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Abstract

A lumped!parameter kinetic model is applied to simulate the pyrolysis of lignocellulosic particles\ exposed to a high
temperature environment[ Physical processes account for radiative\ conductive and convective heat transport\ di}usion
and convection of volatile species and pressure and velocity variations across a two!dimensional "1!D#\ anisotropic\
variable property medium[ The dynamics of particle degradation are found to be strongly a}ected by the grain structure
of the solid[ A comparison is made between the total heat transferred to the virgin solid "conduction minus convection#
along and across the grain[ Notwithstanding the lower thermal conductivities\ because of the concomitant slower
convective transport "lower gas permeabilities#\ the largest contribution is that across the solid grain[ The role played
by convective heat transport is successively less important as the particle size is increased[ Finally\ the 1!D and the
widely applied one!dimensional "0!D# predictions are compared[ Þ 0887 Elsevier Science Ltd[ All rights reserved[

Nomenclature

Ai pre!exponential factor ðs−0Ł
B permeability ðm1Ł
c heat capacity ðkJ kg−0 K−0Ł
d pore diameter ðmŁ
e surface emissivity
Ei activation energy ðkJ mol−0Ł
k thermal conductivity ðW mK−0Ł
p gas pressure ðN m−1Ł
qr enthalpy variation due to chemical reactions ðkW
m−2Ł
Q heat ~ux ðequations "14#Ð"16#Ł
r reaction rate ðkg m−2 s−0Ł
R universal gas constant
t time ðsŁ
tc conversion time ðsŁ
T temperature ðKŁ
Tr furnace temperature ðKŁ
u gas velocity "x# ðm s−0Ł
v gas velocity "y# ðm s−0Ł
V volume ðm2Ł
W` mean molecular weight

� Corresponding author[ Tel[] 28 970 657 1121[

x space ðmŁ
XS solid mass fraction
y space ðmŁ[

Greek symbols
Dh enthalpy variation ðkJ kg−0Ł
o porosity
h ðequation "19#Ł
m viscosity ðkg m−0 s−0Ł
n yield coe.cient ") by weight of cellulose#
r mass concentration ðkg m−2Ł
s StefanÐBolzmann constant
t particle half!thickness "x\ y# ðmŁ
v emissivity[

Subscripts
A active solid
C char
G gas
` total volatiles "gas¦tar#
i ith chemical species
k kth chemical reaction
S solid
T tar
W solid "wood#
9 ambient value[
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0[ Introduction

Wood pyrolysis is a problem of interest in the _eld
of solid fuel ~ammability and biomass thermochemical
conversion[ Indeed\ the _re behavior of solids is char!
acterized by two main parts ð0Ł] the solid phase problem
"composition and rate of generation of fuel vapors from
the degrading solid# and the gas phase problem "oxi!
dation of the devolatilization products with ~aming com!
bustion#[ In the _eld of energy recovery from biomass and
municipal solid wastes ð1\ 2Ł\ pyrolysis is an independent
methodology\ widely investigated\ to obtain gaseous\
liquid or charred fuels[ It is also a fundamental step
in gasi_cation technology\ following solid drying and
preceding char combustion and gasi_cation[ For both
_elds\ pyrolysis is a complex process dominated by a
strong interaction between transport phenomena and
chemical reactions[

Basic process characteristics have been investigated
mainly with reference to single!particle systems[ In order
to simplify the understanding of the problem\ exper!
iments have been often conducted under 0!D ~ow and
heat conditions[ Wood cylinders ð3\ 4Ł\ cellulosic cyl!
inders ð5Ł and wood spheres ð6Ł have been placed in fur!
naces heated\ with an assigned rate\ to _nal temperatures
varying from about 449Ð819 K[ In other cases ð7Ð00Ł
wood cylinders have been uniformly heated on the top
side with radiative ~ux intensities varying from about 10Ð
149 kW m−1[ The measurements available give the time
history of temperature at di}erent radii ð5\ 6Ł or di}erent
stations along the axis ð3\ 4\ 7Ð00Ł of the sample\ mass
loss weight and\ in a few cases\ the pressure pro_les ð4\
7Ł or the rough composition of evolved products ð8Ð00Ł[

