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This work proposes an accurate prediction of the directional thermal conductivity of wood at the cell wall scale.
To that purpose, the strategy combines the physical characterization at the macroscopic scale, the description
of the cellular morphology, homogenization calculations and an inverse analysis. The first step consisted in
measuring the macroscopic thermal conductivity using the Transient Plane Source (TPS) method in the three
material directions of spruce and poplar. The values range from 0.10 to 0.31 Wm~' K~' depending on direction

and species. The 3D morphology was acquired by micro-tomography and subsequently processed to generate a
digital representation of the cellular structure. This representation is the input geometry in an homogenization
procedure. Based on the results of this algorithm, the measurements of the solid fraction and the macroscopic
values, we are able to determine the microscopic thermal conductivity of the cell wall 4, which is impossible
to measure directly. 45 was also found to be anisotropic with respective values of 0.6 and 1.0 Wm™! K! in the
transverse plane and the longitudinal direction.

1. Introduction

The building industry accounts for approximately 40% of final en-
ergy consumption and is responsible for more than 36% of greenhouse
gas emissions in Europe, primarily due to heating, cooling, and air con-
ditioning systems [1,2]. This is why the sector urgently needs strategies
to reduce energy consumption and CO, emissions. One of them is to
accelerate the use of new biobased materials or existing renewable ma-
terials as insulation products in building construction [3,4], as they
accumulate several advantages: carbon sequestration, low content of
transformation energy and good combination between structural and
thermal behavior. Wood is among the most abundant renewable mate-
rials that need to be promoted as building materials.

Due to its biological origin, wood differs from other industrial mate-
rials, as it is not manufactured but produced by trees through secondary
growth and subsequent lignification. This gives rise to a complex struc-
ture composed of vertically elongated cells, of which the secondary
wall consists of an assembly of macro-molecules (cellulose, hemicel-
luloses, and lignins). In terms of mechanical behavior, the building
brick of this secondary cell wall is a long, linear chain of cellulose ar-
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ranged in crystalline bundles, called microfibrils, quasi-aligned along
the longitudinal axis of the cell for the thick S2 layer. They structure
the entire cell wall which is therefore anisotropic at the microscopic
level [5,6]. The upper scale, the cellular organization, also shapes the
macroscopic properties through its porous and anisotropic morphology
[7,8]. This unique structure results in good thermal insulation prop-
erties (0.09 - 0.35 Wm~' K~!) compared to other building materials
such as aluminum (160 Wm~' K1), granite (2.8 Wm~! K~!) and glass
(1.4 Wm~! K1), together with excellent specific mechanical properties
(stiffness and ultimate stress over density) [9-11].

The thermal conductivity of wood is then a crucial parameter,
namely as input data for modeling tools, during processing or usage of
wood [12-15]. However, the variability of wood properties, both within
and between species, makes this task tedious. Usually, two primary
conventional methods can be used to measure thermal conductivity:
the steady-state or transient methods. The steady-state method con-
sists in measuring the temperature difference across a sample d7T /dx
(Km~!) with a known heat flow J (Wm~™!), or vice versa, at steady-
state. The steady-state method, such as the guarded hot plate [16] and
the heat flow meter [17], can measure the thermal conductivity with
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high accuracy, but they require large samples and a long time to reach
steady-state.

In the transient method, a heat flux is applied to the sample and
the temperature response is recorded over time. This method is more
versatile than the steady-state method as it can measure thermal prop-
erties in non-steady-state conditions and for small samples in a short
measurement time. In this study, the hot-disk method, a type of tran-
sient method also known as the transient plane source (TPS) method,
was considered for measuring the thermal properties of wood [18-20].
The hot-disk method was developed by Gustafsson to measure thermal
properties and has the advantage of being able to measure both thermal
conductivity and thermal diffusivity over a wide range of tempera-
tures in a single measurement for isotropic materials. The relationship
between thermal conductivity, thermal diffusivity, specific heat, and
density can be expressed by an equation, making it possible to calculate
all thermal properties in one measurement for isotropic materials with
a known density. A theory has also been established for applying the
hot-disk method to anisotropic materials, which requires separate mea-
surements of specific heat and the density of the material. This method
was successfully applied to many inorganic materials such as metal and
glass [21,22], and it has been adopted in the ISO standard to measure
the thermal properties of plastic materials [23].

