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ARTICLE INFO ABSTRACT

Keywords: During pyrolysis, organic materials undergo morphological changes that are important to predict, particularly

Biomass pyrolysis in the field of thermochemical conversion. This work proposes an approach to model deformations during

Shrmkage pyrolysis combining elastic, thermal expansion, and pyrolysis contributions. A three-dimensional anisotropic

Ixe_Ch‘tmlcs pyromechanics model is derived for porous media by volume averaging. It includes pyrolysis kinetics, mass,
nisotropy

momentum and energy conservation for both solid and gas phases. A key advantage of the pyromechanics
model lies in its physical framework, which effectively captures the effect of internal stresses on the
overall deformation. Implemented as open-source within the Porous material Analysis Toolbox based on the
OpenFOAM framework (PATO) using an incremental approach, the model is specifically applied to wood in this
study. Two experimental validations are conducted using pyrolyzing cylindrical wood particles to verify the
model’s predictions concerning temperature profile evolution and shrinkage effects. Importantly, the model’s
capability to estimate stress distribution holds promise for further investigations into crack distribution and

propagation.

1. Introduction

Pyrolysis of wood and other organic solid materials is a key process
in the development of sustainable fuels and valuable energy prod-
ucts [1]. Occurring at temperatures above 250 °C, pyrolysis plays a
crucial role in thermochemical conversion processes that transform
biomass into a range of high-value products, including hydrogen and
biochar. This thermochemical degradation is a multi-physics and multi-
scale problem. Researchers have primarily focused on studying thermo-
physical phenomena such as pyrolysis kinetics, heat, and mass transfer.
However, pyrolysis inherently involves shrinkage, which alters heat
transfer by modifying characteristic lengths and volume [2-4]. Such
volume loss impacts conversion time and final products yields in the
thermally thick regime (Bi > 10) [2,5]. Additionally, the stresses in-
duced by these structural changes may lead to crack formation both in
depth and at the surface [5-7]. Therefore, understanding this mechan-
ical behavior is essential for accurately describing pyrolysis processes.
By analogy with the term thermomechanics, which describes the behav-
ior of materials related to thermal expansion, the term pyromechanics
is used to describe the behavior of pyrolyzing materials that undergo
additional dimensional changes as a result of chemical transformations.

The first models accounting for shrinkage emerged in the 1980s.
One of the earliest comprehensive models accounting for both shrink-
age and expansion during pyrolysis was developed by J. B. Henderson
and T. E. Wiecek in 1987 [8]. Their one-dimensional transient thermal
model considered not only decomposition but also thermochemical
expansion and shrinkage in polymer composites exposed to high tem-
peratures. J. Villermaux et al. [9] proposed a model for fast pyrolysis of
solid particles including shrinkage through a linear shrinking velocity,
assuming a constant density and a one-step pyrolysis model. C. Di
Blasi [3] began to vary density by introducing a model determined by
empirical correlations. This model assumes that the volume occupied
by the solid decreases linearly with solid mass and increases with
char mass, driven by a shrinkage factor [3,10,11]. As an alternative
to working with the volume, some authors define a shrinkage factor
as the ratio between the local length of the pyrolyzing particle and
its initial length, varying linearly with the conversion [12] or non-
linearly [13]. While these approaches improved physical realism, it was
limited to one dimensional isotropic behavior. Recently, researchers
have highlighted the importance of considering the anisotropic prop-
erties of biomass in thermochemical conversion processes. M. Sanchez
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Nomenclature
Latin
A;j Arrhenius law pre-exponential factor of pyrolysis

reaction j of component i s~!
& Arrhenius law activation energy of pyrolysis reaction
j of component i J mol™!
Mass loss fraction of component i by pyrolysis
reaction j
Unit normal vector
Solid displacement m
Mesh velocity ms~!

Gaseous velocity ms~
1

1

Solid velocity ms~
Permeability tensor m?

Rigidity tensor Pa

Solid conductivity tensor Wm~! K~!
Thermal capacity Jkg™' K~!

Young modulus Pa

Total gaseous energy J m™>

Total solid energy J m~3

Shear modulus Pa

Standard formation enthalpy Jkg™!
Gaseous enthalpy Jkg™!

Solid component i enthalpy Jkg™!
Gaseous molar mass kg kmol™!
Number of solid components

Pg Gaseous pressure Pa

P, Number of pyrolysis reactions for component i
R Universal gas constant JK~! kmol™!

T Temperature K

14 Volume m?

Greek

Zij Advancement of pyrolysis reaction j of component i
€, Gaseous volume fraction

€ Solid component i volume fraction

Hy Gas viscosity Pas

v Poisson coefficient

Tror Total pyrolysis production rate kgm=3s~!

v Generic variable

Pg Gaseous density kgm™3

i Solid component i density kgm™3

Py Solid phase density kg m~3

T Total average pyrolysis advancement

et al. [14] demonstrated that anisotropy in thermal conductivity and
permeability significantly affects the prediction of mass loss. B. Pecha
et al. [15] showed that incorporating anisotropic permeability impacts
conversion times, especially for Biot numbers greater than 0.1. F.
Li et al. [16] further demonstrated that the combined influence of
thermal conductivity, permeability, and shrinkage anisotropy plays a
critical role in conversion, with shrinkage anisotropy emerging as a key
factor in shaping biomass pyrolysis behavior. To address anisotropy, M.
Bellais [17] introduced three shrinkage sub-models for anisotropic ma-
terials: uniform shrinkage, shrinking shell model and shrinking cylinder
model. These sub-models were introduced to offer several methods of
averaging conversion to avoid meshing problems. As demonstrated by
J. Blondeau et al. [18], averaging can introduce an artificial shrinkage

a Thermal expansion tensor K~!
E Cauchy stress tensor Pa
E Strain tensor
£ Pyrolysis shrinkage tensor
Conventions
()8 Intrinsic gas phase average
) Intrinsic solid phase average
() Phase average
V- Divergence m™!
v Gradient m™!

