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In recent years, the fight against climate change has come to the fore. In this scope, the use of vegetal wools, which can store carbon dioxide, is
particularly relevant for developing greenbuilding solutions. Moreover, considering their high porosity levels, the thermal performances of these
materials can com-pete with conventional insulators ones. These performances are related to the microscale vegetal fibres specificities that are used in
the wool manufacturing process. So, a self-consistent modelling approach is developed in order to model the vegetal wools thermal properties as a
function of their microscale parameters. To do that, a simplifying assumption assimilates the fibres to a representative elementary volume based on a
biphasic (including solid and fluid phases) cylindrical inclusion. This model has been validated in the specific case of a flow perpendicular to the fibres
by comparison with experimental char-acterisations performed on four materials in real hygrothermal conditions and with data from literature. Thanks
to a parametric analysis, it is finally shown that for high porosity values (> 95%), vegetal wools thermal properties present interesting values regardless

of the solid phase thermal conductivity.

1. Introduction

In the actuel context of climate change awareness, the building
sector appears to be one of the main contributor to greenhouse gas
emissions. The use of biobased materials, such as vegetal wools, is
becoming increasingly relevant to meet the new thermal insula-
tion expectations in buildings. Indeed, these materials present
the advantage of storing carbon dioxide, which is the main green-
house gas responsible for global warming, over a long period [1].
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Moreover, these sustainable materials are in line with smart man-
agement of natural ressources having a lower environmental effect
than traditional insulation materials [2].

On the other hand, vegetal wools are fibrous materials charac-
terised by a strong variability at the level of their fibres such as
their morphology, shape and size distribution [3-5]. These vari-
abilities are related to the growing conditions [6] and the retting
process [7], which corresponds to the first natural treatment of
fibres. It reduces pectic cements and contributes to the mechanical
defibration process [8]. To a certain extent the retted fibres present
a better quality than the other unretted ones [9]. Thus, it seems
that retting process does not modify the fibres size but allows an
easier defibering process which leads to a better separation of fibre
bundles [10,11].
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Despite these specificities, these materials have interesting
thermal properties and have proven to be as efficient as conven-
tional products [12]. Thermal conductivity values from the litera-
ture are summarized in the Table 1 for flax and hemp wools.

However, these values are slightly heterogeneous due to the dif-
ferent characterisation methods (permanent or transient operating
conditions) and the hygrothermal conditions may also differ or are
even not reported. Besides, vegetal wools have a strong hygro-
scopic behaviour [18], so that the hygrothermal conditions have
a significant effect on their thermal conductivity. Ref. [13] high-
lights an increase of flax wool thermal conductivity of about 10%
and of about 15% for hemp wool, when moisture increases from
0% to 10%. In [14] the impact of temperature on both flax and
hemp thermal properties is also quantified. For a temperature
increase of 10—30 °C, the thermal conductivity of these both mate-
rial raises around 16%. This rise is also confirmed to a lesser extent
in [19] for material based on palm fibres with thermal conductivity
values of 0.0555W.m~'.K™! for 20°C and 0.0578 W.m~'.K! for
30°C.

Refs. [20,21] underlines that the thermal conductivity is also
correlated to the material bulk density. Refs. [21-23] also specifies
that the microstructural organisation and both the fibre composi-
tion and size have a strong impact on vegetal wool thermal
properties.

Regarding modelling approaches, several models in the litera-
ture describe the thermal conductivity of porous media. A number
of them have been evaluated for two fibrous material, a hemp wool
[17] and a barkcloth material [24]. The relative deviations between
experimental characterizations and modelling predictions are
shown in the Table 2.

The commonly used basic models dedicated to biphasic media
(including fluid and solid phases) are serie and parallel models
[25]. In the first case, the heat flow passes successively through
fluid phase and solid phase. This configuration gives a preponder-
ant part to the fluid phase. In the second case, the heat flow passes
through both fluid and solid phases all at once. A lot of other mod-
els are based on different mix of this two basic models such as the
geometric model [26], Willye and Southwick model [27] and
Krischer and Kro6ll model [28]. However, all these modelling
approaches give high relative deviations with experimental mea-
surements as shown in the Table 2. It can be explained by the fact
that they have not been dedicated to the specific microstructure of
materials. Willye and Southwick [27] and Krischer and Kréll [28]
modelling approaches differ from the previous ones by taking the
material anisotropic nature into account. However, their configura-
tion cannot be adapted to take microscale parameters into account,
such as fibre characteristics for fibrous materials.

