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Abstract Surface densification of solid wood increases
the density on the surface, when compressed by single side
heated press. A recent experimental study has pointed out
the influence of the process parameters on the development
of the density profiles in the modified samples. Numerical
modelling can help to optimize the experimental work
which is often time consuming and laborious due to the
large amount of experiments required to check the influ-
ence of the pressing parameters. In the present work, a
FEM simulation of the hygro-thermal behaviour of wood
under surface densification is proposed by using a three-
dimensional hygro-thermal model based on earlier litera-
ture approaches. The model is implemented in a user
subroutine of the FEM code Abaqus starting from the
definition of a weak form of the governing hygro-thermal
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equations of the problem. The numerical profiles of
moisture content and temperature during the wood densi-
fication process are simulated for some wood specimens
tested in a previous study. Conclusions are given on the
relationship between these profiles and the experimental
density profiles due to different process parameters.

Introduction

Solid wood can be compressed in radial direction under cer-
tain conditions, when wood material is softened above its glass
transition temperature (7,) which is highly dependent on its
moisture content [1-3]. Rather than compressing solid wood
throughout, the densification can be targeted on the surface
only [4-6]. Therefore, the process can be short, only few
minutes, and less energy is needed for the modification. The
surface densification process has several phases. First, a rel-
atively dry wood specimen is heated only on one surface in
contact with a hot plate and compressed by an unheated plate
during a process phase called closing time. After the unheated
loading plate has contacted with the stops of the device, the
press remains closed and the heating continues during the
holding time phase. Furthermore, a cooling system is turned
on during the phase of cooling time, while the load is main-
tained until the temperature is below a fixed value. It is well
known that wood panel boards (e.g. particle board) suffer
immediately spring back after pressing, if the press is opened
when wood material is in soften state. Cooling phase
decreases the immediately spring back after the press is
opened. However, some spring back still occurs [7, 8] because
of the stored internal stresses. An important feature of the
process is that the compression in radial direction does not
produce major fractures [4] of the cell walls above the glass
transition point. The surface densification affects both the

@ Springer



7604

J Mater Sci (2013) 48:7603-7612

hygro-thermal behaviour of wood and its mechanical prop-
erties. The result of this process can be an environmental
friendly product, since no toxic chemicals needed and only
heat and moisture, showing several potentialities in different
sectors of the wood industry [9].

In the last few years, the experimental research on wood
surface densification has pointed out the influence of var-
ious process parameters (wood species, initial moisture
content, press temperature, closing time, holding time and
compression ratio) on the development of density profiles
in the treated samples [4, 5]. This knowledge is very useful
to obtain optimal properties for the treated wood. Due to
the large amount of experiments required to check the
influence of the process parameters for wood surface
densification, the experimental approach may be rather
time consuming and laborious. For this reason, numerical
modelling can significantly help to optimize the experi-
mental work. To numerically simulate the full process of
wood surface densification, an accurate hygro-thermal
model is required for the description of simultaneous
transport of heat and moisture inside the wood. In the
existing literature, several numerical models for the hygro-
thermal behaviour of wood-based composites under hot-
pressing processes are available [10-14]. In addition, a
large amount of scientific papers are available on the
numerical modelling of drying and high-temperature
treatment of solid wood as, among others [15-20]. These
earlier models provide precious suggestions for the hygro-
thermal modelling of surface densification in solid wood.

The importance of temperature and moisture content
levels coupled with heat and mass transfer in wood is
pointed out in an earlier study [21]. In the same study, the
use of computational modelling for a realistic prediction of
the quantities inside the wood is strongly suggested. Multi-
physics is a primary tool to be used for solving the coupled
problems occurring in wood at high temperatures, and the
exploitation of material properties assessed by microme-
chanics and multiscale modelling can improve the under-
standing of these phenomena in future [22].