Scalar product

in areas where conversion has not yet begun, thus modifying the
apparent density. Moving beyond shrinkage, some authors investigated
stress development as a consequence of the degradation of mechanical-
properties [6,7,19]. To our knowledge, the most advanced models are
the 2D-cylindrical one of M. Sreekanth et al. [20] and the 3D isotropic
one of J. Wang et al. [21], which account for shrinkage-induced stresses
during drying and pyrolysis. Nevertheless, these models are either
isotropic or restricted to 2D geometries. Only few authors have gone
as far as studying cracking through stress concentrations [20,22,23].

This work introduces a 3D anisotropic pyromechanics model ac-
counting for the coupled effects of shrinkage, heat and mass trans-
fer, and stress generation. This model provides a detailed descrip-
tion of deformation mechanisms—including elastic, thermal expansion,
and pyrolysis-induced strains—and enables the computation of stress
distributions, essential for cracking analysis.

The article is structured as follows. In Section 2, we present the
governing equations of the 3D pyromechanics model. In Section 3 we
propose an efficient numerical approach and describe its implemen-
tation in the Porous material Analysis Toolbox based on OpenFOAM
(PATO) software [24]. Finally, in Section 4 we apply the model and
numerical method to analyze two pyrolysis experiments carried out on
cylindrical wood particles. We present a detailed reconstruction of mass
loss, temperature profile, local stresses, and overall deformation.

2. Governing equations

We present in this section the governing equations of the pyrome-
chanics model. It consists of a set of conservation equations applied to a
multiphasic porous medium, containing a gas phase and a solid phase,
using the volume-averaging approach [25]. In this work, the solid phase
is decomposed into four reacting components which are the three main
components of the wood cell wall (cellulose, hemicellulose and lignin)
and water, as illustrated in Fig. 1. Additionally, wood is considered as
a deformable porous medium.

2.1. Hypothesis and notations

Consider y; a local value of a physical variable defined in the

gas phase (i = g) or in the solid phase (i = s). Following the
volume-averaging approach, phase variables are defined as
1
i) =wix.0) = 4 / vi(X+y,0dV, @
Vi
and intrinsic phase variables are defined as
i i 1
i)' = (wx.0)' = / wix+y,0dV, 2
i JV;
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Fig. 1. Illustration of the multi-scale nature of wood and major cell wall components (adapted from [26]). Notation for the three-dimensional space coordinates used in the volume

averaging approach: x: macroscopic scale, y: local scale.

where x is the macroscopic coordinate and y is the local coordinate
within the averaging volume V, as schematized in Fig. 1, and V is the
volume of phase i within the averaging volume.

The volume fraction of each phase i is then expressed as

() = €,’<W,’>i- 3)

For example, the volume averaged total density (p) of wood material,
filled with gas and a solid phase containing N, solid components, is
given by

(0) = o) +{p) = p)* + X el

i€[1.N,]

C)

2.2. Pyrolysis

The chosen kinetic model assumes that the solid components i may
decompose following P, pyrolysis reactions, resulting in the production
of char and gas. For a more detailed development, particularly regard-
ing a material chemistry model accounting for the generation of species
and/or elements, readers are referred to [25].

The advancement y;; (varying from O to 1) of the pyrolysis reaction
j of component i is modeled using Arrhenius laws of the general form

9, xij &
Ay g -2, Vie[l,N,,VjellP]
=z ”exp( RT) Pt WLy ellh bl

6
where N, is the number of components and P; is the number of
pyrolysis reactions of component i. A;; and &; are respectively the
pre-exponential factor and energy activation of pyrolysis reaction j of
component i. The apparent density of component i is then updated as

€p;) —1- Z 7_,[_]_;(’_/_’ )

€0 {Pio) jelLp]

where €, (p;0)’, and F;;, are respectively the initial (at = 0) volume
fraction of component i, intrinsic virgin density of component i, and
mass loss fraction of component i by pyrolysis reaction j. The total
average pyrolysis advancement, varying from 1 to 0, is obtained as

€i0 (l’i,())i Fij @

T =

- = xij)-
i€[L.N,] jelL.P] Zie[l,Np] Zieir €0 (o) Fyj

2.3. Mass conservation

2.3.1. Gas phase

Mass conservation for the gas phase includes the overall pyroly-
sis gas production rate r,,, with no consideration of heterogeneous
reactions as

9, (€g€pg)%) + V- (eg(pg)¥(Vg)®) = 7y ®

7, is obtained by summation of the gas productions of the N, solid
components and reads

Z €i0 (/’f,0>l Fij 0 xij-
ielL.N, ] jelL.P]

)]

ot =

The gas volume fraction ¢, is equivalent to wood porosity and com-

puted as e, =1 - ey n 1 €;-

2.3.2. Solid phase
The total average solid mass evolution is obtained as

at«ﬂs)) +V. ((ps><vs>s) = " Tot-

where (v,)* denotes the intrinsic average velocity of the solid phase.
The special numerical treatment of this solid velocity is detailed in
Section 3.