As a way to address the tedious demand of experimental character-
ization, the actual performances of 3D imaging devices together with
HPC (high-performance computing) allow the macroscopic properties
to be predicted by upscaling from real 3D morphologies. This scal-
ing prediction approach is an active field of research, whose basic
theory comes from theoretical works on homogenization or volume av-
eraging [24-27]. The first attempts to predict wood properties from
its anatomical structure were simple models [28] or used computa-
tional solutions on simple virtual or real 2D cellular structures [29,30].
Nowadays, the cellular structure of wood can be easily obtained by
micro- or nano-tomography using laboratory equipment [31-34] or
using Synchrotron facilities [35,36,32,37]. For instance, the Finite El-
ement method [38,39] and the Lattice Boltzmann method [40] have
been employed to solve the homogenization equations and predict the
directional thermal conductivities of 3D morphologies of wood. A fi-
nite volume scheme was proposed in [41] for the same purpose. An
efficient algorithm was designed in [42] to reduce the computational
cost by solving the stationary Fourier’s model instead of the transient
solution. However, one must keep in mind that up-scaling needs not
only the morphology, but also the local properties (microscopic scale)
to be supplied to predict the effective properties (macroscopic scale). In
the case of wood, these local properties are very difficult to obtain be-
cause cell walls are not available as is. Direct measurements by scanning
thermal microscopy (SThM) were tested [43]. However, the published
work gives relative variations of the thermal conductivity in the cross-
section of the cell wall rather than absolute values. In addition, this
technique cannot give directional values of thermal conductivity. In-
deed, the relative variations observed inside the secondary cell wall are
mostly due to the change in orientation of the microfibril in the differ-
ent layers. To overcome this experimental difficulty, a self-consistent
scheme (a global up-scaling method) was proposed as a means to pre-
dict the cell wall properties from the assembly of the cell wall polymers
(cellulose, hemicellulose and lignins) [44]. However, as the assessment
of the directional conductivity of these polymers is itself based on strong
assumptions, this virtual approach should be understood as an order of
magnitude rather than as a method of determination.

This work proposes an original and accurate approach to determin-
ing the directional thermal conductivity of the wood cell wall. Up-
scaling is a way to change spatial scale: using the phase morphology
of the heterogeneous phase and the local properties of these phases,
the method is able to compute the effective (macroscopic) property as
illustrated in Fig. 1.

Instead of this standard use where the measured value serves for
validation purposes, an inverse analysis of a full homogenization strat-
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Fig. 1. The concept of inverse analysis applied to a complete up-scaling ap-
proach.

egy is proposed here. In fact, this idea was proposed several years ago
[45], but considerable progress in imaging and computational methods
has been required for its rigorous implementation in 3D. For example in
[46,47], the authors consider the heat transfer model and utilize the TPS
method for predicting the numerical thermal conductivity of compos-
ite materials (e.g. cementitious syntactic foams enriched with hollow
glass microspheres). By applying a finite element solver, they were able
to derive thermal conductivity values, demonstrating the effectiveness
of their approach when investigating composite samples. In the present
work, we adopt an inverse analysis strategy: the microscopic thermal
conductivity values are identified to allow the macroscopic property, as
computed by homogenization, to align with the macroscopic measure-
ments.

Using the aforementioned TPS method, measurements were per-
formed to obtain the macroscopic thermal conductivity along the three
orthotropic directions of wood. Two wood species were investigated:
spruce and poplar. Besides, the same samples were scanned at high res-
olution using a nanotomograph. The 3D images were used to generate
the real 3D morphology of the samples. A manual segmentation of the
scanned sample was applied to frame the solid physical fraction of the
sample, as measured by gravimetry. Then, the face interpolated scheme
[48] was used to compute the discrete solution of Fourier’s equation.
Several computations were carried out to map the effect of density and
local conductivity on the effective value. For each species and direction,
the microscopic thermal conductivity was defined as the value that al-
lows the predicted effective value equal to the measured value (arrow
Inverse analysis in Fig. 1). For both species, the cell wall conductivity A)
depicts an anisotropic ratio of the order of 2. As expected, the conductiv-
ity is larger along the crystalline direction of cellulose: the longitudinal
conductivity is higher than the transverse values.

