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ABSTRACT: The primary focus of this paper is on studying different numerical models for drying of wet wood particles. More
specifically, the advantages and disadvantages of the models, with respect to numerical efficiency, stability, and accuracy, are
investigated. The two basic models that are studied in detail are the thermal drying model and the kinetic rate drying model. The
drying models have been implemented in an in-house simulation tool that solves for drying and devolatilization of a one-
dimensional cylindrical wood log. It is found that the choice of drying model can significantly influence the computational time
associated with the thermal conversion. Furthermore, the occurrence of numerical pressure oscillations in the thermal drying
model has been found and investigated. The numerical oscillations are reduced by introducing an evaporation fraction, fevap.
When the thermal drying model is applied, the drying zone is very thin, commonly only including one grid point, which can
result in numerical instabilities. The evaporation fraction allows the smearing of the drying zone by reducing the heat flux used
for evaporation of liquid water and using the residual heat flux for heating the grid points. Reducing the evaporation fraction also
resulted in reduced CPU times. It was found that model accuracy was not significantly influenced by the choice of drying model.

1. INTRODUCTION

Even though a significant amount of research has been focused
toward numerical modeling of the thermal conversion of
thermally thick wet wood particles over the last decades,1−7

little work has been done on the numerical efficiency and
accuracy of different drying models. The different drying
models commonly applied when modeling the drying of
thermally thick wet wood particles, are the thermal model, the
kinetic rate model, and the equilibrium model. The kinetic rate
model handles evaporation as a heterogeneous reaction that is
described as an Arrhenius expression, while the thermal model
assumes drying to occur at 373 K and no further temperature
increase in a grid cell is allowed unless all the water in a cell has
been evaporated. The equilibrium model assumes that liquid
water and water vapor are in thermodynamic equilibrium. As a
consequence, the evaporation rate is a function of the difference
of equilibrium concentration and the actual water vapor
concentration.4 A focus on those drying models and their
numerical efficiency is needed, since this can support the
development of a low-computational-cost simulation tool for
describing the thermal conversion of wood. The purpose of
such a numerical model, describing thermal conversion of
thermally thick wood particles and logs, can be its coupling to
gas-phase modeling (and, therefore, a CFD platform), such that
the combined model can be used as a simulation tool for wood
stove design and optimization.
Such an optimization of current wood stoves is needed

because of stricter demands toward emissions, efficiency, and
user-friendliness in the future. So far, improvements have
mainly been achieved via experiments, while, in contrast to this,
a combination of experiments and modeling can result in cost-
efficient design developments for future wood stoves or other
combustion units.8 This highlights the need for detailed but

also numerically efficient models that describe the thermal
conversion of wood, which need to grant a high degree of
flexibility, as both input fuel in a wood stove as well as
boundary conditions of the solid phase model can vary
significantly. This flexibility can only be achieved by multi-
dimensional models, and in order to keep those models
numerically efficient, one must know which stage of the thermal
conversion of wood is related to the highest computational cost
and how this can be optimized. Studying numerical efficiency
on a one-dimensional (1D) model is a good basis for the
extension of this model to a numerical efficient multidimen-
sional model.
Besides the studies on numerical efficiency and accuracy, it is

also important to develop a model that is not affected by
numerical instabilities. Numerical oscillations related to the
thermal drying model have already been observed but have only
been discussed in a few papers, e.g., by Fatehi and Bai.9 This
lack of information on numerical instabilities of drying models
leads to the motivation that more research within this field is
needed such that the authors have added an additional
discussion on numerical instabilities of drying models.
The progress in numerical modeling of these two stages of

thermal conversion of wood is fast and a significant range of
models and modeling approaches has been presented over the
last years. A detailed discussion of those models for thermally
thick particles is presented by Haberle et al.10 Even though
there are many works available discussing model development
for drying and devolatilization, only very limited work has been
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done on studying the numerical efficiency, accuracy, and
stability of drying models in detail.

2. NUMERICAL MODELING
A 1D mesh-based simulation tool for drying and devolatiliza-
tion of an infinitely long wet cylindrical wood log was
developed. The model solves for the solid phase, as well as
the gas and liquid phases. The involved gas species are water
vapor, noncondensable gases, and tar. Intraparticle trans-
portation of the gas phase was taken into account, while the
intraparticle transportation of liquid water was neglected, even
though it also can theoretically be activated in the model.
Intraparticle transportation of liquid free water was activated
and deactivated in two test cases, and it was found that the
influence of intraparticle transportation of liquid water is
negligible. As shown in the subsequent section, only one
temperature equation is solved in the model. This is based on
the assumption of thermal equilibrium between the phases. In
earlier works regarding thermally thick particles, it has been
found that this assumption predicts conversion times to be
∼20% longer,11,12 compared to models based on individual
temperature equations for the gas, solid, and liquid phases. Still,
a local thermal equilibrium was assumed in this model, since it
is assumed that, by this simplification of the temperature
equations, the efficiency of the model can be significantly
increased while the accuracy is still acceptable. Drying was
modeled by the thermal model and the kinetic drying model. In
addition, the equilibrium model was also partly tested.
Devolatilization was described by a scheme that involves
three independent competitive reactions and secondary tar
reactions (see Figure 1).

The governing equations require simplifications in order to
be able to simultaneously describe all chemical reactions and
physical phenomena related to thermal wood conversion at
reasonable computational cost.
The applied simplifying assumptions are as follows:
(1) Darcy’s law can be used for modeling the gas-phase flow

in the wood particle. Hereby, one is not required to solve the
momentum equation, which reduces the computational cost of
the model. The accuracy is assumed to not be affected by this
assumption, as it is known that, with respect to increasing
particle sizes, the convective term in the transport equations
becomes less important.13 In this work, only thermally thick
particles are modeled, which, as such, are related to larger
particle sizes.
(2) The gases in the solid matrix are assumed to be ideal. As

reviewing of several models has shown, such an assumption is
common practice in thermal wood particle conversion
modeling.10

(3) The blowing effect of the leaving volatiles on heat and
mass transfer to the particle is neglected. It is assumed that
radiation dominates over convection, with respect to heat
transfer to the particle, which makes the effect of blowing on
the heat transfer negligible. Furthermore, since char conversion
is not included, the mass transfer of gas species to the particle
surface from the surrounding gas is irrelevant.
(4) During drying, shrinkage is neglected, since it is small,

compared to shrinkage during devolatilization.4 Shrinkage
during devolatilization is considered by a three-parameter
model, which is based on constant shrinkage parameters (α, β,
and γ). A more-detailed description of this shrinkage model and
a detailed discussion of the three different shrinkage parameters
can be found elsewhere.14 This simplifies the complexity of the
shrinkage modeling and reduces computational cost.
(5) Cracking and fragmentation are neglected. This results in

reduced computational cost. Neglecting these structural
changes might affect model accuracy, as they will affect the
permeability of the particle and, therefore, the flow of the
exiting gas phase.
(6) The model is 1D, which reduces the computational cost

significantly. For investigation of fundamental processes, it is
assumed that this is a valid approach. Furthermore, it is
assumed that an optimized 1D model is a good starting point
for extension to two-dimensional (2D) or three-dimensional
(3D).
(7) A bridge-factor is implemented to account for anisotropy,

since this is the only way anisotropy can be considered in 1D
models. However, a bridge-factor consideration of the
anisotropic wood simplifies anisotropy significantly. For
accurate anisotropy consideration, multidimensional models
are required.
(8) Most of the thermophysical properties are modeled as

being linearly dependent on the degree of conversion and/or
temperature, e.g., permeability, thermal conductivity, and
specific heat capacity; commonly, a temperature increase is
related to an increase of those values. This consideration is
assumed to lead to higher accuracy of the model, compared to
the assumption of constant thermophysical properties.
Furthermore, the implementation of linear functions of the
properties is assumed to not significantly contribute to an
increasing complexity of the model.
(9) Tar recondensation reactions have been neglected. It is

assumed that these reactions occur only to a negligible extent.
The model validation was done against experimental work by

Lu et al.5 Good agreement between the modeling predictions
and the experiments was found.