10

2.4. Momentum conservation

2.4.1. Gas phase
In deformable porous media, the volume-averaged momentum con-
servation may be written as [27,28]

v == (2K ) Vi 4

&g

(1)

with p, the gas viscosity, K the permeability tensor and (p,)¢ the gas
pressure. -
By assuming the perfect gas law holds,

_ Mg (pg)*
(pg)% = N GE

the average gas velocity is obtained by resolution of the momentum-
conservation equation by assembling Egs. (8), (11) and (12),

9 —egMg< >g>+v~<ﬁ< ¥ (—iK>~V< )+ (vs) >—ﬂ’°’
"\ R(T) Pg R(T) Py He = Pg s B '
13)

, (12)

M, is the gas molar mass, R the universal gas constant and (T)
the average temperature. All the thermophysical gas properties are

tabulated as a function of the average temperature.

2.4.2. Solid phase

The mechanical part of the model presented here introduces stress
and strain analysis to existing shrinkage models. Thermal expansion
and pyrolysis shrinkage occur in solid parts undergoing decomposition.
The strain field caused by these processes is not geometrically consis-
tent with the structure of solid regions that have not yet experienced
pyrolysis. Consequently, a mechanical strain tensor arises. This model
thus accounts for the stresses related to this strain field. However, this
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study does not address the full poroelasticity problem, as it excludes
stresses from interactions between the gas and solid phases.

The response of the material will be assumed to be purely elastic,
with the assumptions of small perturbations between two close states.
Therefore, we can introduce the Cauchy stress tensor o, defined in the
current configuration, and the linearized strain tensor &.

The momentum conservation of the solid phase is written as

0, ((P)2, (W) =V - (@)* = 0. 14

with (u)® the macroscopic solid displacement and (o) the macroscopic
Cauchy stress tensor. -

Following the work done for the drying of shrinking materials [29,
30], the total strain of the solid phase is the sum of the mechanical,
thermal and pyrolysis shrinkage contributions as

<£>s — <§el>s + <§th>s + <£sh>s’ (15)

where (£°)°, (¢'*)* and (g°")* are respectively the elastic, the thermal
expansion and the pyrolysis shrinkage parts of the strain tensor.

The relation between the total strain and the displacement (u)* is
written as

©° =3 (V@ + vwyT). a6)

Finally, a linear elastic anisotropic constitutive law is written in terms
of the macroscopic fourth order rigidity tensor (C) as

(@ =(©) €y =(©) : (@ -y & T a7

Considering wood as an orthotropic material, the total volumetric
thermal expansion and shrinkage are distributed unequally for the
three orthotropic principal directions. These directions illustrated on
Fig. 2 are referred to as tangential (1,7, x), radial (2, R, y) and longitu-
dinal (3, L, z). As a consequence, we assume the macroscopic thermal
expansion tensor (a) and macroscopic pyrolysis shrinkage tensor (&)

composed of linear coefficients,

a; 0 0 éu 0 0
(@=]0 ap O0fand (§)=[0 & 0] (18)
- 0 0 a3 - 0 0 &5

During thermal expansion, the lengths are assumed to vary linearly
with the temperature. Similarly during pyrolysis, the lengths are as-
sumed to vary linearly with the pyrolysis advancement. The thermal
expansion and the pyrolysis shrinkage strains are then expressed as

(") =(@T -Ty) and (") = (§)(7 ~70). 19
and the detailed expression of Eq. (17) is

(@' =(©: (% [Vw)* + (V)] = (@)(T = Ty) = (§)(r - r0>) e

This constitutive law introduces an irreversible behavior through de-
pendence on pyrolysis advancement. For an orthotropic material, the
rigidity tensor (C) can be written in matrix form as
Cy CF C 0 0 0
Cp Cp Cy 0 0 0
Ci3 Cy3 Cy 0 0 0
0 0 0 Cy, 0 0
0 0 0 0 Cs 0
0 0 0 0 0 Cg

(©) = @1)

This tensor is composed of 12 material constants (Young modulus E;,

Poisson coefficients v; j and shear modulus Gj; for i,j = 1,2,3) and

9 independent coefficients C;; with the relation v;; = Vji% [31].
j
Introducing the constant J as
1 = VjpVy| — Va3V3p — V31 Vi3 — 2V5 V3oV
J= 12Y21 ~ V23V32 ~ V31Vi3 21V30V13. (22)

E\E,E;
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3Lz
2R,y

-1, Tx

Fig. 2. Orthotropic principal coordinate system for wood.

the coefficients C;; are written as

Chi = 1 1-vpvy _ 1 Vipt+vynvgs Car = 1 V31 + VvV
n=5—F%5r ‘n=5—F% Gu=7—FF
J  E,E, J  E\E; J  EyE;
_ 11—y _ 1 vz+wvvi 1 1-wyvp (23)
Cop=7—7F7F— Cu=5—F77" Cp=7——"F"—
J E\E, J  E\E, J  EE,
Cuy =26, Css = 2Gy3 Ces = 2G31-

2.5. Energy conservation

Considering local thermal equilibrium ((T,) = (T,) = (T)) between
the gas phase and the solid phase, the energy conservation may be
written as

D aep) (h)) + 0, (e ) (e, )¥)
i€[1,N,]
v (kvn)
=1V (e,(pg)¥ ()8 (vg)®) 24
-V <Zie[1,1vp] €i<Pi>i<hi>i<Vs>S)

The left-hand side is composed by the solid and gaseous storage. By
neglecting the solid pressure variations, the solid storage is expressed
as

2 Aelp )y = Y [elp e, 0T +(h)oep))] . (25)

i€[LN,] i€[1,N,]
and the gaseous storage is expressed as
0, (eg(pg)¥(eg)®) = 0, (eg(pg)¥(hy)® — €g(py)) . (26)