2. Materials and methods
2.1. Materials

Two wood species, poplar (Populus euroamericana Koster) and spruce
(Picea abies) were investigated (Fig. 2). The poplar tree came from
the forest in Auménancourtle-Petit and was supplied by the Huberlant
sawmill in Cormicy. The spruce tree comes from a plantation in the
Le Chéataignier forest in Riotord. The trees were collected with proper
permission and cut into logs at the sawmill. The samples for the ex-
periment were taken from a single, straight-grained, board without any
defects. They were carefully cut along the longitudinal direction along
which the natural variability of the wood is minimal. The sample size
and preparation method were tailored to meet the requirements of the
thermal conductivity test. The densities of spruce and poplar are 451
kg/m? and 348 kg/m?, respectively.

2.2. Experimental setting

The thermal conductivity of the materials was measured using the C-
therm Trident Thermal Conductivity Analyzer (from C-therm, Canada).
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Fig. 2. Macroscopic images of the two wood species. A) Spruce, B) Poplar.

The Flex Transient Plane Source (TPS) technique, also known as the hot
disk method or Gustafsson probe, was employed. This method imposes
a constant heat flux on the sample and measures the temperature evo-
lution. The flux is imposed via a user-defined input power P, (W) to
the Hot Disk sensor, while its resistance evolution is calibrated to get
its temperature. The Hot Disk sensor comprises a double nickel spiral
covered by thin insulating sheets and is placed between two identical
samples being tested, see Fig. 3.

During measurement, the sensor behavior can be described as a
time-dependent resistance R(?):

R(t) = Ro(l +a AT(r))

=(3) 0=

Where R, is the initial resistance of a Hot Disk sensor, a is the tem-
perature coefficient of resistance (TCR), AT(r) is the time-dependent
temperature changing of the Hot Disk sensor. # stands for characteris-
tic time, r (mm) is the outer radius of the sensor and « is the thermal
diffusivity of the tested material.

2.1)

[NSTE

The temperature increase of the specimen surface can be determined
by solving the heat conduction equation for a semi-infinite medium, as
demonstrated in [18,49,23]. Accordingly, the average temperature rise
of the double spiral heater can be expressed as follows:

AT(r) = Py(z*/*rA) ™' D(2), 2.2)

where P, is the power dissipation from the heater, 4 is the thermal
conductivity of the material sample and D(r) is a dimensionless time
function [18,49,23].

A)
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The temperature increase of the sensor during the transient period
should be linearly proportional to a function D(z). Therefore, it can be
possible to fit AT as a function of D(r) with a straight line as long as
the relationship between ¢ and r is known. The slope of the obtained
line is Py(z/ 2rA)_l, which is used to extract thermal conductivity.

Equation (2.2) is applied when the tested material is isotropic. How-
ever, if the specimen is anisotropic and has different thermal properties
along the x— and y-axes compared to the z-axis, the temperature in-
crease of a Hot Disk sensor surrounded by this material over time is
described as follows:

AT (t(a,)) = PO(71'3/2r(/1xﬂz)1/2)_ID(T(ax)), 2.3)

where A, and A, are the thermal conductivities along the x-axis (radial)
and z-axis (axial), respectively.

The radial thermal diffusivity «, in the plane of the probe (disk)
is fitted to allow the temperature evolution AT(z(a,)) to vary linearly
with function D(z(«,)). Once done, provided that both the density (p)
and specific heat capacity (C,) of the material are known (measured by
independent methods), the thermal conductivities in the x-axis (4,) and
z-axis (4,) can be established through a single hot-disk measurement.
To obtain A, the fitted diffusivity value is used to calculate A, using
the classical relation:

Ay =a,pC,. (2.4)

The axial thermal conductivity (4,) can subsequently be determined
via the experimental slope m = AT (z(a,))/ D(z(a,)) of Equation (2.3):