2.1. Governing Equations. The gas-phase continuity
equation is given by15

ρ ρ
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where ρg
g is the intrinsic phase average of the total gas-phase

density, ϵg is the volume fraction occupied by the gas phase, ur
is the superficial gas phase velocity in radial direction, r is the
radius, V is the cell volume related to one grid point in the 1D
mesh. and ω̇gas is the reaction rate due to evaporation and
devolatilization. The volume fraction occupied by the gas phase
can be calulated from the porosity (ϵpore), according to

ϕϵ = ϵ −(1 )g pore (2)

Figure 1. Three independent competitive reactions scheme in
combination with the secondary tar reactions.
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with ϕ being the fraction of pores that is filled with liquid water
and ϵpore = Vpore/V. The gas phase contains water vapor, tar,
noncondensable gases, and air. A simplified consideration of air,
instead of explicit modeling of nitrogen and oxygen, is valid as
long as oxygen-consuming reactions are not relevant. The last
term in eq 1 represents the shrinkage, and similar expressions in
eqs 7, 8, and 9 refer to the same structural change. In the case
of wood drying and devolatilization, ω̇gas is expressed as

ω ρ ρ ω ω̇ = + − ϵ + ̇ − ̇k k k( )gas 1 2 wood 5 tar
g

g evap recond,l (3)

where ω̇evap is the source term due to evaporation of liquid free
water and bound water, while ω̇recond,l models the recondensa-
tion of water vapor to liquid free water.
The reaction rate constants in eq 3 are calculated according

to the Arrhenius expression

=
−⎛

⎝⎜
⎞
⎠⎟k A

E

RT
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ia,

(4)

for devolatilization reactions with R being the ideal gas constant
and T the temperature. The superficial gas phase velocity (ur) is
described by Darcy’s law,15

κ
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where μg is the dynamic viscosity of the gas phase and κ is the
permeability of the solid.
The gas-phase pressure can be obtained from the gas-phase

density by using the ideal equation of state,

ρ
=P

RT

MWg
g
g

mix,total (6)

with MWmix,total being the total mixed molecular weight.
The gas species evolution equation is given by15
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where Deff is the effective diffusivity and Yk is the mass fraction
of species k, which could be either tar, noncondensable gases,
or water vapor, since the mass fraction of air is calculated by
difference. The evolution of the mass density of wood reads15

ρ
ρ

ρ∂
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= − + + − ∂
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k k k
V

V
t

( )wood
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wood
(8)

and the evolution equation for char mass density is given as

ρ
ρ ρ
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(9)

The temperature equation reads16
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where the source term Φevap refers to the endothermicity of
evaporation reactions, Φdevol,1 represents the source terms
related to primary devolatilization reactions (commonly
modeled as endothermic), and Φdevol,2 are exothermic
secondary tar reactions. However, the definition of the heat
of reaction for primary and secondary devolatilization reactions
is still a challenge, since the experimental determination is
difficult.17−20 Furthermore, note that ρg

g refers to the intrinsic
gas-phase average, while ρg refers to the gas-phase average. The
relationship between the two densities is given by

ρ ρ ϕ= ϵ −(1 )g g
g

pore (11)

The particle surface temperature is dependent on the
radiative influx from the wall and the convective heat transfer
to the particle surface, such that the heat flux to the surface is
given by

λ σ∂
∂

= ϵ − + −T
r

T T h T T( ) ( )eff particle wall
4

surf
4

conv gas surf

(12)

where σ is the Stefan−Boltzmann constant, hconv is the heat-
transfer coefficient, ϵparticle is the emissivity of the particle, and
λeff is the effective thermal conductivity of the outer part of the
particle.
Mass conservation of liquid free water is calculated as21

ρ ρ
ω ω

∂
∂

+
∂

∂
= − ̇ + ̇

t r
r u

r
1 ( )l l l

evap,l recond,l (13)

where the velocity of the liquid free water is calculated
according to

κ
μ

= −
∂
∂

u
P
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l
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(14)

where μl is the dynamic viscosity of the liquid phase, κl is the
permeability of the liquid water, and ρl is defined as

ρ ρ ϕ= ϵl l
l

pore (15)

with ϕ being the volume fraction of pores filled with water and
ρl
l is the intrinsic density of water (ρl

l = 1000 kg m−3). The
pressure of the liquid phase (Pl) is calculated as21

= −P P Pl g c (16)

and the capillary pressure Pc is calculated according to22

ρ
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(17)

where Ml is the mass fraction of liquid free water (dry basis).
This correlation and the applied coefficients were suggested by
Spolek and Plumb,23 who presented this equation after having
measured the capillarity pressure of pine wood. Regarding the
water vapor recondensation reactions, it is assumed that the
water vapor recondensation reactions (ω̇recond,l) can be modeled
by an equilibrium assumption5

ω
ρ
ρ

ρ ρ̇ = ϵ −S h Y( )recond,l C,wood
l

l,0
m,pore g v

sat
vap g

g

(18)

with SC,wood being the specific surface area of wood and ρl,0 is
the initial liquid free water density. The initial liquid free water
density is defined as the water density in the wood log before
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drying has started. The mass-transfer coefficient of vapor in the
pore (hm,pore) is defined as5

=
⎛
⎝
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D

d
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while the hydraulic pore diameter is5
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and the effective liquid free water diffusivity is5
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The liquid permeability (κl) is given as5
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with Sir = 0.1 being the irreducible saturation and κl
Φ =

3 × 10−15 m2.5 The equation for κl was used by de Paiva
Souza,22 who referred to the experimental work by Tesoro et
al.24 The coefficients in eq 21 can be traced back to the
previously mentioned definition of capillary pressure. The
diffusivity that is required here is defined by expressing the
liquid free water flux using Darcy’s law and reformulating this
flux and expressing it using Fick’s law.
The liquid viscosity (μl) is defined as22

μ = − + + × − ×− −

T
T Tlog( ) 13.73

1828
1.966 10 1.466 10l

2 5 2

(22)

in order to correctly describe the temperature dependency of
liquid viscosity. The saturated vapor pressure is calculated as21

= −⎜ ⎟
⎛
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T
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and the corresponding water vapor density is calculated
according to

ρ =
P

RT

MW
v
sat vap
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(24)

The equation for saturated water vapor pressure has been
obtained from fitting the expression to water vapor data over a
flat plate.25

Mass conservation of bound water (ρb) is calculated
according to21

ρ ρ
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when the density of dry wood is assumed to be constant, since
no organic mass is converted during drying. In the equation
above, Db is the bound water diffusivity. The bound water
diffusivity in the tangential direction is calculated based on the
equation discussed by Grønli,21
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and the bound water diffusivity in the radial direction is
obtained by multiplying the tangential one by a factor of 2/3, as
suggested by Grønli.21 This expression for bound water
diffusivity, including all the coefficients, has been derived by
Siau26 and is based on experimental work by Stamm.27

Based on all the previously discussed equations, the time
integrator must be able to handle a system of differential and
algebraic equations.21 Therefore, the IDA solver, included in
SUNDIALS,28 was applied. It uses a backward differentiation
formula.