The right-hand side of Eq. (24) is composed by the solid thermal
conduction, the gaseous and the solid thermal convection. The effective
conductivity k is a second order tensor, accounting for conduction in
the solid, conduction in the gas, radiative heat transfer and dispersion.
Eq. (24) is then written as

Z (€i<pi>i<cp,i>i)at<T> + 9, (€g<pg>g<hg>g - eg(pg)g)
i€[I,N,]
v (kvn)
=V - (eg{pg )8 (g )E(Vy)¥)
-V <Zie[1,1vp] €i<Pi>i<hi>i<Vs>S)
- ZIE[I,NP]<hi>iat(€i<pi>i)

27)

The solid enthalpies (h;)’ are the sum of the standard formation en-
thalpy of functional polymer group j of solid component i at the
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reference temperature T, = 298.15 K, h;;, and the sensible enthalpy
required to bring the component i from temperature T;, to T [32],

T
(hy'=3 hm+/ c,; dT. (28)
T

JElLP] 0

3. Numerical model

The simulation domain and the governing equations are discretized
using a second order finite volume procedure and solved within the
Porous material Analysis Toolbox based on OpenFOAM (PATO) [24].
This section presents the numerical strategy used to manage large
displacements.

3.1. Incremental approach

For thermally thick regimes, the thermal problem is intrinsically
transient. Therefore, it is necessary to account for this time depen-
dency when studying the structural changes. Furthermore, macroscopic
displacement related to shrinkage during pyrolysis are known to be
large, wood can loose up to 70% of its volume [4]. The material
points of the solid undergo significant changes of position during
pyrolysis shrinkage. The mechanical problem therefore involves geo-
metric non-linearities (large displacements). When the initial and last
configurations can no longer be confused, it becomes necessary to use
non-linear formalisms [33].

In this work, the first step is to keep a linear formalism by con-
sidering successive quasi-static states and by solving the mathematical
model with an incremental approach, illustrated on Fig. 3. This ap-
proach preserves the framework of the superposition principle, namely
the linearity of the constitutive law and the ability to sum the different
effects of small deformations.

The numerical time step dt is introduced as an increment for the
equilibrium states. Any variable y'*¢' of the current configuration is
expressed as
ll/t+z71t — Wt + 5y, (29)
with y' the variable in the last configuration and Sy the small incre-
ment between times ¢ and 7 + dr.

For successive equilibrium states, Eq. (14) for momentum conserva-
tion is written as

V- (c")=V-(c'+60)=0. (30)

Considering that the state at previous time is the reference state, we
write that at time 7, V - ¢’ = 0 is verified. Eq. (30) becomes

V.66 =0, Vi, (31
with the constitutive law expressed as

5g = (C): <% [Vow +(V (5w)T] - (@)sT - (§)5T> , (32)

with 6T and 67 being respectively the increment of temperature and of
pyrolysis advancement between time ¢ and ¢ + dr. Displacement, stress
and strain field are updated according to Eq. (29) by providing the
appropriate initial conditions.

External load on the material are generally only of thermal origin in
the problems we are considering. Boundary conditions on displacement
can then take two forms:

+ Fixed displacement
su=0. (33)
* Stress free

sg -n'td = 0. (34

As the small strain hypothesis holds between two close states, the
unit normal n*% ~ n'.
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Initial
configuration
\Lm‘ear
: xLi‘near
Non linear
Current
configuration

Fig. 3. Illustration of the incremental resolution.

3.2. Moving mesh strategy

As the pyromechanic model combine Eulerian and Lagrangian ap-
proaches, we use a deforming mesh technique to move the cells vertices
according to the displacement at each time step. This technique is
known as the Arbitrary Lagrangian-Eulerian (ALE) formulation. This
allows the update of the geometry for the new reference state, including
the unit normal n. By means of the finite volume method, the integral
form of a conservation equation for any variable y in a moving volume
V bounded by a closed surface .S would be for any gas or solid phase
i [34]

/ﬁamWMV+/V-mem—uwMV—/VWmﬂwwMV
14 14 14

=/s,l,dV, i=g,s, (35)
v

where n is the outward pointing unit normal vector on the boundary
surface S, v, is the mesh velocity, I, is the diffusion coefficient and
s,, the volume source of y.

The mesh velocity corresponds to the solid velocity computed with
the pyromechanic model, (vi)* = v,. Therefore, for all conservation
equation involving the solid velocity (vy)* we can write

AV{@MWJ—%WMV=0 (36)

Including the mesh motion fluxes in the integral form of solid mass
conservation Eq. (10) writes

/az«ps))dvz_/ ”mths 37)
14 |4

Eq. (13) for momentum-conservation equation writes,

Joo G or)ovs v (e () vor) v

_ / qv, (38)
14

and the integral form of the energy conservation equation Eq. (27) is

/V > elp () oTHdV + /V 9 (eg(pg)¥ (g}t — e (pg)*) dV

i€[l.N,]

V- (k)

=/V +V'<€g<ﬂg>g<hg>g<ﬁ§'V(P>g)) av. (39)
_Zie[l,NPJ<h[>iar(€i</’i>i)

The moving mesh strategy removes all dependencies on the solid
velocity and only the information on the displacement (u)*, computed
with Eq. (31), is required. The mechanical part of the model (Egs. (31)-
(32)) has been implemented following the semi-implicit formulation
described by P. Cardiff et al. [35].
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G,y = 50 kPa

b=0.1m E=02GPa v=03

L.

L=2m

Fig. 4. Beam characteristics and boundary conditions.

1 increment
v 50 increments

—06F o 100 increments
______ Abaqus non-linear
_oglL— Beam theory
| 1 L
0.0 0.5 1.0 15 2.0

x (m)

Fig. 5. Shape of the deformed center line of the beam in the x — y plan for different
number of increments, in comparison with beam theory and Abaqus non-linear solver.