The modeling literature on the pyrolysis of lig!
nocellulosic materials has been reviewed recently ð01Ł[ In
the meanwhile\ some comprehensive models ð02Ð07Ł have
also been proposed where multi!step pyrolysis schemes\
including primary and secondary pyrolysis reactions\
have been coupled to the description of the main physical
processes[ Again\ these mathematical formulations apply
to one!dimensional ~ow and heat conditions[ However\
wood is an anisotropic material with di}erent properties
along\ across and tangential to the grain ð08Ł[ Thermal
conductivity across and tangential to the grain direction
is approximately one third that along the grain[ Also\ the
permeability to gas ~ow across the wood grain is much
lower than that along the other two directions "up to a
factor of 093#[

In this study a two!dimensional\ unsteady model of a
single particle "sample# pyrolysis is presented to give an
adequate description of the anisotropic structure of lig!
nocellulosic materials and to quantify its implications in
the pyrolytic degradation[ The in~uence of heat transfer
mechanisms is investigated on the structure of the pyrol!
ysis front and global pyrolysis characteristics\ such as
conversion time\ mass loss rate and product yields[ Two!

dimensional predictions are compared\ when appro!
priate\ with the widely used one!dimensional theories[

1[ Mathematical model

Chemical reactions of lignocellulosic materials\
exposed to high temperature sources in an inert atmo!
sphere\ can be roughly classi_ed as primary and sec!
ondary ð01Ł[ Primary reactions are concerned with the
degradation of the solid into char and numerous volatile
products\ whereas secondary reactions are those under!
gone by primary volatile products[ From the chemical
point of view\ the degradation of lignocellulosic materials
is a very complex process\ involving hundreds of prod!
ucts[ However\ notwithstanding the application of rather
sophisticated experimental techniques since the early
0859s ð19Ł\ a comprehensive understanding of this chem!
istry is still far from being achieved[ On the other hand\
the application of detailed kinetics of lignocellulosic
materials together with the description of the complex
physical processes could give rise to mathematical for!
mulations una}ordable from the computational point of
view[ Lumped!parameter models ð01Ł o}er a valuable
alternative\ as they generally account for the main com!
petitive chemical pathways and the formation of the three
main classes of products\ char "the solid residual#\ gas
"low molecular weight gaseous species] mainly CO\ CO1\
H1 and C0ÐC1 hydrocarbons# and liquid tars "all con!
densable\ high molecular weight\ organic components#[
However\ reliable kinetic data for such mechanisms for!
mulated for wood degradation are not available ð01Ł\
whereas cellulose has been widely investigated[ There!
fore\ in this study the primary degradation of cellulose is
used to model the thermal response of lignocellulosic
materials "the most recent reviews of the kinetics of cellu!
lose pyrolysis are presented in ð10\ 11Ł#[ This approach
is considered valid because cellulose and hemicellulose
account for about 64) of wood composition "cellulose
"c[ 49)#\ hemicellulose "c[ 14)#\ the remaining part
being lignin# and\ even though these components exhibit
di}erent thermal stability characteristics\ some similarity
exists between their kinetics of degradation[ The mech!
anism here considered is known as the BroidoÐSha_!
zadeh scheme and has been successfully applied in one!
dimensional simulations ð03\ 04\ 06\ 07Ł]

This mechanism accounts for the formation of an
active solid with a reduced degree of polymerization and
two competing reaction pathways\ "a# intermolecular
dehydration\ predominating at low temperatures\ leading
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to char and gas and\ in air to smoldering combustion^
and "b# depolymerization reaction\ predominating at
high temperatures\ leading to tar and\ in air\ to ~aming
combustion[ Reactions are endothermic and their rates
are represented as _rst order in the mass of pyrolyzable
material and with an Arrhenius type of temperature
dependence[ Secondary reactions of primary pyrolysis
products and gasi_cation of char are not taken into
account\ because the analysis is mainly focused on physi!
cal processes[ On the other hand\ some aspects of their
e}ects on process dynamics and product yields have
already been investigated ð02Ł[