F, 2 1
= —) —. 2.
Az <7I3/2-r-m> A (2.5

x

As the thermal conductivities of wood are not equal in the plane
of the sensor, the value of 1, is an average of the that directions and
was never used as a measurement. It was just used to determine the
axial conductivity. The hot-disk measurements were then conducted
successively for the three material directions of wood: radial, tangen-
tial, and longitudinal. The samples were prepared in such a way that,
for each measurement, one of the main wood directions (radial, tan-
gential or longitudinal) was aligned with the axial direction (4,), as
depicted in Fig. 4. As a result, the thermal conductivity obtained in the
axial direction (depth) is, successively, the radial, tangential, and lon-
gitudinal thermal conductivity. Hot Disk Kapton sensors with radii of
13 mm were used. The input power and duration of the measurements
were selected to achieve the necessary probing depth and characteris-
tic time. To maintain constant pressure on the sensor, the sensor was
placed between two plates inside the sample holder as shown in Fig. 3.
The measurements were repeated several times, with three to five rep-
etitions per set of parameters. The experiments were conducted under

Brass free
weight

Samples

Fig. 3. The C-therm Trident Thermal Conductivity Analyzer A) hot disk sensor B) hot sensor setup depicting hot disk sensor sandwiched between twin wood samples.
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Fig. 4. Schematic representation of the symmetrical configurations obtained with twin samples to measure the thermal conductivity along the three material

directions (radial, tangential, and longitudinal).

Table 1
Specific heat values of oven-dry spruce and poplar mea-
sured using C80 technique (values at 25 °C).

Specific heat (JKg~' K1) Spruce Poplar

Value 1376 + 51 1302 + 11

ambient conditions and at room temperature. The time intervals be-
tween measurements were long enough to allow the temperature field
to equilibrate.

2.3. Specific heat measurement

The heat capacity measurement was carried out using a C80 Cal-

vet calorimeter from Setaram, employing a high-pressure air-tight cell
with an 8.5 cm® volume. Sample masses ranging from 1g to 2g were
used. In the case of hygroscopic products, preliminary results pointed
out that the perturbation due to water evaporation during heating up is
not negligible, even with a sealed crucible. Indeed, one part of bound
water evaporates into the gaseous volume of the crucible and the cor-
responding latent heat of evaporation is included as a contribution to
the heat capacity. Accordingly, the samples were dried in an oven at
378 K overnight before the measurement. The sample was placed in the
measurement cell, while the reference cell remained empty. The heat-
ing protocol was as follows. After stabilizing the heat flow signal for 90
minutes, the system was maintained at a constant temperature of 313
K for another 90 minutes. Subsequently, the temperature was raised to
383 K at a rate of 0.2 K/min, followed by an isothermal step of 90 min-
utes at 383 K. Throughout the heating process, variations in heat flow
were recorded by the Setsoft 2000 software. Values obtained for the
two wood species are shown in Table 1.
It should be noted that the obtained specific heat capacity values cor-
respond to the oven-dry state (de,y). These values were corrected to
obtain the heat capacity at the actual moisture content during TPS mea-
surements, Cpy, assuming additivity of heat capacities and assuming
bound water to have the same heat capacity as liquid water:

/’Xdery pXXprater
1+X 1+X
Where py is the sample density measured during TPS measurement
(moist mass over moist volume) and X is the moisture content obtained
by oven-dry mass determination after the test.

pxCpx = (2.6

2.4. Tomography and segmentation

We used tomography to capture the structural morphology of the
wood samples. Cylindrical samples, with millimeter-size diameters,
were prepared to obtain high-resolution scans using a lab X-ray nan-
otomograph (UltraTom by RX-solutions). The nano-focus source with a
tungsten filament and the CCD imager was mounted on the device to
obtain a resolution of the order of 1 um for a scanning time of at least
four hours. Fig. 5 depicts the full scan of the spruce and poplar samples.

The high-resolution 3D scans, as obtained from tomography after
image reconstruction, require further processing before being used as
morphology input in the computational simulation code. At first, the
image files are extremely large, which imposes an adequate ROI (Region
of Interest) to be chosen within the sample. This sub-volume is a paral-
lelepiped whose center and dimensions must be selected. At this stage,
it is possible to apply the automatic thresholding technique of Otsu
to produce the binary image. The goal is to separate and identify the
present two phases (gas and solid) and generate the morphology’s hex-
ahedral mesh. Manual thresholding was also performed to obtain solid
fractions capable of framing the physical fraction. The image processing
procedure was implemented in Python using the scikit-image package.

