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Abstract

Wood is definitely advantageous for industry because it is a renewable resource
environment-friendly produced. However, the biological origin of wood requires
some treatments to preserve and stabilise it. Heat treatment of wood at high
temperature is one of the new techniques that reduce the hygroscopicity, improve
dimensional stability, and increase resistance to biological degradation of wood

material without the use of chemical products.

In this work, transient heat and mass transfers during heat treatment of wood at high
temperature were numerically studied. The averaged energy Reynold Navier-Stokes
equations and concentration equations for the fluid were coupled with the energy and
mass conservation equations for the wood. The numerical conjugate problem
considered also heat and mass exchange at the fluid-wood interface and was used to
study the effects of specie-dependant (specific gravity) and storage-dependant (initial
temperature and moisture content) parameters during the heat treatment. Both
temperature and moisture content were affected by a low initial temperature during
the first hours of the treatment, representing hypothetically a risk for wood quality. A
high specific gravity or a high initial moisture content required supplemental heating
time to reach the targeted final moisture content that potentially represent a

supplemental energy and cost for industry.
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1. Introduction.

In the current battle against greenhouse gas emission, the wood material finds great
importance in industrial applications because its production presents both low energy
costs and benefits for carbon footprint. Wood is also a hygroscopic material with
sophisticated multilayer cellular microstructure. Hence, it must be treated to build up
dimensional stability and durability for industrial application. Heat treatment of wood
has been considered as an effective method to modify wood without the use of any

toxic chemicals.

Even though the effects of heat treatment for protection of wood were known for
hundreds of years, industrial operations began quite recently. And only since last
decades this issue has been scientifically studied and investigations on heat-treated
wood at high temperature were subject of numerous publications [1-4]. Since 1990
different heat treatment processes for wood at high temperature were used in
industries; including Finnish process (Thermo-Wood), Dutch process (Plato-Wood),
French process (Bois-Rétifié, Bois-Perdure) and German process (Menz Holz or Qil-
heat treatment) [5]. These technologies aim to implement a gradual rise in temperature
of the wood in absence of oxygen. The high-temperature thermal treatments usually
reach 150 - 260°C; that was an intermediate range of temperatures between the drying

and the carbonization of the wood.

The heat treatment at high temperature of wood is known to improve its physical
properties by reducing its hygroscopicity and increasing its dimensional stability [3,
6]. Also, Kamdem et al. [7] showed that the resistance of wood against decay by
fungal attack was a friendly consequence of the heat treatment; and more broadly,
thermal treatment of wood at high temperature is an effective method to improve its

biological durability [8-12]. Chemical modifications of wood components occurring



during high temperature heat treatment are mainly responsible for these new
properties [7, 13] and the decrease of hydroxyl groups, the increase of cellulose
crystallinity and cross-linking occurring in lignin are both pointed out [14].
Furthermore, the targeted durability of the heat treated wood may vary significantly
depending on the exposure conditions [15]. Thereby, heat-treated wood is usually not
a suitable material for ground contact applications [16]. Beyond the targeted changes,
heat treatment also causes adverse effects such as diminishing mechanical properties

[17-20].

The high-temperature treatment is a complex process involving simultaneous heat,
mass and momentum transfer phenomena. In consequence, effective models are
helpful for process design, optimization, energy integration, and control [21-23]. Thus
the problem can be numerically considered as a simultaneous heat and mass transfer
through the porous medium [24, 25]. Furthermore, the theory of transport phenomena
in porous materials has been itemized and reported in the literature [26-30]. Numerous
models use a standard correlation to compute the heat and mass transfer at the
interface of wood in silico. But in situ, high temperature treatment of wood is a
transient conjugate problem in which the coefficients cannot be assumed as a constant
throughout the wood surface. Thus, it is necessary to adapt models solving Navier—
Stokes equations in the surroundings of the wood sample to get more information
about the boundary conditions for the transport equations in the medium [31-33]. In
some investigations, the classical Luikov model is used for the numerical formulation
of the problem in wood [34-35] in order to analyse only the conjugate problem of heat
and moisture transport. Kocaefe et al. [36] compared the different models for the
thermal treatment of wood at high temperature (Diffusion, Luikov and Multiphase).

The authors showed that the diffusion model was very useful for industrial



applications. Younsi and co-workers [37, 38] modelled heat treatment of wood by
solving diffusion equations for heat and mass transfers in wood and turbulent Navier—
Stokes equations in the fluid field. However, the mass and heat transfers in the wood
were solved just using the mass and temperature continuity and their fluxes at the
wood-fluid interface as boundary conditions [38, 39]. Now, the heat and mass
transfers at the fluid-wood interface must be taken into account during the entire
treatment in order to be close the real phenomena that are occurring during the heat

process.

