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Abstract: In this work, a two-dimensional (2D) model for wood particle drying, devolatilization,
and char conversion is presented and validated against experimental studies of devolatilization of a
large, dry, cylindrical birch wood log. The wood log’s internal distributions of temperature, solid
species densities, gas density, and gas species mass fractions, together with the internal pressure
and the gas flow velocities in radial and longitudinal directions, were studied. It was found that
the internal pressure peak significantly depended on the permeability of char. The velocity profiles
changed as the pressure wave traveled radially inward in the same manner as the devolatilization
zone. The wood log internal pressure was not only dependent on wood and char permeabilities
but also depended on the devolatilization rate, which itself is a heat-controlled conversion stage.
In addition to the study on wood anisotropy, which can be accounted for in detail by the presented
2D model, the authors compared the 2D results to results obtained from a corresponding 1D version
of the model, where only radial heat and mass transfer properties were used. It was found that even
though the predictions of the 2D model were in better agreement with experimental observations
than the 1D modeling results, for these parameters, 1D models can still be used without too much loss
in accuracy. Finally, the paper concludes with a clear recommendation of when higher dimensional
models should be used and when they should not.
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1. Introduction

Since 1980, the world’s primary energy consumption has dramatically increased. This increase is
mainly due to an intense rise in the use of oil, coal, and natural gas [1]. Biomass can be used to generate
heat via combustion, while at the same time being accompanied by limited greenhouse effects [2].
In order to confront the problems induced by greenhouse gases, i.e., global warming and climate
change, research is focusing on the potential role of biomass in the future energy mix. Thermochemical
degradation of biomass, from which energy carriers can be generated, and combustion, used for heat
generation, are currently both intensively studied [3].

During the last years, there has been an increased focus on modeling of thermochemical wood
degradation as well as on conversion of the resulting char. One-dimensional (1D) models were,
and still are, one of the main tools [4]. This is because they allow for fundamental studies on
conversion-related physical processes, while at the same time remaining computationally efficient.
However, significant simplifications of the chemical and physical processes are required with respect
to 1D model development. Multidimensional models have, on the other hand, been developed only to
a very limited extent [2,5–7].
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For both wood logs and wood chips, the original wood structure is maintained during processing.
This means that both of these fuel types have a highly anisotropic structure. In 1D models, fuel
properties are simplified by using radial or averaged values, i.e., by neglecting or significantly
simplifying the anisotropic structure. This simplification implies, for example, that effective thermal
conductivity is calculated by weighing the influence of heat transfer parallel and perpendicular to
the grain direction by a bridge factor [8] and thereby significantly simplifying the anisotropic nature
of wood.

Furthermore, even though research is focusing on the modeling of thermochemical wood
conversion and char consumption, the developed models rarely focus on large wood logs that are
comparable in size to wood logs used in wood log heating appliances (e.g., stoves and boilers [4]).
There are, however, some exceptions [9,10]

A one-dimensional pyrolysis model for large wood logs (with a radius of 25 mm and a
length of 300 mm) was developed by Larfeldt et al. [9]. They presented experimental data for the
devolatilization of a large and dry birch wood cylinder and found a discrepancy between the modeling
and experimental results. They concluded that this difference was partly due to the anisotropy of
the wood, which could not be properly represented by their 1D model. A detailed description of
these experiments is available in earlier work by Larfeldt [10], where wet wood logs were also tested.
Furthermore, they also mention that differences in results might arise from the lack of empirical data
with respect to heat transfer properties, the heat of reactions for devolatilization reactions, as well as
shrinkage parameters.

Even though most models are one-dimensional, there are still a few two-dimensional studies
found in the literature [2,5–7]. A two-dimensional (2D) drying and pyrolysis model was developed
by Sand et al. [6]. They solved the momentum equations and studied a leaving gas plume that was
observed during thermochemical wood log conversion. Yang et al. [5] developed a 2D combustion
model. However, they only studied wood particles within a size range of 10 µm to 20 mm. This size
range still differs significantly from the wood logs used in domestic wood log heating appliances.
Di Blasi [7] studied the anisotropy of wood by a 2D model applied to a wood slab. They found that
the dynamics of particle degradation depended on the grain structure of the solid. According to
their findings, an accurate prediction of the influence of anisotropy is required in order to obtain
correct results for conversion time and product yields. Although it is a very nice paper, it focuses on
essentially quadratic particles, which are quite different from the more rectangular shape of wood
logs, and as such, this paper cannot really be used to assess the effect of anisotropy in wood logs.
Pozzobon et al. [2] experimentally studied the drying and thermochemical degradation of a thermally
thick wood particle exposed to a high radiative heat flux. In addition to their experiments, they
developed a 2D unsteady numerical code that described drying and devolatilization in order to
understand the observed phenomena. The wood samples studied in this work were small spheres
with diameters in the range of 5–20 mm, which are not relevant for wood log combustion.

Even though some research has been conducted within the field of 2D modeling, 3D model
development is even more limited. This is primarily due to the fact that fundamental studies of
wood degradation and combustion can often be studied through lower dimensional models, which,
for a given computer, are computationally faster. However, under specific conditions 3D models are
necessary; e.g., when aiming for a model that describes thermochemical degradation and combustion
of a wood log in a wood stack in a stove, 3D models are needed.

In general, multidimensional models are needed if:

• The wood log is subject to inhomogeneous boundary conditions. This is the case when the
boundaries of the wood log are affected very differently, e.g., due to different exposure to the
flame, the furnace wall, blocking by other wood logs in a stack, etc.

• The wood logs have an irregular shape, i.e., they are not cylindrical or spherical. This is typically
the case for realistic wood logs as used in wood stoves.

• Wood log shrinkage is considered.
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• The focus of the model is to study wood logs’ internal distributions of variables.

Even though 3D models are therefore overall recommended if they are intended to be used for
describing the conversion of wood logs in wood stacks, 2D models of large wood log conversion can
still serve as an intermediate development stage towards 3D models, operating faster than 3D models
and capturing the anisotropy of wood more accurately than 1D models. This is why the focus of this
work is on the development of 2D models. In addition to the detailed description of the extension
of the earlier 1D model developed by Haberle et al. [11] to a 2D model, this work also highlights
how 2D models compare against common 1D models and outperform them under specific conditions.
The development of this 2D standalone code is the first step in developing a wood stove design and
optimization tool. Such a detailed comparison of 1D and 2D models is not commonly presented in
current literature.

In this paper, we make the same typical simplifications as made by most other groups focusing
on wood log pyrolysis in order to be able to simulate such a complicated phenomenon. One could,
of course, make use of, e.g., more sophisticated devolatilization models or including the surrounding
fluid in the numerical meshing, but this would not result in any significant improvement in our results.
The reason for this is that the main aim of our paper is to investigate the effect of wood anisotropy,
and even more importantly, to study when it is relevant to use higher-dimensional models and when
the much faster one-dimensional models can be used.