2.5. Up-scaling procedure

Following Fig. 1, the up-scaling methods such as homogenization
[25,27] is a technique that allows the prediction of the macroscopic
property of materials, in our case the effective thermal conductivity, by
solving a specific problem. The first step is to use the local properties of
the present phases within the medium and the morphological structure
of the phases. In the present work, the structure is described by image-
based meshing of the real phase morphology gained by high-resolution
CT scans. The local, microscopic, conductivity of the cell wall cannot
be measured physically at the pore scale, but the macroscopic property
is accessible through measurements. Taking into account these macro-
scopic values, it is possible to tune the microscopic thermal conductivity
to get the correct macroscopic value by homogenization.

In the present work, the method was applied to real 3D morpholo-
gies of wood. Before going further, let us briefly sketch the numerical
resolution of Fourier’s problem within the domain occupied by the
sample. Let Q = (x,x,,) X (3, ¥,) X (2, 2,) account for the segmented
morphology. Consider the stationary heterogeneous heat equation writ-
ten as
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Fig. 5. Scanned sample of spruce (left) and poplar (right).

-V (x)Vu) =0, in Q,
u =up, on JQP" 2.7)
Ax)Vu-n =0, on QN

where 0Q = QP UoQN and 1° is the microscopic thermal conductivity.
In the case of a morphology defined by a real structure, the classical,
proper, periodic conditions fail as the cell wall could be connected, on
the opposite face, to gas or vice-versa. The best way to pave the space by
the computed REV in this case is to consider that all planes of the REV
are indeed planes of symmetry. This turns in Dirichlet conditions on
the opposite faces orthogonal to the imposed macroscopic gradient and
Newmann conditions (fluxes equal to zero) on the four remaining faces
parallel to the macroscopic gradient. Therefore, for the computation of
the conductivity in, let’s say, the x direction, one sets u;, = 1 on the face
{x=x,} and up =0 on the opposite face {x =x,,}. Adiabatic Neumann
boundary conditions are imposed on the rest of the boundary dQ".

In order to get the computational solution of (2.7), we apply the 3D
face interpolated scheme to Fourier’s law [50]. This methodology can
deal with general hexahedral meshes. Not only it offer a cheap com-
putational cost, but it also provides accurate results, see [48] for more
details. First, the domain Q is discretized using the hexahedral mesh
T generated from the sample’s morphology. The volumes of this parti-
tion are denoted by V. Then, in each volume, the approximate gradient
Vyu, is reconstructed using three directions offered by the opposite
faces of the cell. As a consequence, the numerical temperature is de-
rived by solving the linear system obtained from the discrete variational
formulation

/Ag(x)Vuh(x)»V(ph(x)dx: Z V129 Vyu, Ve, =0, (2.8)
Q VeTr

where ¢, is a piecewise constant function on the mesh vertices. The
equation associated to the node i € Q\ QP is obtained by taking ¢, = 1
and ¢; =0 for all (j #) in Eq. (2.8).

Finally, one can deduce the predicted thermal conductivity by as-
sessing the ratio of the boundary flux (qgﬂm) to the global gradi-
ent éu/ |x,, — xo|. More importantly, using the Dirichlet and Neumann
boundary conditions separately, one has

@l @)X ol

A . .
R Su v Su
Dir
@y x |2, - 7|
L= ou

3. Results and discussion
3.1. Experimental values

The measured thermal conductivity values of studied wood ranged
from 0.10 to 0.31 Wm~!' K™! (Fig. 6 and detailed in Table 2). For both

0.45

0.40 1

0.35+

0.30+ >$
025+ > %
0204

0.151

Thermal conductivity (W/mK)

0.10 1

0.05+

0.00 1 1 1 1 1 1
PoplarL PoplarR PoplarT SprucelL SpruceT SpruceR

Fig. 6. Directional thermal conductivity values of spruce and poplar samples
measured using the TPS method.