Other models based on spherical geometries were also evalu-
ated by these both papers. Halpin-Tsai model [29] and Lewis-
Nielsen model [30] are dedicated to isotropic particles. They seem
to underestimate the hemp wool thermal conductivity as shown in

Table 2
Evaluation of thermal conductivity models based on relative deviation with exper-
imental characterizations of a Hemp wool [17] and a Barkcloth material [24].

Model Hemp wool [17] Barkcloth References
material [24]

Serie —38% —66% [25]
Parallel +72% —-35% [25]
Geometric —26% -51% [26]
Willye & Southwick (=17%)—(+60%) / [27]
Krisher & Kroll (=32%)—(+15%) / [28]
Halpin-Tsai —-34% / [29]
Lewis-Nielsen -24% / [30]
Maxwell solid spheres / -79% [31]
Maxwell fluid spheres +40% / [31]
Cheng & Vachon / -5% [32]
SCM (2 phases) +45% / [33]

the Table 2. However, for the hemp fibres, the constituting reparti-
tion of each basic vegetal element (cellulose, hemicellulose, pectin
and lignin) is different from that of hemp particles [34,35].

Both Maxwell models with upper and lower limits are based on,
respectively, dispersed solid spheres in a fluid phase and dispersed
fluid spheres in a solid medium [31]. In the first case, Maxwell
model underestimates the thermal conductivity value (relative
deviation: 79%) and in the second case, it overestimates it (relative
deviation: 40%). This can be explained by the fact that the mod-
elling approach is based on an isotropic spherical geometry that
is not adapted to the case of anisotropic fibrous materials closer
to a cylindrical geometry.

Ref. [24] also evaluate the Cheng and Vachon model [32] which
determines the effective thermal conductivity of a two phase solid
mixture. With a relative deviation of 5%, this model is identified in
[24] as the most suitable. However, as the other previous models, it
is not specifically dedicated to the specific microstructure of
fibrous materials.

In [17], the proposed model as the most suitable one is a
numerical approach based on tomographic 3D images. Such a
numerical approach had been previously developed by [36]. One
of the main advantages of these methods is the relatively fine mor-
phology modelling of the solid phase. However, these approaches
require a large number of parameters and numerical calculations
to build a 3D representative elementary volume. Moreover, even
if the macroscopic properties of materials are based on microstruc-
ture parameters, there is no analytical relationships between them.

Other micro-macro approaches based on an analysis of the
physical phenomena at the heterogeneities scale exist. A self-
consistent method (SCM) has been used for instance by Boutin
[33] based on the work carried out in [37]. It relies on an
homogenisation between microscopic scale parameters and
macroscopic scale properties. The specificity of this self-
consistent approach is based on the energy equivalence between
a generic inclusion representative of the physical and geometrical

Table 1
Thermal conductivity experimental values for flax and hemp wools.
Hygrothermal
Wool Conditions A Density Regime References
TCC) — RH(%) (W k) pa (kgm™?)
23°C - 0% 0.0429 32 Permanent [13]
Flax 23°C — 50% 0.065 25 Permanent [14]
/ 0.052 27 Transient [12]
23°C — 50% 0.062 25 Permanent [14]
Hemp / 0.037 100 Permanent [15]
/ 0.04 / / [16]
/ 0.052 36.2 Transient [12]
room temp. —0% 0.047 / Transient [17]




properties of a media at microscopic scale, and the homogeneous
equivalent medium at the macroscopic scale. However, the model
proposed by Boutin [33] is dedicated to granular materials since it
is based on an elementary volume with a spherical inclusion. As
shown in the Table 2, this approach gives relatively far results from
the experimental value with a relative deviation around 45%.

So, in order to better fit with vegetal fibres morphology and ani-
sotropic material nature, it would be interesting to develop a sim-
ilar self-consistent thermal conductivity modelling on the basis of
a cylindrical inclusion. This approach can be validated by compar-
ison with experimental data.

Thus, this paper is organised as follows: Section 2 introduces
the studied materials used for modelling and the experimental
device and methods used to characterise them. Then, Section 3
describes the thermal SCM model developed and used for vegetal
wools. Finally, in Section 4, the model is validated by comparison
with experimental data and both results and method used are
discussed.