From the physical point of view\ the model here pre!
sented describes the transport phenomena occurring
through the cross "square# section of a lignocellulosic
sample exposed in a pre!heated\ inert atmosphere
furnace[ To study the e}ects of wood anisotropy on the
thermal degradation\ di}erent properties along the x and
y directions are assigned "corresponding to those across
and along the wood grain#[ Because of the symmetry of
the problem\ only one fourth of the sample is considered\
according to the schematic reported in Fig[ 0[

The formulation of the mathematical model is based
on the following main assumptions]

"0# constant total volume occupied by the cell wall sam!
ple as the solid undergoes pyrolysis\ that is\ no ther!
mal swelling and:or shrinkage and surface regression
"the e}ects of 0!D particle shrinkage on pyrolysis
characteristics have been discussed in ð05Ł#\

"1# local thermal equilibrium between the solid matrix
and the volatiles "the volumetric solid heat capacity
is much larger than that of the gas phase and\ as

Fig[ 0[ Schematic of the solid degradation problem[

volatile products ~ow\ they are rapidly heated to the
temperature of the char ð01Ł#\

"2# no condensation of tar\ if any migrates through the
cold solid "one!dimensional simulations ð02Ł indicate
that this process does not occur to a signi_cant
extent#\

"3# negligible moisture content "moisture evaporation
can signi_cantly a}ect pyrolysis characteristics^
model extension to include these e}ects is currently
under way ð12Ł#[

Physical processes described include]

"0# radiative\ convective and conductive heat transfer
interior to the solid and from the exposed surfaces\

"1# momentum transfer to account for non zero pressure
gradients and non uniform velocity\

"2# variable properties "thermal conductivity\ porosity
and permeability vary linearly with the conversion
level\ from the initial wood to the _nal char values#\

"3# accumulation of volatile energy and mass in the pores
of the solid\

"4# volatile transport through the pores of both the virgin
solid and the charred region[

Thus the unsteady\ 1!D mathematical model includes
equations for]

*virgin solid

17W

1t
� −r0 "0#

*active intermediate solid

17A

1t
� r0−r1−r2 "1#

*solid char

17C

1t
� nCr1 "2#

*total gas!phase continuity

1"o7`#
1t

¦
1"7`u#

1x
¦

1"7`v#
1y

� nGr1¦r2 "3#

*enthalpy

"7CcC¦7WcW¦7AcA¦o7`c`#
1T
1t

¦7`c`u
1T
1x

¦7`c`v
1T
1y

�
1

1x 0k�x
1T
1x1¦

1

1y 0k�y
1T
1y1¦qr "4#

*momentum "the multi!dimensional Darcy law#

u � −
Bx

m

1p
1x

\ v � −
By

m 0
1p
1y

¦7``1[ "5Ð6#

Also\ the ideal gas law and a linear variation of the
solid!phase volume with the conversion level are con!
sidered]

p �
7`RT
W`

"7#



C[ Di Blasi:Int[ J[ Heat Mass Transfer 30 "0887# 3028Ð30493031

Vs

Vs9

�
"7W¦7C¦7A#

7W9

[ "8#

In the formulation of equations "0#Ð"8# the following
de_nitions are used]

Ki � Ai exp"−Ei:RT# i � 0\ 2 "09#

r0 � A0 exp"−E0:RT#7W

ri � Ai exp"−Ei:RT#7A\ i � 1\ 2 "00#

7W � MW:V\ 7C � MC:V\

7` � M`:V` � M`:"oV# "01Ð03#

o � V`:V\ V` � V−VS "04Ð05#

qr � K07WðDh0¦"T−T9#"cW−cA#Ł

¦K17AðDh1¦"T−T9#"cA−nCcC−nGcG#Ł

¦K27AðDh2¦"T−T9#"cA−cT#Ł "06#

k�x � hkWx¦"0−h#kCx¦ok`¦sT2dx:v\

k�y � hkWy¦"0−h#kCy¦ok`¦sT2dy:v "07#

Bx � hBWx¦"0−h#BCx\ By � hBWy¦"0−h#BCy "08#

h �"7A¦7W#:7W9[ "19#

Initially\ the sample is at ambient conditions and is sud!
denly exposed in an inert atmosphere\ where the pressure
is p9 and the temperature is Tr[ Boundary conditions are
written as]

