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Abstract: Thermal responses of wood significantly depend on the dehydration and pyrolysis pro-
cesses. However, the dehydration and pyrolysis of wood are not well understood. In this study, the
thermal model of wood, considering the temperature-dependent thermo-physical parameters, was
presented. Differential scanning calorimetry (DSC) experiments were conducted on the Douglas fir
wood with different moisture contents to validate the apparent specific heat capacity submodel. Sub-
sequently, the thermal model was, respectively, implemented in the finite element software Abaqus
6.14 and finite volume software OpenFOAM 5.0 to simulate the three-dimensional temperature
profiles within the wood. Dehydration experiment was conducted on the Douglas fir wood to verify
the thermal model from room temperature to 200 °C. The thermal model was further validated by the
full-scale fire experiment of the cross-laminated timber panel made of Spruce wood. It was found that
both latent heat and pyrolysis heat have significant influence on the apparent specific heat capacity
which further affected the thermal responses of wood. Moreover, the temperature is more sensitive
to the latent heat than to the pyrolysis heat. The gas velocity is rather low in the dehydration and
pyrolysis stages due to the low gas pressure. As a result, the gas convection seems to have very
limited influence on the temperature progressions.
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1. Introduction

Wood is a natural, renewable material and has been increasingly used in structural
elements due to the advantages such as high strength-weight ratio, fast installation, and
good thermal insulation [1,2]. However, one of the barriers for the application of wooden
structures is the fire resistance since wood is a combustible material. When exposed to a
high temperature environment, wood will undergo dehydration followed by pyrolysis.
During the dehydration stage, the moisture evaporates as vapor at around 100 °C, while
during the pyrolysis stage, the dehydrated wood decomposes into char and volatiles from
approximately 200 to 400 °C, depending on the species [3]. Both dehydration and pyrolysis
processes have significant effects on the thermo-physical properties, which play a key role
in the modeling of thermal responses of wood. Many heat transfer models were proposed
to predict the thermal response of wood. Some of them [4-6] are comprehensive and
the thermo-physical properties of wood are explicitly calculated based on the individual
properties of the sub-phases, such as liquid water, vapor, virgin wood and char. On the other
hand, some simplified approaches [7-9] were proposed in which apparent thermo-physical
properties are implicitly and gradually modified to take into account the dehydration and
pyrolysis processes.
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The thermo-physical properties, including density, specific heat capacity and thermal
conductivity, are temperature-dependent. At the dehydration stage, the apparent density
of wood decreases while the apparent specific heat capacity exhibits a peak at the max-
imum rate of evaporation. However, the temperature intervals of evaporation reported
in literature are different from each other. Mehaffey et al. [10] assumed that the moisture
is evaporated in the interval of 100-120 °C and the corresponding apparent specific heat
capacity is 13.5 kJ /(kg-K), which was adopted by Konig [8] and Eurocode 5 (EC5) [11].
Janssens [12] assumed that the moisture is driven off between 100 and 160 °C; however,
the effect of evaporation on the specific heat capacity was neglected. Frangi [9] assumed a
narrower interval between 95 and 105 °C and the apparent specific heat capacity was firstly
linearly increased from 1.73 kJ /(kg-K) at 95 °C to 50 k] /(kg-K) at 100 °C and subsequently
linearly decreased back to 1.73 kJ/(kg-K) at 105 °C. Regarding the thermal conductivity,
Janssens [12] developed a comprehensive conductivity model based on mixture rules. The
conductivity of wood was assumed to be composed of the contributions of the solid fibers
(charred wood fibers used above 200 °C), air and water (below 100 °C). An interpolation
between the parallel and series models was used to calculate the conductivity. The contribu-
tion of each phase was calculated using the temperature-dependent values and proportions
of wood. As a result, the conductivity increased from room temperature up to 100 °C
and then decreased up to the end of evaporation due to the loss of the contribution from
water. A similar process was used by Fredlund [4] and two sets of results for wood and
char were reported. Thomas [13] adopted Fredlund'’s values below 120 °C, but doubled the
conductivity between 60 and 110 °C due to the movement of evaporated moisture into the
wood and re-condensation.

During the pyrolysis stage, the wood decomposes to char, resulting in a secondary
drop of the apparent density. At this stage, the apparent specific heat capacity depends on
the type of pyrolysis, endothermic or exothermic. Frangi [9] and Mehaffey [10] assumed
that pyrolysis is endothermic and the apparent specific heat capacity was considered.
However, some researchers [7,8,13] neglected the effect of pyrolysis on the specific heat
capacity since it was disputed whether pyrolysis is endothermic or exothermic [8]. The
thermal conductivity exhibited a drop since the char had a lower value than wood [4,8,9,13].
For temperatures above 500 °C, Konig [8] modeled the effect of crack formation in the
char by increasing the conductivity. In addition, the recession of char was modeled by an
additional increase in conductivity from 800 to 1200 °C. Frangi [9] used a similar process
by linearly increasing the conductivity from 550 to 1200 °C, considering the effect of char
cracking and recession. Naser [14] developed an Artificial Intelligence (AI) model to predict
the temperature-dependent thermo-physical parameters. The Al model can reasonably
estimate the density and thermal conductivity. However, it seems that the evaporation and
pyrolysis processes were not considered in predicting the specific capacity. Diaz et al. [15]
proposed a multiscale approach to predict the effective thermal conductivity of wood,
with the components of 0.308 W/(m-K), 0.107 W/(m-K), and 0.115 W/(m-K) along the
longitudinal, radial and tangential axes of wood, respectively.

As described above, it can be found that most of the existing thermo-physical models
are expressed as piecewise linear functions of temperature, and hence the physical meaning
is not obvious. The influences of the convection of pyrolysis gas, as well as the latent heat
and pyrolysis heat on the temperature responses of wood were not well understood.

To address the above problems, based on the Bai’s model [16] for GFRP composites,
this study aims to (1) develop an theoretical thermo-physical model with an apparent
specific heat capacity sub-model considering moisture content; (2) extend the 1D model to
3D model and solving the 3D model using Finite Volume Method to study the convection
of pyrolysis gas on the thermal responses of wood; (3) investigate the influence of latent
heat and pyrolysis heat on the temperature responses of wood.

Small-scale 3-D dehydration experiments on Douglas-fir considering 0% and 13.7% mois-
ture content (MC) were conducted for the validation of the implemented thermo-physical
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model at the dehydration stage. Existing experimental data [17] of Spruce CLT panels
(12% MC) subjected to a standard fire was used for the validation at the pyrolysis stage.