2.2. Drying. There are three different drying models that
are commonly discussed in the literature; the thermal model,
the kinetic rate drying model, and the equilibrium model.4 In
this work, only the thermal model, the kinetic rate model, or a
combination of the two drying models are tested in detail. The
equilibrium model is not included in the discussion of
numerical efficiency and stability, because it is commonly
applied only for low-temperature drying processes.4,29 How-
ever, it was also implemented to determine if its results are
more similar to the results of the kinetic rate model or the
thermal model.
For implementation of the equilibrium model, the mass

fraction of water vapor (Yvap,corr) that is due to the change in
saturated vapor pressure is calculated according to

=
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟Y

P

P
MW

MWvap,corr
vap
sat

g

water

mix,total (27)

where Pvap
sat is defined in eq 23 and the evaporation rate is then

calculated as

ω
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where dt is the time step size, ϵpore is, again, the porosity, and
Yvap is the mass fraction of water vapor at the old time step.
The thermal drying model is based on the concept of

switching the evaporation in a grid cell on and off.
Mathematically, this relationship can be expressed as9

ω
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≥ >
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where ω̇evap is the evaporation rate, and fevap is the evaporation
fraction. The heat flux (Fheat) is given by

ϕ ρ λ= ∂
∂

ϵ − − ∂
∂

⎜ ⎟⎛
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⎞
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r r
r u c T r

T
r

1
(1 )heat pore g

g
r P,g eff (30)

The thermal drying model is commonly based on the
assumption that drying occurs at a fixed boiling temperature
of 373 K.4 In this work, evaporation temperature and boiling
temperature are used interchangeably. However, during drying,
a significant amount of water suddenly evaporates and enters
the gas phase as water vapor, which results in an increase in
pressure. Therefore, the pressure in the interior of the wood
particle may significantly differ from atmospheric pressure.
Such a higher internal pressure results in increased evaporation
temperatures, which yield liquid free water evaporation above
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373 K. In order to account for this, the evaporation
temperature is modeled as a function of the internal pressure,
according to

= +
⎛
⎝⎜

⎞
⎠⎟T T

P

P
TlogAevap

g

1 atm
0

(31)

when TA = 32.7 K, T0 = 373 K, and P1 atm = 101 325 Pa. The
coefficients within this equation have been determined by
calculating the temperature from a given internal saturated
water vapor pressure and fitting a mathematical expression to
this correlation.
This pressure-dependent boiling temperature can only be

applied in a model that accurately monitors pressure evolution
inside the wood particle.
The kinetic rate drying model describes drying as a chemical

reaction, which can be expressed by an Arrhenius term,

ω ρ̇ = kevap evap water (32)

where ρwater is the density of the liquid water. In this work, only
bound water evaporates according to the kinetic rate drying
model, such that bound water density substitutes for liquid
water density in the previous equation. The evaporation rate
constant is expressed as30

=
−⎛

⎝⎜
⎞
⎠⎟k A

E

RT
expevap evap

a,evap

(33)

In the literature, a broad range of different kinetics is used to
describe evaporation, with the most common ones listed in
Table 1.

The wide range of different kinetic data used to model drying
suggests that the drying model is commonly tuned in order to
fit experimental data. In this model, the first and the third set of
kinetic data have been tested. The main advantage of the
kinetic rate drying model is that it is more numerically stable4

than the thermal drying model.
It is also possible to model drying with a combination of the

thermal model and the kinetic rate model. In such a case, the
evaporation of the liquid free water is modeled with the thermal
model and the evaporation of the bound water is described by

the kinetic rate model. The critical moisture content, which
defines whether liquid free water or bound water need to be
modeled, is the fiber saturation point (Mfsp), which is
commonly set to 30 wt % on an oven-dry basis.

2.3. Devolatilization. Devolatilization (see Table 2) is
described by a scheme of three independent competitive
reactions, where wood degrades to the main products: tar, char,
and noncondensable gases.21 After the primary devolatilization,
tar reacts further, commonly via intraparticle cracking and
repolymerization reactions, and forms noncondensable gases
and char, respectively.15 The kinetic data for primary and
secondary devolatilization reactions was taken from Lu et al.5

Devolatilization is a complex process where both chemical
and physical processes influence each other and, therefore,
must be considered simultaneously. The influence of extractives
on chemical reactions has not been explicitly considered, since
wood is already modeled as a mixture of compounds.

3. NUMERICAL SETUP
In the cases presented in this paper, the following case-specific
boundary conditions and additional settings of the 1D
simulation tool were used:

(1) The furnace wall and gas phase temperatures were set to
1276 and 1050 K, respectively.5

(2) The pressure at the particle surface was set equal to the
ambient pressure.

(3) The boundary condition for the species mass fractions
was a zero-gradient condition.

(4) The 1D mesh includes 55 grid points along the entire
particle diameter. Therefore, the particle radius is
devided into an equidistant grid by 27 grid points.

(5) The convective terms were discretized by first-order
upwinding.

(6) Diffusive terms were discretized by central differencing.
(7) The maximum time step was 10−5 s.
(8) Mass conservation was checked for 55, as well as 111,

grid points. For the test run with 55 grid points, the
relative error was 2.6%, whereas for 111 grid points, the
relative error was 2.15%.

It was found that, with 55 grid points, a grid-independent
solution is obtained. The wood properties used in the model
are listed in Table 3.
The apparent wood density deviates slightly from what Lu et

al.5 and Mehrabian et al.4 used, which is due to the fact that we
chose the porosity such that the apparent wood density can be
derived from the true wood density, according to

ρ ρ= − ϵ(1 )wood,apparent wood,true pore (34)

However, this density difference is minor.

Table 1. Kinetic Data for the Kinetic Rate Drying Model

activation energy [kJ mol−1] pre-exponential factor [s−1] ref

88 5.13 × 1010 9, 30
24/120a 5.13 × 106 31

88 5.60 × 108 32
88 5.13 × 106 33

aThe first value is used for liquid free water evaporation modeling, and
the second term is used for bound water evaporation modeling.

Table 2. Kinetic Data Used for Modeling Devolatilization, Which Are the Same as That Described in the Work of Lu et al.5

reaction rate constant reaction pre-exponential factor [s−1] activation energy [kJ mol−1] ref heat of reaction [kJ kg−1] ref

k1 wood → gasesa 1.11 × 1011 177 34 −207b 18
k2 wood → tar 9.28 × 109 149 34 −207b 18
k3 wood → char 3.05 × 107 125 34 −207b 18
k4 tar → gasesa 4.28 × 106 107.5 35 42 36
k5 tar → char 1 × 105 107.5 37 42 36

aThe term “gases” in this table refers to noncondensable gases. bThe heat of reaction for primary devolatilization reactions was taken specifically for
poplar and, therefore, was not taken from Lu et al.5
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4. RESULTS AND DISCUSSION

Different permeabilities of the liquid water were tested. The
effective permeability, which was obtained via

κ κ κ=l,eff l,relative l,intrinsic (35)

where κl,intrinsic is the intrinsic liquid permeability, which is
defined as21

κ κ=l,intrinsic g,drywood (36)

This suggests that the intrinsic permeability of liquid water is

equal to that for the gas mixture. The effective permeability of

the liquid phase is plotted in Figure 2.