Table 2

Mean values obtained for the spruce and poplar sample.
Sample Ar A AL
Spruce Wm™' K1) 0.118 + 0.004 0.122 + 0.003 0.311 + 0.008
Poplar (Wm~' K~!) 0.108 + 0.011 0.105 + 0.005 0.235 + 0.010

species, the thermal conductivity in the longitudinal direction (L) was
found to be significantly higher than in the radial (R) and tangential
(T) directions. For instance, the thermal conductivity of spruce wood in
the L direction was 0.311 W/mK, while in the R and T directions, it
was 0.118 W/mK and 0.122 W/m K, respectively. Poplar wood demon-
strated similar results, with a thermal conductivity of 0.235 W/mK in
the L direction and 0.108 W/mK and 0.105 W/mK in the R and T di-
rections, respectively. In L direction, the heat conductivity of the solid
phase is high because the heat flow is parallel to the cellulose microfib-
rils. In addition, in this direction, the phases of the porous medium are
organized in parallel as the flow is along the axial direction of cells. Al-
together, it is well known that, in wood, the longitudinal conductivity
is higher than in the R and T directions [50].

Furthermore, it can be discerned from the same figure that spruce has
a slightly higher thermal conductivity than poplar, which can be at-
tributed to their difference in density. As the solid phase is the most
conductive for thermal transfer, a higher density increases the ther-
mal conductivity. In addition to the density, the difference between the
two species is believed to be due to the difference in cellular structure
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Fig. 7. From left to right: binary morphology, temperature gradient for spruce and poplar respectively. (For interpretation of the colors in the figure(s), the reader

is referred to the web version of this article.)

Table 3
Solid fraction of spruce and poplar as a function of the REV size.
Sample ~ REV1 REV2 REV3 REV4 REVS REV6
Size 32x32x63 64x64x127 96x96x191 128x128%255 160x160x319 192x192x383
Spruce 0.309 0.324 0.316 0.318 0.3160 0.323
Poplar 0.337 0.328 0.274 0.250 0.2389 0.259
between spruce, a softwood mainly made of tracheids and poplar, a Table 4

pore-diffuse hardwood, which presents a dual-scale organization (ves-
sels and cells). These results are consistent with previous studies in the
literature [51,52].

The anisotropy ratio in the cross-section (R-T plane) is indeed a fre-
quently debated topic, and the outcomes can vary based on the wood
type. Maeda et al. (2021) [52] observed comparable values in the R and
T directions, particularly for woods with a density below 500 kg/m?.
Our study focused on woods with densities under 500 kg/m?, which
aligns with Maeda’s observations. Steinhagen (1977) [53] explains that
the conductivity ratio between these two orientations (tangential and
radial) is influenced by various structural elements of the anatomi-
cal pattern. For example, oak, which has a large number of ray cells,
showed a significant difference between tangential and radial conduc-
tivities, while spruce, which has fewer ray cells, exhibited a smaller
or no difference in the conductivity. It is interesting to mention that
our work is able to distinguish these two effects of the macroscopic
conductivity: i) the phase organization, which is considered by the ho-
mogenization with image-based meshing of the real anatomy and ii)
the anisotropy of the cell wall itself which is an input parameter of
the up-scaling calculation but that will be determined by inverse anal-
ysis.

3.2. Convergence test

In this first numerical experiment, a convergence test was conducted
with the guess value (0.5 Wm™! K1) of the microscopic thermal con-
ductivity. The objective is to find a Representative Elementary Volume
(REV) whose size is sufficient for stabilizing the effective property.
First, the anatomical axis of the wood sample was aligned with the
standard Cartesian directions. The sequence of the considered REVs is
taken within the full 3D image of the sample. They are denoted by
REV; = (x, xin) X (¥g» yin) X (29, ZL) where
X, =Xo+32Xi, Y=y +32%i, z =(64xi) -1,

=

fori=1,--,6.

In the case of spruce, we set (x, yy, zy) = (1155,870,555) as the center.
For poplar, we consider the center (xy, yy, zo) = (940,940, 555). Running

The thermal conductivity of spruce and poplar in the orthotropic directions as
a function of the REV size.

Sample A(Wm™'K') REV1 REV2  REV3 REV4 REV5 REV6
Ar 0.112  0.115 0.114 0.116  0.114  0.118
Spruce A 0.117  0.123  0.119 0.117 0.115 0.116
A 0.167  0.172  0.1707 0.170 0.169  0.171
Ar 0.145  0.125 0.110 0.101  0.095 0.104
Poplar A 0.085 0.104 0.083 0.074  0.075  0.080
A 0.181  0.174  0.150 0.140 0.135  0.142

the Python script of the segmentation yields the binary morphology of
spruce and poplar exhibited in Fig. 7.