2. Wood Log Model

In this section, how the existing 1D model is extended to 2D is explained. First, the relevant
governing equations are listed in Table 1. The presented equations only consider the devolatilization
stage, since in the current test run, drying and char conversion are not modeled. Further details on the
model development can be found in earlier works by Haberle et al. [11,12].

Table 1. List of evolution equations required for the devolatilization model. The last column gives the
references the equations have been taken from.

Equation Equation Ref.
Number

Wood density (1) ∂ρw
∂t = −(k1 + k2 + k3)ρw − ρw

Vj

∂Vj
∂t (1) [13]

Ash density ∂ρa
∂t = − ρa

Vj

∂Vj
∂t (2) [13]

Continuity equation (3) ∂ερ
g
g

∂t + 1
r

∂
∂r

(
rρ

g
gur

)
+ ∂

∂z

(
ρ

g
guz

)
= ω̇g (3) [7]

Species mass fraction (4) ∂(ερ
g
gYk)

∂t + 1
r

∂(rρ
g
gYkur)

∂r +
∂(ρ

g
gYkuz)

∂z = 1
r

∂
∂r

(
rρ

g
gDeff

∂Yk
∂r

)
+

∂
∂z

(
ρ

g
gDeff

∂Yk
∂z

)
+ ω̇k (4) [3]

Char density (2) ∂ρc
∂t = k3ρw + εk5ρ

g
tar −

ρc
Vj

∂Vj
∂t (5) [13]

Temperature (4)
(

ρwcP,w + ρacP,a + ρccP,c + ερ
g
gcP,g

)
∂T
∂t

+ρ
g
gcP,gur

∂T
∂r + ρ

g
gcP,guz

∂T
∂z =

1
r

∂
∂r

(
rλeff,⊥

∂T
∂r

)
+ ∂

∂z

(
λeff,‖

∂T
∂z

)
+ ΦHeat (6) [14]

Radial gas velocity, ur ur = − κradial
µ

∂P
∂r (7) [13]

Longitudinal gas velocity, uz uz = − κlong
µ

(
∂P
∂z + gρ

g
g

)
(8) [7]

Equation of state pV = nRT (9) [7]
Effective diffusivity Deff =

ε
τ

1
1

DAB
+ 1

DKnudsen

(10) [11]

(1) The reaction rates of wood to non-condensable gases, tar, and char are given by k1, k2, and k3, respectively.
(2) k5 marks the reactions of tar to char. (3) Indicates that the continuity equation has been transferred to
cylindrical coordinates from Cartesian coordinates. (4) Indicates that the original equation given in the
reference has been extended to 2D by the authors and a correction regarding the porosity was included in the
convective term.
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In Equation (10), one can identify that the effective diffusivity is dependent on tortuosity, which
is direction-dependent. In this model, however, a simplification is made by assuming that pores are
homogeneously distributed within the wood and that tortuosity can be expressed as [15]

τ =
1
ε

. (11)

Based on this simplification, the effective diffusivity is not assumed to be different in radial and
longitudinal directions.

The heat-source term,Φheat, in Table 1 is defined as

Φheat = ω̇k1,k2,k34hdevol,1 + ω̇k4,k54hdevol,2

+ω̇k1

( ∫ T

T0

(cP,wood − cP,non−cond.gases)dT
)
+ ω̇k2

( ∫ T

T0

(cP,wood − cP,tar)dT
)

+ω̇k3

( ∫ T

T0

(cP,wood − cP,char)dT
)

+ω̇k4

( ∫ T

T0

(cP,tar − cP,non−cond.gases)dT
)
+ ω̇k5

( ∫ T

T0

(cP,tar − cP,char)dT
)

(12)

since it includes the influence of the heat of reaction of different chemical reactions as well as the
changes in sensible enthalpy.

For reactions 1, 2, and 3, which describe the primary devolatilization of wood to non-condensable
gases, tar, and char, respectively, the reaction rate is calculated as

ω̇ki = kiρw, (13)

where ρw is the apparent wood density. The devolatilization reaction rate constants, ki, are calculated
from [13]

ki = Ai exp
(−Ea,i

RT

)
for i = 1, 2, 3, 4, 5, (14)

with Ai being the pre-exponential factor, R the ideal gas constant, T the temperature, and Ea,i the
activation energy.

The secondary devolatilization (i = 4 and 5) reaction rates are calculated as

ω̇ki = kiερ
g
tar, (15)

with ρ
g
tar being the intrinsic tar density and ε the porosity. However, it needs to be added that tar

re-polymerization to secondary char is actually a heterogeneous reaction, which is simplified to a
homogeneous reaction by the kinetics implemented here. Accordingly, the consideration of secondary
char formation is very much simplified, which, of course, can affect modeling results, but it is a first
attempt to capture a chemical phenomenon that is not yet very well understood.

The source terms of the different gas species equations are

ω̇CO = fCOω̇k1 + gCOω̇k4 , (16)

ω̇H2 = fH2 ω̇k1 + gH2 ω̇k4 , (17)

ω̇H2O,g = fH2Oω̇k1 + gH2Oω̇k4 , (18)

ω̇CO2 = fCO2 ω̇k1 + gCO2 ω̇k4 , (19)

ω̇tar = ω̇k2 − ω̇k4 − ω̇k5 , (20)

where ω̇k4 represents the reaction rate due to the tar cracking to non-condensable gases and ω̇k5

represents the reaction rate due to the tar re-polymerization to char. The fractions fCO2 , fCO, fH2 ,
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and fH2O define how much carbon dioxide, carbon monoxide, hydrogen, and water vapor are
produced from primary devolatilization reactions, and the fractions gCO2 , gCO, gH2 , and gH2O define
how much of the corresponding species are formed from tar reactions. Those fractions are user-defined
model input data.

In addition to the evolution equations, auxiliary equations are needed to describe wood properties.
The effective permeabilities, κeff,‖ and κeff,⊥ , are modeled by mass weighting the influence of primarily
wood and char based on the local solid composition

κeff,‖ =
ρw

ρw + ρc + ρa
κw,‖ +

ρa + ρc

ρw + ρc + ρa
κc,‖ (21)

and
κeff,⊥ =

ρw

ρw + ρc + ρa
κw,⊥ +

ρa + ρc

ρw + ρc + ρa
κc,⊥. (22)

The same permeabilities are assumed for char and ash. The effective particle emissivity, ωeff, is
calculated by mass weighting every solid component [13],

ωeff =
ρw

ρw + ρc + ρa
ωw +

ρc

ρw + ρc + ρa
ωc +

ρa

ρw + ρc + ρa
ωa. (23)

As Lu et al. [13] already mentioned, a volume-weighted calculation of the emissivity is more
appropriate. However, this is not possible in this case due to the applied governing equations, since
all solid components are assumed to occupy the same total volume. Similar challenges arise for the
permeability calculation, such that mass weighting was also used for the calculation of the effective
local permeability.

