way t h a t  t h e  
products of t h e  r e a c t i o n  could a l s o  b e  removed from the  r eac t ing  s u r f a c e  with 
h igh  e f f i c i e n c i e s .  For example, f i g u r e  6 shows t h a t  Td = TW = 800 K would b e  
observed f o r  h = I O 6  W m-2 K-l. Assuming t h a t  t h e  a v a i l a b l e  hea t  f l u x  i s  
co- t ro l led  by conduct ion  through t h e  o i l  l a y e r ,  such a hea t  t r a n s f e r  coe f f i -  
c i e n t  would be e f f e c t i v e  f o r  an equ iva len t  l a y e r  thickness of 0.1 vm ! (cal-  
c u l a t i o n  made w i t h  a thermal conduc t iv i ty  of 0 .1  W m-1 K- 
course ,  an  e f f i c i e n t  removal of t h e s e  l i q u i d s  would prevent a l s o  t h e  ex ten t  
of t h e i r  subsequent decomposition t o  secondary products and then t o  reduce 
t h e  formation of new thermal i s o l a t i n g  l a y e r s .  

f o r  o i l ) .  Of 

A l l  t h e s e  conclus ions  a r e  i n  agreement wi th  the  a n a l p i s  o f  o t h e r  
au thors .  Diebold po in ted  out  i n  1980 t h e  e f f i c i e n c y  of " so l id  convection" f o r  
ca r ry ing  ou t  t h e  r e a c t i o n  of a b l a t i v e  p y r o l y s i s  of biomass (demonstration of 
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"sawing" biomass [ 4 ] .  The same author  s t a t e d  a l s o  r e c e n t l y  t h a t  c e l l u l o s e  
Passes probably through a l i q u i d  o r  p l a s t i c  uns t ab le  s ta te  ("ac t ive  c e l l u -  
lose") dur ing  py ro lys i s  be fo re  f u r t h e r  decomposition [14] i n  agreement wi th  
Anta1 who p o i n t s  o u t  the s t r o n g  ana log ie s  observed between c e l l u l o s e  pyroly- 
sis at high hea t ing  r a t e s  and phase change phenomena [IO, 11) with  a n  upper 
l i m i t  a t  which py ro lys i s  occurs  of 773 K. Evidence of such an  upper l i m i t  is 
explained by a com e t i t i o n  between h e a t  demand from biomass and a v a i l a b l e  ex- 
t e r n a l  hea t  f l u x  $21. The same au thor  [12J no t i ces  a l s o  the  d i f f i c u l t y  and 
indeed imposs ib i l i t y  of achiev ing  cond i t ions  whereby py ro lys i s  k i n e t i c s  could 
be  s tud ied  a t  very high temperatures.  F i n a l l y ,  i t  must b e  reminded t h a t  i n  
1980, Reed [13] proposed a model f o r  e s t ima t ing  the  enthalpy of f l a s h  pyroly- 
sis of wood based on s e v e r a l  s t e p s  : hea t ing  of biomass up t o  a r e a c t i o n  tem- 
pe ra tu re  of 773 K, followed by a depolymer isa t ion  t o  form a s o l i d  which sub- 
sequently m e l t s ,  melted ma t t e r  being a f t e rwards  ab le  t o  vapor ize ,  fo l lowing  
the  temperature.  

NOMENCLATURE 

a Constant (m s-l Pa-') 
CP 
e Thickness of  r e a c t i n g  wood l aye r  (m) 
F Exponent 
h 
H Spec i f i c  enthalpy (J kg-') 
K 
k 
L 
P P res su re  (Pa) 
Po Atmospheric p re s su re  (Pa) 
P Reduced p res su re  
Pe Pec le t  number 

S p e c i f i c  h e a t  capac i ty  (J kg-' K-') 

Heat t r a n s f e r  c o e f f i c i e n t  (W m-' K-'> 

Constant (W m-2 ~ - 1  Pa-F) 
F i r s t  o rde r  k i n e t i c  cons t an t  (s-l) 
Heat of fus ion  (J kg-') 

I Ph Phase change number 
, R Radius of t h e  s o l i d  cy l inde r  (m) 

Wood s u r f a c e  temperature (K) 
Fusion temperature o f  a mel t ing  s o l i d  (K) 
Ambient temperature (K) 

Td 
Tf 
T O  

TW ( Wall temperature (K) 

X G a s i f i c a t i o n  y i e l d  
i/ V Reduced v e l o c i t y  

a Thermal d i f f u s i v i t y  (m2 s-l) 
x 
u Viscos i ty  (Pa s) 
P Density (kg m-3) 

Subsc r ip t s  : 

I Abla t ion  v e l o c i t y  of the  s o l i d  cy l inde r  (m s-'1 

Thermal conduc t iv i ty  (W m-' s-') 1 

s o l i d  c y l i n d e r  
1 s  e l i q u i d  l a y e r  
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Fig. 1. Experimental variations of ablation velocities v with disk velocity 
VR for four kinds of solids : a(ice, .Tw = 348 K, p = 2x105 Pa), b ("rilsan", 
Tu = 723 K, p = 3,45x105 Pa), c(paraffin, TW = 373 K, p = 3.45~10~ Pa), and 
d (wood, TW = 1073 K, p = 3.7~105 Pa) (From 183). 

I 

Fig. 2 .  Experimental variations of v/pF with disk temperature TW for : a(ice), 
b("rilsan"), c(paraffin) and d(wood) (From [8]). 
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Fig. 3. Ablative pyrolysis rate of wood v as a function of applied pressure p 
for different wall temperatures - 0: 823 K ; ;Y : 873 K ; A : 923 K ; 0 973 K 

Fig. 4 .  Dimensionless representation of reduced velocity V as a function Of 
reduced pressure P for three kinds of solids - o : paraffin ; x : ice ; O  

wood ... 
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Fig. 5 .  Var ia t ion  of t h e  g a s i f i c a t i o n  y i e l d  X as a func t ion  of w a l l  ternpera- 
t u r e  TW i n  t h e  f a s t  py ro lys i s  of wood sawdust i n  a cyclone r e a c t o r  : compari- 
son with t h e  “ fus ion  temperature” o f  7 3 9  K .  
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Fig. 6 .  Theore t i ca l  v a r i a t i o n s  of wood su r face  temperature Td as a func t ion  
of heat source  temperature Tw f o r  d i f f e r e n t  va lues  of t h e  ex te rna l  heat 
t r a n s f e r  c o e f f i c i e n t .  The hatched s u r f a c e  corresponds t o  t h e  experimental  
domain ( 7 7 6  6 TW(K) d 1 1 7 6  and lo3 < h(W K - l )  < 6 x 104). 
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