2. Materials and methods

In this section, four materials are first introduced. Then, the
experimental method used to characterise the thermal conductiv-
ity is presented.

2.1. Materials

The four materials characterised for reference data are biobased
fibrous materials. These vegetal wools are manufactured by a ther-
mobinding process with only one type of vegetal fibre, hemp or
flax. Both these fibre types have been chosen because they are
among the most widely used vegetal fibres for building insulation.
Materials are refered to “Hemp1”, “Hemp2”, “Flax1” and “Flax2”.
The first hemp wool stems (“Hemp1”) were harvested with a ret-
ting period, but not the second one (“Hemp2”). For flax, both wools
were retted, but the second one received an additional mechanical
treatment to obtain a cottonized linen wool (“Flax2”). The four
vegetal wools are shown in Fig. 1.

As a first approach, it appears that wools are made of successive
horizontal and parallel fibre layers [38], which gives them an ani-
sotropic behavior. These fibre layers are perpendicular to the heat
flow in building applications.

The wools characteristics are presented in Table 3.

Both thickness and bulk density characterizations are based on
5 measurements for each material sample.

The four vegetal wools have been chosen to test the validity of
the model developed in this paper. So, they present a different
value range for bulk densities, thickness and porosities which
enables us to analyse the influence of these parameters on the
materials thermal conductivities.

2.2. Methods

2.2.1. Porosity

The porosity (¢) of these materials was determined thanks to
the measurement protocol based on the works of Beranek [39]
and optimised by Champoux et al. [40]. This direct caracterisation
relies on the Boyle-Mariotte law. A known volume sample is placed
in a hermetic and insulated cell to ensure isothermal measuring
conditions. Then, a piston reduces the cell volume by a known
value. The variation of pressure is measured by a differential pres-
sure sensor. So, the solid phase volume can be determined using
the Boyle-Mariotte law and thus, it enables to evaluate the sample
open porosity. It corresponds to the inter-fibre and intra-fibre open
porosity. In this work, the intra-fibre porosity is not considered.

Fig. 1. The materials, (a) «<Hemp1», (b) «<Hemp2», (c) «Flax1», (d) «Flax2».

Table 3

Characteristics of the vegetal wools - Bulk density, porosity and thermal conductivity
are obtained under the laboratory hygrothermal conditions (T =25 +0.8°C —RH =
40 + 2%). Data are presented with mean value + standard deviation.

Material Thickness Bulk density Porosity Thermal
(mm) (kg.m3) (%) conductivity
(mW.m-1 K1)
Hemp1 101+2 454+24 96.24+0.2 44 £1
Hemp2 43 +1 672+13 942+0.2 55+1
Flax1 5041 35.0+1.8 97.5+03 40 +2
Flax2 48 £2 66.3+3.2 96.1+0.3 50 +2

Indeed, it can be shown under simple assumptions that, for the
range of studied materials porosities, the intra-fibre porosity is
lower than 0.2% of the total porosity [4].

To determine this accessible porosity, measurements have been
realised with 5 samples from each material under the laboratory
hygrothermal conditions. Differences of 0.02% have been esti-
mated between porosity values caracterized for relative humidities
of 0% and 40%. This shows that moisture has a very low influence
on accessible porosity. The results of this experimental characteri-
sation are presented in Table 3. Generally, the vegetal wools poros-
ity is very high with values above 90%. Moreover, the porosity
range is directly correlated with the bulk density and the solid
phase density.

2.2.2. Thermal conductivity

As vegetal wools are mainly used as insulating materials, ther-
mal conductivity (1) is evaluated to characterise their thermal
properties.

Thermal conductivity measurements were made in the labora-
tory hygrothermal conditions, at a temperature of T = 25 +0.8 °C
and at a relative humidity of RH = 40 + 2%.



The thermal conductivity of the materials was obtained by a
transient measurement method. A Neotim FP2C © hot wire con-
ductivimeter has been used. It is based on the Standard Test
Method for Thermal Conductivity of Plastics by Means of a Tran-
sient Line Source Technique (ASTM D 5930-2017) and RILEM AAC
11-3 recommendation. With this device, a thermal shock probe is
placed between two samples of the material to be characterised.
The probe produces a local heating of a few degrees (above the
ambient temperature). The temperature increase is recorded over
time by the probe. The power sent by the probe is also known
and when time tends to infinity, both these parameters could be
related to sample thermal conductivity.