3.3. Validation test case for the incremental approach

The aim of this section is to demonstrate that the incremental
resolution allows us to describe large displacements. Usually, large
displacements are solved using non-linear mechanical formulations. For
this purpose, we compare the results of the incremental linear approach
with a commercial non-linear finite element solver in the software
Abaqus, where geometric non-linear solvers have been extensively
tested. Considering the superposition principle, validating the model
with a simple mechanical loading case is meaningful, as it provides
insight into the overall behavior of the mass and heat transfer problem.
To this end, we consider for this validation test case a simple static
isotropic steel beam fixed at one end (x = 0) and subjected to a
surface force at x = L (see Fig. 4). The boundary condition is applied
incrementally, with N representing the number of increments,

0
606 -n= axy/N ,atx=1L. (40)
0

During the simulation, the surface force follow the deformation. The
problem is 2D with a length L = 2 m and width » = 0.1 m. A mesh
convergence has led us to use 400 x 20 cells in PATO.

Fig. 5 shows the shape of the center line of the beam for different
numbers of increments. A classic static resolution with 1 increment
shows a good agreement with the 1D beam theory, with a slight error
of 1% because of the large displacement nature of the problem. As the
number of increments increases, the PATO solution tends to the non
linear Abaqus one with a relative error of 3.5% for 50 increments and
of 1.5% for 100 increments at the end of the beam.

4. Model applications

This section presents two applications of the pyromechanics model
based on different experimental data: the first set of data originates
from an experiment conducted by the authors, while the second set is
taken from the literature.
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4.1. Pyrolysis of a cylindrical pine wood particle

4.1.1. Experimental conditions

The conducted experiment involves a cylindrical pine sample of
19 mm diameter and 40 mm length. It is placed inside a quartz tube
to ensure an inert atmosphere (N,), and heated on its lateral surface
by a resistive heater. The resistance winding was done uniformly to
ensure a uniform heat flux, while extending adequately on both sides
of the sample to ensure heating across the entire lateral surface. Within
the sample, four 1 mm type-K thermocouples (TCs) were placed, at
the midpoint of the length and at various distances from surface along
the radial direction, as can be seen on Fig. 6. TC 1 was positioned
at the surface and it has been attached with carbon tape to prevent
any detachment. The positions of the other three thermocouples were
measured using X-ray imaging. The radial distances from the surface,
denoted as ry¢y, rre; and rpcy, are such that: rpcy = 3.95 mm, rpes =
5.89 mm and rpc4 = 10.16 mm. The large number of parameters required
to describe the problem increases the complexity of the model. There-
fore, the sample has been carefully isolated from natural convection
and radiation in its longitudinal direction and the thermocouples were
placed in the middle of the sample to avoid any edge effects. At the end
of the experiment, the particle diameter is reduced by approximately
20%.

4.1.2. Numerical modeling of the experiment

Considering the experimental conditions, it has been chosen as a
first step to modelize this experiment using a 1D-axisymmetric model
in PATO to calibrate the unknown parameters. The values of the model
parameters along with their method of determination are detailed in
Appendix. After calibrating the parameters, the experiment was numer-
ically modeled using a 2D-axisymmetric domain schematized in Fig. 7.
In both 1D and 2D numerical simulations the thermal boundary con-
dition is the measured temperature at TC 1. A grid size independency
study conducted on both temperature and displacement showed that,
except at the center for the displacement, both values converge with
a minimum of 20 cells, which corresponds to a maximum cell size of
0.5 mm. To balance good resolution at the center with avoiding overly
fine meshing that could lead to excessively long computation times, 62
cells were chosen for the 1D simulation, and 41 cells in the x-direction
and 175 cells in the y-direction for the 2D simulation.

4.1.3. Results and discussion

The evolution of the measured and calculated temperature with
the model at each thermocouple is depicted in Fig. 8(a). Additionally,
Fig. 8(b) shows the model predictions in terms of temperature obtained
without considering shrinkage. When considering shrinkage, the global
mean relative error calculated for all thermocouples is 1.8%. However,
when shrinkage is neglected, we can observe an underestimation of the
temperature when 500 K is reached at each location. This phenomenon
has also been observed by A. Chaurasia et al. [36]. This is because
the displacements induce a shortening of the heat transfer lengths,
facilitating heat diffusion across the sample. The global mean relative
error calculated for all thermocouples when shrinkage is neglected is
3.4%, which means that the prediction error is 1.9 times greater in that
case. Given these results, accounting for deformations helps improving
the model predictions. Failing to account for shrinkage would lead
to inaccurate estimate parameters such as char thermal conductivity
(Fig. 9). At temperatures above 600 K, parameter calibration would
result in an overestimation of char thermal conductivity to compensate
for the omission of shrinkage effects.

In order to demonstrate the capabilities of the model, Fig. 10 shows
the pyrolysis advancement and the longitudinal stress at different time
computed with the pyromechanics model. The surface of the sample
undergoes heating, pyrolysis, and shrinkage before the core. Due to
the maintained cohesion between the pyrolyzed outer shell and the
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Fig. 6. 2D schematic of the experimental set up, with the radial positions r; of the thermocouples (TCs) from the surface.
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Fig. 7. 2D-axisymmetric mesh and the corresponding boundary conditions.

unpyrolyzed virgin core, the shrinking pyrolyzed shell exerts a com-
pressive force on the virgin core. Conversely, the virgin core applies
a tensile force on the pyrolyzed shell, creating a dynamic interaction
between the two regions. The longitudinal stress follows the pyrolysis
front during the entire process and undergoes a maximum tensile stress
at the surface at about 90 s and a maximum compressive stress at the
center at about 180 s.