x � t ] k�x
1T
1x

� −es"T3−T3
r #−hc "T−Tr#\ p � p9

"10#

y � t ] k�y
1T
1y

� −es"T3−T3
r #−hc "T−Tr#\ p � p9

"11#

"at the other two sides\ x � 9\ and y � 9\ symmetry con!
ditions are imposed#[

The numerical solution of equations "0#Ð"8# with initial
and boundary conditions\ is computed through a _nite
di}erence formulation of the model equations\ based on
the hybrid scheme\ already applied for the simulation
of the 1!D structure of smoldering combustion through
packed beds ð13Ł and ~ame spread over charring solids
ð14Ł[

2[ Results

The properties used in the numerical simulations
describe a lignocellulosic fuel[ The kinetic data\ the values
of the heat of pyrolysis and the medium properties are
the same as in ð03Ð07Ł] A0 � 1[7×0908 s−0\ A1 � 0[2×0909

s−0\ A2 � 2[17×0903 s−0\ E0 � 131[3 kJ mol−0\
E1 � 049[4 kJ mole−0\ E2 � 085[4 kJ mole−0\ nG � 9[54\
nC � 9[24\ Dh0 � 9\ Dh1 � Dh2 � −307 kJ kg−0\
rW9 � 399 kg m−2\ cW � cA � 1[2 kJ kg−0 K−0\ c` � 0[7
kJ kg−0 K−0\ cC � 0[0 kJ kg−0 K−0\ dx � dy � 3×09−4 m\

k` � 14[66×09−2 W mK−0\ m � 2×09−4 kg:ms\ v � 0\
hc � 19 W K−0 s−0[ Thermal conductivities are taken
from ð7Ł and permeabilities have been estimated so as
to give gas overpressures of the same order as those
experimentally observed ð7Ł[ Values along the x and y
directions are chosen to describe cross "low values# and
parallel "high values# grain properties]
BWx � BAx � 0×09−03\ BCx � 4×09−01\ BWy � BAy �
0×09−00\ Bc � 4×09−00 m1^ kWx � kAx � 09[4×09−1\
kCx � 6[0×09−1\ kWy � kAy � 14[4×09−1\ kCy � 09[35×
09−1 W m−0 K−0[ This set of data will be referred to as
reference data[ The particle\ at the initial temperature of
299 K\ is suddenly exposed in a high temperature furnace
"899 K#[ Simulations have been made for anisotropic
"square# particles by varying their sizes\ from
t � 9[14×09−1 m to t � 2×09−1 m[ Simulations have
also been made for isotropic particles\ to understand
the role played by the di}erent mechanisms\ and two!
dimensional and one!dimensional results compared[

2[0[ Dynamics of wood particle pyrolysis

An example of the dynamics of the degradation process
is presented for t � 9[4×09−1 m\ by means of the con!
stant contour levels of temperature\ the variable h "equa!
tion "19#\ a measure of particle conversion#\ gas over!
pressure and reaction rate "r2 � K27A# and the gas vector
velocity _eld "Figs 1"AÐD#\ 2"AÐD#\ 3"AÐD#\ the whole
cross section of the sample is considered for an easier
understanding of the problem#[ Pro_les of temperature\
char density and velocity "u and v\ respectively# along the
x and y axes "directions perpendicular and parallel to the
solid grain\ respectively# are plotted in Fig[ 4"AÐC#[
From the qualitative point of view\ the process dynamics
show the same characteristics as already simulated by 0!
D models ð03Ł[ The usual regions of virgin solid\ pyrolysis
and charred residual are seen[ The virgin solid is followed
by an elevated pressure zone due to slow transport "con!
vection and di}usion# of volatiles in a region of low
porosity and permeability to gas ~ow[ However\ the 1!
D simulations show that the shape of the temperature\
pressure and reaction fronts\ for _xed external
conditions\ is dictated by the anisotropy of the medium[