The water saturation (S) is defined as21

Table 3. Properties Used as Input Values for the Drying and Devolatilization Modela

property units value ref

apparent wood density, ρwood kg m−3 570 b
true wood density, ρwood, true kg m−3 1500 38
porosity, ϵpore,0 0.62 b
thermal conductivity (wood), λwood, ∥ W m−1 K−1 0.291 + 2.7588 × 10−4T 39

thermal conductivity (wood), λwood,⊥ W m−1 K−1 λ ∥
1.9

wood, 39

thermal conductivity (char), λchar, ∥, ⊥ W m−1 K−1 0.071 5
thermal conductivity (gases), λg W m−1 K−1 25.77 × 10−3 5
bridge factor, ξ 0.68 15
specific heat capacity

for wood, cP,wood J kg−1 K−1 1500 + T 4
for char, cP,char J kg−1 K−1 420 + 2.09T + 6.85 × 10−4T2 4
for gases, cP,g J kg−1 K−1 1100 14

dynamic viscosity (gases), μgases kg m−1 s−1 3 × 10−5 14
diffusivity, Deff m2 s−1 1 × 10−8 c
permeability of wood, κwood ⊥, ∥ m2 1 × 10−14 40
permeability of char, κchar⊥, ∥ m2 1 × 10−13 41
permeability for liquid phase, κl m2 0 d
shrinkage parameters

α 1 e
β 0.75 e
γ 1 e

latent heat of evaporation, Δhevap J kg−1 2.44 × 106 5
particle emissivity ϵparticle 0.7 d
particle diameter, dP m 9.5 × 10−3 5
aspect ratio 4 5
moisture content wt % (wet basis) 40 5
specific surface area of wood m2 m−3 9.04 × 104 5
aThe data are applied for poplar wood (hardwood). bThis value was calculated based on knowing the apparent density and the true density. cThis
value was assumed to avoid tar diffusion and, therefore, recondensation in interior grid points. dThis value was assumed by the authors. eThe
shrinkage parameters were assumed by the authors for fitting modeling results.

Figure 2. Comparison of effective liquid permeabilities for spruce and pine. The effective liquid permeability is plotted against the volume fraction of
pores filled with water. The effective liquid permeability is defined as κl,eff = κl,relativeκl,intrinsic, where the definitions of κl,relative and κl,intrinsic (mentioned
as κ in the plot) have been taken from Grønli.21 For the definition of the relative permeability the initial porosity, ϵpore,0 = 0.62 (as assumed in this
work) and, therefore, a dry wood density of 570 kg m−3 were used.
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=
−
−

S
M M

M M
fsp

sat fsp (37)

where Mfsp, M, and Msat are the fiber saturation point (set to

0.3), the actual liquid water fraction, and the water fraction at

saturation, respectively. The water saturation must be known to

define the relative permeability in the longitudinal direction,
such that

κ = Sl,relative,long
8

(38)

and

κ = Sl,relative,tang
3

(39)

Figure 3. Determination of the relevance of liquid water convection modeling. Liquid water convection is fully neglected when the liquid
permeability is set to 0 m2. The orders of magnitude of the other tested liquid permeabilities have been taken from the literature.21 (For distinct
differentiation of the plotted lines, see the online version of this article.)

Figure 4. Comparison of the results of the thermal model, the kinetic rate model, and the equilibrium model. The kinetic rate model was used with
the kinetic data being A = 5.6 × 108 s−1 and Ea,evap = 88 kJ mol−1. For distinct interpretation of the surface and center temperatures in panel (a), the
online version of this article is recommended to be viewed. All experimental data used for validation has been taken from Lu et al.5 [Legend in panel
(a): purple and black cross symbols (+) and blue open circle (○) represent the experimentally determined particle surface temperatures; black, red,
and purple open circles (○), as well as blue asterisks (*), represent the particle center temperatures. Legend in panel (b): green asterisks (*) and
purple open circles (○) represent the experimentally measured normalized residual solid masses.]
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if the permeability in tangential direction is to be defined.21

Since there is commonly very little difference between radial
and tangential directions, the authors assumed that

κ κ=l,relative,tang l,relative,rad (40)

with κl,relative,rad being the relative liquid permeability in the
radial direction. In Figure 2 it is shown that, for volume
fractions of pores filled with water of <0.5, which are within a
typical range for wood burned in wood stoves, the liquid

permeability is commonly below 1 × 10−16 m2. The liquid
permeabilities plotted in Figure 2 are valid for softwoods.
Because of the lower porosities (and, consequently, the higher
dry virgin wood densities) of hardwood species, such as poplar,
which is modeled in this work, hardwood species will have even
lower liquid permeabilities, compared to the softwood species.
The influence of the liquid permeability on the modeling

results is plotted in Figures 3a and 3b.
It was found that only a liquid permeability as high as

10−15 m2 yielded significantly different results, compared to
fully neglecting the liquid water convection. Liquid perme-
abilities of the order of 10−16 m2 and 10−17 m2 did not
significantly differ from the assumption of fully negligible liquid
water convection.
Based on Figure 3, one can justify that a typical effective

liquid permeability of 10−16 m2 (or smaller) can be used for
modeling liquid water convection in wood particles or logs
burning in wood stoves. Since the corresponding results are
very similar to the results of a model that is fully neglecting
liquid water convection, one can also simplify the thermal
conversion model of a wood particle by fully neglecting liquid
water convection.
The focus on permeability of liquid water, with respect to its

influence on the model, was due to the numerical instabilities a
nonzero and comparably large permeability can result in when
applied together with the thermal drying model. These
instabilities are due to continuous on- and off-switching of
evaporation reactions in cells where drying has already been
fully accomplished at an earlier time. This reactivation of drying
is due to some liquid water transportation outward to dry cells
and the requirement that whatever water that is present there
must be gone if temperatures shall exceed the boiling
temperature.

Figure 5. Results of the grid independence study of the thermal drying model with fevap = 0.85, with 55 and 111 grid points. Recondensation of water
vapor to liquid free water has been considered.

Figure 6. Mesh-independent prediction of drying fronts with the
evaporation fraction fevap = 0.85. The tested grid point numbers were
55 and 111.
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Therefore, the authors’ conclusion was that liquid perme-
ability can be set to zero and convective liquid free water
transportation can be neglected, since this does not affect
modeling results, while, at the same time, it can stop the
numerical instabilities.
As mentioned earlier, the authors have also tested the

equilibrium model to determine whether its results were more
similar to predictions obtained from the thermal drying model
or the kinetic rate drying model. It was found that the

equilibrium model would predict a significantly different center
temperature, compared to the thermal drying model and the
kinetic rate drying model with a lower pre-exponential factor
(see Figure 4).
One can clearly see that the equilibrium model predicts very

different center temperatures, compared to both the kinetic rate
model and the thermal drying model. The surface temperature
and the residual solid mass do not differ significantly. However,
the results of the equilibrium model differ most significantly

Figure 7. Internal pressure prediction obtained when applying the thermal drying model without and with correction ( fevap = 1 or fevap = 0.85,
respectively). Correction is required to reduce numerical oscillations. Recondensation of water vapor to liquid free water has been considered.

Figure 8. Comparison of the smearing of the drying front for fevap = 0.85 and fevap = 0.65. Both fractions were compared against the noncorrected
drying front, with fevap = 1. Recondensation of water vapor to liquid free water has been considered.
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from the experiments; therefore, further discussion of model
accuracy, stability, and efficiency is only done with the more
suitable thermal and kinetic rate models, whose results are
closer to what has been experimentally observed. The main
reason for the difference between the equilibrium model and
the two other drying models is most likely that the equilibirum
model is developed for low-temperature drying, which is
different from the case that we tested in this model (see
numerical setup).