In the present work, a three-dimensional FEM model for
simulation of hygro-thermal phenomena characterizing
wood surface densification is used which is a specialization
of the multiphase model previously proposed in [17] by
adding the modelling of convection used in [11, 12] and
[14-16]. Employed mathematical model is based on the
conservation equations for energy, air and moisture con-
tent, taking into account both the hygroscopic (or bound)
water and the water vapour phase, while the free water is
neglected as moisture contents remain below the fibre
saturation point. Flow of bound water through the solid
occurs only by molecular diffusion while air and steam
transport includes both diffusion and convection. System of
three coupled PDEs describing the process is solved
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through the commercial FEM code Abaqus [23], where a
special finite element is programmed into the user sub-
routine Uel [24].

The presented model is used to numerically simulate the
distribution of moisture content and temperature in wood
samples tested under surface densification within a previ-
ous study [4]. The correspondence between the available
peaks of density measured during the experiments and the
numerical peaks of moisture content and temperature is
discussed. The proposed computational approach is par-
ticularly suitable as the first step for a 3D full hygro-
thermo-mechanical FEM simulation of wood surface den-
sification also when other mechanical loads are applied.

A variant of previous multiphase models for wood
at high temperatures

The wood densification process involves the simultaneous
transfer of heat and mass. Thus, it is necessary to analyse
moisture, air and heat transport throughout the material. The
existing literature on this topic has been re-visited and a
model has been selected which is a specialization of the one
at proposed in [17] for high-temperature treatment of wood.
This model has been slightly modified and then integrated
with the approaches presented in [11, 12] and [14—16] for the
modelling of convection. In the following, the matrix and
vector forms of the tensors involved in the partial differential
equations governing the problem will be used.
In this work, the following assumptions were done:

1. The values of bound water diffusion and thermal
conduction parameters in radial and tangential direc-
tions are assumed to be equal. Since wood exhibits a
larger anisotropy between the cross sectional plane and
the longitudinal direction (compared to the anisotropy
in the cross sectional plane), different diffusion
parameters are used in the longitudinal direction
[25]. However, the material parameters for diffusive
and convective fluxes for vapour and air are assumed
to be the same in all directions [17].

2. The earlywood and latewood rings are not considered
as different materials [25].

3. Since the positions of wood piths were located very far
from the cut samples in order to have the growth ring as
parallel as possible, a rectangular coordinate system
(with tangential, radial and longitudinal directions along
the X-Y-Z axis) is used in the numerical simulations.

4. At each point of the material, local equilibrium
between bound water and vapour water is assumed,
with a sorption isotherm that couples the moisture
contents in the solid and the vapour phase.

5. Ideal gas behaviour is considered for the gaseous
phases.
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According to an earlier study [17], the mass balance
equations for water and dry air are described by Egs. 1 and
2, respectively:

aQb an
—at+aat+v-(Jb+Jv)——0 (1)
Oo

a N 2
e o +V-J. (2)

where J;, J, and J, represent the flux vectors of the bound
water (b), water vapour (v), and air (a) respectively, g, is
the bound water concentration with the dry wood (d) vol-
ume as reference, g, and g, are the concentrations of the
gaseous phases referred to the lumens volume, so porosity
e =1— 0,/1500 is the volume of voids with respect to the
one of dry wood whose density is g,. Finally ¢ is the time,
V collects the derivatives with respect to the coordinates x,
y and z in space and (-) indicates the dot product.

Let M be the moisture content per unit mass of dry
wood, Eq. 1 becomes:

oM

By exploiting Fick’s law, the flux of bound water
becomes J, = —0,D» VM), where M;, = ¢,/0, = M — €0,/
¢, and D, represents the diffusion matrix of bound water.
The diffusion coefficient in the radial and tangential
directions is calculated as in [17] and its value is
multiplied by an amplification factor of 2.5 when
referring to the longitudinal direction.