The reaction process is initially localized along the
external boundary of the sample and\ as time increases\
it assumes a wave!like character "Fig[ 1"AÐD##[ The
pyrolysis region\ here de_ned by the contours of h equal
to 9[90 and 9[88\ is characterized by temperature values
varying from 699 K "side of the char layer# to about
599 K "virgin solid side#[ As can be observed from the
contours of the rate of reaction "2# "Fig[ 2"AÐD## and
the conversion level\ the reaction fronts propagate\ with
decreasing rate\ towards the center of the sample[ The
increasing distance from the exposed surfaces causes pro!
gressively lower maximum values of the reaction rate and
an enlargement of the thickness of the reaction zone\
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Fig[ 1[ Isotherms ðKŁ "solid lines\ step equal to 49# and constant contour levels of h "dashed lines# for t � 20 s "A#\ 52 s "B#\ 82 s "C#
and 014 s "D#[

until for t × 79 s particle heat!up occurs\ that is\ the
pyrolysis region extends to the whole particle[ The rate of
advancement of the charring and devolatilization fronts
through the virgin solid is\ for very short times\ faster for
the cross grain direction[ This is because the surface heat
~ux is always larger for this direction\ though the di}er!
ence with the parallel grain surface heat ~ux continuously
decreases[ It should be noted that\ for very slow furnace
heating rates and su.ciently small samples\ this feature
may be observed until complete conversion[ In the case
of a sample instantaneously exposed to the _nal furnace
temperature\ apart from the very beginning of the
process\ the position of the pyrolysis front is slightly more
advanced along the solid grain[ However\ the thickness of
the pyrolysis region is also much larger for this direction[
Thus\ complete charring is\ on the whole\ slower along
the solid grain and\ for times longer than that of particle
heat!up\ the shape of the reaction zone becomes ellip!
soidal[

The temperature distribution is responsible for such

behavior[ Indeed\ Fig[ 1"AÐD# shows that the tem!
perature _eld closely resembles the shape of the reaction
front[ On the other hand\ from Fig[ 4"A#\ it appears that
temperatures\ along the two directions\ are comparable
for the virgin solid and the pyrolysis regions\ whereas\
they are signi_cantly larger across the grain for the char
layer[

The di}erent thermal history of the degrading solid
along the x and y directions also exerts some in~uence
on the chemical pathways[ As indicated by the lower
activation energy\ reaction "1# "char and gas formation#
is favored at low temperatures[ As can be observed from
Fig[ 4"B#\ char densities increase with the distance from
the exposed surfaces "progressively lower reaction tem!
peratures# and are larger along the solid grain "lower
temperatures#[ Furthermore\ as already observed\ the
devolatilization rate is initially faster across the grain " for
t ¾ 19 s#\ but for longer times\ the onset of the pyrolysis
process occurs at about the same time for the two direc!
tions[
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Fig[ 2[ Constant contour levels of reaction rate ðkg m−2 s−0Ł from 0 and then with step 0 and vector velocity _eld for the same times as
Fig[ 1[ Maximum vector velocity ðm s−0Ł] 9[015 "A#\ 9[984 "B#\ 9[97 "C# and 9[98 "D#[

The grain structure of the solid strongly a}ects the ~ow
of volatile pyrolysis products through the pores[ Thermal
degradation is initially faster in the neighborhood of the
right boundary\ that is across the grain "Figs 1"AÐD# and
4"C##[ Thus\ for short times\ a signi_cant mass out~ow
is observed along this region[ However\ since the char
permeability to gas ~ow is larger along the grain\ much
higher values of the mass e/ux are reached through a
narrow region of the upper boundary\ close to the vig!
orous pyrolysis zone[ The formation of volatile products
in a partially reacted medium "pyrolysis region#\ where
porosity and permeability are still low\ and the migration
of volatile products towards the unreacted solid both
cause the pressure to increase across a rather wide zone\
parallel to the solid grain "Fig[ 3"AÐD##[

As time increases and signi_cant degradation takes
place also along the grain direction\ volatile products