2. Modeling of Thermo-Physical Properties of Wood
2.1. Mass Transfer Model Considering Dehydration and Pyrolysis

During the heating of wood, dehydration and pyrolysis are two key processes which
have significant influence on the thermo-physical properties. The dehydration can be
simply treated as a single-stage kinetic reaction of water, while the pyrolysis is much
more complex since several pyrolysis reactions occur due to the simultaneous single-stage
decompositions of hemicellulose, cellulose and lignin [18]. However, the mass loss of
wood during pyrolysis generally exhibits a single stage for softwood [3], and hence the
single-stage kinetic theory can be used to approximate the pyrolysis.

In this study, the wood is assumed to be composed of virgin wood, dehydrated
wood and char. Hence, the conversion degrees of dehydration a4 and pyrolysis ap, can be
expressed as

— Pv—p
*d = py=pg 1)
o, = Ld=P
p Pd —Pc

where p is the density; the subscripts v, d, ¢ denote the virgin wood, dehydrated wood and
char, respectively. The conversion degrees can be determined by the Arrhenius equations [16]:
9 E
S =Agexp(—gF)(1—ag)™

2)
%Ltp = Apexp —% (1—ap)™
where A, E and n are the frequency, activate energy and reaction order, respectively; R is
the ideal gas constant; T is the temperature.

Douglas fir (DF) and Spruce (SP), i.e., the same types of wood used in the subsequent
validation experiments, were selected to obtain the kinetic parameters. DF samples with
an average density of 500 kg/m?3 and a MC of 8% were used in TGA experiments at the
heating rates of 5, 10 and 20 °C/min. The TGA curves of SP with a MC of 6%, subjected to
the same heating rates, were adopted from literature [19]. The above mentioned heating
rates were adopted since they generally covered the average heating rates of approximately
5 °C/min for the dehydration experiment and 15.4 °C/min for the standard fire experiment.
The kinetic parameters of dehydration and pyrolysis of DF and SP were calculated based
on these TGA measurements, using the modified Coats—Redfern (CR) [16,20] and Kissinger
(KS) [21] methods; the results are shown in Table 1. During dehydration, the values of
A and E obtained from the KS method were always higher than the counterparts from
the CR method. The frequency factor, A, represents the intensity of the reaction while the
activate energy, E, shows the energy required to activate the reaction. This indicates that the
reactions described by the KS method were delayed and much more intensive compared to
those from the CR method.

Table 1. Kinetic parameters of dehydration and pyrolysis.

. Ad Ed nq AP Ep np
Specie Model (Hz) (kJ/mol) ©) (Hz) (kJ/mol) -)
DF (8% MC) CR 1.21 x 10* 466 x 10* 101 4.88 x 10* 8.60 x 10+  1.00
DF 8% MC) KS 6.50 x 10?2 1.83 x10° 170 8.20 x 10'° 213 x 10°  1.00
SP (6% MC) CR 297 x 10° 7.92 x 104 1.90 3.10 x 103 6.86 x 10+ 2.05

SP (6% MC) KS 6.28 x 10% 196 x 10°  1.52 2.08 x 10° 1.99 x 10°  1.05




Buildings 2024, 14, 1547

4 0f 22

1.0

Substituting the kinetic parameters into Equation (2) allowed for calculating the
conversion degrees. With the given conversion degrees of dehydration and pyrolysis, the
temperature-dependent mass, M, could be expressed by [16]:

As shown in Figure 1, good agreements were found between the TGA and the mod-
eling results calculated from the CR method, indicating that the model could capture the
mass loss under dehydration and one-stage pyrolysis. The modeling curves obtained
from the KS method, as derived before, exhibited a delay, but then a faster mass loss than
measured, in both the dehydration and pyrolysis stages.
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0.8
=06
S
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3
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Figure 1. Comparison of the normalized mass losses obtained from TGA and modeling.

2.2. Density
During the dehydration and pyrolysis processes, the density can be expressed by:

p=(1—ag)py+aqg (1 - “P)Pd + aq&pOc (4)

where p is the apparent density; py is the density of virgin wood and depends on the MC;
p4 is the density of dehydrated wood; p. is the density of char, determined from the TGA
results. The resulting normalized densities of the modeling results for DF (8% MC) and SP
(6% MC) are shown in Figure 2, together with models from Frangi [9], Mehaffey [10] and
Eurocode 5 (EC5) [11].
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Figure 2. Comparison of the normalized densities with other models: (a) overview and (b) focus on
dehydration interval.
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During the dehydration stage, the density of DF obtained from the KS method dropped
from 80 to 125 °C while the density based on the CR method had a wider transition range
from 30 to 125 °C. Similarly, the density of SP described by the KS method decreased from
70 to 110 °C while the density calculated by the CR method dropped from 40 to 160 °C.
Although the modeling results based on the CR method had a better agreement with the
TGA results than those based on KS, a better agreement was found between the KS results,
EC5 and Frangi’s model, despite some differences in the MC, as seen in Figure 2b.

All models generally had a similar density evolution during pyrolysis. The density
of DF obtained from the KS method dropped from 250 to 350 °C while that based on the
CR method had a wider range from 200 to 400 °C. In the proposed model, based on the
TGA results, the normalized density of char was assumed as 0.25 and 0.35 for DF and SP,
respectively, and kept constant after pyrolysis. The density in Mehaffey’s proposal reduced
linearly from 0.23 at 350 °C to 0.17 at 1000 °C while a constant value of 0.33 was adopted
in Frangi’s model. The EC5 showed a multi-linear decrease in density, considering the
formation of cracks in the char from 400 to 800 °C and the recession of the char from 800 to
1200 °C.