In this work, a three-dimensional model coupled the solved diffusion equations of
heat and mass transfers for the wood sample with the turbulent averaged Navier—
Stokes equations for the fluid flow field. The exchanges of heat and mass at fluid-
wood interface were considered during the entire heating process by a subroutine
which calculated the energy consumed by the wood and then injected it as a negative
heat source in the gas energy computation. Our model was applied on some realistic
industrial contexts. The final wood properties depend on both intrinsic such as the
wood species and extrinsic parameters such as the wood storage conditions or the
thermal process. Thus, industrial heat treatment of wood requires an efficient control
of both the material and the process to obtain reproducibility and good quality. In this
context, the model highlighted effects of one species-dependent parameter (specific
gravity) as well as impact of some storage conditions resulting in several initial

temperature and moisture content of wood.
2. Numerical method
High temperature treatment of wood is a complex problem where a conjugate

simultaneous heat and mass transfer through porous medium occur. In this paper, the

fluid flow field was coupled to the heat and mass transfers inside wood. The



numerical considerations involved solution of the hydrodynamic equations for the
fluid followed by solving the equations of heat and mass transfers in wood. Thus, heat
was transferred from heating gas to wood surface by convection and from surface to
inside of the wood by conduction. Similarly, the moisture was transferred to the
surface from the inside by diffusion and from the wood surface to the gas by

convection.
2.1. Numerical assumptions

It was assumed that the flow field was turbulent, the fluid flow-porous system was
three-dimensional, the temperature and moisture content were initially uniform inside
the wood, the shrinkage and gravity effects were negligible, no degradation of the
solid occurred during heat treatment and there was no heat generation inside the

wood.
2.2. Balance governing equations for the fluid

The flow regime was assumed to be turbulent with respect to the average gas velocity
measured in the furnace. The time-averaged Navier—Stokes equations and energy
equation for turbulent flow with the Reynolds stresses, expressed via the eddy-
viscosity concept, had been used as governing equations. The turbulence model used
was the standard k— model for flows with high Reynolds number. The basis of this
model was that the turbulent shear stresses were assumed to be related to strain rates
via the eddy viscosity, which characterized the statistical properties of turbulent fluid.
This eddy-viscosity property was obtained by solving two additional transport

equations for the kinetic energy of turbulence k, and its dissipation rate &.
The Standard k—& Model [26, 35, and 40]:

Energy equation
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The production of turbulent kinetic energy due to the viscous forces was modeled

using the following expression:

() () (e
OX OX OX OX OX OX

Mot = 1+t K =K¢ + p4Cos [O7 , Dy =D+ pi/oc s 4 =C,piK* /e

The values of the model constants for all the models considered are 6,=1.0, c.=1.4,
o1=1.0, 6c=1.0, C;=1.44, C,=1.92, Cp=0.09.

The model of turbulences presented above was valid only in the fully turbulent region.
In regions close to the wall, viscous effects predominated over turbulence effects, due
to the small local Reynolds number of turbulence. To account for these regions for
computing turbulent flows, the classical wall function method [26, 35, and 40] was
followed. The wall functions were used to bridge the near-solid-wall region in the

case of the standard k—e model. The integration of k and & equations from fully

turbulent region to the wall resulted in the following equation for the wall shear stress:
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Where U was the average velocity component parallel to the wall (u for the wall in x
direction, v for the wall in y direction and w for the wall in z direction). Similarly, the

following expression was obtained for the € near the wall region:
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k

2.3. Balance governing equations for solid wood

During heat treatment, a combination of transfer mechanisms occurred simultaneously
in a porous material like wood due to its microscopic capillaries and pores. Two
modes of diffusion processes occurred in the wood sample [41] during heat treatment
at high temperature. With respect to above considerations, the three-dimensional
equations describing heat and mass transfers in wood during heat treatment at high

temperature were given by [41, 42]:

Heat transfer equation

oo 0 ) 2y, T, 2y, ) )
ot ox\ ¥ox) oyl Yeoy) az\ " oz

Moisture transfer equation

@i@ﬂ}g p, M +2(Dﬂ] 13

ot ox ox ) oy oy ) oz 0z

2.4. Initial and Boundary conditions

The wood material undergoing heat treatment was supposed to have initially uniform
temperature and moisture content throughout. Thus the initial conditions were

expressed as:

Temperature uniformity:



T(x,Y,2,0)=T, (14)
Moisture content uniformity:
M (x,y,z,0)=M, (15)