4.1. Grid Independence Study. Different numbers of grid
points have been tested in order to identify the number of grid
points that are required to ensure grid-independent results.
Initially, the model was tested with 55 grid points along the
entire wood particle diameter, and, subsequently, 111 grid
points were used to generate the 1D mesh. It was found that
the model describing drying and devolatilization yields grid-
independent solutions already with 55 grid points (see Figures
5a and 5b).

Figure 9. Comparison of water vapor mass fractions and temperature predictions for fevap = 0.85 and fevap = 1 and the kinetic rate drying model. The
initial moisture content was 40 wt % (wet basis), and the boiling temperature was fixed to 373 K. Recondensation of water vapor to liquid free water
has been considered.

Figure 10. Model predictions of total gas density and wood density for fevap = 0.85 and fevap = 1 and the kinetic rate drying model. The initial
moisture content was 40 wt % (wet basis), and the boiling temperature was fixed to 373 K. Recondensation of water vapor to liquid free water has
been considered.
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Only the plots for temperature and wood density are shown
here. Even though there are some small deviations in the center
of the wood particle, the differences are rather minor and do
not affect the predicted conversion time. Since predicted values
near the particle surface agree well when comparing the coarse
and the fine mesh, it is recommended to use the smaller grid
point number, since by halving the grid points, the computer

processing unit (CPU) time of the drying and devolatilization
model can be significantly decreased. In case of the thermal
drying model with fevap = 0.85, the model with 111 grid points
results in a CPU time of 15 412 s, which is significantly larger,
compared to the same numerical setup with 55 grid points,
where the CPU time is 5045 s.

Figure 11.Model predictions of char density and internal pressure for fevap = 0.85 and fevap = 1 and the kinetic rate drying model. The initial moisture
content was 40 wt % (wet basis), and the boiling temperature was fixed to 373 K. Recondensation of water vapor to liquid free water has been
considered.

Figure 12. Comparison of noncondensable gas-species mass fraction and tar mass fraction predictions for fevap = 0.85 and fevap = 1 and the kinetic rate
drying model. The initial moisture content was 40 wt % (wet basis), and the boiling temperature was fixed to 373 K. Recondensation of water vapor
to liquid free water has been considered.
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Figure 13. Comparison of temperature and normalized residual solid mass predictions, with and without water vapor recondensation. The thermal
drying model, with an evaporation fraction of 1 and a fixed boiling temperature, was applied. The initial moisture content was 40 wt % (wet basis).
All experimental data used for validation has been taken from Lu et al.5 [Legend in panel (a): purple and black cross symbols (+) and blue open
circle (○) represent the experimentally determined particle surface temperatures; black, red, and purple open circles (○), as well as blue asterisks
(*), represent the particle center temperatures. Legend in panel (b): green asterisks (*) and purple open circles (○) represent the experimentally
measured normalized residual solid masses.]

Figure 14. Comparison of predictions of normalized residual solid mass and temperatures at the particle surface and in the particle center by first
assuming the thermal drying model with a fixed boiling temperature of 373 K and by second assuming the thermal drying model with a pressure-
dependent boiling temperature. The evaporation fraction was 1 and the initial moisture content was 40 wt % (wet basis). All experimental data used
for validation has been taken from Lu et al.5 [Legend in panel (a): purple and black cross symbols (+) and blue open circle (○) represent the
experimentally determined particle surface temperatures; black, red, and purple open circles (○), as well as blue asterisks (*), represent the particle
center temperatures. Legend in panel (b): green asterisks (*) and purple open circles (○) represent the experimentally measured normalized
residual solid masses.] Recondensation of water vapor to liquid free water has been considered.
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The grid independence study also showed that the
evaporation fraction introduced in this paper, which is smearing
the drying fronts predicted with the thermal drying model, is a
mesh-independent correction approach for numerical oscil-
lations. Figure 6 shows that the drying fronts of the model run
with 55 and 111 grid points overlay each other very nicely,
suggesting that the drying front has the same thickness with
both the coarse mesh and the fine mesh.
4.2. Numerical Instabilities of the Thermal Drying

Model. A disadvantage of the thermal drying model is that it
tends to give oscillatory numerical results,9 which can be
observed in Figure 7a. The reason behind the oscillations is that
as soon as a grid cell that contains water is heated to the
evaporation temperature, the entire heat flux to this grid cell is
used to evaporate the water. The result of this is that the cell is
not heated above the evaporation temperature, which
consequently means that the neighboring cell on the cold
(and humid) side maintains a temperature below the
evaporation temperature. When all the water in the evaporating
cell is gone, it will therefore take some time before the interior
cell reaches the evaporation temperature. In this period, there is
suddenly no evaporation going on. This means that the
pressure will be reduced significantly, until the evaporation in
the new cell starts and a pressure increase can be observed.
However, this behavior is purely numerical (see Figures 7a and
7b), such that corrections are required.
Yang et al.6 suggested to overcome these numerical

oscillations by multiplying the evaporation rate with a
corrective factor. Their correction setup is the same as that
used in this model, but the assigned corrective factor differs.

Yang et al. set the corrective factor equal to 1 if no adjustment
of the evaporation term was done, while by setting the
corrective factor equal to the initial moisture content (dry
basis), the numerical instabilities were reduced.6 However, we
found that if lower moisture contents are to be modeled, this
assumption would result in significantly slower drying at one
specific location in the wood log or particle, since only a very
small fraction of the entire energy theoretically available for
drying is then effectively used for evaporation. Consequently,
the theoretically thin evaporation zone is significantly smeared
out in the model. Therefore, the choice of a more-independent
corrective factor should result in better agreement with the
concept of a sharp drying front upon which the thermal drying
model is based.
The correction approach applied in this work was to extend

the drying zone over more than one grid point and hereby
smear the sharp drying front, such that the fluctuation between
maximum evaporation rate and minimum evaporation rate
(being zero) is avoided. This was achieved by defining the
fraction that is reducing the heat flux to a grid cell that could
theoretically be used for evaporation in that particular grid cell.
The rest of the heat flux is used to heat the cell. A portion of
this heat will then be conducted further inward, such that,
eventually, a few of the neighboring grid cells also will exceed
the evaporation temperature and the evaporation of water there
will continue simultaneously (see the mathematical explanation
in eq 29). A higher fraction of heat flux used for heating the
evaporating grid cells, and therefore a lower fraction of heat flux
used for evaporation, leads to a larger number of grid points
where evaporation occurs simultaneously. This fraction is

Figure 15. Comparison of predictions of normalized residual solid mass and temperatures at the particle surface and in the particle center by
assuming the thermal drying model with a fixed boiling temperature or by assuming the kinetic rate drying model with a high pre-exponential factor
(A = 5.13 × 1010 s−1 and Ea = 88 kJ mol−1). The kinetic drying model was compared against the thermal drying model with the evaporation fraction
being 1. Recondensation of water vapor to liquid free water has not been considered when describing evaporation via the thermal drying model
(denoted as dotted lines). The initial moisture content of 40 wt % (wet basis). All experimental data used for validation has been taken from Lu et
al.5 [Legend in panel (a): purple and black cross symbols (+) and blue open circle (○) represent the experimentally determined particle surface
temperatures; black, red, and purple open circles (○), as well as blue asterisks (*), represent the particle center temperatures. Legend in panel (b):
green asterisks (*) and purple open circles (○) represent the experimentally measured normalized residual solid masses.]
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referenced as the evaporation fraction, fevap, in this work. Figure
7b shows how the pressure fluctuations were reduced when
applying fevap = 0.85.
With fevap = 0.85, which expresses that 85% of the incoming

heat flux is used for evaporation, the pressure oscillations are
significantly reduced, compared to what is seen when applying