~ow mostly along this direction and escape from the
upper boundary[ In accordance with the wave!like
character of the process\ the gas overpressure front
propagates towards the centerline of the sample and\ as
with the reaction fronts\ enlarges[ The ~ow velocity\
which is the result of the volatile release rate and pressure
gradients\ initially attains successively lower values as
degradation proceeds\ because of the continuously
decreasing reaction temperatures[ For very long times\
very slow volatile ~ow is observed from the right bound!
ary\ while there is an increase of the mass escaping from
the upper boundary\ as a consequence of the attainment
of particle heat!up conditions[ Finally\ very slow vel!
ocities directed towards the cold solid are simulated[

The time of complete sample conversion is 033 s and
char represents 3[3) of the initial weight of the solid[ As
char and gas productions are linked\ it can be inferred
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Fig[ 3[ Constant contour levels of gas overpressure p:p9 from 0 and with step 9[914 for the same times as Fig[ 1[

that primary gas yield is 7[03)\ the remaining amount
of volatiles being tar[

To further clarify the in~uence of the anisotropy in the
permeability to gas ~ow on the temperature distribution\
simulations have also been made with no anisotropy in
this property\ for both high "no pressure variations# and
low values[ As expected\ the velocity _eld becomes sym!
metric\ so that convective transport of heat and mass is
quantitatively about the same along the two directions
with the maximum value reduced by a factor of about
two[ However\ in terms of global parameters\ the process
is not signi_cantly di}erent from the reference case[ It
can be guessed that\ given the higher ~ow velocity simu!
lated by the reference data\ the volatile residence times are
shorter[ Consequently\ some in~uence can be expected on
the extent of the activity of secondary reactions\ not
modeled in this study[ Finally\ it should be noted that\ in
the absence of convective heat transport\ the conversion
time becomes shorter "014 s# and the char yields are also
slightly lower "3[1)#[

2[1[ Relative importance of the different heat transfer
mechanisms

Some general considerations can be drawn from the
process dynamics here presented[ The slow ~ow of hot
pyrolysis products pre!heats the virgin solid making the
rate of primary pyrolysis faster[ On the contrary\ trans!
port of hot volatile products towards the charred surface
cools the pyrolysis region[ The formation of a thick low
thermal conductivity char layer also hinders heat con!
duction from the exposed surface to the interior of the
solid[ Given that the solid is porous\ radiation could be
another mode of heat transfer\ mainly along the char
and pyrolysis regions where rather high temperatures are
reached "this contribution is\ however\ small for the case
here considered#[ In order to evaluate the role played by
the di}erent heat transfer mechanisms during the con!
version process\ the enthalpy equation is integrated over
the computational domain to get]

Hi � Qkx−Qcx¦Qky−Qcy¦Qr "12#
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Fig[ 4[ Pro_les along the axis x "y � 9\ solid lines# and y "x � 9\
dashed lines# of temperature "A#\ char density "B# and velocity
"C\ u and v\ respectively# from t � 07[7 s and then with step
20 s[

where Qkx and Qky are the contributions due to con!
duction "x\ y#\ Qcx and Qcy those due to convection "x\ y#
and Qr the heat needed for the reactions to occur "Fig[
0#[ They can be detailed as follows]

Hi � g
t

9 g
t

9 0"cW7W¦cA7A¦cC7C¦oc`7`#
1T
1t 1 dy dx

"13#

Qkx � g
t

9 0k�x
1T
1x1x�t

dy\ Qky � g
t

9 0k�y
1T
1y1y�t

dx\

"14#

Qcx � g
t

9

"uc`7`"T−T9##x�t dy\

Qcy � g
t

9

"vc`7`"T−T9##y� dx "15#

Qr � g
t

9 g
t

9

"qr# dy dx[ "16#

The contributions "14#Ð"16# are reported in Fig[ 5 as
functions of time "as the reaction process is globally endo!
thermic\ to use the same scale\ −Qr is plotted#[ Qky is
always larger than Qkx and both of them decrease as
time increases owing to the temperatures at the surface
approaching the _nal furnace temperature[ Qr attains its
maximum "negative# value during the initial stages of the
degradation process\ when the resistance to heat transfer
is low\ and then continuously decreases[ Interesting is
also the time dependence of the heat convected out by the
pyrolysis products[ In agreement with the degradation
process previously described\ Qcx is initially slightly larger