The experimental measurements have been performed with a
power of 0.1 W and a measurement time of 120 s. For each test,
the temperature increase is in the range [15 — 20] °C. Ten thermal
conductivity values have been obtained for each vegetal wools by
varying the sample pairs and faces exposed to the probe.The exper-
imental device, presented in Fig. 2(a), enables us to ensure an
homogeneous contact between the probe and the samples. The
thermal characterisation results of the four vegetal wools are pre-
sented in Table 3.

As expected, thermal conductivity values are correlated with
bulk density and porosity values. For the same bulk density, the

Fig. 2. Experimental compression device, (a) Hemp wool without compression
(205 mm) (b) Hemp wool with compression (140 mm).

green hemp, which is the least porous material, has a higher ther-
mal conductivity value than retted flax.

In order to extend the experimental thermal conductivity val-
ues to higher bulk densities, materials have been compressed. A
one-dimensional compression along the axis perpendicular to the
fibre layers and without impact on the fibres radii has been per-
formed. In these conditions, the material thickness decreases with-
out any significant modifications of other dimensions of the
samples, as illustrated in Fig. 2.

Before the experimental measurement, a stabilisation time of
five minutes has been respected to ensure the homogeneity of
the samples under compaction. Experimental measurements are
shown in Fig. 3.

These four wools present a similar behaviour with a linear
increase of their thermal conductivity as a function of bulk density.
Moreover, for a given bulk density (also check for porosity), «<Hem-
p2» wool has the highest thermal conductivity, «Flax1» wool has
the lowest one and both «Hempl» and «Flax2» wools present
equivalent values.

3. Modelling

Three types of heat transfer could be considered: convection,
radiation and conduction.

Convection heat transfer has generally a negligible contribution
in comparison with conduction effect according to several refer-
ence papers dealing with fibrous insulation materials. Indeed, for
conventional fibrous insulation materials, this effect is not taken
into account [22,41-44] as well as for vegetal fibrous insulation
materials [23,16,45].

In [22,23,16,42-44], the heat transfer by radiation is expressed
as a radiation conductivity, A.giaion. Then, the equivalent material
conductivity is determined by the sum of the conduction conduc-
tivity and the radiation conductivity. In a simple way, Aqgiaion Can
be expressed as a function of p~', the material bulk density. So,
as shown in [22], the radiation effect for fibrous materials occurs
for low bulk densities and its influence on the equivalent thermal
conductivity is caracterized by an «optimum bulk density». For a
material bulk density lower than this «optimump», the radiation
heat transfer is the main effect and the thermal equivalent conduc-
tivity decrease quickly. For a material bulk density higher than this
«optimumpy, the conduction heat transfer is the main effect and the
thermal equivalent conductivity increases in a linear way.

For the studied vegetal wools, the experimental caracterisa-
tions, illustrated in Fig. 3, do not seem to show an «optimum bulk
density» related on a radiation effect. However, based on the work
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Fig. 3. Experimental measurements of vegetal wools thermal conductivities depending on the bulk density realised under the laboratory hygrothermal conditions

(T =25°C— RH = 40%).



leads by [22], we are aware that for the «Flax1» wool, having a bulk
density of 35.0 kg.m3, we are at the limit of this radiation «opti-
mum bulk density».

So, in this paper, the modelling approach is based on the equiv-
alent thermal conductivity.

Moreover, in order to take microscopic parameters, such as
fibres radii, into account, a micro-macro approach is used for the
thermal conductivity modelling. One of these micro-macro meth-
ods is based on the homogenisation of periodic media (HPM)
[46,47]. Thus, regardless of the microscopic geometry, it is possible
to solve equations based on physical phenomena at micro scale by
using numerical simulations. However, the aim of this paper is to
obtained analytical equations of the effective thermal conductivity.
So, a self-consistent method (SCM) can be used to find solutions in
a simplified microscopic configuration at the fibres scale, but still
representative of its specific morphology.

3.1. Hypotheses and basic principles of HPM

The homogenisation of periodic media is based on the following
fundamental assumptions [46,47]: the existence of a representa-
tive elementary volume (REV) and the scale separation between
the macroscopic media properties and the microscopic characteris-
tics of heterogeneities.

So, the characteristic length (1) is related to the REV, as shown in
Fig. 4, and the thermal phenomenon is associated to the macro-
scopic length (L). Both lengths are related to the scale ratio & = «1.