As pointed out in [11] and [12], during high-temperature
processes and in particular in hot-pressing cases, the dif-
fusion of air and steam is a minor phenomenon compared
to convection. According to [11], if the velocity of the
gaseous mixture is expressed by means of the Darcy law,
the diffusive and convective fluxes for vapour and air are
defined as

d m, ¢ m,

= — ' Dy VP, =Y K,P,VP 4
ot R DotV I, RTn, *® VP “)
d mg " mg

=—-%D,;VP,, =— K,P,VP 5
Ta RT DY T RTy, ¢ VP )

where D represents the effective diffusivity matrix and
K, = kI the relative permeability matrix for the gas flow,
I being the identity matrix and k, a relative permeability
coefficient. Deg = 6D,, is obtained from the so-called
inter-diffusion coefficient of an air—vapour mixture D,,
used in [16] where & = dI is a reduction matrix accounting
for the porous structure and the tortuous path of wood,
being the attenuation factor.

Furthermore, in Eqgs. (4) and (5) m, and P,, m, and P,
represent the molar mass and the partial pressure for the
dry air and the vapour, respectively; R and T are the ideal
gas constants and the temperature; P, = P, + P, and 1,

represent the total pressure and the dynamic viscosity of
the air—vapour mixture, respectively. Viscosity 7, is taken
from [26], while the partial vapour pressure P, is related to
the so-called saturation partial pressure of water vapour Py,
by means of the following sorption isotherm used in [17] as
a function of moisture content and temperature:

Pv = PAV(T)I,D(M, T) (6)
where Py, = exXp (255058 — —52(1),4'9) and

Y = exp[(17.884 — 0.1423T +23.63 x 107°7?)
x (10237 - 674 x 107°7)""]

The temperature dependence of the sorption isotherm in
wood is an important phenomenon in particular in the
presence of high temperatures (see [27-29] for more details).

To complete the formulation of the problem, the con-
servation of energy is expressed in the form used in [17]:

oT
QC[? 5 =V- (KVT + hbe + thv + haJa) (7)

where K is the thermal conductivity matrix, ¢c, =
04(cpa + Mpcpy) + 60cp, s the total heat capacity, ¢, and
¢pw being the specific heats of the dry wood and water and
QCpg = 0,Cpy + 0,Cpa refers to the gas mixture depending of
the specific heats c,, and ¢, of the two gas phases. Finally
hy, h,, h, are the specific enthalpies of air, steam and bound
water. The thermal conductivity K is calculated by the
classical approach described in [30], starting from the value
in the transversal direction. For the longitudinal direction
amplification by 2.5 is considered. Standard expressions for
the enthalpies of bound water and the different gaseous
phases are taken from [16, 17]. Finally for the specific
heats, the values proposed in [31] are used for steam and
air, while the expressions reported in [17] are adopted for
dry wood and water.

Introducing also the hypothesis of ideal gas behaviour
for air and steam, after some manipulations, Eqgs. (2) and
(3) can be rewritten as

0o,

£, = V- (DaaVe, +Dau VM +DarVT) (8)
oM
Qda =V (DMAan + Dy VM + DMTVT) (9)

where the various matrices are:

P, mg P, a‘p
Dy =—K De ) D =——Py— )
AA e g T Detr AM RT 7, "M g
VPV
DMA—m I
Maly
maPa R aPSV al// Q
Dyr =——K — — Py, —Desy,
AT = RT, g("“maJr or Yt arh >+ 7 e
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m, [P, 0
D T — —K D Psv_v
MMy = RT (ng ot e“) oM (10)
em,  OY
D = 1———P,— |Dy,
MMb Qd( 0, RT s 6M> b
em, (P, oP,, oY
Dymp =—14—— — P, | ¢ Dy,
Mt RT{T (aTw“LaT ‘)} b
_omy [Py 0,R i opP,, %
DMTV RT{?’]gKg my + (ng K8+Deff> (aT lp—"aTPsv)},

Dy = Dymey + Dumns, Dyur = Dy + Dy

By using the same notation, the energy balance is

or
5 = V- (D1aVe, +Dm VM + DrrVT) (11)

with the matrices DTA = haDAA + thMA, DTM = haDAM+
hDymy + 1Dy, Drr = K+ hyDar + b, Dy + 1Dy

The direct consequence of Eq. 6 is that sorption phe-
nomena (see [32] and [28] for a systematic description) are
not considered. To include the simulation of sorption, a
reformulation of the model and further computational work
are needed.