Fig[ 5[ Qkx\ Qky\ Qcx\ Qcy and −Qr as functions of time for
Tr � 899 K and t � 9[4×09−1 m[
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Fig[ 6[ Q?kx\ Q?ky "cross grain permeability values for both the x
and y direction#\ Qdx and Qdy "reference data# as functions of
time for Tr � 899 K and t � 9[4×09−1 m[

than Qcy\ but rapidly decays to very low values[ On the
contrary\ Qcy assumes rather large values as long as the
solid is undergoing pyrolysis[ Thus convective transport
of heat along the solid grain plays a role of increasing
importance for long times when conductive transport
values become lower[ Indeed\ the integral forces driving
heat transfer interior to the solid are] Qdx � Qkx−Qcx and
Qdy � Qky−Qcy[

The contributions Qdx and Qdy are reported in Fig[ 6
as functions of time[ It appears that\ for t − 27 s\ the
integral contribution to inward heat transfer is larger for
the x direction "across the grain#[ In the same _gure\ a
comparison can be made with the equivalent net integral
forces driving heat interior to the solid for the same
pyrolysis process simulated for comparable values of the
convective heat transport along the two directions "that
is\ for the cross grain values of permeability along both
the x and y direction#\ that is Q?kx and Q?ky[ In this case
the heat transferred along the solid grain "y# is always
larger than that transferred across the x direction\
because of the larger thermal conductivities[ As expected\
during the transients of the process\ Q?ky is larger than
Qdy\ and Q?kx lower than Qdx\ because\ in the symmetric
case\ convective transport is reduced along the grain and
increased across the grain\ when compared with the ref!
erence case[

2[2[ Comparison between 1!D and 0!D simulations

The temperature\ char density and velocity pro_les
along the two axes ðx "cross grain direction# and y "par!
allel grain direction#Ł simulated by the 1!D model "Fig[

4"AÐC## can be compared with the corresponding 0!D
simulations shown in Fig[ 7"AÐC#[ For short times
"t ³ 19 s#\ the 1!D and the 0!D simulations produce
results quantitatively close[ However\ for longer times\
signi_cant di}erences appear from both the qualitative
and the quantitative points of view[ For the cross grain
direction\ 0!D predictions show slightly lower tem!
peratures and comparable velocities\ with respect to the
1!D case[ As a consequence of the lower temperatures\
the propagation rate of the charring front is slower and
the _nal char density higher "mainly for long times#[ The
0!D\ parallel grain pro_les exhibit temperatures larger
and velocities lower "these by a factor of about two# than
the corresponding 1!D simulations\ for most part of the
process[ Consequently\ the 0!D charring front propagates
faster and shows lower char densities[ A change in this
trend is seen for times longer than that of particle heat!
up[ In fact\ because of the faster propagation rate\ 0!D
solid conversion occurs at temperatures lower\ on aver!
age\ and _nal char densities become larger[

These results indicate that the multi!dimensional struc!
ture of the pyrolysis front a}ects not only the pro_les of
dependent variables but also global parameters\ such as
conversion time and product yields\ though the di}er!
ences are not exceedingly large[ In fact\ conversion times
are 031[4 s and 199 s "against 033 s of the 1!D case# and
char yields 3[8 and 4[1) "against 3[33) of the 1!D case#\
for the 0!D parallel and perpendicular grain heating\
respectively[

The global dynamics of sample conversion\ as its size
is varied\ can be observed from Fig[ 8\ where the solid
weight loss and the rate of weight loss are plotted as
functions of time[ For all cases\ an initial period of slow
weight loss is observed\ this being most noticeable for the
larger samples[ For small sizes\ a fast rise in the rate of
solid devolatilization\ due to fast attainment of tem!
peratures high enough for solid degradation\ is followed
by a decrease\ due to the process becoming heat transfer
controlled[ For large particles\ the dynamics of devo!
latilization remain qualitatively the same\ but the process
is much slower and the peak in the time derivative of the
solid weight becomes successively less evident[