The effective thermal conductivities in the radial (λeff,radial) and longitudinal (λeff,long) direction
are calculated as

λeff,radial = λcond,radial + ελrad (24)

and
λeff,long = λcond,long + ελrad, (25)

with the conduction part, (λcond,j), being

λcond,j = ελg + (1− ε)
( ρw

ρw + ρc + ρa
λw,j +

ρc

ρw + ρc + ρa
λc,j +

ρa

ρw + ρc + ρa
λa,j

)
, (26)

where j refers to either the longitudinal (long) or radial (radial) direction within the wood log.
The calculation principle of the effective thermal conductivity was taken from Fatehi and Bai [16] but
was corrected to neglect the influence of water since the wood log modeled here was perfectly dry.

2.1. Boundary Conditions

The boundary conditions at the external surfaces are modeled as described in Figure 1.
The external particle surfaces (in Figure 1, the right and upper boundary) are influenced by the
reactor conditions.
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Figure 1. Computational domain and applied boundary conditions. The z-axis marks the wood log
length, and the r-axis marks the wood log radius. The velocity v in the figure is the same as uz in the
equations, and u is the same velocity as ur in the equations.

Due to symmetry conditions, only a part of the total wood log volume is simulated. Symmetry
boundary conditions are applied (left and lower boundary), as shown in Figure 1. Heat and mass
transfer coefficients, defining heat and mass transfer to the particle surface, are reduced due to the
Stefan flow. The Stefan flow is an outward flow of gas that results from volatile production within the
wood. The reduced heat transfer coefficient is modeled as [17]

hc =
Ṁtotal c̄P,g(

exp
(

Ṁtotal c̄P,g
hc,0

)
− 1
) , (27)

with hc,0 being the uncorrected heat transfer coefficient, Ṁtotal being the total gas phase mass flux
leaving the particle, and c̄P,g being the mass-averaged specific heat capacity of the gas mixture.
The mass transfer coefficient is calculated similarly as

hm =

Ṁtotal
ρ

g
g(

exp
(

Ṁtotal
ρ

g
ghm,0

)
− 1
) , (28)

with hm,0 being the uncorrected mass transfer coefficient. (In earlier works by Haberle et al. [11,18],
typos were unfortunately present in the definition of the corrected heat and mass transfer coefficients.
The correct definition of heat and mass transfer is mentioned here, and its correctness is emphasized.
The correct definition of the heat and mass transfer coefficients including the blowing effect can also
be found in the literature review by Haberle et al. [4].) The Nusselt and the Sherwood number are
required for the calculation of the uncorrected heat and mass transfer coefficients,

hm,0 =
ShDAB

lcharac
(29)
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and

hc,0 =
Nuλgas

lcharac
, (30)

with lcharac being the characteristic length. The bottom and the top of the wood log are approximated
by a flat plate in a perpendicular flow at laminar flow conditions such that the corresponding Nusselt
and Sherwood numbers are given by [19]

Nu = 0.664Re0.5Pr1/3 (31)

and
Sh = 0.664Re0.5Sc1/3, (32)

with the characteristic length of a the body in cross flow being defined, as suggested by Marek and
Nitsche [20], as lc = r, with r being the radius of the wood log.

The lateral area of the cylindrical wood log requires a correlation that allows the calculation of the
Nusselt number for a cylinder in an axial flow [21],

Nu = 0.664
Pr1/3
√

X/4
, (33)

with X defined as
X =

νL
( d

2 )
2u∞

, (34)

where L is the length of the cylinder, d the diameter of the cylinder, ν the kinematic viscosity, and u∞ is
the gas flow velocity of the bulk. Due to the analogy in heat and mass transfer, the Sherwood number
can be calculated using the same correlation and substituting the Prandtl number (Pr) by the Schmidt
number (Sc).

The pressure at the particle surface is set to ambient pressure. The surrounding gas phase is
assumed to be pure nitrogen, i.e., YN2 = 1, all residual Yk = 0. The surrounding gas phase temperature
is set to 973 K, which is equal to the furnace wall temperature.

The applied set of differential and algebraic equations is influenced by the choice of modeling
assumptions. The 2D model development in this work is based on the following assumptions:

1. The gas is ideal.
2. Wood and char are anisotropic homogeneous porous media.
3. Darcy’s law is used to derive the gas phase velocity, which is valid due to a low pore

Reynolds number.
4. Primary devolatilization is described by three independent competitive reactions, and secondary

tar reactions are considered.
5. The following solid and gaseous species are modeled: wood, char, ash, CO2, CO, N2, tar. No

liquid species is considered since the wood log is considered to be perfectly dry.
6. The solid and the gas phases are in thermal equilibrium. Therefore, it is enough to solve only one

temperature equation.
7. The ash content is 1 wt % (db).

2.2. Numerical Solver

The set of equations listed in Table 1 is solved by the IDA solver included in the SUNDIALS [22]
software package. The advection term in the transport equations is discretized by first-order
up-winding, which is sufficient for the smooth flows encountered within large wood logs. The diffusive
terms in the transport equations are discretized by second-order differencing. As a consequence, the
overall spatial accuracy is first-order. The IDA solver implicitly solves the set of equations by a
backward differentiation formula, with the order of 1 to 5. The appropriate order is found by the
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solver based on the local error. The IDA solver was chosen because it follows the same concept as
the DASSL solver (written in Fortran), which has already been used for thermochemical degradation
modeling of wood by Grønli [3]. Since Grønli did not report any problems arising from their choice of
numerical solver, it was assumed that the IDA solver can equally well lead to a suitable simulation
tool for the thermochemical degradation of wood and char conversion. A grid independence study
for the 1D version of a similar case to that studied here was presented in detail in Haberle et al. [11].
In the current work, we performed a similar grid independence study to validate that our resolution
was high enough.

2.3. Numerical Setup

In the following, we compare our numerical results with the experimental results of
Larfeldt et al. [9,10], in which dry birch wood was studied. The wood properties used in the simulations
are presented in Table 2.

Table 2. Properties used as input values for the devolatilization model.

Property Unit Value Ref.