Based on literature [41,42,50], let us set local thermal conductiv-
ity A% for the two phases such that 45 =05 Wm~!'K~!, for solid and
/lg =0.023 Wm~! K~! for gas. The numerical solution of the discretized
model (2.7) is exhibited in Fig. 7 for spruce and poplar. In this case,
Dirichlet boundary conditions are imposed on the lower and the upper
faces of the z-direction. The gradient distribution highlights that the
cell walls are the conducting phase.

The computed solid fractions are presented in Table 3. The conver-
gence is noticed in the last volumes as the size becomes important.
The corresponding predicted thermal conductivities are given in Ta-
ble 4. For both species, the longitudinal conductivities are larger than
the transverse ones. As the cell wall conductivity was assumed isotropic
for these preliminary tests, this macroscopic anisotropy is solely due to
the phase morphology distribution. The transverse values of spruce are
quasi-similar, which indicates that the macroscopic value is at the same
distance between the pure series and pure parallel models, whatever
the transverse direction. However, a significant difference is observed
for poplar, which is consistent with the elongated shape of vessels in
the radial direction.

In all cases, the computed values converge, whatever the direction,
as the REV size increases. This successful convergence test allows us
to move on to the inverse analysis. Table 4 shows that the computed
thermal conductivity converges from the fourth size. Therefore, a REV
with the size 160 x 160 x 319 voxels will be used in the following.
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Fig. 8. Convergence of the macroscopic thermal conductivity in the case of poplar for different values of A€ {0.1,0.3,0.5} [W.m~' . K.

Fig. 8 exhibits the convergence of the macroscopic thermal conduc-
tivity versus the REV size for the poplar sample. Three values of the
local property are considered /15 €{0.1,0.3,0.5} [Wm~! K~!]. It is shown
that the choice of Aj does not greatly impact convergence behavior.
Indeed, the property is unstable on the first volumes. As it stabilizes af-
terward, the last volumes can be considered Representative. This might
be quite questionable for poplar which presents a dual-scale porosity
(vessels and cell lumens). However, we were limited by the CPU time
as the inverse procedure proposed in this study requires many runs to
be performed. The REV size used here can be considered fairly good for
spruce and acceptable for poplar when looking at Fig. 8.

3.3. Inverse analysis

This section is devoted to the determination of the local values of
conductivity (cell wall scale) by inverse analysis of the 3D homoge-
nization procedure. This was completed to determine the microscopic
thermal conductivity, 13, for the two species and the three material di-
rections. For this purpose, the known, isotropic, conductivity of the air
Ag was fixed while the cell wall conductivity was mapped by discrete
values over a range of values:

A=(04+ix002) Wm™' K™, forall ,i=0,,40. (3.1

As explained in Section 2.4, manual thresholding was applied to
ensure that the resulting solid fractions encompass the actual solid frac-
tion, determined from density. The solid fraction is simply computed by
assuming the intrinsic cell wall density to be close to 1500 kgm~3 [50].
The physical solid fraction e is then 457/1500 = 0.305 for spruce and
348/1500 = 0.232 for poplar. The manual thresholding was performed to
get a lower bound £/ smaller than % as well as an upper one ¢ larger
than 7.

The homogenization values were then computed for all discrete val-
ues of microscopic cell wall conductivity and the two bounds of solid
fraction (4%, A" for each discrete value of local conductivity). From
this full mapping, we selected the two values of i, i; and i; such that
the physical A of the sample is bounded as follows

Aio,f S}.Slil’u.

From this set of runs, we obtained a data set giving, for each di-
rection, the macroscopic conductivity as a function of the microscopic
cell wall conductivity, for the various solid fractions obtained by the
different thresholding values. Finally, a bilinear interpolation over the
solid fraction and the macroscopic conductivity allows to infer the ad-
equate microscopic conductivity 4; able to give, by homogenization,
the measured macroscopic conductivity 1. Fig. 9 shows the results of
the extrapolation strategy, i.e., the microscopic thermal conductivity in
terms of the solid fraction and the macroscopic thermal conductivity
for spruce and poplar species for each orthotropic direction. One can
see the combined effects of microscopic conductivity (color scale) and
the solid fraction (x-axis) on the macroscopic conductivity (y-axis). The

Table 5
Microscopic A; associated to the results of predictions and measurements.