4.2. Pyrolysis of a cylindrical beech wood particle

4.2.1. Experimental conditions

We consider in this section the experimental results of G. Gauthier
and the PYRATES device [38]. The hot zone of the PYRATES device is
heated by a 12 kW induction furnace, which raises the temperature
of a 1 mm-thick Inconel 600 tube to a range of 500 to 1100 °C.
Nitrogen gas flows through the Inconel tube. Convective and radiative
heat fluxes are determined using measurements of the sample surface
and furnace temperatures, coupled with numerical simulation. The
temperature evolution inside the wood sample was measured using
a K-type thermocouple (0.5 mm diameter). The mass of the particles
during pyrolysis is determined through specific experiments. For a
given pyrolysis temperature, a sample of dry biomass is pyrolyzed
for a duration of At of two minutes. Heating is then stopped, and
the sample is immediately removed from the hot zone and quenched
with a nitrogen flow. Its mass is measured before a new sample is
pyrolyzed for a duration of 24t, removed, quenched, and weighed.
This process is repeated until a constant mass loss is achieved. As

mentioned by G. Gauthier, the time associated with the measured mass
loss is underestimated by a maximum of 20 s because the particle cools
from its surface toward its core. Shrinkage is evaluated at each sample
removal by measuring the maximum values of the radius or height
using a caliper. By the end of the experiment, the cylindrical particle
dimensions undergoes a reduction of approximately 30% of its diameter
and 10% of its height.

4.2.2. Numerical modeling of the experiment

The center particle’s temperature and shrinkage data obtained dur-
ing the pyrolysis of a cylindrical beech wood particle of 20 mm di-
ameter and 30 mm length at 450 °C are analyzed. The numerical
results obtained by G. Gentile et al. using the bioSMOKE model [4] are
compared to the pyromechanics model. This experiment is a good test
case to use the full orthotropic pyromechanic model considering the
dimensions of the sample and its anisotropic character. The axisymmet-
ric hypothesis no longer holds for this case because of the orientation
of the wood fibers. The 3D computational domain is represented on
Fig. 11(a) along with the boundary conditions. The computational
domain dimensions are chosen following the guidelines of the grid size
independency study performed for the 1D and 2D meshes, i.e. with an
average cell size of maximum 0.5 mm. The convective ¢, and radiative
q, surface heat flux are expressed as

q. = h(Tr - Too)
(o &

where T; is the surface temperature, ¢ the surface emissivity, 4 the con-
vective coefficient and o, the Stefan-Boltzmann constant. The furnace
temperature T,, is set to 468 °C, ¢ = 0.9 and h = 16 Wm2K~! as
measured by G. Gauthier [38].

4.2.3. Results and discussion

Fig. 12 shows the resulting center temperature and the mass loss
of the particle. As discussed in Appendix, the standard formation en-
thalpies have been numerically calibrated to properly describe the
exothermic peak at 400 s, already observed at low pyrolysis temper-
atures by many authors [5,36]. This peak is attributed to the decom-
position of lignin [39]. The mean relative error for the temperature is
6.2%, while for mass loss, it is 15.3%. Given the significant number of
adjustable parameters involved and the uncertainties associated with
the mass loss measurements, these errors are considered acceptable.

The characteristic lengths ratios (radius and length of the particle)
calculated with PATO are compared to G. Gauthier measurements
and bioSMOKE profiles on Fig. 13. Considering that the radius of the
particle has been measured at an undetermined location, the PATO
computed displacement is taken at half length. Additionally, the surface
displacement is expressed in the cylindrical coordinate system repre-
sented on Fig. 11(b). As the mechanical behavior is different in the
x, R and y, T directions of orthotropy, an average value of the surface
displacement is used to compute the actual radius r(¢) of the particle.
Aside from the uncertainty related to the parameters, the discrepancies
between the experimental data and PATO results may be attributed to
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the lack of anisotropy consideration during measurements, specifically,
the diameter was recorded without regard to sample orientation in the
x—y plane. Considering these limitations, the mean relative errors of
3.4% for radius ratio and 1.3% for the axial length ratio are acceptable.

The comparison between bioSMOKE and PATO in Fig. 13 shows the
differences between the hypotheses behind the modeling of shrinkage,
as the resulting lengths variations are not the same. The results with
the pyromechanics model tend to be closer to experimental results than
bioSMOKE model when the devolatilization is well under way (at about
400 °C). This could be explained by the fact that neglecting internal
stresses in shrinkage only models such as bioSMOKE lead to overesti-
mate shrinkage. However, both model cannot describe the plateau and
the sudden decrease of radius length between 210 s and 500 s. This
could be investigated by revising the linear elasticity assumptions and
extend them to material non-linearities such as plasticity behavior.

An advantage of the pyromechanics model is that it allows for the
calculation of a stress field essential for analyzing failure modes and
their impact on mass and heat transfer. To this end, Fig. 14(a) shows
the longitudinal stress distribution o,,. As the previous numerical 2D-
axisymmetric simulation, the longitudinal stress follow the pyrolysis
front during the entire process. The pyrolyzed zone is tensile and the
virgin zone is compressive. We give in Fig. 14(b) an overview of the
3D radial and tangential stresses distributions in comparison with the
photographs of G. Gauthier [38]. As predicted, the maximum stress is
higher for the radial stress as the rigidity is higher in this direction,
while the shrinkage coefficient is the same for both directions. Quali-
tatively, we focus on the alternation of the traction in red shades and
the compression in blue shades. At a given time and as the pyrolysis

front progress in the particle, both radial and tangential stresses are
compressive in the virgin core. The tensile nature of the radial stress
at the surface may explain the longitudinal cracking shown from 240 s
on Fig. 14(d).