Thermal conductivity (wood), λw,long/λw,radial [W/(mK)] 0.419/0.158 [3]
Thermal conductivity (ash–fiber), λa,long,radial [W/(mK)] 1.2 [13]
Thermal conductivity (char), λc,long/λc,radial [W/(mK)] 0.1046/0.071 [7]
Thermal conductivity (gases), λg [W/(mK)] 25.77 × 10−3 [23]
Specific heat capacity (wood) (298–413 K), cP, wood [J/(kgK)] −91.2 + 4.4T [3]
Specific heat capacity (wood) (350–500 K), cP, wood [J/(kgK)] 1500 + T [3]
Specific heat capacity (ash), cP, a [J/(kgK)] 754 + 0.586 (T − 273) [24]
Specific heat capacity (gases), cP, g [J/(kgK)] 770 + 0.629 T − 1.91 × 10−4 T2 [3]
Specific heat capacity (char), cP, c [J/(kgK)] 420 + 2.09 T − 6.85 × 10−4 T2 [3]
Specific heat capacity (tar), cP, tar [J/(kgK)] −100 + 4.4 T − 1.57 × 10−3 T2 [3]
Apparent wood density, ρw (porosity, εpore) [kg/m3] 410 (εpore = 0.4) [9]

Radiative thermal conductivity, λrad [W/(mK)] 4ωεdporeT3

1−ε [3]

Binary diffusivity, DAB [m2/s] 3 × 10−5
(

T
Tref

)1.75
[13,24]

Particle diameter, dP [m] 50 × 10−3 [9]
Aspect ratio, AR ([L/D]) [-] 6 [9]
Moisture content, Mliquid [% wet basis] 0 [9]
Permeability, κw, long m2 2.96 × 10 −15 [3]
Permeability, κw, rad m2 1.29 × 10 −18 [3]
Permeability, κc, long m2 10−12 (1)

Permeability, κc, rad m2 10−13 [9]
Char emissivity, ωc [-] 0.95 [13]
Wood emissivity, ωw [-] 0.85 [13]
Ash emissivity, ωa [-] 0.85 (2)

Ash porosity, εpore,a [-] 0.8 [14]
Char porosity, εpore,c [-] 0.8 [14]
Shrinkage factor (devolatilization) [-] 0.9 [25]

(1) It was assumed that the radial char permeability was smaller than the longitudinal permeability by a factor
of 10. (2) The same emissivity was assumed for wood and ash since they were present in a solid mixture before
devolatilization.

The pore diameter, which is required for the calculation of the radiative contribution to the
effective thermal conductivity, was set to 4 × 10−5 m for wood and 2 × 10−4 m for char [3]. The pore
diameter changes linearly from its value in wood to its value in char depending on the local degree
of conversion, which is calculated on a mass-weighted fraction of wood or char in the total available
solid phase.

It should be pointed out that the difference between radial and longitudinal char permeabilities
is smaller than what could theoretically be expected. This small difference arises from numerical
instabilities that were observed when larger char permeabilities were applied. The authors assume
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that preconditioning can be implemented in the solver to confront those instabilities. However, this is
the task of future research as it goes beyond the scope of this work. Solving the momentum equation
instead of Darcys law may also help to mitigate instabilities associated with large permeabilities.

Since volumetric shrinkage factors are given, how the wood log shrinks along and across the
wood fibers has to be defined. Since shrinkage in the longitudinal direction is typically negligible [3],
the length of the wood log is considered unchanged in this work. The wood log radius, however,
decreases due to shrinkage. Based on this relative contribution of longitudinal and radial shrinkage to
the volumetric shrinkage, the volumetric shrinkage calculated with the given shrinkage factor could
be coupled to a definition of the radial shrinkage.

The applied pre-exponential factors, activation energies, and heat of reactions used for phase
change and chemical reactions included in the model are listed in Table 3.

Table 3. Kinetic data used for modeling drying, devolatilization, and char gasification and oxidation.
“Gases” in the following table refers to non-condensable gases.

Reaction Reaction Rate Constant Unit Ref. Heat of Reaction [kJ/kg] (2) Ref.

Wood→ Gases k1 = 1.11× 1011 exp
(
−177000

RT

)
[1/s] [26] 0 (1)

Wood→ Tar k2 = 9.28× 109 exp
(
−149000

RT

)
[1/s] [26] 0 (1)

Wood→ Char k3 = 3.05× 107 exp
(
−125000

RT

)
[1/s] [26] 0 (1)

Tar→ Gases k4 = 4.28× 106 exp
(
−107500

RT

)
[1/s] [27] 42 [28]

Tar→ Char k5 = 1× 105 exp
(
−107500

RT

)
[1/s] [29] 42 [28]

(1) The heat of reaction was obtained by fitting the modeling results to the experimental data. (2) The heat of
reaction is given as4hi = hreactants − hproducts, due to the definition of Φheat.

In this work, the primary devolatilization reactions were initially assumed to be endothermic,
as suggested by Chan et al. [30]. Experimentally, however, we could not identify a significant
temperature plateau of the center temperature in the work by Larfeldt et al. [9]. Commonly, such
temperature plateaus can be observed, and their extent depends on how endothermic the primary
devolatilization reactions are. Using differential scanning calorimetry (DSC) analysis, as in the work of
Ciuta et al. [31], for example, who carried out DSC analysis on birch wood, the heat of pyrolysis can be
studied. They found a clear heat-of-reaction neutral plateau between about 200 and 300 ◦C, preceded
by an endothermal temperature region, after which the pyrolysis became exothermic. Due to the lack of
such a temperature plateau in the experiments, it was assumed that primary devolatilization reactions
are only slightly endothermic and can rather be assumed to be heat neutral. Due to this, the heat of
reaction of the primary devolatilization reactions was set to zero. This assumption, with respect to the
heat of reaction, is acceptable since Ström and Thunman [32] already reported that the identification of
the heat of pyrolysis is challenging.

3. Results and Discussion

In this work, the 2D numerical simulation tool is used to predict the devolatilization of a
large hanging wood log. The experiments, used for validation of the model, were performed by
Larfeldt et al. [9]. A 2D model of the same experimental setup was already modeled by Sand et al. [6]
in 2008. In the experiments, which were conducted by Larfeldt [10] (also see Larfeldt et al. [9]),
the thermocouples were fixed at different radial positions (via axially drilled holes) of a wood log
with a radius of 25 mm and a length of 300 mm. Besides the experimental work by Larfeldt [10],
experimental research has rarely been focused on thermochemical degradation and char conversion
of comparably large wood logs. This limitation in available experimental data with respect to large
wood log conversion is the reason why only devolatilization of a large, dry, and hanging wood log
cylinder was modeled in this work. Future modeling work is consequently also recommended to
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focus on the validation of the entire conversion of a large wood log, including drying, devolatilization,
and char conversion. Since wood logs are thermally thick objects, devolatilization will progress inside
the particle at the same time as char conversion occurs further out. The volatiles flowing out from
the devolatilization zone will pass through the char and enter the surrounding fluid as an outwardly
moving flow that slows down the transport of oxygen to the char conversion zone. This means that
it is important that the devolatilization process is correctly represented in order predict a reasonable
char conversion rate. Moreover, when the volatiles enter the surroundings, they will eventually be
converted to combustion products and generate heat within the flame. The heat required for the
thermal conversion of the wood log comes from this flame. So once again, if the devolatilization is not
correctly handled, the rest of the conversion will also be incorrectly predicted.