fevap = 1. In the case of fevap = 0.85, the drying front reached over
4 grid points (given at 20 s) (Figure 8a). Therefore, the
smearing was still limited, such that the assumption of a sharp
drying front is still valid. In comparison to fevap = 0.85, a lower
evaporation fraction ( fevap = 0.65) led to a more significant
smearing over 9 grid points (given at 20 s), as shown in Figure
8b.
It was found that a smearing of the drying front over 9 grid

points was too significant, with respect to a total number of 27
points along the radius of the wood particle. Such an extensive
smearing results in a significant deviation from the modeling
concept of a sharp drying front moving inward, which is the
fundamental idea of the thermal drying model. Therefore, this
assumption is considered to be inaccurate for the thermal
drying model. It was found that applying a value of fevap = 0.85
yields more accurate results. Comparing the results of a
noncorrected drying front and a drying front smeared out by
fevap = 0.85 showed that, overall, the two predictions agree well
(see Figures 9−12). This confirmed the assumption that fevap =
0.85 can significantly correct the internal pressure fluctuations,
while, at the same time, not affecting the model predictions too
much. In Figures 8−12 the term “kinetic” refers to a pre-
exponential factor of 5.6 × 108 s−1 and an activation energy of
88 kJ mol−1. Transportation of liquid free water was set to zero,
when the thermal model was used.
Significant deviations occur between the corrected thermal

drying model ( fevap = 0.85) and the uncorrected thermal drying
model ( fevap = 1), as well as the kinetic rate model, when the
water vapor mass fraction is modeled (see Figure 9a). The
kinetic rate model results in different modeling results,
compared to the thermal model, since it models enhanced
drying reactions at temperatures higher than 373 K, such that
more time is required to terminate the pre-drying heating.
Meanwhile, the thermal drying model has proceeded slightly
further than the kinetic rate drying model at the same time and,
based on these less-enhanced evaporation reactions, the
behavior of the water vapor mass fraction (predicted by the
kinetic rate model) follows the behavior of the mass fraction of
water vapor predicted by the thermal drying model but is
retarded. At 60 s, the water vapor mass fractions at the
boundaries differ significantly, which is assumed to be due to
less-enhanced devolatilization reactions in the wood log, when
the kinetic rate model is used. This is due to still ongoing
evaporation reactions. In contrast to this, the thermal drying
model models evaporation reactions to be finished, such that
post-drying heating starts earlier, and temperatures where
enhanced devolatilization reactions occur are reached earlier.
However, at 70 s, the water vapor mass fractions predicted by
the two drying models result in the same results. At the
boundaries, the uncorrected and the corrected thermal drying
models do not differ significantly. They predict different results
in the particle center, as can be seen at 20 s, where the deviation
is obvious, and it is assumed that this is due to enhanced inward
transportation due to diffusion. The uncorrected thermal drying
model predicts a high water vapor mass fraction at one specific
location, while the interior grid cell has no evaporation
reactions and, therefore, low water vapor mass fractions.
However, the corrected thermal drying model predicts
evaporation reactions at a limited number of neighboring
cells, and, therefore, it is assumed that the difference between
the mass fractions of water vapor at two neighboring points is
lower, such that reduced inward diffusion occurs. Therefore, the
mass fraction of water vapor predicted by the uncorrected

Figure 16. Predicted temperatures at the particle surface and in the
particle center by assuming the kinetic rate drying model with a lower
pre-exponential factor (A = 5.6 × 108 s−1 and Ea = 88 kJ mol−1). The
kinetic drying model was compared against the thermal drying model
results, with the evaporation fraction being 1. Recondensation of water
vapor to liquid free water has not been considered when using the
thermal drying model (denoted by dashed lines). The initial moisture
content was 40 wt % (wet basis). Experimental results for validation
were taken from Lu et al.5 [Legend regarding the experimental data:
open blue circles (○), and black and purple crosses (+) represent
Tsurface data; purple, black, and red open circles (○), as well as blue
asterisk (*) represent Tcenter data.]

Figure 17. Water densities of liquid free water (ρl) and bound water
(ρb) along the wood particle diameter plotted at different times.
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thermal drying model is highest in the center, which is due to
inward transportation, rather than evaporation reactions.
At 60 s, it is assumed that reversed effects of diffusion affecting
the distribution of water vapor mass fractions cause the
discrepancy in modeling results.
The temperature predictions were not significantly affected

by the choice of drying model or the application of an
evaporation fraction. Deviations can only be detected in the
particle center, where both the kinetic rate drying model, as
well as the corrected thermal drying model ( fevap = 0.85),
resulted in a smoother temperature transition between the dry
and wet wood zones. However, in the outer particle zones, the
same temperatures were predicted by all models.
The outer peaks of the gas-phase density (Figure 10a) are

due to devolatilization reactions. When comparing Figures 10a
and 10b, one can clearly see that the peaks in gas phase density
overlap with the zones of decreasing wood density. This
indicates that the peaks in the gas phase are due to primary
devolatilization reactions. Figure 10b shows that the wood
densityand, therefore, also the primary devolatilization
modeling resultswere not significantly affected by the
different drying models, since the deviation between the
predictions, which was clearly visible at 60 s, vanished after 70 s.
The difference in gas phase at 60 s is assumed to be primarily
due to retarded drying, which was obtained when modeling
drying with the kinetic rate drying model. While the kinetic rate
drying model still has a peak of gas-phase density in the center
of the wood particle, which indicates ongoing evaporation
reactions, the thermal drying model showed lower values in the
center of the particle, compared to the devolatilization fronts.
This outlines that evaporation reactions have been terminated
in the uncorrected as well as the corrected thermal drying
model.
The differences in wood density (Figure 10b) in the center of

the particle are rather minor, and are only due to slight
differences in evaporation time predictions. This outlines that
drying and devolatilization are closely linked and therefore an
accurate thermal conversion model must describe all stages of
thermal conversion very well.
The internal pressure seems to be affected by the numerical

oscillations of the thermal drying model (see Figure 11b). One
can clearly see in Figure 11b that a smaller pressure gradient
occurs in the zones where the stage of devolatilization has been
accomplished. This flattening is due to the increased
permeability of the char layer, which enhances the outward
flow of the gas. Here, pressure cannot build up as significantly
as in the dry or wet wood areas of the particle, where a lower
permeability is given. One can also clearly see that the

assumption of different drying models does not affect char
densities significantly (see Figure 11a).
Little deviation is seen for the noncondensable gases and tar.

The highest deviation was observed at 60 s for the tar.
However, this deviation is again fully balanced at 80 s and is at
least slightly less significant at 70 s. The differences in tar and
noncondensable gases are assumed to be due to the difference
in temperature which most likely is due to the retarded drying
stage modeled by the kinetic rate drying model and the
corrected thermal drying model, compared to the uncorrected
thermal drying model. It is also interesting to see that, between
70 s and 80 s, ongoing secondary tar reactions lead to complete
consumption of tar and a significant increase in non-
condensable gases.
The most important finding of this section is that both

thermal drying models, corrected by fevap = 0.85 or fevap = 1,
resulted in more or less similar modeling results, especially near
the particle surface. The same total conversion times were
obtained (meaning similar predictions of normalized residual
solid mass), which highlights that both models are accurate and
fevap = 0.85 does not introduce any significant errors to the
model.