5. Conclusion

This study presented a 3D anisotropic pyromechanics model cou-
pling pyrolysis kinetics, heat and mass transfer and stress/strain dis-
tributions. The model uses volume averaging to derive heat, mass,
and momentum conservation equations for porous materials composed
of gas and solid phases. The compatibility between the displacement
calculation and the transient thermal problem, and the consideration
of large displacements during pyrolysis, were addressed through a
numerical incremental approach and a moving mesh strategy. The
main assumption is that the pyromechanics model assumes that py-
rolysis shrinkage arises from three contributions: elastic, thermal and
pyrolysis deformations. A first experimental comparison highlighted
the importance of considering shrinkage in the numerical calibration of
parameters. The second experimental comparison served as a reference
to compare the pyromechanics model assumptions on deformation with
a model from the literature.

At this stage, a first key advantage of the pyromechanics model
lies in its physical framework, which effectively captures the effect of
internal stresses on the overall deformation—a capability that provides
a basis for future research into cracking phenomena. A second key
advantage is that, unlike isotropic or 2D models, it captures directional
dependencies and internal stress distributions in any kind of particle
geometry. However, the model’s dependency on extensive material
property data presents a limitation, which may not always be readily
available. A simple kinetic scheme was used in this work, but coupling
this model with a detailed competitive pyrolysis mechanism (such as
the one of E. Ranzi et al. [40]) could enable its application at the
particle scale to simulate conversion processes like gasification and
optimize conditions for specific biomass pyrolysis products, such as
hydrogen or biochar.

Several promising research directions emerge. The integration of
in-situ microtomography could offer real-time insights into morpho-
logical changes by retrieving the deformation field during conversion
and comparing it to the model predictions. Furthermore, investigating
the causes of cracking and incorporating damage mechanics would
significantly extend the model’s applicability across fields such as ther-
mochemical conversion. Future work should prioritize refining experi-
mental methods to identify intrinsic material properties and extending
the model to address cracking and plasticity behavior. Its practical
applications range from improving the design of pyrolysis reactors to
enhancing the efficiency of biomass conversion processes.
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Appendix. Parameters estimation

A.1. Pyrolysis parameters

The choice has been made to use a simple kinetic scheme for
describing the pyrolysis process to minimize the unknowns in the
problem. A thermogravimetric analysis (TGA) at 10 K/min has been
conducted in inert atmosphere (N,) measuring the mass loss during
the pyrolysis of the maritime pine wood sample of experiment 1.
The Arrhenius parameters for a four-component reaction scheme listed
in Table A.1 were calibrated using the FiTGA algorithm [41]. The
mass loss rate is correctly reproduced (Fig. A.15). Even though the
calibration is done on only one heating rate, the values are in the range
of literature data, which are themselves often highly variable [42]. The
mass loss fraction 7; and standard formation enthalpies h;; have been
numerically calibrated on temperature measurements using a genetic
algorithm implemented in the Sandia National Laboratories Dakota
software [43]. Intrinsic volume fraction have been determined based on
literature data for maritime pine (Pinus Pinaster). It has been assumed
that pine wood, classified as a softwood, consists of approximately
40%-50% cellulose by weight, 25%-35% hemicellulose, and 16%-33%
lignin, with a total average density ranging between 450 and 650
kgm™3 [44,45].
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Table A.1

Summary of the pyrolysis parameters used for both pine and beech sample, along with their method of determination.

Parameters Water Hemicellulose Cellulose Lignin Method of determination

Ay s 1.48 x 10* 1.17 x 107 9.56 x 107 1.802 Calibrated on TGA

& A mol™") 41300 102521 237194 37118 Calibrated on TGA

Fy O 1 0.68 0.66 0.80 Calibrated on Experiment 1

Pine wood sample

h,;; (kJ/kg) -2270 -600 -600 —600 Calibrated on Experiment 1

€ 0.03 0.09 0.13 0.11 Literature [44,45]

(p;) (kgm™) 1000 1500 1500 1500 Literature [46]

Beech wood sample

h,;; (kJ/kg) -154 -752 -106 Calibrated on Experiment 2

¢ 0.14 0.1913 0.1167 Literature [38]

(p) (kgm™) 1500 1500 1500 Literature [46]

For the beech wood sample used in the second experiment, the Table A.2
modeling of the experiment in [38] involves a competitive mechanism Thermo-physical properties of virgin and char states.
for describing pyrolysis kinetics, so the parameters are not applicable Property Direction  Virgin Char
for the parallel scheme used in this work. As mentioned in [38], the ¢, (KIkg™'°C™') 2-3: L15exp(=5.5 % 4.7256 x 10"°6T}7
beech sample is dried and the same kinetic and thermodynamic pa- 1077) ;iggggi 12_3;; 10629
rameters for a three-component reaction scheme are used. The intrinsic ol 19 %k . 9' P :
. i . 11y ongitudina 9 X Ky, trans 9 X K¢ prans
volume fractions are calculated from a beech composition analysis k (Wm™ K~ g ! - i -
made in [38]. The value are listed in Table A.1. Tangential 0‘157 +30 T ~ 0‘13? —415x10 Tf
+10°T2 +1.9x 10773 +107°72 —5.53 x 1071073
) ) K (md)e Longitudinal 10~ 10-12

A.2. Thermo-physical properties = Tangential 10~ 10-13

The thermo-physical parameters are all computed as a function of
the conversion as