In wood logs, cracks will occur during thermal conversion. These cracks may act as “highways”
for advection of volatile products from the devolatilization zone to the surroundings. This means
that the pressure buildup within the particle is reduced, and the volatile yield to the surroundings is
concentrated around the mouth of the cracks. In between the cracks, the transport of oxygen to the
char surface may now flow more easily. It should be mentioned that even though such cracks may be
significant for the conversion of the log, they are hard to model and are therefore typically neglected in
numerical models of wood conversion.

3.1. Study of the Anisotropy of Wood

In this section, the spatial distributions of temperature, densities (solid and gas), and mass fraction
of tar within the modeling domain are studied, and the results at 200 s and at 450 s are shown in
Figures 3–8. Due to symmetry, only a quarter of the 2D domain is considered.

The Biot number is defined as
Bi =

lcharachc

λs
, (35)

where lcharac, hc, and λs are the characteristic length, the heat transfer coefficient, and the thermal
conductivity of the solid, respectively. In Figure 3, it is shown that the wood log heats up from the
outside, and a temperature gradient can be observed in the wood log interior. Such a temperature
gradient is characteristic of thermally thick particles. This indicates that for this object, with the given
heat transfer rate, the Biot number is relatively large.

In Figure 2, the different thermal conductivities of wood and char (parallel and perpendicular)
used in the simulations of this paper were used for calculation of the Biot number. Different heat
transfer coefficients were used for calculation. The variation in heat transfer coefficient and thermal
conductivity was done to study the effect of the data on the Biot number, which by itself marks the
limit between thermally thick and thermally thin wood logs. It is typically a good approximation
to consider a solid object as thermally thin if the Biot number is less than 0.1. A standard value of
the convective heat transfer coefficient of 20 W/(m2K) (as suggested by Fatehi [14]) was tested as a
baseline case. Furthermore, a significantly smaller convective heat transfer coefficient of 2 W/m2K and
the corresponding effective heat transfer coefficients of 65.43 W/m2K (with hconv = 2 W/m2K) were
compared against the baseline case. For the baseline convective heat transfer coefficient, the effective
heat transfer coefficient of 83.43 W/m2K (with hconv = 20 W/m2K) was calculated. The definition of
the effective heat transfer coefficients can be found in other works [8], but it should be mentioned
here that it includes both the influence of the radiative and the convective heating of the exterior of an
object. Both the pure convective heat transfer coefficient and the effective heat transfer coefficient were
considered in this study since they might differ significantly and therefore also significantly affect the
calculated Biot number.
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(a) Biot numbers calculated for different solid
thermal conductivities and the standard wood log
dimensions used in this work.

(b) Biot numbers calculated for different solid
thermal conductivities and half the standard wood
log dimensions used in this work.

Figure 2. Importance of accurate modeling of temperature gradients in thermally thick wood logs.

Except for the Biot numbers obtained for the smallest convective heat transfer coefficient and
the wood thermal conductivities, all Biot numbers exceeded 0.1, which marks the critical value for
thermally thick particles. Especially when considering that external heat transfer occurs via radiation
and convection, as considered by the effective heat transfer coefficient, Biot numbers significantly
exceed the limit of 0.1. Due to the large size of the wood log, this even applies if the diameter and
length of the cylindrical wood log are divided in half. Therefore, a consequence is that if heating of
the log occurs via convection and radiation, a thermally thick particle consideration is needed even
for smaller log dimensions. Accordingly, one might say that due to the large log dimensions and
the given simulation conditions, wood internal temperature gradients have to be well captured to
accurately describe wood log conversion. Due to significant differences between perpendicular and
parallel thermal conductivities, this can only be done by multi-dimensional models, which accurately
represent the temperature gradients in the radial and longitudinal directions.

The temperature smoothly increases from the center to the wood log surface. Due to heat
propagation from the wood log surface inward (see Figure 3), the wood starts to be consumed first at
the outer areas of the wood log (see Figure 4), where the critical temperature for thermal stability of
wood is reached earliest. While the wood log core still has a temperature of about 300 K at 200 s, it has
already been heated up to 500 to 600 K at 450 s.

In Figure 4, the dark blue domains mark the locations in the wood log where wood has already
been converted to de-polymerization products, while the wood log core (yellow domain) is still
unreacted dry wood. Comparing Figure 4a and Figure 4b shows that the devolatilization front, which
corresponds to the zone with a non-zero wood density gradient, propagates continuously inward.
While the devolatilization zone is at about r = 20 mm (measured at centerline) at 200 s, it has proceeded
to about 10–15 mm at 450 s.
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(a) Predicted temperature in K at 200 s.

(b) Predicted temperature in K at 450 s.

Figure 3. Wood internal temperatures in K at 200 s and 450 s during devolatilization. The top of the
wood log is at z = 150 mm, and the lateral shell surface of the wood log is at r = 25 mm.
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(a) Predicted wood density in kg/m3 at 200 s.

(b) Predicted wood density in kg/m3 at 450 s.

Figure 4. Wood densities in kg/m3 at 200 s and 450 s during devolatilization. The top of the wood log
is at z = 150 mm, and the lateral shell surface of the wood log is at r = 25 mm.

Even though the thermal conductivity is higher in the longitudinal than in the radial direction,
the wood is primarily converted by the devolatilization zone moving in the radial direction. This is
a result of the ratio between the radial and the longitudinal dimensions of the wood log. The wood
log is six times longer (L) than its diameter (D), which means that the (initial) ratio between the total
surface of the devolatilization front moving in the radial (SR) and longitudinal (SL) directions is given
by SR/SL = 12. (Here, the devolatilization front is defined as the surface within the devolatilization
zone with the highest primary devolatilization rate.) The result of this SR/SL ratio is that even though
the devolatilization front moves faster in the longitudinal than in the radial direction, the fact that the



Energies 2019, 12, 4430 14 of 25

majority of the surface area of the combined devolatilization front is moving in the radial direction
means that most of the wood devolatilization is due to the radially moving front.

In the spatial zone of low to zero wood density, one can clearly observe the notable char density
increase in Figure 5.

(a) Predicted char density in kg/m3 at 200 s.

(b) Predicted char density in kg/m3 at 450 s.