2.3. Specific Heat Capacity

The specific heat capacity can be defined as the amount of energy required to cause
an increase of one unit of temperature in unit of mass. The apparent specific heat capacity
of wood can be expressed as in Equation (5) considering the effect of latent heat (water
evaporation heat) and pyrolysis heat [16]:

co_ AQ  AQm+AQq+AQp )
PTATM ATM

where AQ is the sum of the heat required to raise the temperature by AT of the material,
AQm, the latent heat, AQq, and the pyrolysis heat, AQp. These terms can be expressed as:

AQm = (Cpo(1 — ag)My + Cpang (1 — tp) Mg + CpctaapMc ) AT
AQd = D(dMCd (6)
AQp = apMCypy

where Cpy, Cp 4 and Cp ¢ are the specific heat capacities of the virgin wood, dehydrated
wood and char, respectively. C4 and Cpy denote the latent heat and pyrolysis heat of a
unit mass. Substituting Equation (6) into Equation (5), the specific heat capacity can be
expressed as:

AQ

_ Aag
P ATM

AV
d p
Cd + E pr (7)

= Cpvfv +Cpafa++Cpcfc+ AT

where the mass fraction of virgin wood, dehydrated wood and char can be expressed
as [16]:
fo=00—ag)My/[(1—ag)My +aq(1 —ap) Mg + aqapM]
fa=aq(1—ap)Ma/[(1 —aq)My 4+ ag(1 — ap) Mg + agap M|
fo=agapMc/[(1— ag)My + agq (1 — ap) Mg + agap M|
fv =1- fd _fc

Differential scanning calorimetry (DSC) experiments were conducted to obtain the
true heat capacities (Cp,v, Cp,d and Cp ), the latent heat Cq, and the pyrolysis heat Cpy.
DF samples with 4, 8 and 12% MC were scanned from 40 to 600 °C at a heating rate of
5 °C/min. It should be noted that the above mentioned MCs were determined according to
the TGA curve. Nitrogen with a flow rate of 40 mL/min was used as the purge gas in order
to simulate the inert environment of wood pyrolysis. Figure 3 shows the apparent specific
heat capacity curves obtained from DSC.

(8)
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Figure 3. Comparison of the specific heat capacity model and DSC results for Douglas fir with
different moisture contents.

The latent heat, Cq4, can be obtained by integrating the DSC-measured heat from the
onset to the end of dehydration and subtracting the true heat required for increasing the
temperature of the material [16]. The corresponding values of the DF samples with 4, 8 and
12% MC were 95, 174 and 239 k] /kg. The latent heat can also be calculated based on a given
MC and the evaporation heat of water (2257 kJ /kg at 100 °C) [9]:

w
Ca = 2257 /kg X 1~ (9)

where w denotes the MC. The corresponding calculated latent heat of wood with 4, 8 and
12% MC was 87, 167 and 242 k] /kg, respectively. Good agreements were found between
the latent heat based on DSC results and the values calculated from Equation (9).

The pyrolysis heat and the specific heat values of virgin wood, dehydrated wood and
char were also determined based on the DSC curves. These values, the latent heat and the
pyrolysis heat of DF are summarized in Table 2. As shown in Figure 3, good agreements
were found in the dehydration stage between the experimental and calculated results. In the
pyrolysis stage, the model gave a reasonable agreement. The same parameters in Table 2 for
calculating the apparent specific heat capacity were also adopted for SP, since the specific
heat capacity of wood is practically independent of density or species [1]. Furthermore, in
ECS the specific heat capacity at room temperature was suggested to be 1530 kJ /(kg-K) [11]
which is close to the value (1600 k] /(kg-K)) adopted in this study.

Table 2. Values of specific heat capacity.

Specie Cpv Cod Cpyc Cq Cpy
J/(kg-K) J/(kg-K) J/(kg-K) kJ/kg kJ/kg

DF 1600 1600 1500 Equation (9) 100

SP 1600 1600 1500 Equation (9) 100

The comparison between the proposed model of specific heat capacity for DF and
SP, using the CR and KS methods, and models from literature [9-11] is shown in Figure 4.
Instead of the 8% and 6% MCs used in TGA experiments for DF and SP, an identical 12%
MC was selected by using the same MC in Equation (9). This value was selected since it
was commonly adopted for calculating the apparent specific heat capacity [10,11]. In the
dehydration stage, Frangi’s model showed a much higher peak value of 50 k] /(kg-K) in
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a narrow temperature range from 94 to 104 °C, based on Equation (9), while the models
of Mehaffey and EC5 exhibited the same peak value from 100 to 120 °C. For both DF and
SP, the model using the KS method agreed well with EC5, while the model using the CR
method had a lower peak value with a wider temperature range for dehydration. An
additional pyrolysis heat of 370 kJ/ kg was suggested by Mehaffey, and was also used
in Frangi’s model. However, Konig pointed out that this value is the energy absorbed
per unit mass of volatile gas rather than per unit of wood [8,14]. Since it was disputed
whether pyrolysis is endothermic or exothermic, the pyrolysis was usually neglected by
the authors in [8,12,13,22]. This dispute may be related to the gas types using in the
DSC since the pyrolysis usually shifted from one-stage endothermic reaction to two-stage
exothermic reaction when changing the purge gas from inert gas such as nitrogen to
oxidizing gas such as air or oxygen [23]. As shown in Figure 3, the DSC result of DF
showed a clear endothermic reaction with a pyrolysis heat of approximately 100 kJ/ kg
when using nitrogen.

50,000 — T T T T T 50,000 T T T T
—— DF-CR-12% MC
- DF-KS-12% MC
——SP-CR-12% MC | | £ 40,000
- SP-KS-12% MC
—0O— Mehaffey-12% MC
—O— Frangi-14% MC
—A— EC 5-12% MC

—— DF-CR-12% MC
- DF-KS-12% MC

C)
C)

<. 40,000 (-

—0O— Mehaffey-12% MC
—O— Frangi-14% MC
—A— EC 5-12% MC

30,000 - 30,000 |

20,000 [~ e 20,000 |-

Specific heat capacity (J/kg/

10,000

Specific heat capacity (J/kg/

e

10,000 |- 1
O,
i T

7 -R= c 1 0 T 1 F—— 1 1 1 1 1

0 100 200 300 400 500 600 700 800 900 100011001200 20 40 60 80 100 120 140 160 180 200
Temperature (°C) Temperature (°C)
(a) (b)

Figure 4. Comparison of the specific heat capacity of Douglas fir with other models: (a) overview
and (b) focus on dehydration interval.

2.4. Thermal Conductivity

The thermal conductivity of wood in the parallel-to-grain direction is much higher
than that in the radial and tangential directions due to its orthotropic nature [24]. Based on
the inverse rule of mixture [16], the apparent thermal conductivity vector of wood can then
be expressed as:

ke = kpi + kgj + krk
_ 1

_ 1—a ' T 1— v
loag | ag(1-ap)  agep loag  ag(l-ap) , agep (10)

where k. is the thermal conductivity vector; i, j, k are the notations of standard base for the
3-D space; L, R, T denote the parallel-to-grain, radial and tangential directions.