In all the steps, the boundary conditions were expressed in terms of the continuity of
state variables and their respective fluxes at the interface [43]. The equations were

represented as follows:

Temperature Continuity :

T =T; (16)
Concentration Continuity :

C, =C(T.M), (17)

Energy Transfer at the wood-fluid interface :
oT oC; oT
k, —|=AH,D—+k, — 18
{ ‘ an} M7 on T on (18)

Mass Transfer at the wood-fluid interface :

oM oC;
D.— =D 19
{Pd s On} on (19)

The boundary conditions (inflow and outflow) for the flow fields were considered as:

& =&,

Inflow: u=0,v=U_ ,w=0T =T,C=C,,k =k,
Outflow : P =0,0T /oy =0,0C/oy =0,0k/dy =0,0¢/dy = 0.
2.5 Thermo physical properties of Wood

The realistic modelling of heat transfer and mass transfer in wood is a complex
phenomenon that takes into account not only the heat conduction, the moisture

diffusion in wood, the chemical decomposition of wood, but also variations in the



specific gravity, density, moisture content, thermal conductivity and heat capacity.
The present numerical study focused on two wood species: Aspen (Populus
tremuloides) which has a specific gravity of 0.4 and Ash (Fraxinus americana) which
has 0.63 as specific gravity [44]. The thermodynamic and transport properties of gas-
water system and the physical properties of the two wood species used in the
simulation are summarised in Table 1. The density (p), specific gravity (Gn), thermal
conductivity (Kq, Kqy, Kqz) and heat capacity (Cp) of wood were calculated using

expressions proposed by Simpson and Tenwolde [44] and Siau [41].
p =1000G,, (1+ M/100) (20)

The heat capacity of wood depends on the temperature and moisture content in the
wood, but does not depend on the density of wood species [44]. The heat capacity of

dry wood Cpo (kJ/kg /K) was approximately related to temperature T by:
C,, =0.1031+0.003867T (21)

The heat capacity of the wood containing water (green wood) is higher than that of
dry wood. Below the point of fibre saturation, the heat capacity was the sum of heat
capacity of dry wood, that of water and factor B¢ which involved the additional

energy in the wood.

Cp =(Cpo +0.0IMC,,, )/(1+0.01M ) + B, 22

where M was the moisture content (%). The heat capacity of water was about 4.19

kJ/kg.K. The adjustment factor B¢ was deducted from the following expression:

B.=M (-0.06191+ 2.3610% T +-1.3310* M )
¢ (23)

The thermal conductivity is a measure of the heat flow rate through unit area of a

material subjected to a temperature gradient. The thermal conductivity of wood is



affected by numerous factors such as density, moisture content, grain direction,
structural irregularities and temperature. Thermal conductivity has approximately the
same value in the radial and tangential directions while it is about two times greater
along the grain [45]. For moisture levels below the saturation point of the fibre, the
thermal conductivity in directions orthogonal to the grain (radial and tangential) was

given by a linear equation:
K =Ky =A+G (A +AM), (K, =2k, =2k, ) 24)

Where A;, A; and Az were constants given by: A; = 0.01864, A, = 0.1941 and A3 =

0.004064.

The latent heat of vaporization was correlated with temperature by a polynomial

function [45]:

AH,, =2.792.10° ~160(T )-3.43(T )’ (25)

3. Numerical material

The mathematical equations of the coupling system were resolved in two parts. The
solutions of hydrodynamic equations for the flow of gas in the furnace were obtained
using the commercial software ANSYS CFX-10 [46]. The results were used to assess,
for each time step, the temperature and mass gradients at particularly wood-fluid
interface, which were then used as boundary conditions for heat and mass transfers of
wood. A subroutine based on the finite difference method was developed using
FORTRAN to solve the equations of heat and mass transfers. The solution of the
matrix was obtained using the method of Gauss-Seidel iterative at each time step.
Exchanges of heat and mass at wood-fluid interface were considered. The model of

coupling thermofluid described above was optimized for sensitivity to the number of



iterations, the time steps and the refining mesh. All calculations were made with

optimized refined meshes.
4. Experimental

The experiments were performed using a prototype furnace at the University of
Québec at Chicoutimi (Canada). The wood samples were boards (0.05m x 0.20m x
1.24m). The furnace simultaneously treated from 60 to 80 wood boards. The wood
species tested were chosen to explore a large Gy, range; from G, = 0.4 (i.e. Aspen,
Populus tremuloides) to G, = 0.71 (i.e. birch, Betula papyrifera). The initial moisture
content of wood samples (Mg) was measured before each experiment using a wood
moisture meter Delmhorst RDM-2S (0.1% accuracy). The maximum temperature was
210°C (483 K) and a gently gradient was applied (which did not exceed 12 + 2 °C per
hour) to reduce mechanical degradation of wood and maintain a high quality. The
temperature was estimated every minute by the mean of the readings from several
positions within the wood boards. T-type thermocouples were connected to the data
acquisition system Keithley KE 2700-Omnitronix TC4000 (3.8% accuracy). The
experimental values were compared to the modelled ones using JMP 11 (SAS©

Institute Inc., Cary, NC, USA).