Figure 5. Char densities in kg/m3 at 200 s and 450 s during devolatilization. The top of the wood log is
marked at z = 150 mm, and the lateral shell surface of the wood log is at r = 25 mm.

The char density is slightly lower close to the external surface. Thermally thick particles have a
faster heat transfer to the wood log surface compared to the heat transfer from the external surface to
the wood log center. The outer zones of the wood log are therefore quickly heated. In those zones,
more tar is formed due to competitive conversion reactions. Tar production comes at the expense of
char formation. As a consequence, the char density is lower closer to the external wood log surface.
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As the char formation zone moves further inside, one can see that the char density forms a plateau.
In the wood interior, the heat transfer further inside slows down such that the low-temperature
char formation reactions dominate the devolatilization product formation. The final char yield is
predicted to be about 20% of the initial dry wood log mass (see Figure 11b), which also agrees well
with experimental observations.

When plotting the char densities (Figure 5), one cannot identify a char density increase towards
the surface of the wood log, which would imply significant tar re-polymerization to char as tar leaves
the wood log. This implies that char formation from tar in this case plays only a minor role compared
to primary char formation. In fact, tar cracking to non-condensable gases is faster than secondary char
formation (see Table 3). When comparing the secondary tar kinetics, one can see that even though the
activation energies of the two secondary tar reaction paths are the same, the pre-exponential factor of
the tar-to-char reaction is about 40 times lower than the one for tar to non-condensable gases. Therefore,
the drop in tar mass fraction is primarily due to tar reacting to non-condensable gases (see Figure 8).

In Figure 6, gas densities at different spatial locations within the wood log and at different times are
shown. The gas density depends on the devolatilization rate as well as wood and char permeabilities.
The devolatilization rate defines the gas formation rate, while wood and char permeabilities define the
mass transfer limitations and therefore the limitations of the gas flow outward. Limited outward flow
at a high gas-formation rate implies accumulation of gas in the wood log structure. The combination
of these two process parameters defines the peak of the gas density in the wood log interior.

In Figure 7, the wood internal pressure is shown. The pressure peak, like already discussed for
the gas density peak, is the result of the gas formation rate due to primary devolatilization as well as
mass transfer limitations, that is, wood and char permeabilities.

(a) Predicted gas density in kg/m3 at 200 s.

(b) Predicted gas density in kg/m3 at 450 s.

Figure 6. Gas densities in kg/m3 at 200 s and 450 s during devolatilization. The top of the wood log is
at z = 150 mm, and the lateral shell surface of the wood log is at r = 25 mm.
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(a) Predicted internal gas pressure, Pgas, at 200 s.
The applied wood and char permeabilities are listed
in Table 2.

(b) Predicted internal gas pressure, Pgas, at 450 s.
The applied wood and char permeabilities are listed
in Table 2.

Figure 7. Internal gas pressure and axial and radial gas velocities (small vectors that are most easily
seen at the top of the figure). The top of the wood log is at z = 150 mm, and the initial lateral surface of
the wood log is at r = 25 mm. The applied wood and char permeabilities are listed in Table 2. (Please
note that the range of the color scaling is different in the two panels.)

As shown in Figure 7, the pressure peak forms in the wood log center and rises from about
1.18 bar at 200 s to 1.45 bar at 450 s. When comparing the results for 200 s and 450 s, a pressure peak
close to the wood log top seems to propagate inward and has reached the wood log center at 450 s.
The maximum longitudinal velocities at the top of the wood log spatially occur within the area of this
propagating pressure peak.

In Figure 8, the mass fraction of tar is shown at different spatial locations and at two different
times (200 s and 450 s). The high tar mass fraction results from significant tar formation from primary
devolatilization. The tar mass fraction drops toward the outer wood log areas. The reason for the
drop in tar mass fraction is due to secondary tar cracking reactions and the dilution of tar by inward
diffusion of nitrogen from the bulk flow.

In this section, it is shown that a 2D model can spatially resolve the wood’s internal distribution
of different variables in sufficient detail to be able to plot internal variable fields. This spatial resolution
is crucial if the location and propagation of the conversion front is to be studied in detail.

In the next section, it is shown that only a multidimensional model can accurately capture
anisotropic wood properties. Furthermore, wood log dimensions affect the accuracy of modeling
results and, therefore, the wood conversion prediction, making multidimensional models a prerequisite
for an accurate wood log conversion simulation tool.

In order to further study the influence of anisotropy, the influence of different wood and char
permeabilities on the wood internal pressure was studied. Furthermore, how the wood log dimensions
affect the modeling results and whether 2D modeling becomes necessary if a certain aspect ratio is
reached was studied.
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(a) Predicted tar mass fraction, Ytar, at 200 s.

(b) Predicted tar mass fraction, Ytar, at 450 s.

Figure 8. Tar mass fractions [-] at different times during devolatilization. The top of the wood log is at
z = 150 mm, and the lateral surface of the wood log is at r = 25 mm.

3.2. Parametric Study: Wood and Char Permeability

In this section, the influence of wood and char permeability on pressure predictions is studied.
The results of the parametric study are compared against the base case (see wood properties listed in
Table 2), rerun with an aspect ratio of 3, as shown in Figure 9.

A second simulation was run with ten times higher char permeabilities, and the results are shown
in Figure 10.

When comparing Figure 9 and Figure 10 at both times (200 s and 450 s), one can identify that
the pressure peak is highly sensitive to the assigned mass transfer properties. By increasing the char
permeabilities (radial and longitudinal) by a factor of 10, the pressure peak at 450 s drops significantly
below the predicted pressure peak of the base case, being 1.24 bar (Figure 10) instead of 1.45 bar
(Figure 9).

Furthermore, it can be observed that the propagation of the pressure peak inward is slower since
the pressure peak has already reached the wood log at 450 s in Figure 9, while it is still at a position
of about 8 mm in Figure 10. The different propagation of the pressure peak and its different spatial
location observed from the two simulations also affects the velocity profile at the top of the wood
log (compare Figure 9 and Figure 10). While the maximum longitudinal velocity at the top of the
wood log has reached the wood log center (r = 0) at 450 s in Figure 9b, it is still located at about
8 mm in Figure 10b. It is also worth mentioning that a pressure peak propagating inward as shown in
Figure 10b can result in radial gas transportation directed inward and outward. This is due to pressure
gradients that occur on both sides of the pressure peak. As soon as the pressure peak has reached
the center (as is the case in Figure 9b), the negative pressure gradient only occurs in the direction of
rinner → router, and consequently, gas transportation is only directed outward.
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(a) Predicted internal gas pressure, Pgas, at 200 s.
The applied wood and char permeabilities are listed
in Table 2.

(b) Predicted internal gas pressure, Pgas, at 450 s.
The applied wood and char permeabilities are listed
in Table 2.