A transversely isotropic thermal conductivity was adopted since there is no significant
difference between the conductivity in radial and tangential directions [1]. Corresponding
values at room temperature for wet (12% MC) and oven-dry (0% MC) DF and SP were
adopted from the wood hand book [1] in Table 3. The conductivity in the parallel-to-
grain direction is higher than that in transverse direction [24-27]. According to the Forest
Products Laboratory, the thermal conductivity along the grain is greater than conductivity
across the grain by a factor of 1.5 to 2.8, with an average of about 1.8 [1]. However, a small
range of ratios, as between 1.0 and 1.6, was reported by Yapici et al. [26]. In this study,
the conductivity values of wood and char in parallel-to-grain direction were assumed
1.5 times that in the transverse direction. This value was also adopted by Fonseca and
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Barreira [27] to predict the char-layer evolution of pine wood by taking into account the
grain orientations. The conductivity after dehydration was assumed to be equal to that
of the virgin wood since the thermal conductivity increases only slightly from ambient
temperature up to the end of dehydration in models such as Mehaffey and EC5. The value
of char in the transverse directions was selected as 0.09 W/ (m-K) according to EC5 and
assumed to follow EC5 above temperatures of 500 °C where the char starts to crack.

Table 3. Values of thermal conductivity.

Specie w krv kr,a kr,c krirv krir,a krir,c
(%) W/(m-K) W/(m-K) W/(m-K) W/(m-K) W/(m-K) W/(m-K)
DF (12% MC) 12 0.21 0.21 0.14 0.14 [1] 0.14 0.09 [11]
DF (0% MC) 0 0.18 0.18 0.14 0.12[1] 0.12 0.09 [11]
SP (12% MC) 12 0.18 0.18 0.14 0.12[1] 0.12 0.09 [11]
SP (0% MC) 0 0.15 0.15 0.14 0.10[1] 0.10 0.09 [11]

0.5

The estimated thermal conductivity for wet and oven-dry DF is shown in Figure 5.
Since the evolution of conductivity of SP is similar to that of DF, only the conductivity of
DF is presented. The conductivity of parallel-to-grain was higher than that of transverse-
to-grain. The conductivity of wet wood was furthermore higher than that of dry wood.
However, the difference became smaller with the progress of pyrolysis. The values calcu-
lated with the CR method decreased slower than those obtained from the KS method. The
comparison of the conductivity values of DF calculated by the proposed model and other
models is shown in Figure 5b. The proposed model had smoother transitions but agreed
well with EC5 and Mehaffey’s model up to 500 °C. The conductivity proposed by Frangi
had higher values, especially around 200 °C, compared with the other models. Above
500 °C, the values rose fast due to the effects of crack and recession in the char which were
not considered in Mehaffey’s model.

—— DF-parallel-to-grain-wet-CR 1.6 L -
—— DF-transverse-to-grain-wet-CR —— DF-wet-CR
—— DF-parallel-to-grain-dry-CR 1.4 |- - - DF-wet-KS 4
0.4 |— DF-transvers-to-grain-dry-CR 4 - ECS5
- - - DF-parallel-to-grain-wet-KS i
S DF-tﬁ)'ansvers-tg-grain-wet—KS 12 'I\:Ar::gflfe i { ]
- - - DF-parallel-to-grain-dry-KS Yy
0.3 |- - - DF-transvers-to-grain-dry-KS - 10 T

Thermal conductivity (w/m/K)

0.0

0.8 -

0.6 -

Thermal conductivity (w/m/K)

0

0.4 ]
7 02 ]
0.0 - ; : : ]
1 1 1 1 1 1 L 1 1 1 1 1
200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 1400
Temperature (°C) Temperature (°C)
(a) (b)

Figure 5. Comparison of the thermal conductivity values using CR and KS methods: (a) effects of
moisture and wood grain direction; (b) comparison with other models (transverse direction).

3. Numerical Modeling in Abaqus and OpenFOAM

In this study, the developed thermo-physical model was implemented in Abaqus and
OpenFOAM to simulate the thermal responses of wood. Since OpenFOAM is based on the
finite volume method, it is easier to simulate the gas flow in the wood compared to the
Abaqus which is based on the finite element method. By comparing the numerical results
from OpenFOAM and Abaqus, the accuracy of the numerical results can be guaranteed.
Moreover, the developed thermophysical model can be verified by comparing the numerical
results with the experiments.
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3.1. Heat Transfer Model in Abaqus

A typical 3D heat transfer equation in differential form can be expressed as [28,29]:

oT d oT d aT 0 aT
Cppg = a (kc,xax> + @ <kc'yay) + g (kc,za'z) + Qr (11)

where k¢ x, kexy, k2 denote the thermal conductivities in three directions, i.e., x, y and
z; Qr is the total change of heat produced by physical or chemical processes per unit
time. However, it is not easy to solve Equation (11) with temperature-dependent material
properties and complex boundary conditions. In finite element software, such as Abaqus,
the week form of Equation (11) is used [30]:

1 o
E./V(STp(UHAt—Ut)dV— /SéquS+'/‘/5TrdV+/V(5g~FdV (12)

where V and S denote the volume and the surface of the solid material; 6T is an arbitrary
variational temperature field satisfying the essential boundary conditions; U is the internal
energy; t is time; At is the time step; g is the heat flux per unit area of the body, flowing into
the body; r is the heat supplied internally into the body per unit volume; g denotes the
temperature gradient; and F represents the heat flux vector.

The initial conditions can be described by:

T(x,y,z,t)] t=0 = To (13)

where T is the prescribed temperature at the start of the simulation. The boundary
conditions can be prescribed temperature, T = T(x, y, z, t); or heat flux, g = q(x, y, z, t);
or surface convection, § = hicony (T — Two); Or radiation, g = oy, € (T* — Too?). One of the
frequently used boundary conditions is the combination of convection and radiation [31]:

0 = heony (T — Too) + Tup e (T4 — T;g) (14)

where heony is the convection coefficient; o, is the Stefan—-Boltzmann constant; ¢ is the
emissivity; and T« is the furnace temperature (hot face) or the ambient temperature
(cold face).