Boundary conditions

Since the hot plate is assumed to be impervious to gas, no
gas fluxes are imposed, while a thermal resistance for the
contact is assumed as in [12] and [14] that imply the fol-
lowing condition

—KVT -n= th(T - Tplate) (]2)

where hr, represents the heat transfer coefficient at the
contact between the wood sample and the hot plate and n is
the outside normal to the surface.

According to [14], the following boundary conditions
are imposed for the faces in contact with the ambient air:

—(DasVo, + DayVM + Dy VT) -n = h, % (Py — Pumy)
g
(13)
_(DMAan + DMMVM + DMTVT) - n

= 1y 22 (Py — Poy) (14)
Ng
—KVT 1= hp(T — Tomp) (15)

where the subscript ‘amb’ refers to the quantities related to
the ambient.

The values used for the different material parameters
described above are summarized in Table 1.
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FEM implementation in Abaqus code

In order to use the model in the FEM commercial code
Abaqus, a standard eight-node isoparametric brick element
with the same interpolation for all the unknown variables is
implemented in the user subroutine Uel [24]. A weak form
of the problem presented in the previous section is obtained
multiplying Eqgs. (8), (9) and (11) by the three weight
functions w,, wy, and wr and then integrating over the
volume V. Introducing a linearization of the functions at
the time ¢ starting from the corresponding values at the
time ¢ + At and by applying the product rule and the
divergence theorem, the following equations are obtained:

1
E/WAS(Qa7t+Ar - Qa,z)
|4
+ / VWA . (DAAVQa + DAMVM + DATVT)
\%

— /WAII- (DAAVQa —|—DAMVM+DATVT) = 0, Ywy
N

Table 1 Material parameters for the wood surface densification
modelling

Parameter Value Units Equation Reference

Heat transfer 50.0 Wm K™ 12 -
coefficient at

the contact

between wood

sample and hot

plate Ay,

Heat transfer 20.0
coefficient for
lateral surface
hr

Edges
convection
coefficient for
pressure £,

Ambient
pressure P

Ambient
temperature
Tamb

Wm K™ 15 [15]

1.0 x 107" m 13-14 [14]

101325.0 Pa 13-14 [24]

293.15 K 15 -

Relative 50 x 107" m? 4-5 [16]
permeability &,

Molar weight of  0.018015 kg mol ™! 4-5 [24]

dry air

Molar weight of  0.028964 kg mol™'  4-5 [24]

vapour
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1
E/ WmQyq (M,t+Az - M,t)
Vv
+ / VWM'(DMAVQu + DMMVM + DMTVT)
Vv

— / wyn - (DMAan +DMMVM+DMTVT) = 07 VWM
S
(16)
1
E/WT\Qcp (T,t+Ar - T,t)
Vv

+ / Vwr-(D7aVe, + Dy VM + D VT)
v

— /an-(DTAVQu + D VM + DTTVT) =0, Vwr
S

in which the differentiations are equally distributed
between the unknowns and the test functions w. Finally,
S indicates the boundary surface.

Experimental tests

In this paper, some of the tests presented in [4] are simu-
lated. The tested wood material was the clear sapwood with
regular growth rings of kiln dried Scots pine (Pinus syl-
vestris L.) from Southern Finland. An initial moisture
content MCy = 9.6 % was reached in the specimens after
2 months conditioning in relative humidity of 35 %. The
initial value for density was ¢4 = 530 kg/m* (RH 65 %,
20 °C). More details are given in [4]. The dimensions of
the specimens numerically analysed in the present work are
140 mm (longitudinal), 50 mm (tangential) and 16 mm
(radial).