Figure 9. Internal gas pressure and axial and radial gas velocities—base case with AR = 3. The top of
the wood log is at z = 75 mm (AR = 3), and the initial lateral surface of the wood log is at r = 25 mm.

(a) Predicted internal gas pressure, Pgas, at 200 s.
The applied wood and char permeabilities are
listed in Table 2. The applied wood and char
permeabilities were: κwood,⊥ = 1.29 × 10−18 m2,
κwood,‖ = 2.96 × 10−15 m2, κchar,⊥ = 10−12 m2 and
κchar,‖ = 10−11 m2.

(b) Predicted internal gas pressure, Pgas, at 450 s.
The applied wood and char permeabilities were:
κwood,⊥ = 1.29 × 10−18 m2, κwood,‖ = 2.96 × 10−15

m2, κchar,⊥ = 10−12 m2 and κchar,‖ = 10−11 m2.

Figure 10. Internal gas pressure and axial and radial gas velocities. The top of the wood log is at z =
75 mm (AR = 3), and the initial lateral surface of the wood log is at r = 25 mm.

If the char permeability is set to higher values, implying that mass transfer is less restricted
(compared to the base case), then the pressure peak propagating inward is clearly spatially
differentiated (see Figure 10b). The reason is that due to the easier outflow of gases, the observed
pressure peak is spatially linked to the position of the devolatilization zone since the devolatilization
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zone is clearly the location where significant amounts of gases are released, and the gas pressure is
therefore high. Due to different time scales of chemical reactions and mass transfer, the gases are
not immediately transported away after they have been formed, explaining the pressure peak at the
devolatilization zone. However, convection is still high enough to avoid significant the accumulation
of produced volatiles in the wood log structure, explaining why the pressure remains low at other
locations further away from the immediate gas generation zone, as gases are quickly transported out
of the wood log interior. Accordingly, the pressure peak as well as the wood log top velocity profile
propagate inward with the devolatilization zone. For lower char permeabilities, the outward pressure
gradient will be larger, which yields higher pressure peaks and hence a higher inward pressure
gradient. The result is that much of the gas flows inward, creating a pressure plateau. As a result, one
might conclude that if char permeabilities are set to even higher values, the pressure gradients around
the inward propagating devolatilization zone will become even steeper, potentially also explaining
the numerical instabilities that were encountered in this work with high permeabilities (high pressure
at the grid point of gas formation, almost ambient pressure at the neighboring grid point). It is also
concluded that an even larger difference between radial and longitudinal char permeabilities can
significantly affect the appearance of the pressure peak and subsequently alter the velocity profiles.

Overall, the parametric study showed that the 2D model is very sensitive to the assigned
permeabilities. Pressure-peak predictions as well as velocity profiles vary significantly with the
choice of permeabilities. Even though the parametric study was only performed on char permeabilities,
similar trends will be observed for wood permeabilities. However, they might be less visible since char
permeabilities in general are significantly higher than wood permeabilities, showing a significantly
higher impact on predicted mass transfer.

When comparing the results of the baseline case with a simulation case with the same
permeabilities but a smaller aspect ratio (AR = 3), it can be identified that the aspect ratio also influences
the wood’s internal pressure peak distribution, although not as significantly as the permeability
(compare Figure 7 and Figure 9). The peak values are overall the same, being 1.18 bar at 200 s at 1.45
bar at 450 s. However, while the highest wood internal pressure can be found in the center of the wood
log for a large aspect ratio, the pressure front still travels inward for the simulation case with an AR pf
3. At 450 s, the differences between the simulations with two different aspect ratios are negligible.

It is furthermore concluded that the detailed prediction of the pressure field can only be done by
2D models since the anisotropic mass transfer properties of wood and char will significantly affect the
extent of the pressure peak as well as its position. Due to the strong linkage between pressure and
velocity, the gas velocity profile is also highly affected by anisotropic mass transfer properties, which,
as a consequence, affects the gas flow leaving the wood log. Such knowledge regarding the gas flow
out of a wood log is crucial when the purpose of the simulation tool is to use it as a sub-model in a
wood stove simulation tool, where not only a single wood log is to be modeled but also the interaction
of a number of wood logs in a stack.

Comparison of 1D and 2D Modeling Results

The 2D model allows a detailed consideration of wood anisotropy by allowing for different heat
and mass transfer properties in the radial and longitudinal directions of the wood log. However, this
increase in detail comes at the cost of increased computational time. The question arises whether such
a detailed model, operating at increased computational cost, is always needed to accurately predict
conversion. Therefore, this section is dedicated to studying how 1D and 2D models compare in their
prediction of solid degradation dynamics.

In this section, the base case presented earlier in this paper is studied. The 1D model was run
purely with the radial heat and mass transfer properties of the 2D model. The results of this comparison
are shown in Figure 11.
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(a) Comparison of center and surface temperatures
of the 2D base case, 1D model, and experimental
data. The symbols mark the temperatures
measured by Larfeldt et al. [9]. The temperatures
were measured at different radial positions.

(b) Comparison of the predicted normalized
residual mass of the 2D base case, 1D model,
and experimental data. The symbols mark the
residual mass measured by Larfeldt et al. [9].

Figure 11. Comparison of degradation dynamics predicted by the 1D model and the detailed 2D
model—base case. The experimental data was read out of figures as shown in Larfeldt et al. [9].
However, to clearly distinguish between simulation results and experimental data, the experimental
data are not shown as continuous lines but instead as selected values (marked by symbols).

For the particular conditions that were studied in this paper, the difference in the prediction of the
solid degradation dynamics between the 1D and the 2D simulations is small but notable, as shown in
Figure 11. In particular, it can be seen that there is very little difference in the temperature predictions,
while the difference in normalized mass is somewhat larger. The differences in normalized mass are
still small compared to the overall uncertainty of the simulations, however. Therefore, it is concluded
that for studying the conversion fundamentals, such as total devolatilization time as well as center
and surface temperatures, a simplified 1D model is sufficient as it balances modeling accuracy and
simulation time suitably well. Still, it was found that the mass loss prediction was more accurate when
using a 2D model. However, this is only a valid statement for wood logs with a large aspect ratio (at
least larger than 6, which was the aspect ratio of the base case). If the aspect ratio is decreased from the
current value of 6, 2D models might become more relevant since the heat transfer in the longitudinal
direction becomes more influential on the overall degradation dynamics. This is not necessarily the
case in the base study, where the mass loss of the wood log is mostly occurring due to the inward
propagation of the devolatilization zone in the radial direction.

As a consequence, how the 1D and the 2D model compare if the aspect ratio is reduced was also
studied (see Figure 12).