3.2. Implementation in Abaqus

For the heat transfer analysis, the input parameters in Abaqus/CAE (Complete Abaqus
Environment) are the density, specific heat capacity and thermal conductivity. However, the
thermo-physical model composed of Equations (2), (4), (7) and (10) cannot be implemented
directly in Abaqus since only piecewise functions of temperature are accepted. A previous
developed user-defined subroutine of heat transfer (UMATHT) was thus presented [30], in
which the conversion degrees of dehydration and pyrolysis were firstly calculated, followed
by the calculation of the thermo-physical properties. To solve Equation (12), the following
variables need to be defined in UMATHT [30]:

Internal thermal energy, U;

Variation of U with respect to temperature, oU/9T;

Variation of U with respect to the spatial gradients of temperature, 0U/9(dT/0x;)

i=1,23);

Heat flux vector, F;

Variation of F with respect to temperature, 0F/9T;

Variation of F with respect to the spatial gradients of temperature, oF/0(0T/9x;)

i=1,23).

These variables are functions of thermo-physical properties and must be defined at the
end of each time step. The kinetic parameters obtained from the KS method for DF and SP
were selected to calculate the corresponding dehydration degree a; and pyrolysis degree
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ap, according to Equation (2), since the peak of the specific heat capacity obtained with
the KS method agreed well with other models (EC5 and Mehaffey). The apparent density,
specific heat capacity and thermal conductivity were calculated according to Equations
(4), (7) and (10), respectively. The effect of MC on the apparent density and specific heat
capacity was considered by setting the virgin density p, and dehydrated density pq while
the effect of MC on the apparent specific heat capacity was reflected in the dehydration
heat C4 according to Equation (9). Finally, the variables related to U and F were thus
obtained. In addition, the INP (input) file, providing the information about Geometry,
material properties, mesh and boundary conditions, was generated by Abaqus/CAE. The
Abaqus Standard solver was used to solve the discrete governing equations and finally
the modeling results, including field variables (temperature) and user-defined variables,
were obtained.

3.3. Heat Transfer Model in OpenFOAM

Abaqus Standard can provide solutions for most of the heat transfer problems in solids.
However, it cannot independently solve the heat transfer in porous materials taking the
effect of internal gas convection into account. In order to simulate the vapor and pyrolysis
gas flow and quantify the effect of convection on the thermal responses in the porous wood,
the open source finite volume software OpenFOAM [32], which has the capacity to solve
fluid dynamic problems, was used. In OpenFOAM, a set of governing equations, including
the mass conservation, gas (vapor) momentum conservation, and the energy conservation
can be easily integrated. In this study, the concept of virtual gas mixture phase, consisting
of water vapor and pyrolysis gases, was used, i.e., the flowing medium was a gas mixture
rather than individual vapor and pyrolysis gases. In the simulation, the physical properties
of air were used for the gas mixture. The gaseous mass conservation equation is [33]:

d(egpg) | (egpgvgy) | 0(€gpglsy) | O(€ghglsz)  dps
o T ax T ey T e T ot (15

where gg, pg, vg are the porosity, density, and velocity of gas, respectively; ps is the density of
wood; f is the time; x y z denote the directions. The source term (right hand side) represents
the production rate of the gas mixture and can be expressed as:

s dug dap
5 (4 — PV)W + (pc — Pd)j (16)

where py is the density of virgin wood; p4 is the density of dehydrated wood; pq is the
density of char; aq and a;, are the dehydration degree and pyrolysis degree, respectively.
The average gas velocity is obtained by resolution of the momentum-conservation
equation based on Darcy’s law. In porous media, the volume-averaged momentum conser-
vation can be written as [34,35]:
K opP

Ug,x =

where P is the gas pressure; u is the viscosity coefficient; K is the permeability, a second
order tensor, which can be calculated by the rule of mixture:

K= (1—-ag)Ky+ayq (1 — Oép)Kd + agapKe (18)
where Ky, Ky, K. denote the permeability values of virgin wood, dehydrated wood and

char. The Darcian velocity can be introduced in the gas mass conservation under the
assumption that the perfect gas law holds [36]:

9 (M 3 (PM /1, 1 B darg dup
at(RTP)—ax<RT<yK+P,B>aXP>—(PV pa) =, T (a—pp) 5= (19

where M is the mean molar mass of the gas mixture; R is the ideal gas constant.
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Under the local thermal equilibrium assumption, the energy conservation can be
written as:

d€gPghyUg x N degpghgvg N aegpghgvg,z> 0 < BT) d < BT) 0 (k 8T> (20)

ax

3y 9z T \Fax ) Tay ey ) Tz ez

where g is the specific enthalpy of gas.

3.4. Implementation in OpenFOAM

OpenFOAM platform was adopted to solve the governing Equations (19) and (20).
Figure 6 presents the general structure of a typical OpenFOAM analysis, which consists of
“system”, “constant” and “time”. The function of the “system” including “controlDict”,
“fvSchemes” and “fvSolution” is to set the time steps, discretization schemes, and linear
solvers. The “constant” consists of “properties” providing the input parameters regarding
the material properties of wood and gas and “polyMesh” providing the grid mesh. The
“time” consists of the initial condition “0” and the results at each time step. Figure 6 also
illustrates the numerical algorithm of the solver. The kinetic equations of dehydration
and pyrolysis, the gas mass conservation equation and the energy conservation equation
are solved in sequence according to the set of “system”. The numerical results are passed
into the specific folders at each time step. Paraview software 5.5.2 [37] is used as the

post-processor to display the simulation results.

(o ] [ome )

. ¥
Vs a2y —i system
—B[ Update properties at t=f ] 3
I~ controlDict
( Dehydration and Pyrolysis ) - fvSchemes
L Eq.(2) —ay, o, ) — fvSolution
& \L —| constant
2 ¢~ Thermo-physical properties ™
g Eq.(4) — p; [~ properties
z Eq.(10) —k,, =123 polyMesh
“ J points
‘L faces
Gas mass conservation cells
Eq.(15), Eq.(17) =P, v,
(. J
( i N\

L i Energy conservation
i\ Eq.20) =T
Post processors:
Q

Figure 6. Flowchart of heat transfer analysis using OpenFOAM.

4. Dehydration Experiments and Validation of Numerical Models
4.1. Dehydration Experiments under Elevated Temperature
4.1.1. Materials and Specimens

Cubic Douglas fir blocks with a side length of 88 mm were used as specimens. Holes
were drilled for the installation of thermocouples and subsequently the blocks were stored
in a conditioning room with a relative humidity of 65% and temperature of 20 °C for
4 weeks. After conditioning, the average density was 581 kg/m? with a standard deviation
(SDV) of 57.5 kg/ m?> and the average MC was 13.7% with a SDV of 0.3%, according to
the ASTM D4442 [38]. The specimen details are summarized in Table 4. A total of four
specimens including two wet specimens (13.7% MC) and two dry specimens (0% MC)
were tested.
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T1T2T3TA4

Table 4. Experimental details of the dehydration and fire (pyrolysis) experiments.