5. Results and discussion

5.1. Modelled vs. experimental temperatures

The modelled wood temperatures were close the experimental ones into the 0.4-0.71
specific gravity range (figure 1). Their relationship was linear (y = 0.995 x; r* =
0.997) and values were within the 95% confidence interval. The two species explored

in this study were into this validated range; presenting specific gravity G, = 0.40 and



Gm = 0.63. These values corresponded to specific gravities of dry Aspen quaking and

white Ash respectively [44].
5.2. Effect of the specific gravity

The impact of heat treatment on final wood properties is usually species-dependent
[47]. The model was used to highlight the role of the specific gravity (Gn) in the
differences observed between species. The evolution of temperature and moisture
content predicted by the model along the 16h-treatment were shown in the figure 2,

for two species for which Gy, = 0.4 and 0.63 (Aspen and Ash respectively).

At the surface or at the center of wood, the higher was the value of specific gravity the
lower was the wood temperature during the heat treatment (figure 2a). Indeed, high
specific gravity value corresponded to a dense wood [41]; which contained a lot of
water and a few air in its holes. Thus a high specific gravity condition resulted in the
high value of moisture content observed (figure 2 b); and, in consequence, energy
required to heat high specific gravity wood would be higher than energy needed for
low specific gravity wood. As temperature decreased when the specific gravity
increase (figure 2a), the wood also presented a low diffusivity when the specific
gravity was high (figure 3). Consequently the transfer of heat from wood surface
(exposed to heating fluid flow) to the center was slow for the great specific gravity.
On the other side, the moisture content was removed at a faster rate if the value of
specific gravity was low (figure 2b). At the wood center, the moisture content started
to get removed after about six hours for G, = 0.4 and 10 hours for G, = 0.63. It may
be noted that for both of the wood species, the moisture removal was more important
near the surface than at center. Due to the low thermal diffusion (figure 3), the
temperature gradient vanished at the middle of the wood for the highest value of

specific gravity. The higher was the specific gravity, the less was heat diffusion within



wood sample and the more difficult was to remove the moisture content from wood
center. Hence, in this case, the gradient of moisture content remained quite high even
at the end of heat treatment (figure 2b). These results were in accordance with some
previous experiments demonstrating that the chemical structure (decrease in number
of hydroxyl groups) of birch (high G,,) was more affected by heat treatment at high

temperature than the one of Aspen (low Gy,) [47].
5.3. Importance of the initial temperature and moisture content

In order to understand and optimise the heat treatment process, two external
parameters were studied: initial temperature and initial moisture content of wood.
These parameters are usually a result of the wood storage conditions. Two values of
temperature (To = 0°C and 25°C) and moisture content (Mo = 12% and 30%) were
tested as the initials conditions (table 1). The other parameters like wood properties,
fluid flow field, the way that wood was heated, final temperature reached, were kept

the same for all the four investigations.
5.3.1. Initial temperature

The figure 4 illustrated the prediction for the temperature and moisture content
changes within the wood sample, for To = 0°C or Tp = 25°C. The temperature was
higher at the sample surface exposed to heating fluid flow than that at center for both
initial temperature conditions (figure 4a). The temperature distributions differed early
depending whether To = 0°C or Ty = 25°C. When the heating time increases, this
difference diminished gradually and vanished for high value of heating time. In order
to clearly identify this early impact on heat propagation inside the wood, the
temperature variation along x direction was plotted for different heating times (figure
5). The change of temperature gradient between the material surface and its center

was more important when initial temperature is low, particularly at the start of heat



treatment. This high temperature gradient reduced gradually with time and became

similar to that for To = 25°C after about six hours (figure 5).