This figure represents the simplified material modelling in
which fibres are parallel to each other and in a regular layout.

Fig. 4. The macroscopic porous medium (on the left) and the periodic cell of volume
Q at microscopic scale (on the right).

The case of a single porosity medium with a rigid skeleton is
considered. As shown in Fig. 4, the medium is biphasic with a solid
phase (Q;) satured by a fluid phase (Qf) composed of air. The air
thermal conductivity is lower than the solid phase one. So, heat
exchanges occur in the medium and at a local scale, the tempera-
ture variation (T) is ruled by the static linearised heat equation:

JAT + gradT . grad/ +m = pc @—D )

m being the internal heat production and c the heat capacity.
The following assumptions can be made to simplify this
equation:

- Small spatial variation of the specific thermal conductivity of

each phase under a small temperature variation: grad.i = 0;
- No internal heat production: m = 0;
- Permanent regime: 2L = 0

So, Eq. (1) becomes:
JAT =0 2)

The last hypothesis of HPM concerns the energy consistency
between the microscopic and macroscopic medium descriptions
[48].

3.2. Basic configuration of SCM

Vegetal wools are natural fibrous insulation materials. So, to get
a relevant simplified morphology of vegetal wools microstructure,
we consider here a generic cylindrical inclusion at the fibre scale as
a representative volume (Q), described by radius (R) and surface
(8Q). This volume matches an inclusion of a fluid cylinder having
a radius AR and a volume €, into a solid cylinder of radius R and
volume €, as shown in Fig. 5. Thus, the porosity of this inclusion

is ¢ = % = p2. Since the solid phase is composed of vegetal fibres
but also of polymer fibres (generally around 15% of vegetal wools
mass), an average radius based on the distributions of these two
types of fibres is considered for this phase [5].

Moreover, in a first approach, the effect related to contact resis-
tance between fibres, discussed in [49], was not taken into account.
However, we are aware that it could have an impact on the mod-
elling results. In this paper, the hypothesis of a perfect contact
between the fibres is done. The thermal contact conductance

Fig. 5. The generic solid-fluid inclusion (on the left) and the equivalent macroscopic medium (on the right).



constant (C), introduced in [49] to take the contact between the
fibres into account in a generalized self-consistent spherical mod-
elling approach, tends towards infinity and the additional term to }
tends towards 0.

As for HPM, the behaviour of both equivalent macroscopic
media and corresponding phases complies with heat equation
given in Eq. (2). The aim is to find an equation between the effec-
tive thermal conductivity (at the macro scale), the specific thermal
conductivity of each phase and the porosity (at the micro scale). So,
the hypothesis made here is that the equivalent macroscopic med-
ium and the generic fluid-solid inclusion are both submitted to a

uniform forcing temperature gradient (6), with G = grad T, as

shown in Fig. 5. G is characterised by an amplitude (G) and a
direction.

The fibre organisation in the material depends on the manufac-
turing process. So, as underlined previously (cf. paragraph 2.1.),
vegetal wools panels have fibres organised in parallel layers. Due
to this vegetal wools anisotropy, we can define two main working
directions. The first one is perpendicular to the fibre direction and

is based on (eT, e7) plane. The second one is parallel to the fibres

according to the €, axis, as shown in Fig. 5. However, only the first
case corresponds to the main practical orientation of these insula-
tion materials. In these conditions, even if all scenarios could exist,
only one specific modelling case is studied: the thermal flow per-
pendicular to the fibres.

3.3. SCM approach for a perpendicular heat flow

In the rest of this paper, the index s, fand eq correspond respec-
tively to the solid and fluid phases and to the equivalent macro-
scopic medium. In the following subsection, the index o« can be
replaced by each of previously index (s, f and eq).

3.3.1. Temperature expression
The heat equation, Eq. (2), can be written in cylindrical
coordinates:

T, L1or 1 >’T,
o2 " r or 12 9p?
To find generic solution of Eq. (4), temperature can be written

with two independent functions: T,(r,0) = f,(r).h(6). In view of
the hypothesis, h(0) can be written as:

-0 (3)

h(0) = Gsin(0) (4)
T,(r,0) becomes:
Ty(r,0) = Gfy(r) sin(0) (5)

Using Eq. (5) into Eq. (3), we obtain a classical second order differ-
ential equation:

F10) + )~ (1) = 0 )
Which solution is:
£.1) = Aur 4 1B, )

A, and B, being two constants.
Eq. (5) becomes:

T,(r,0) = G(Aar +%Ba> sin(0) (8)

3.3.2. Boundary conditions

The aim of this section is to determine the constants related to
the fluid phase, the solid phase and the equivalent macroscopic
medium.