Specimen Exposed Dimension Specie

P Surfaces mm P
DF block (13.7%MC) 6 88 x 88 x 88 Douglas fir
DF block (0% MC) 6 88 x 88 x 88 Douglas fir
CLT panel (12% MC) 1 2500 x 600 x 150 Spruce

4.1.2. Set-Up and Experimental Program

As shown in Figure 7, a total of ten type K thermocouples with a probe diameter
of 1.5 mm, supplied by Metra instruments, were placed along the three main orthogonal
axes: longitudinal (L), Radial (R) and tangential (T). For each axis (L, R and T), four
thermocouples were installed at the depths of 0, 5, 10 and 20 mm from the surface. The
thermocouples were labeled as Ty 1-4, Tr1-4 and T11-4, respectively, with the subscripts
representing the direction of axis, while one thermocouple, labeled as T,, was placed in
the center.

Tc

44

44

Figure 7. Experimental set up and details of thermocouples (mm).

The timber blocks with thermocouples were placed in the center of the oven and
supported by two pieces of timber to avoid the contact with the steel frame. For the two
wet specimens, the temperature then increased from room temperature (25 + 2 °C) to
200 °C at a heating rate 3.9 °C/min. For the dry specimens, the specimens were first heated
up to 150 °C for 5 h and then sealed with plastic bags to prevent the samples from the
absorption of moisture. The totally dried samples were then heated again to 200 °C at a
heating rate of 4.9 °C/min. The target temperature was 200 °C; however, the measured
averaged oven temperatures for the wet and dry specimens were 180 and 195 °C. The
heating program is summarized in Table 5.

Table 5. Heating program of the DF specimens.

D Moisture Content Heating Time Target Temperature
(%) (min) (e

51-13.7% 13.7 120 200

52-13.7% 13.7 120 200

53-0% 0 120 200

54-0% 0 120 200

4.1.3. Description of Numerical Modeling

The numerical study was carried out in both Abaqus and OpenFOAM. The kinetic
parameters of DF calculated by the KS method were used, as mentioned above and listed
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in Table 1. The thermo-physical properties of DF with 13.7 and 0% MC were calculated for
wet and dry DF specimens, respectively, according to Equations (4), (5) and (10) and then
implemented in Abaqus and OpenFOAM.

One eighth of the block was modeled due to the symmetry of the specimen and
boundary conditions, as shown in Figure 7. Eight-node linear brick elements “DC3D8”
and eight-node “hex block” elements were used in Abaqus and OpenFOAM, respectively.
A total of 10648 elements with a size of 2 mm were used in both models. The initial
temperature was set as 25 °C. Based on the average measured air temperatures, the linear
heating curves with the heating rates 3.9 and 4.9 °C/min were set as the boundary of the hot
faces of the wet and dry specimens, respectively. The inner faces were set as the symmetry
boundaries. In OpenFOAM, the initial and boundary conditions of gas pressure were also
required. The air pressure, 101 kPa [36], was used for the initial gas pressure inside the
wood and the boundary gas pressure of the hot faces. The required input parameters are
summarized on Table 6. The simulations were conducted for 2 h with a time step of 0.5 s to
avoid convergence problems.

Table 6. Input parameters for numerical simulations.

Value

Symbol Parameter Units Refs.

Wet DF Dry DF SP
ov Density of virgin wood 581 510 449 kg/m?3 [17]
0d Density of dehydrated wood 510 510 401 kg/m?3
Pc Density of char 116 116 20 kg/m?3
w Moisture content 13.7 0 12 % [17]
Cov Specific heat of virgin wood 1600 1600 1600 KJ/(kg-K)
Cpa Specific heat of dehydrated wood 1600 1600 1600 kJ/(kg-K)
Cpe Specific heat of char 1500 1500 1500 KJ/(kg-K)
Cq Latent heat 272 0 242 kJ/kg
Cpy Pyrolysis heat 100 100 100 kK] /kg
kr v Longitudinal wood conductivity 0.21 0.18 0.15 W/(m-K)
kr/r v Transverse wood conductivity 0.14 0.12 0.10 W/(m-K) [1]
kr ¢ Longitudinal char conductivity 0.14 0.14 0.14 W/(m-K)
kr/r Transverse char conductivity 0.09 0.09 0.09 W/(m-K) [11]
Kr v Longitudinal wood permeability 7.5 x 10713 7.5 x 10713 7.5 x 10713 m? [39]
Kr/r v Transverse wood permeability 75 x 10713 75 x 10713 7.5 x 10713 m? [39]
Ky ¢ Longitudinal char permeability 1.0 x 1071 1.0 x 1071 1.0 x 1071 m? [40]
Kr/re Transverse char permeability 1.0 x 10711 1.0 x 1071 1.0 x 10711 m? [40]
Egv Porosity of virgin wood 0.51 0.51 0.51 [39]
Egc Porosity of char 0.85 0.85 0.85 [39]
U Viscosity coefficient of gas 1.85 x 107° 1.85 x 107° 1.85 x 107° kg/(ms)
M Mean molar mass of gas 0.028 0.028 0.028 kg/mol
R Ideal gas constant 8.314 8.314 8.314 J/(mol-K)
Teb Stefan-Boltzmann constant 5.67 x 108 5.67 x 108 5.67 x 10~8 W/ (m?2-K*)

4.1.4. Comparison between Experimental and Numerical Results

Figure 8a presents the experimental temperature progressions of Tt (in transverse
direction) and Ty, (in longitudinal direction) of specimen S1 since specimens S1 and S2 gave
similar results. The measured oven temperature (0 mm depth) increased almost linearly up
to 180 °C in approximately 40 min. The internal temperatures also exhibit linear increments
below approximately 100 °C, exhibiting an initial thermal lag. However, the internal
temperatures increase slowly at around 100 °C due to the effect of dehydration. During this
stage, several small tangential cracks were formed, as shown in Figure 9a. Subsequently,
the rate of temperature increase slowed down, and, as a result of the dehydration, the
center temperature T, reached only about 110 °C after heating for 120 min. Regarding the
effect of grain direction on the temperature progressions, the results were not consistent,
i.e., the values of T;, were not always higher than those of Tt at the same depth from the
hot face. This may have resulted from the small scale of the specimen or the uneven gas
temperatures on the hot faces (Figure 8).
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Figure 8. Comparison of the numerical results from Abaqus and experimental temperatures at
different depths: (a) Specimen S1 (13.7% MC), and (b) Specimen S3 (0% MC).