The surface densification was obtained by using an
electrically heated plate incorporated into a press tool fitted
to a Zwick 1475 testing machine combined with an MTS
Premium Elite controller (see Fig. 1). The used device
included a water cooling system to enable the heated sur-
face of the press tool to be cooled from the maximum
reached temperature to below 100 °C within ~30 s. The
plate temperature was monitored by a PT-100 sensor below
the stainless steel surface. Mechanical stops forced the
specimens to be compressed to a target final thickness
(15 mm), when compression ratio of 6 % was reached.
Earlier studies have been shown that the material properties
can be enhanced rather much even with 1-mm compres-
sion, especially hardness [5, 6]. Density profiles were
measured at intervals of 0.1 mm through the thickness,

- -.J_

oo seror [l
2

Fig. 1 Device for wood surface densification

ST A%

using an ATR Density Profilometer DPM201 (1995) using
a gamma ray. More details are available in [4]. Some of the
results from [4] in terms of density profiles of vertical path
of the specimen are reported in the next section.

Numerical results and discussion

In the following, the hygro-thermal responses of the
specimens with dimensions, initial conditions and loading
rate described in the previous section are simulated under
different process parameters. The studied tests are simu-
lated following some assumptions:

e The hygro-thermal analysis is conducted on the unde-
formed mesh, so the mechanical effects due to the
compression rate during closing time are not taken into
account. The reason of this choice is that the proposed
analysis has to be considered as a first hygro-thermal
step to be used within a sequential hygro-thermo-
mechanical analysis.

e The dry wood density during the simulation is assumed
to be constant and equal to the initial density
(0g = 530 kg/m?).

For all the considered cases, the initial air density is
calculated following [25] starting from the vapour pressure
value in equilibrium with MC, at the temperature
Ty = 20 °C, according to the sorption isotherm exploited
in this work.

Case a: influence of the holding time
The experiments presented in [4] for a value of initial

moisture MCqy = 9.6 %, heating temperature T = 150 °C,
closing time = 0.5 min, two different values of holding
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1100

1000 -
“ T =150 °C, Holding time 1 min

900 { ° T =150 °C, Holding time 10 min
800 A

700 -

600 4

Density (kg/m?)

500 {4

00 20 40 60 80 10,0 12,0 14,0 16,0
position along vertical path (mm)

Fig. 2 Case a: influence of the holding time. Experimental results.
Density profiles along the vertical path at the end of the experimental
process

time (1 min and 10 min) and cooling time = 0.5 min, were
simulated. The test with holding time 1 min is taken as
reference test for the other cases studied in this work.

The experimental results do not show relevant differ-
ences between the reached profiles of density (see Fig. 2).
A slightly higher peak of density closer to the hot surface
occurs for the case with holding time = 1 min, while the
density peak is lower and slightly shifted further away from
the surface for the case with holding time = 10 min. These
results can be explained by analysing the numerical profiles
of temperature and moisture content (Fig. 4) along the
vertical path drawn in Fig. 3 and by the curves of T and
MC during time (Fig. 5):

e FEnd of holding time For the test with holding time
10 min, the higher temperature reached at the end of

Fig. 3 Case a: influence of the MC
holding time. Numerical results +1.057e-01
. . . +1.040e-01
for the case with holding time +1.023e-01
i istributi i +1.006e-01
1 min. Distribution of moisture TS a2 02
content on the undeformed +9.710e-02
_ +9.537e-02
mesl} at t‘ =120s (enfi of 19 3646-02
cooling time) and vertical path +9.191e-02
. . . +9.018e-02
in the middle of the specimen +8.846e-02
used for the calculation of +8.67 3e-02

+8.500e-02
temperature and MC profiles

(arrow from the surface in
contact with the press to the
heated surface)
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(a) 140 -

T(°C)

0 2 4 6 8 10 12 14 16

(b)0.15 1
0,13 1

0,114

*

0,09 4

-
g 0,07 4
0,05 -

0,03

0,01 T T T T T T T 1
0 2 4 6 8 10 12 14 16

position along vertical path (mm)