Sample M A (W/(mK)) 4y (W/(mK)) Macroscopic value
Ar 0.556 0.118
Spruce 0.304 A 0.600 0.122
i 1.003 0.311
Ar 0.582 0.108
Poplar 0.232 A, 0.899 0,104
A 0.950 0.235

intercept of the correct solid fraction (arrow 1 in Fig. 9) and measured
conductivity (arrow 2 in Fig. 9) is designed by a marker in each sub-
plot. The identified microscopic value 47 can be seen on the color scale
(arrow 3 in Fig. 9).

Table 5 reports the identified values of the microscopic thermal con-
ductivity of the considered samples along the radial, tangential and
longitudinal directions: this table summarizes the key results of this
work. Similarly to the macroscopic level, it is observed that the ra-
tio of anisotropy between the transverse plane and the L-direction is
around two at the pore scale for spruce. This is consistent with the
macro-molecular structure of the cell wall, with cellulose chains aligned
along the cell axis [50]. A similar conductivity was found for poplar in
the longitudinal direction (0.950 W/(mK) instead of 1.003 W/(mK)
for spruce). Poplar is however different in the transverse plane. As
already commented, the homogenized conductivity is larger in the ra-
dial direction than in the tangential direction, which is consistent with
the elongated shape of vessels. However, the measured values are al-
most isotropic in the plane. Consequently, the identified conductivity
of the cell wall is larger in the tangential direction (1 =0.582 W/(mK)
and A, =0.899 W/(mK)). This could be explained by the difference in
thermal behavior between the cell wall of fibers and vessels, or by an
overestimation of the density of ray cells by the thresholding. One might
also note that the convergence is less obvious for poplar, due to the dou-
ble porosity distribution (Table 4). The boundary conditions applied to
the unit cell assume this unit cell to be symmetrical. For vessels touch-
ing the border, this is likely to create, by symmetry, large tangential
inclusions of low conductivity. Further works are in progress in our
team to parallelize the code, which is required to work on larger unit
cells while keeping the required spatial resolution required to represent
correctly the cell wall geometry. In conclusion, the results obtained for
spruce in the transverse plane seem more reliable than those for poplar.
For the intrinsic properties of the secondary wall, we therefore propose
to use the values 0.6 and 1.0 Wm~! K~!, respectively in the transverse
plane and in the longitudinal direction.

4. Conclusion

This work is devoted to the determination of the direction of thermal
conductivities of the wood cell wall. As this value is very difficult, if not
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Fig. 9. Prediction of the macroscopic conductivity by homogenization (y-axis) for various values of solid fraction (x-axis) as a function of the microscopic value
(color scale). Using the measured values of solid fraction(1) and macroscopic conductivity (2) to predict the suitable microscopic thermal conductivity (3). Results
of spruce (left) and poplar (right) in the radial, tangential and longitudinal directions.

impossible, to measure directly, a novel approach, based on the inverse
analysis of a full 3D homogenization is proposed.

The method includes the experimental characterization at the
macroscopic level, high-resolution tomographic scans of the wood sam-
ples, the generation of a mesh from the real morphology and the
computational solution of the homogenization problem. The solution

of the heterogeneous Fourier’s equation was obtained by the robust and
accurate 3D face interpolated scheme. The work was conducted for two
wood species: spruce and poplar.

Homogenization was used here as an inverse procedure: for each
species and each material direction (Radial, Tangential and Longitudi-
nal), the macroscopic value was computed for discrete values of local
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conductivity and solid fraction. The local value was then defined as the
value able to predict the measured conductivity for the right solid frac-
tion. The cell wall conductivity was found to be highly anisotropic, with
a factor of the order of 2. The cell wall is more conductive in the longi-
tudinal direction (1.003 Wm™! K~ and 0.950 Wm™! K~! respectively
for spruce and poplar).
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