(a) Crack formation during heating  (b) color change after heating
Figure 9. Experimental observations: (a) crack formation, and (b) color change.

Figure 8b shows the experimental temperature progressions of Tt and Ty, of speci-
men S3 (specimen S4 was not shown since the results are similar with specimen S3). The
measured oven temperatures increased linearly up to 195 °C. The internal temperatures
increased continuously during the whole heating time. At 120 min, the center temperature
T, reached approximately 190 °C. No significant differences between Ty, and Tt measure-
ments were found, indicating that the grain direction had little effect on the temperature
progressions. This may be attributed to the small scale of the specimen or the uneven gas
temperatures on the hot faces.

Comparing wet and dry specimens, the experimental temperature progressions in the
former were delayed compared to the latter. After the heating of 120 min, the temperature
in the dry specimen was higher than 180 °C everywhere while the temperature in the center
part of wet specimens was only around 110 °C. A similar color change was observed in all
specimens, as shown in Figure 9b.

Figure 8 also shows the comparison of the numerical results from Abaqus and the
experimental results. Reasonable agreements were found between the modeling and the
experimental temperatures. The latter were slightly overestimated up to 20 mm depth
due to the above-mentioned thermal lag, which shifted the curves to slightly lower tem-
peratures. The center temperature Tc was underestimated during 30-70 min. However,
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the discrepancy became smaller with the time. In addition, the modeling values of Tp
were, consistently, slightly higher than those of Tr or Tt. Despite of the shift caused by the
thermal lag and an obvious overestimation for Tc, the numerical results agreed well with
the experimental temperatures, indicating that the proposed thermo-physical model can
generally well predict the temperature progressions in both wet and dry DF specimens
during the dehydration stage.

Figure 10 compares the numerical results obtained from Abaqus and OpenFOAM,
without and with considering gas convection, for specimen S1 in transverse direction.
Both simulations gave the same results without considering gas convection. Furthermore,
the numerical results with and without considering gas convection almost overlapped,
indicating that the gas convection had little effect on the temperature progressions.

200 T T v T T T T T T T
180 + -
160 | 5
A 5 mm
& ot 10mm 4 §
o 20 mm
S 120 - -
@ I
8 100 |- -
S I
()
~ 80f : .
I Solid line: Abaqus
60 i Solid symbol: OpenFOAM
a0 L Hollow symbol: OpenFOAM| |
I considering convection
20 1 1 1 1 1

0 20 40 60 80 100 120
Time (min)

Figure 10. Comparison of the Abaqus and OpenFOAM results and the effects of gas convection for
specimen S1 in the transverse direction.

The dehydration degree contours simulated by OpenFOAM at 0, 30, 60 and 120 min
are shown in Figure 11. At the beginning, no dehydration occurred. At 30 min, obvious
dehydration was found on the hot face. As the heat flux continuously penetrated into the
wood, the dehydration front zone moved from the hot face towards the deeper area. At
120 min, the wood was almost fully dehydrated.

The gas pressure and velocity contours of specimen S1 at 0, 30, 60 and 120 min are
presented in Figure 12. The pressure is represented by the color of the block while the
gas velocity is indicated by the color of the arrows. At the start of the experiment, the
initial pressure is 101 kPa and the gas (vapor) velocity is 0 m/s. With the progressions of
dehydration, the gas is released, resulting in gas pressure along the paths from dehydration
front zone to hot surfaces. At 30 min, the area close to hot surfaces undergoes intensive
dehydration, and therefore, the gas moves along the pressure gradient and finally exhausts
out normally to the hot surfaces. The dehydration front zone migrates toward the center of
the specimen with the heat transfer process. At 60 min, the maximum pressure is located
at the center of the specimen. As a result, the gas continuously flows out from the center
towards the hot face. At 120 min, the magnitudes of the gas pressure and velocity are very
low since the dehydration is nearly finished.
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Figure 11. 3D Dehydration degree distributions simulated by OpenFOAM: (a) 0 min, (b) 30 min
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Figure 12. 3D gas pressure (kPa) and velocity (mm/s) distributions simulated by OpenFOAM

(a) 0 min, (b) 30 min, (c) 60 min, and (d) 120 mm
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4.2. Fire Experiments on Full-Scale CLT Panel
4.2.1. Description of Experimental Program

A fire experiment on a full-scale cross-laminated timber (CLT) panel made of spruce
was conducted by Frangiacomo et al. [17]. The 150 mm-thick panel consisted of 5 layers
with different thicknesses at 42, 19, 28, 19 and 42 mm in the transverse direction. The
dimensions of the panel are given in Table 4. The thermocouples were placed at the depths
of 21, 52, and 75 mm from the hot face with 3 thermocouples placed in each depth. The
bottom face of the panel was exposed directly to the ISO834 standard fire [41].

4.2.2. Description of Numerical Modeling

Specimen symmetry allowed for modeling only half of the transverse cross-section.
A total of 45,000 4-node linear brick elements “DC2D8” with an element size of 1 mm
along the depth and width, respectively, were used in Abaqus, while a total 45,000 8-node
“hex block” elements with the same size were used in OpenFOAM. In both Abaqus and
OpenFOAM,, the initial temperature was set as ambient temperature of 0 °C according to the
experiment [17]. Convection and radiation boundary conditions were used on the bottom
and top surfaces. The convection coefficients were set as 25 and 4 W /(m? K), respectively,
and the corresponding radiation coefficient was selected as 0.8, according to EC5. The side
faces were set as adiabatic boundaries. Regarding the modeling in OpenFOAM, the initial
gas pressure was set as 101 kPa on the bottom and top faces. As shown in Figure 13, the
oven temperature generally followed the ISO834 curve except for the first 5 min, during
which the oven temperature was much lower than the ISO curve and increased almost
linearly up to approximately 580 °C. In order to obtain the precise boundary conditions,
the input fire curve consisted of a linear part from ambient temperature to 580 °C, followed
by the ISO curve. The thermo-physical properties of SP were calculated as completed for
DF; the values used for the simulation are shown in Table 6. The simulations were run for
1h with a time step of 1 s.
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Figure 13. Temperature progressions in CLT panel: (a) Comparison of the measured and numer-
ical (Abaqus) results; (b) Comparison of Abaqus and OpenFOAM with and without considering
gas convection.