-m T=150 C, t=90 sec
-4 T=150 C, t=630 sec

—e—T=150 C, t=120 sec
—+—T=150 C, t=660 sec

Fig. 4 Case a: influence of the holding time. Numerical values of
temperature and moisture content along the vertical path of Fig. 3 at the
end of holding time (t = 90 s and t = 630 s) and at the end of cooling
time (t = 120 s and ¢t = 660 s). Top: T profiles. Bottom: MC profiles
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Fig. 5 Case a: influence of the 140
holding time. Numerical curves
of temperature and moisture 120 4
content during time on the
heated and middle surface of the
specimen until the end of s 100 4
cooling time (t = 660 s). Top: g.)
T curves. Bottom: MC curves ~ 80
@
k]
S 60
)
o
§
- 40
20
0 T T T T T T T T T T
0 60 120 180 240 300 360 420 480 540 600 660
Time (sec)
0,14
-0,12
- 0,1
- 0,08
=
Q
- 0,06 —
- 0,04
- 0,02
T T T Ll T T T T T T 0
0 60 120 180 240 300 360 420 480 540 600 660
Time (sec)
—e—Holding 1 min. - heated surface =-4--Holding 1 min. - middle surface
Holding 10 min. - heated surface -==-Holding 10 min. - middle surface

the holding time makes the wood surface drier compared
to the case with holding time 1 min and this causes a
bigger reduction of the moisture content on the surface as
well as a higher peak of MC shifted away from the
surface itself (Fig. 4). On the contrary, the peak of
moisture content for the case with holding time = 1 min
occurs close to the heated surface. This behaviour is
explained by the plots of Tand MC (Fig. 5). As described
in [13] for hot-pressed wood composites, also in the e
present case the sudden increase of temperature on the
surface in contact with the hot press at the end of the
closing time (30 s) produces a sudden decrease of MC.
The gradient of vapour pressure drives the vapour from
the surface into the specimen where MC increases. The
increase of moisture content on the internal surfaces

growing rate for the case with holding time 10 min. This
phenomenon produces the shift of the MC peaks towards
the middle of the specimen. At the end of holding time,
the peak of MC for the case with holding time 1 min
occurs almost in correspondence of the final peak of
density while for the case with holding time 10 min, the
peak of MC appears shifted into the specimen rather far
from the position of the final peak of density.

End of cooling time During the cooling time there is a
slight increase of MC on the external surface and a slight
decrease on the internal surface with lower peaks of MC
that are located almost in the same positions as the density
peaks reached at the end of the densification process.

The above results point out that the response in terms of

continues until the end of holding time with a higher =~ MC during holding time 1 min has a significant influence
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on the final position of the density peak. On the other hand,
the specimen was compressed only 1 mm. In the case of
holding time 10 min, the higher peak of MC far from the
surface and very close to the middle of the specimen
suggests that, in the presence of a larger compression, the
final density peak can be more shifted inside the specimen
and closer to the reached peak of MC.

Case b: influence of the heating temperature

The test presented in [4] for the case of closing
time = 0.5 min, holding time = 1 min and cooling
time = 0.5 min with heating temperature 7' = 200 °C was
simulated and compared with the numerical results of the
reference test (Case a, closing time = 0.5 min, holding
time 1 min, cooling time = 0.5 min, T = 150 °C).

The experimental profiles of density obtained in [4]
show a clear and higher peak of density close to the surface
for the case with T = 150 °C, while the density peak is
lower and slightly shifted further away from the surface for
the case with 7' = 200 °C (see Fig. 6). This behaviour is
explained in Fig. 7 by the numerical profiles of temperature
and moisture content on the vertical path of Fig. 3:

e End of holding time In the case with T = 200 °C, the
high temperature reached at the end of the holding time
(Fig. 7, top) makes the wood surface drier compared to
the case with 7= 150 °C and a higher peak of MC
occurs. In both the compared cases, the peaks of MC
are slightly shifted from the external surface into the
specimen and remain close to the heated surface. The
plots of T and MC during time (Fig. 8) explain the
reason of this behaviour, in fact the moisture content on
the middle surface shows a low-rate increase until

1100
1000 o T =150 °C, Holding time 1 min
---- T =200 °C, Holding time 1 min

900

800 &

Density (kg/m?)
~
]

40 60 80 10,0 12,0 14,0 16,0
position along vertical path (mm)

Fig. 6 Case b: influence of the heating temperature. Experimental

results. Density profiles along the vertical path at the end of the
experimental process
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about 1 min from the beginning of the test and then a
low-rate decrease.

e End of cooling time In both the compared cases, there is
a shifting of the MC peaks deeper into the specimen
(Fig. 7), but the values of the peaks are reduced due to
the decrease of temperature (and increase of moisture
content) on the surface (Fig. 8).