4.3. Importance of Water Vapor Recondensation. Even
though it is assumed that water vapor recondensation only
occurs to a limited extent, it is interesting to see how its
consideration or negligence affect model accuracy. The water
vapor was only allowed to recondense back to liquid free water.
The evaporation fraction ( fevap) of the thermal drying model
was set to unity. No bound water was considered.
It was found that, for this test case, the influence of

recondensation reactions is limited, leading to the conclusion
that recondensation reactions of water vapor can be neglected.
As can be seen from Figure 13, there is hardly any difference

in modeling results. This suggests that the water vapor
recondensation reactions also can be neglected. Consequently,
it is valid to apply the simplifying assumption of negligible
recondensation reactions, without hereby significantly affecting
model accuracy.

4.4. Pressure-Dependent Boiling Temperature. The
thermal drying model was also tested by using a boiling
temperature that is modeled as a function of internal pressure.
The accuracy of a pressure-dependent boiling temperature is
closely linked to the assumed permeabilities of wood, since the
permeabilities define the maximum internal pressure and,
therefore, also the evaporation temperature.
Comparison of the modeling results of the two different

thermal drying modeling approaches in Figures 14a and 14b
shows that the differences in the model predictions are very

Table 4. CPU Times of Different Drying Modelsa

drying model Tevap [K] Aevap [s
−1] Ea,evap [kJ mol−1] evaporation fraction, fevap Mwater [wt % (wet basis)] CPU time [s]

TDMb 373 0.65 40 3415
TDMb 373 0.85 40 3685
TDMb 373 1 40 5045
TDMb f(P) 0.85 40 3334
TDMb f(P) 1 40 4309
KRDM 5.6 × 108 88 40 3467
KRDM 5.13 × 1010 88 40 2930
TDMb and KRDM f(P) 5.6 × 108 88 0.85 40 3947

a”TDM” is the abbreviation for the ”Thermal drying model” and ”KRDM” is the abbreviation for the ”Kinetic rate drying model”. f(P) indicates that
the boiling temperature was modeled as a function of the internal pressure. bThe thermal drying model is considering recondensation reactions of
water vapor to liquid free water. The final time used in these test cases was always 100 s.
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small, even though one can clearly see that the temperature
plateau, which is observed at 373 K for the common thermal
drying model with fixed boiling temperature, increased to
slightly higher temperature when the boiling temperature was
made pressure-dependent (Figure 14a). The predicted surface
temperatures are hardly affected. It was found that the
predicted normalized residual solid mass was similar for both
concepts of the thermal drying model.
One can conclude that assuming a pressure-dependent

boiling temperature does not result in a significant increase of
accuracy of the model but is rather superfluous for conditions
similar to those tested in this model.
4.5. Combined Drying Model. Even though it has been

found that applying the thermal drying model and the kinetic
rate drying model separately results in accurate model
predictions of drying (Figure 15), it is of interest to identify
how model accuracy is affected if the two models are combined.
If such a combination of the drying models is done, the kinetic
rate model is used to describe bound water evaporation, while
the thermal model is used to describe liquid free water
evaporation. A combination of drying models is supposed to
mimic that liquid free water and bound water evaporate
differently.
The applied kinetic data in Figures 15a and 15b were based

on a high pre-exponential factor and therefore a very fast drying
process, which involves only a few grid points at the same time.
One can see that there is hardly any difference in the
predictions when using the thermal drying model and the
kinetic rate drying model separately. The kinetic data with a
lower pre-exponential factor (A = 5.6 × 108 s−1 and Ea = 88 kJ
mol−1) showed significant deviation from thermal drying model
predictions regarding the prediction of the center temperature,
as shown in Figure 16.
When testing a combined drying model, a numerical setup

with the total liquid water content being split into bound water
and liquid free water by the fiber saturation point Mfsp (30 wt %
moisture content (oven-dry basis)) was used. The evolution of
these two types of liquid water can be seen in Figure 17. The
boiling temperature was assumed to be 373 K. The applied
kinetic rate drying model was based on a pre-exponential factor
of 5.6 × 108 s−1 and an activation energy of 88 kJ mol−1.
It was found that modeling the present liquid water as a

combination of bound water and liquid free water did not
increase the accuracy of the model. The accuracy of normalized
residual solid mass and surface, as well as center temperature
predictions, could not be increased.
It is assumed that the most important aspect of an accurate

drying model is an accurate description of the evaporation,
while the description of liquid water transportation does not
significantly influence the modeling results. However, it must
be mentioned that, in the test cases discussed in this paper,
high-temperature drying conditions are given, such as in a wood
stove. Liquid water transportation might become more
important if low-temperature drying processes are modeled.
4.6. Numerical Efficiency of the Drying Models. In

order to evaluate numerical efficiency of the drying models, the
CPU times were compared (see Table 4).
It can clearly be seen that the model requires more time to

reach convergence if the thermal drying model is used without
the evaporation fraction. It is assumed that the reason is that, in
the uncorrected drying model, significant fluctuations of the
internal pressure must be modeled. When smearing the sharp
drying front by an evaporation fraction of 0.65, the CPU time

decreases from 5045 s to 3415 s, while the CPU time decreased
slightly less (to 3685 s) when an evaporation fraction of 0.85
was applied. Hence, the evaporation fraction does not only
reduce numerical oscillations but also affects numerical
efficiency of the model. It was also found that modeling a
pressure-dependent boiling temperature for the thermal drying
model resulted in reduced CPU times. With a fixed boiling
temperature, the CPU time was 5045 s, while it was 4309 s
when modeling a pressure-dependent boiling temperature. In
both cases, the drying front was not smeared (with the
evaporation fraction being unity).
Kinetic rate drying models, which are considered more

numerically stable, are more numerically efficient, compared to
the thermal drying models. By increasing the pre-exponential
factor of the Arrhenius term describing evaporation, enhanced
evaporation is shifted to lower temperatures. For a pre-
exponential factor on the order of 108 s−1, the CPU time is as
high as 3467 s and, therefore, it is faster than the uncorrected
thermal drying model (5045 s). By further increasing the pre-
exponential factor from 5.6 × 108 s−1 to 5.13 × 1010 s−1, the
CPU time decreased to 2930 s.
The combined drying model resulted in a CPU time that was

in the range of the separate corrected thermal drying model
( fevap = 0.85), as can be seen from Table 4.
The numerical efficiency of the thermal drying model can be

improved by applying evaporation fractions and hereby
smearing the drying front. Nonetheless, note that the choice
of evaporation fraction cannot be done arbitrarily, with the sole
purpose of reducing oscillatory numerical results and CPU
times. One must also consider that evaporation fractions cannot
be chosen to be too small, since they will also have an effect on
model accuracy.

5. CONCLUSIONS AND RECOMMENDATIONS
In this work, the numerical instabilities of the thermal drying
model, the accuracy of the thermal drying model and the
kinetic rate drying model, and the numerical efficiency of the
two models were investigated. In order to accomplish this, a 1D
mesh-based drying and devolatilization model was developed.
It was found that recondensation reactions do not have to be

modeled, since they do not increase model accuracy.
Neglecting recondensation of water vapor has proven to be a
valid simplifying assumption.
The sensitivity of modeling results to the liquid permeability

was investigated. It was shown that, with respect to thermal
wood conversion applications similar to wood stoves, where
lower moisture contents of wood are critical for the stove’s
operation, one can neglect the liquid free water convection.
This is due to the rather low effective permeabilities of the
liquid water, which lead to results similar to those of a model
that is fully neglecting liquid free water convection.
It was found that the thermal drying model resulted in

oscillatory numerical solutions that require correction. There-
fore, an evaporation fraction was introduced, which smeared
the drying front, such that evaporation was numerically allowed
to occur at a limited number of neighboring grid points.
Hereby, the oscillations, which were clearly visible when
plotting the internal pressure evolution, were reduced and more
physically reasonable results were obtained.
Furthermore, it was found that, at least for the small