The moisture content removal was less affected by the initial temperature condition
(figure 4b). No impact was observed at wood center. However, it should be noted that
a little effect was observed at the surface but disappeared when the moisture at the
wood center started to get removed (about seven hours). Hence, more attention must
be given in the range where temperature rise and moisture evaporation were affected
by initial temperature condition, to avoid any unwanted swelling or shrinkage of wood

material.
5.3.2. Initial moisture content

The final properties of heat-treated wood always depend on its moisture content. So,
with respect to its initial moisture content, the behaviour of wood undergoing thermal
treatment at high temperature needed to be understood and clarified in a better way. In
this context, wood samples with two initial moisture content (Mg = 12% and 30%)
were investigated. The results were illustrated in figures 6 and 7. The temperature rise
with increase in time was distinctly affected by a change of initial moisture content in
the wood material (figure 6a). This change occurred not only at the surface but also at
the inside of the wood broad. For a fixed specific gravity, the wood porosity
decreased when its moisture content increases and consequently its density became
high [44]. Hence, the more was the initial moisture content in wood; the less was the
temperature at each point of sample (figure 6a and 7) during the thermal treatment.
The changes in ratio of moisture content to initial moisture (M/My) along a 16h-
treatment was plotted in figure 6b to quantify the moisture losses during high
temperature treatment. The moisture content in the wood was removed quickly when

the initial value is low. For example, close to the surface, half of the initial moisture



content in the wood got removed after five hours of heating for My = 12% against ten
hours when Mg = 30% (figure 6b). At the end of heat treatment (16 hours), 68% of
moisture content was evacuated from the wood center in the case where My = 12%
against only 23% when My = 30% (figure 6b). In consequence, high initial moisture
treatment needed a long-time heating process to reach a good wood quality that would

increase energy supplies and costs for industry.
6. Conclusions

The model predicted the impact of specific gravity, initial conditions of temperature
and moisture content on thermal treatment of wood sample at high temperature. The
quality of the final heat treated wood depends not only on its species, but also on the
external process conditions. Supplemental heating time is required to remove the
desired amount of moisture when the wood material has a high specific gravity or a
high initial moisture content. That may increase energy supply and costs during the
heating. When initial temperature is low, operators may pay attention to the first hours
of heat process to avoid any unwanted swelling or shrinkage of wood material at the
surface. The model was useful for the wood behaviour prediction under high thermal

treatment.

Nomenclature

Symbols

C Concentration (kg. m™)

Cp Heat capacity (J. kg™. K™

D Diffusion coefficient of water vapour in the fluid (m2. 5'1)

Ds Diffusion coefficient in the wood material (m?. s™)



Gm Specific gravity

k Turbulent kinetic energy (m?. %)

hq Convective heat transfer coefficient (W. m?. K™)

s Thermal conductivity of fluid (W. m™. K*)

Kq Thermal conductivity of wood (W. m™. K™

M Moisture content, kg H,O (kg solid)™

P Pressure (Pa)

Py Shear production of turbulent kinetic energy (m?. s°)
T Temperature (K)

(X,y,2) Spatial coordinates (m, m, m)

(v, u, w) Average velocity (m. s™)

Greek letters

p Mass density (kg. m™)

L Dynamic viscosity (kg. m™. s%)

€ Viscous dissipation in turbulent flows
e Turbulent Prandtl numbers of £, ¢, Tand C
w Wall shear stress (N. m™?)

AHy, Latent heat of vapourisation (J. kg'l)

Subscripts



0 Initial

d Dry porous solid

eff Effective value

bt Bound

f Fluid

Y Dimensionless distance from wall in turbulent flow
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Figure

Table 1. Wood properties and initial conditions [41]

Parameter range values

Parameter expression




Figure 1. Validation of the model by experiment for species which had specific capacity (Gn)

ranging from 0.4 to 0.71 (y=0.995x, r* = 0.997; confidence interval 95%).
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Figure 2. Predicted (a) temperature and (b) moisture content at the center and the surface of a

wood broad during a 16h-heating, for aspen (G, = 0.40) and ash (G, = 0.63).
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Figure 3. Predicted thermal diffusivity during a 16h-heating for aspen (G, = 0.40) and ash

(Gn = 0.63).
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Figure 4. Predicted (a) temperature and (b) moisture content during a 16h-heating for two

initials temperatures conditions (To = 0°C and Ty = 25°C, Gy, = 0.4).
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Figure 5. Temperature distribution along the x direction for two initials temperatures

conditions (To = 0°C and Ty = 25°C, Gy, = 0.4).
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Figure 6. Predicted (a) temperature and (b) moisture contents ratio (M/Mg) during a 16h-

heating for two initials moistures conditions (Mg = 12% and My = 30%, , G, = 0.4).
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Figure 7. Temperature distribution along the x direction for two moistures conditions (Mg =

12% and Mo = 30%, Gy, = 0.4).
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