The isolines of h "pyrolysis region# and the vector vel!
ocity _eld\ for three di}erent particle sizes and conversion
conditions of 49)\ are shown in Fig[ 09"AÐC#[ The con!
_gurations are qualitatively similar[ That is\ for all the
sizes here considered\ the conversion process appears to
be under the heat transfer control ð06Ł[ As expected\ the
spatial gradients increase and the maximum velocities
decrease\ as the size is made larger[ Thus convective trans!
port becomes successively less important\ because the
higher resistance to internal heat transfer causes
reductions in the global devolatilization rates[ The pro!
cess is on the whole slowed and\ given that the tem!
peratures at the reaction fronts are\ on average\ suc!
cessively lower\ char formation is also successively more
favored[
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Fig[ 7[ Pro_les "0!D simulations# for perpendicular "solid lines#
and parallel "dashed lines# grain heating of] temperature "A#^
char density "B#^ and velocity "C# from t � 07[7 s and then with
step 20 s[

Fig[ 8[ Weight fraction "dashed lines# and time derivative of the
weight fraction "solid lines# as functions of time for several
values of the particle size "t×099 ðmŁ\ reported in the _gure#[

Final char yields and conversion times\ as predicted by
the 0!D and the 1!D model\ are reported in Fig[ 00 as
functions of the sample size[ In qualitative agreement
with experiments ð8\ 15\ 16Ł and as expected from the
detailed variable distributions\ char yield and conversion
time increase with the particle size\ for both models[
Though the large number of parameters and the large
uncertainty about values and dependence on conversion
conditions make any quantitative comparison between
predictions and experimental results di.cult\ good agree!
ment has been obtained by the 0!D version of the model
in ð05\ 06\ 12Ł[ On the other hand\ a comparison of 1!D
numerical simulation results with experimental data is
not made at this stage because detailed measurements of
the two!dimensional structure of pyrolysis fronts are not
available[ The 1!D model predicts\ on average\ larger
temperatures at the reaction front\ so that particle con!
version is faster and gives rise to lower solid char yields[
The di}erences between the two mathematical for!
mulations tend to become larger with the particle size[ It
should be noted\ however\ that in all cases the 1!D and
0!D "parallel grain heating# conversion times are nearly
the same[

3[ Conclusions

Two!dimensional\ unsteady balance equations for
chemical species\ energy and momentum have been used
to simulate the pyrolysis of a lignocellulosic\ anisotropic
material[ Model predictions have been carried out to
understand the role of physical mechanisms in the pyrol!
ysis of samples of di}erent sizes[

For high external temperatures\ typical of ther!
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Fig[ 09[ Constant contour levels of h and vector velocity _eld
for three particle sizes and conversion of 49)[ Maximum vector
velocity ðm s−0Ł] 9[09 "A#\ 9[957 "B#\ and 9[927 "C#[

Fig[ 00[ Conversion time and _nal char yields\ as simulated by
the 1!D model and 0!D model "parallel "a# and perpendicular
"b# grain heating#\ as functions of the sample size[

mochemical conversion and _re conditions\ the pyrol!
ysis process is heat transfer controlled and presents a
wave!like character with the propagation of pressure and
reaction fronts from the heat exposed surface towards
the interior of the sample[ The rate of advance of these
fronts is highly a}ected by the grain structure of the solid[

The relative importance of the convective and con!
ductive heat transfer mechanisms along and across the
grain directions has been assessed[ It has been found
that\ notwithstanding the lower thermal conductivities\
because of the concomitant slower convective transport
"lower permeabilities to gas ~ow#\ the largest con!
tribution is that across the solid grain[ However\ the
contribution due to volatile convection is successively less
important as the size of the sample is increased[

A comparison between the 1!D and the 0!D simu!
lations has shown that the multi!dimensional structure
of the reaction fronts a}ects not only the details of sample
conversion dynamics\ but also global parameters\ such
as conversion time and product distribution[ On average\
the process is faster and the volatiles yields larger for
the 1!D con_guration[ This _nding should be taken into
consideration when comparing 0!D theories with exper!
iments[ Indeed\ truly 0!D systems can be designed and
operated only on a laboratory\ single!particle scale\ while
the reaction processes undergone by particles in _xed and
~uidized gasÐsolid reactors or by lignocellulosic struc!
tures under _re conditions are multi!dimensional[
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