In the following discussion, it is assumed that the 2D model is more accurate as it showed better
agreement with experimental data in the base case with an aspect ratio of 6. It was found that for the
modeling setup with an aspect ratio of 3, the results started to deviate significantly more. At such
a low aspect ratio, not even the final conversion time can be predicted correctly with the 1D model.
This highlights that multidimensional models become a necessity as the longitudinal and radial
dimensions of the cylindrical wood log become more similar. Even though experimental validation
cannot be done for this simulation case (AR = 3), the 1D model is obviously more wrong as it predicted
the same conversion time for AR = 3 and for AR = 6. The 2D model predicted a shorter conversion
time for the shorter wood log, emphasizing that it is the more accurate approach under the given
conditions. The reason for this deviation in results obtained from the 1D and the 2D models is that
as the influence of different dimensions on conversion is reduced, the influence of anisotropic wood
properties on the overall wood conversion model predictions becomes more important.
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(a) Comparison of 1D and 2D models with respect
to internal temperature. The test run was based on
an aspect ratio of 3 (τ = 75 mm) for both the 1D and
2D models.

(b) Comparison of normalized residual mass.
The test run was based on an aspect ratio of 3 (τ =
75 mm) for both the 1D and 2D models.

Figure 12. Comparison of degradation dynamics predicted by the 1D model and the detailed 2D model
at an aspect ratio of 3.

As mentioned earlier, the 1D model still provided acceptable accuracy when applied to the
numerical setup with an aspect ratio of 6 since temperature predictions did not show significant
deviation, and above all, the final conversion time could still be accurately predicted, which was not
the case for the test run with an aspect ratio of 3.

Independent of the aspect ratio, a 2D model will always be needed if one aims to get detailed
information on wood internal distributions. Those cannot be accurately predicted by 1D models.
Furthermore, inhomogeneous boundary conditions, which is what is found in wood stoves, demand
multidimensional models. Moreover, if one aims to get correct volatile release rates at different
positions of the wood log surface, multidimensional models are needed.

One can conclude that degradation trends obtained under simple boundary conditions,
i.e., constant heat fluxes to the particle all over its surface, can be predicted well enough by 1D
models, at least if the aspect ratio of the cylinder is large enough to assume an infinitely long wood
log. But if one aims to couple the solid and the gas phase model to obtain an overall combustion
simulation tool, multidimensional models are strictly required. This is primarily because wood logs in,
e.g., wood stoves are not subject to idealized simple and homogeneous boundary conditions and also
because the volatile release rate (its composition and flow rate) from the wood log is not uniform all
over the wood log’s external surface. Since this volatile release enters the gas phase model, it needs to
be predicted accurately in order to predict the combustion process in the wood stove correctly.

4. Conclusions and Recommendations

In this work, a 2D model for wood log devolatilization was presented. The modeling results
were validated against experimental data obtained for the devolatilization of a dry, large, birch wood
cylinder. Good agreement was found between modeling results and experimental data.

It was found that if wood internal variable fields are studied in detail, at least 2D modeling is
needed, which can be a more computationally efficient alternative to 3D models.

How the anisotropic wood structure affects pressure magnitude and distribution, and therefore
also radial and longitudinal gas velocities, was studied. It was found that the pressure peak is very
sensitive to the permeabilities. The relative contribution of radial and longitudinal gas flow depends
on the permeabilities in radial and longitudinal directions.

Lastly, how 1D and 2D models compare was studied. For the given case of a large wood log, solid
phase degradation dynamics were acceptably well predicted by the 1D model, in particular for large
aspect ratios. Nevertheless, the 2D model yielded better agreement with experiments. Since 1D models
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are much faster and more computationally efficient than higher dimensional models, it is important to
understand how high dimensionality that is required for a given study. As a general rule, we found
that higher-dimensional simulations (>1) are required when

• the wood logs have non-uniform boundary conditions (e.g., in wood stoves),
• the detailed distribution of any variable within the log is studied,
• the ratio between the longitudinal and the radial extent of the log is low,
• the log cannot be approximated as either cylindrical or spherical.

It must be highlighted that a low ratio between the longitudinal and the radial extent of the
log cannot be generically quantified since the critical aspect ratio is very much case-dependent (e.g.,
on heating conditions). For the case modeled here, it was found that an aspect ratio of 3 already led to
significant deviations between 1D and 2D modeling.
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Nomenclature

A pre-exponential factor [ 1
s ] / [ m

sK ]
AR aspect ratio
Ea activation energy [ J

mol ]
f gas species massfraction from primarydevolatilization [-]
g gas species massfraction from secondarydevolatilization [-]/gravity [m/s2]
Y mass fraction [-]
T temperature [K]
t time [s]
Tgas surrounding gas phasetemperature [K]
Tref referencetemperature [K] (298 K)
Twall furnace walltemperature [K]
cP specific heat capacity [ J

kgK ]

Deff effective diffusivity [ m2

s ]
DKnudsen Knudsen diffusion [ m2

s ]
hc,0 heat transfer coefficient [ W

m2K ] (without Stefan flow)
hc heat transfer coefficient [ W

m2K ] (with Stefan flow)
hm,0 mass transfer coefficient [ m

s ] (without Stefan flow)
hm mass transfer coefficient [ m

s ] (with Stefan flow)
R ideal gas constant [ J

molK ]
r radius [m]
ur gas phase velocity in radial direction [ m

s ]
uz gas phase velocity in longitudinal direction [ m

s ]
V gas volume [m3]
Vj cell volume [m3]
Ṁtotal total mass fluxof exiting gases [ kg

sm2 ]
n Mol number
P Pressure [Pa]
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k reaction rate constant [ 1
s ] or [ m

s ]
k1 reaction: wood tonon-condensable gases
k2 reaction: wood to tar
k3 reaction: wood to char
k4 reaction: tar tonon-condensable gases
k5 reaction: tar to char
lcharac characteristic length
DAB diffusivity [ m2

s ]
4h heat of reaction [ J

kg ]

z length of the wood log [m]
ρ density [ kg

m3 ]
ε porosity [-]
ω emissivity [-]
Φheat heat source term [J/(sm3)]
λ thermal conductivity [ W

mK ]
ω̇ reaction rate [ kg

m3s ]
σ Stefan-Boltzmann constant [ W

m2K4 ]
τ tortuosity [-]
κ permeability [m2]
e f f effective
H2O, g water vapor
i reaction
s solid
total mixed gas phase
a ash
w dry wood
g gas phase
k gas species
long longitudinal
‖ parallel to fiber direction
⊥ perpendicular to fiber direction
c char
wall furnace wall
rad radiative
radial radial
devol, 1 primary devolatilization
devol, 2 secondary devolatilization
tar tar
∞ bulk
g gas phase
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