The obtained results confirm that the peaks of MC reached
at the end of a short holding time influence the final position
of the peaks of density. The effect of higher temperatures
produces a shift of the MC peak from the heated surface
which is also in agreement with the shift of density peak
obtained from the experiments (Fig. 6). This MC shift is less
relevant than the one obtained in Case (a) for holding time
10 min and 7 = 150 °C but larger than the shift for holding
time 1 minand 7' = 150 °C. This result also suggests that, in
the presence of a larger compression (more than 1 mm), the

140

120 4

100

80 -

T (°C)

60 -

40 -

20

position along vertical path (mm)

0,15

0,13

R §
\

-~ 4

0,09

0,07

MC(-)

0,05 -

0,03 1

\
0,01 A
0 2 4 6 8 10 12 14 16
position along vertical path

-= T=150 °C, t=90 sec —e—T=150 °C, =120 sec
-4 T=200 °C, t=90 sec —e—T=200 °C, t=120 sec

Fig. 7 Case b: influence of the heating temperature. Numerical
values of temperature and moisture content along the vertical path of
Fig. 3 at the end of holding time (t = 90 s) and at the end of cooling
time (t = 120 s). Top: T profiles. Bottom: MC profiles
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Fig. 8 Case b: influence of the 140
heating temperature. Numerical
curves of temperature and
moisture content during time on 120 4
the heated and middle surface of
the specimen until the end of — 100 -
cooling time (t = 120 s). Top: 9
T curves. Bottom: MC curves S
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final density peak for 7 = 200 °C and holding time = 1 min
can be closer to the reached MC.

Some notes on future extension of the model

The future extension of the model for a full hygro-thermo-
mechanical simulation of the surface densification process in
solid wood requires a study of the coupling between hygro-
thermal phenomena and mechanical response. For the hot-
press cases, in [10] a three-dimensional heat and mass
transfer model was combined with a one-dimensional rhe-
ological model. Further features can be exploited by

-4-T =150 °C - middle surface
----T =200 °C - middle surface

referring to other mechanical approaches used for treatment
at high temperatures or modelling of wood under compres-
sion. Orthotropic-viscoelastic-mechanosorptive models for
wood with mechanical variables depending on hygro-ther-
mal quantities were developed mainly for drying cases, for
example in [33]. Interesting results on the nonlinear
mechanical behaviour of wood under compression can be
found in [34] where a material point method (MPM) was
used. Special Abaqus user subroutines for inelastic behav-
iour of wood under compression are developed in [35].

The model proposed in the present paper can be fur-
ther developed in Abaqus FEM code by transferring the

@ Springer
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hygro-thermal results to a mechanical analysis that
includes a suitable model for wood under temperature up to
200 °C. A full model can be able to evaluate the reached
density and to deeply understand the phenomenon of spring
back. This further step is under development.

Conclusion and future work

In this study, the hygro-thermal behaviour of wood during
wood surface densification is simulated by using a
numerical approach. In this way, it is possible to numeri-
cally evaluate the distribution of moisture and temperature
inside the material during the treatment, taking into
account the phases of bound water and water vapour as
well as the dry air involved in the process.

The FEM strategy used to solve the governing equations
of the problem is implemented in the Uel subroutine of
Abaqus FEM code. The numerical profiles of temperature
and moisture content explain the reasons of the differences
between the experimental density profiles obtained within a
previous study with different values of holding time and
heating temperature. The presented model does not repro-
duce experimental results but it gives indications about the
near-correspondence of density peaks and the numerical
peaks of moisture content and temperature. Further
experimental work is needed to verify the model. The
experimental measurement for temperature is rather
straightforward, but dynamic moisture content measure-
ment will be extremely challenging. The presented method
can be considered as a first hygro-thermal step for a full
hygro-thermo-mechanical analysis of wood under surface
densification.
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