4.2.3. Comparison between the Experimental and Numerical Results

The experimental curves at the depth of 21 mm exhibited a plateau at around 100 °C,
followed by a quick increase in temperature. At 60 min, the temperatures at the depth
of 52 mm were still below 100 °C. Good agreements were found between the modeling
and experimental results, except an underestimation at the 21 mm depth from 0 min
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to 25 min. This discrepancy came from the difference of the temperature intervals of
dehydration between the model and experiment. The experimental temperature curve
at the 21 mm exhibited dehydration started at approximately 100 °C. However, in the
simulation, based on the TGA experiments, as indicated in Figure 2b, an interval between
70 and 110 °C was used for calculating the thermo-physical properties, resulting in a
smaller increment of temperature compared with the experimental values below 100 °C.
The sample geometry adopted in the TGA test may have an effect on the temperature
intervals of dehydration. The solid and big-size sample may lead to a delayed dehydration
(the temperature plateau occurs around 100 °C) while the powdered and smaller sample
may lead to an earlier dehydration.

Figure 13b shows the comparison of the numerical results from Abaqus and Open-
FOAM without and with considering gas convection. The temperature curves obtained
from Abaqus, OpenFOAM, without and with considering convection, almost overlapped,
indicating that both software packages gave almost the same modeling results while gas
convection had little effect on the temperature progressions.

The dehydration and pyrolysis degrees at 0, 30 and 60 min are shown in Figure 14.
During the heating of the panel, the dehydration and the pyrolysis fronts were clearly
identified. Furthermore, the dehydrated zone was much larger than the decomposed (char)
zone at the same moment.
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Figure 14. Dehydration and pyrolysis degree distributions simulated by OpenFOAM: (a) ag, 0 min,
(b) ag, 30 min, (c) ag, 60 min, (d) ap, 0 min, (e) ap, 30 min, and (f) ap, 60 min.

The gas pressure and velocity contours at 0, 30 and 60 min are presented in Figure 15.
The magnitudes of the gas pressure and velocity are represented by the colors of the panel
and the arrows, respectively. At the beginning of the modeling, the initial gas velocity is
0 m/s since no phase change occurred. During the heating process, the gas released by the
dehydration and pyrolysis flowed along the pressure gradient since both the hot face and
cold face had lower pressure. One part of the gas flowed toward the hot face while the
other part flowed along the opposite way to the cold face. The reason for the little effect of
convection came from the slow gas velocity (the maximum value was less than 14 mm/s at
60 min), as shown in Figure 15, since the velocity plays an important role in the convection
term in Equation (20).
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Figure 15. Gas pressure (kPa) and velocity (mm/s) distributions simulated by OpenFOAM: (a) 0 min,
(b) 30 min, and (c) 60 min.

4.2.4. Effect of Latent Heat and Pyrolysis Heat

The fire experiment on the CLT panel was also used to conduct a parametric analysis,
in order to investigate the effect of the latent heat and pyrolysis heat on the temperature
progressions. The parametric analysis was divided into two groups. In the first group,
0, 242 and 484 kJ /kg were used as the latent heat, corresponding to MCs of 0, 12 and 24%
(acc. to Equation (9)), while a constant value of 100 k] /kg was set as the pyrolysis heat. In
the second group, a constant value of 242 kJ /kg was used for the latent heat combined with
the three values 0, 100, 370 kJ /kg for the pyrolysis heat. The combinations of the latent and
pyrolysis heats are listed in Table 7.

Table 7. Combinations of latent heat and pyrolysis heat for parametric study.

o MC Latent Heat Pyrolysis Heat

Group Combination (%) (J/kg) (J/kg)

LOP100 0 0 100
1 L.242P100 12 242 100

1.484P100 24 484 100

L.242P0 12 242 0
2 L.242P100 12 242 100

1L.242P370 12 242 370

Figure 16a depicts the comparison of the temperature profiles at the 21 mm depth
between the experimental and numerical results using the three combinations of Group 1.
With the increase in latent heat, an obvious delay in time (to reach the same temperature)
occurred. For example, the time required to raise the temperature to 100 °C for LOP100,
L242P100 and L484P100 were 16, 22 and 27 min, respectively. This delay was maintained
until the end of the modeling. Figure 16b shows the effect of the pyrolysis heat on the
temperature profiles. A delay in time with the increasing pyrolysis heat was shown from
approximately 20 to 60 min. However, this delay was much shorter than that caused by the
increase in dehydration heat.
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Figure 16. Effects of latent heat and pyrolysis heat on temperature progressions at the depth of 21 mm:
(a) Effect of latent heat, and (b) Effect of pyrolysis heat.

5. Conclusions

Based on the experimental and numerical studies, the following conclusions are drawn.

1.  The thermo-physical model of wood considering moisture content was developed
based on the kinetic theory. Unlike the frequently used thermo-physical properties
based on the piecewise linear functions of temperature, the proposed thermo-physical
properties are continuous and exhibit obvious physical meaning.

2. The apparent specific heat capacity model of wood with different moisture contents
was validated by the differential scanning calorimetry experiments on the Douglas
fir wood. The apparent specific heat capacity of the Douglas fir wood obviously
increased from approximately 3700 kJ/(kg-K) to 6000 kJ/(kg-K) as the moisture
content increased from 4% to 12%. Moreover, the apparent specific heat capacity also
significantly increased during the pyrolysis process.

3. Apparent specific heat capacity was recommended in the simulation of thermal
responses of wood since both latent heat and pyrolysis heat have significant effects
on the thermal responses of wood. The wood with high moisture content absorbed
more latent heat through dehydration compared to that with low moisture content,
exhibiting a relatively low increasement in temperature near 100 °C during the heating
process. The temperature progression is more sensitive to the latent heat than to the

pyrolysis heat.

4. The thermo-physical model was successfully implemented in open-source finite vol-
ume software, OpenFOAM, which can simulate three-dimensional gas flow inside
porous wood. The effect of convection of gas on the temperature progressions de-
pends on the gas velocity and enthalpy. The low gas pressure led to a low gas velocity
in the dehydration and pyrolysis stages. Therefore, the gas convection seems to have
limited influence on the temperature progressions.
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