$p=1¢,+U-7), (A1)

for any parameters ¢, subscript v is for virgin and subscript ¢ is for char.
According to V. Hankalin et al. [37], the thermal capacity varies
little depending on the wood species, but rather with temperature and
moisture content.
The thermal conductivity is modeled as a third order polynomial

ki =kiy + ki T+ k3T + ki yT3, i=v,c. (A.2)

The char thermal conductivity is assumed to be 0.09 Wm~'K~! at
309 K, increasing approximately to 0.145 Wm™' K~! at 673 K and to
0.175 Wm~! K~! at 923 K [37]. It is also assumed to be lower than
the virgin thermal conductivity. These informations lead to solve a
system of equations for the expression of char conductivity k, given in
Table A.2. The undetermined parameters at this stage are the virgin
thermal conductivity and the formation enthalpies. The calibration

12

a Measurements on beech wood [38].
b Estimation based on measurements on pine wood [37].
¢ Estimation based on [12].

strategy involves fixing the coefficients of the virgin thermal conduc-
tivity following the guidelines of V. Hankalin et al. [37] : the radial
virgin thermal conductivity of pine ranges between 0.15 and 0.18
Wm~! K~! at 309 K and there is a 5 % increase in thermal conductivity
between 309 K and 370 K for pine with a density of 455 kgm™~3. The
longitudinal thermal conductivity is taken to be 1.9 times greater for
all temperatures [37,38]. The virgin and char parameters are given in
Table A.2.

A.3. Mechanical properties

Wood is known to be an anisotropic material but the symmetry of
the wood structure allows us to describe this material as an orthotropic
one, with three axes of symmetry. We consider the longitudinal axis
(L, z), the radial axis (R,y) and the tangential axis (T, x). The three
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Table A.3
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Thermo-mechanical properties in the orthotropic coordinate system (Longitudinal, Radial, Transversal) [20,47,49].

Property Directions Method of determination
L R T

Young modulus E (MPa) 11 000 1243 858 Literature [47]

Thermal expansion tensor a (K™') 4 x107° 2.5 x107° 3.4 x107° Literature [20,49]

Pyrolysis shrinkage tensorg () (Pine wood) 0.1 0.2 0.2 Calibrated on Experiment 1

Pyrolysis shrinkage tensor g (-) (Beech wood) 0.12 0.34 0.34 Calibrated on Experiment 2

Plans
LT LR TR
Shear modulus G (MPa) 891 902 143 Literature [47]
Poisson coefficient v (-) 0.292 0.328 0.362 Literature [47]
young modulus, the three shear modulus and the six Poisson coeffi- [15] Pecha MB, Thornburg NE, Peterson CA, Crowley MF, Gao X, Lu L, Wiggins G,
cients have been found in the literature [47] for pine wood and used Brown RC, Ciesielski PN. Impacts of anisotropic porosity on heat transfer and
in all numerical simulation. off-gassing during biomass pyrolysis. Energy Fuels 2021;35(24):20131-41.
. s . [16] Li F, Wu K, Yang K, Ge Z, Feng J, Zhang H. A comprehensive pyrolysis model
According to F.F.P. Kollmann and W.A. Coté [48], the tangential for lignocellulosi(i biomass partigcles withga special efnphasis onpt}l,w ;’nisotropic
thermal expansion coefficient is in general greater than in the radial di- characteristics. Fuel 2023;341:127635.
rection. Parallel to the grain, i.e. in the longitudinal direction, Kollmann [17] Bellais M. Modelling of the pyrolysis of large wood particles (Ph.D. thesis), KTH;
and Coté report that the thermal expansion coefficient varies little with 2007.
the wood species and is very small in front of the two others directions. [18] Blondeau J, Jeanmart H. Biomass pyrolysis in pulverized-fuel boilers: Derivation
. . . of apparent kinetic parameters for inclusion in CFD codes. Proc Combust Inst
The pyrolysis shrinkage tensors for both pine and beech sample 2011;33(2):1787-94.
have been numerically calibrated on experiments 1 and 2 respectively. [19] Cueff G, Mindeguia JC, Dréan V, Breysse D, Auguin G. Experimental and
According to K. Davidsson [13], for an anisotropic particle, the overall numerical study of the thermomechanical behaviour of wood-based panels
longitudinal shrinkage is between 5%-25% and always smaller than exposed to fire. Constr Build Mater 2018;160:668-78. )
the tangential (25%-40%) and radial overall shrinkage (15%-40%), (201 Sreckanth M, Prasad BVSSS, Kolar AK, Thunman H, Leckner B. Stresses in 2
¢ . ) cylindrical wood particle undergoing devolatilization in a hot bubbling fluidized
depending on the type of wood. The thermo-mechanical properties are bed. Energy Fuels 2008;22:1549-50.
listed in Table A.3. [21] Wang J, Ku X, Liu Z. Three-dimensional simulation of the pyrolysis of a thermally
thick biomass particle. Energy Fuels 2023;37:4413-28.
[22] Shen D, Gu S, Luo KH, Bridgwater A. Analysis of wood structural changes under
. oqs thermal radiation. Energy Fuels 2009;23(2):1081-8.
Data avallablllty [23] Hastaoglu MA, Kahraman R, Syed MQ. Pellet breakup due to pressure generated
during wood pyrolysis. Ind Eng Chem Res 2000;39:3255-63.
Data will be made available on request. [24] Lachaud J, Mansour NN. Porous-material analysis toolbox based on openfoam
and applications. J Thermophys Heat Transfer 2014;28(2):191-202.
[25] Lachaud J, Scoggins J, Magin T, Meyer M, Mansour N. A generic local thermal
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