thermally thick wood particles tested in this work, there is no
significant difference between assuming a fixed boiling
temperature or a pressure-dependent boiling temperature.
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Applying a combined model did not improve model accuracy
in comparison to separately applied kinetic rate drying models
or thermal drying models.
Numerical efficiency tests showed that a corrected thermal

drying model with an evaporation fraction of 0.85 operates at
lower computational cost than the uncorrected thermal drying
model. The pressure-dependent boiling temperature assump-
tion also resulted in reduced CPU time. When applying the
kinetic rate model with a higher pre-exponential factor, the
CPU times were reduced, compared to the kinetic rate drying
model with lower pre-exponential factors.
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■ NOMENCLATURE
A = pre-exponential factor [s−1]
cP = specific heat capacity [J kg−1 K−1]
Db = bound water diffusivity [m2 s−1]
Deff = effective mass diffusivity [m2 s−1]
dP = particle diameter [m]
dpore,hydraulic = hydraulic pore diameter [m]
Ea = activation energy [kJ mol−1]
fevap = evaporation fraction [−]
Δh = heat of reaction [kJ kg−1]
hconv = heat-transfer coefficient [W m−2 K−1]
hm,pore = mass-transfer coefficient of vapor in pores [m s−1]
k = reaction rate constant [s−1]
Mfsp = moisture content at fiber saturation point; dry basis
[kg kg−1]
Ml = moisture content (liquid free water); dry basis
[kg kg−1]
MW = molecular weight [kg mol−1]
Pc = capillary pressure [Pa]
Pg = gas pressure [Pa]
Pl = liquid phase pressure [Pa]
R = ideal gas constant [kJ mol−1 K−1]
r = radius [m]
T = temperature [K]
SC,wood = specific surface area of wood [m2 m−3]
t = time [s]
Tevap = boiling (evaporation) temperature [K]
ur = gas-phase velocity in the radial direction [m s−1]
ul = liquid free water velocity in radial direction [m s−1]
V = control volume [m3]
Y = mass fraction [−]

Greek Letters
α, β, γ = shrinkage parameters [−]
ϵg = gas-phase volume fraction [−]
ϵpore = porosity [−]
ϵparticle = particle emissivity [−]

κ = permeability [m2]
λ = thermal conductivity [W m−1 K−1]
μ = dynamic viscosity [kg m−1 s−1]
ρ = density [kg m−3]
σ = Stefan−Boltzmann constant [W m−2 K−4]
ϕ = volume fraction of pores filled with water [−]
Φ = endothermic/exothermic heat of reaction terms
[J m−3 s−1]
ω̇ = reaction rate [kg m−3 s−1]

Subscripts
b = bound water
char = char
devol,1 = primary devolatilization
devol,2 = secondary devolatilization
eff = effective
i = reaction
ir = irreducible saturation
evap = evaporation
vap, corr = saturated water vapor mass fraction after
recondensation reactions
fsp = fiber saturation point
g, gas = total gas phase
k = gas species
l = liquid free water
mix, total = mixed gas phase
recond = water vapor recondensation reactions
surf = particle surface
tar = tar
wall = furnace wall
wood = dry wood
wood,0 = dry wood initial
∥ = parallel to fiber direction
⊥ = perpendicular to fiber direction
0 = initial

Superscripts
g = gas phase
sat = saturation
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(39) Pozzobon, V.; Salvador, S.; Beźian, J. J.; El-Hafi, M.; Le Maoult,
Y.; Flamant, G. Fuel Process. Technol. 2014, 128, 319−330.
(40) Hagge, M. J.; Bryden, K. M. Chem. Eng. Sci. 2002, 57, 2811−
2823.
(41) Park, W. C.; Atreya, A.; Baum, H. R. Combust. Flame 2010, 157,
481−494.

Energy & Fuels Article

DOI: 10.1021/acs.energyfuels.7b02771
Energy Fuels 2017, 31, 13743−13760

13760

http://computation.llnl.gov/projects/sundials/ida
http://computation.llnl.gov/projects/sundials/ida
http://dx.doi.org/10.1021/acs.energyfuels.7b02771
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.renene.2009.04.019&coi=1%3ACAS%3A528%3ADC%252BD1MXhtFSnsLzM&citationId=p_n_125_1
http://pubs.acs.org/action/showLinks?crossref=10.1007%2FBF00617316&coi=1%3ACAS%3A528%3ADyaK38XhslKkt74%253D&citationId=p_n_148_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0009-2509%2802%2900167-7&coi=1%3ACAS%3A528%3ADC%252BD38XlsVKjt70%253D&citationId=p_n_175_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0016-2361%2800%2900007-7&coi=1%3ACAS%3A528%3ADC%252BD3cXls1Clu74%253D&citationId=p_n_121_1
http://pubs.acs.org/action/showLinks?crossref=10.2737%2FFPL-GTR-113&citationId=p_n_171_1
http://pubs.acs.org/action/showLinks?crossref=10.2737%2FFPL-GTR-113&citationId=p_n_171_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0378-3820%2893%2990039-7&coi=1%3ACAS%3A528%3ADyaK2cXlvVCgug%253D%253D&citationId=p_n_159_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.pecs.2011.01.001&coi=1%3ACAS%3A528%3ADC%252BC3MXotVGgt7c%253D&citationId=p_n_128_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0961-9534%2802%2900180-0&citationId=p_n_155_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0961-9534%2802%2900180-0&citationId=p_n_155_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0016-2361%2803%2900108-X&coi=1%3ACAS%3A528%3ADC%252BD3sXktVehsbs%253D&citationId=p_n_151_1
http://pubs.acs.org/action/showLinks?coi=1%3ACAS%3A528%3ADyaL3cXltFKitLk%253D&citationId=p_n_143_1
http://pubs.acs.org/action/showLinks?coi=1%3ACAS%3A528%3ADC%252BD3cXivVKrt7o%253D&citationId=p_n_135_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0016-2361%2885%2990364-3&coi=1%3ACAS%3A528%3ADyaL28XitFyruw%253D%253D&citationId=p_n_158_1
http://pubs.acs.org/action/showLinks?crossref=10.1080%2F00986448808940254&coi=1%3ACAS%3A528%3ADyaL1cXitVKmsb8%253D&citationId=p_n_162_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0016-2361%2802%2900138-2&citationId=p_n_131_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0165-2370%2802%2900134-1&coi=1%3ACAS%3A528%3ADC%252BD3sXos12rsrk%253D&citationId=p_n_154_1
http://pubs.acs.org/action/showLinks?crossref=10.1007%2FBF00353471&citationId=p_n_138_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fcjce.5450690413&coi=1%3ACAS%3A528%3ADyaK3MXmtFSntL0%253D&citationId=p_n_165_1
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fcjce.5450690413&coi=1%3ACAS%3A528%3ADyaK3MXmtFSntL0%253D&citationId=p_n_165_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.cej.2015.03.131&coi=1%3ACAS%3A528%3ADC%252BC2MXlvFCnsLo%253D&citationId=p_n_118_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.combustflame.2009.10.006&coi=1%3ACAS%3A528%3ADC%252BC3cXmvFCmsQ%253D%253D&citationId=p_n_176_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.combustflame.2012.10.005&citationId=p_n_122_1
http://pubs.acs.org/action/showLinks?crossref=10.1080%2F00102209308907620&coi=1%3ACAS%3A528%3ADyaK2cXhtFKhtw%253D%253D&citationId=p_n_168_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.fuproc.2014.07.007&coi=1%3ACAS%3A528%3ADC%252BC2cXht1Oqu7fN&citationId=p_n_172_1