In the fluid phase, 0 < r < R :
Ts(r,0) = G(Afr —s—%Bf) sin(0) 9)

In the specific case where r = 0, the temperature has a finite value,
so Br = 0. Eq. (9) becomes:
Ts(r,0) = GAsrsin() (10)

In the solid phase, BR <1 < R:
Ty(r,0) = G<Asr+%Bf> sin(0) (11)

At the fluid/solid interface, r = R, we consider both temperature
and heat flow continuity:

B,
AfﬁR:AsﬁR+ﬁ—R (12)
B
WhA; =0 A —— 13
Ay = 75 (/),R)2> (13)

We also consider this continuity at r = R, the interface between
solid phase and equivalent macroscopic medium:

B B

A5R+§S:AeqR+% (14)
B\ . B,

),j <A5 — P) = /qu <Aeq — —R2q> (15)

When r becomes very high and tends to infinity: G = gradT. So,
we can write for e; axis:

c(mr%) -G (16)

with r — +o0, we have: A,y =1

The last boundary condition is the energy consistency. It is rep-
resented by the equality of the integration of temperature gradient
over its volume without the cylindrical inclusion and with the
cylindrical inclusion:

/ gradT(r, 0)dQ — / gradT,(r,0)dQ 17)
Q Q
GCQ=G6Q(1 Beg 18

= R (18)
S0, Beg = 0

Egs. (14) and (15) becomes:
AR+ 2 _R (19)

R
B )

2 (As - 1?) = Jeg (20)

We have a four equation system, Eqgs. (12), (13), (19) and (20),
and three unkown constants. The resolution of this system leads
to the equivalent thermal conductivity expressed as a function of
thermal conductivities of both phases and material porosity:

=1t 1)

_ ¢
T4, 1
2 +f~_;71

4. Validation and discussion

In this section, the developed SCM model is validated by com-
parison with experimental measurements. In this approach, it is



therefore necessary to use values of both solid and fluid phases
thermal conductivities. So, first of all, values of both solid and fluid
phases thermal conductivities are presented. Then, it is possible to
use this cylindrical SCM model to optimise vegetal wools thermal
performances by varying some of their parameters. Finally, the glo-
bal approach used to determine thermal conductivity is discussed.

4.1. Solid and fluid phases parameters

In order to determine the equivalent thermal conductivity, both
solid and fluid phases thermal conductivity should be known.

Fig. 3, previously presented, shows equivalent thermal conduc-
tivity values of the four studied materials depending on bulk den-
sity. When bulk density tends towards zero, the equivalent thermal
density tends towards fluid phase thermal conductivity. Then,
based on data presented in Fig. 3, a linear extrapolation is done.

So, a mean equivalent value equal to 4; = 0.029 W.m K is
determined. As experimental measurements are realised in labora-
tory hygrothermal conditions, this value is a little higher than the
dry air thermal conductivity. This value will be used in the rest of
this paper.

For the solid phase, only a few data about vegetal fibres are
available in the literature. Ref. [50] gives a hemp thermal conduc-
tivity value of A = 0,58 W.m~ 1K' based on a model inversion
from hemp particle. However, as mentioned above, the constitut-
ing repartition of each basic vegetal element (cellulose, hemicellu-
lose, pectin and lignin) is different between hemp fibers and hemp
particles [34,35]. Ref. [17] uses also a hemp thermal conductivity
value of 4, = 0,44 W.m~'.K~" which comes originally from a work
carried out on wood [51]. However, Thunman and Leckner [52]
give a perpendicular thermal conductivity value of
0,52 W.m~!.K! for a dry wood fibre and Saastamoinen & Richard
[53] suggest a value of 0,6 W.m~'.K~'. In this case too, the consti-
tuting percentage of each basic vegetal element of both hemp and
wood fibres are different [54,55]. However, the fibre nature has a
high influence on the solid phase thermal conductivity [21]. More-

Table 4
Solid phase thermal conductivity of studied materials.

over, the chemical composition of vegetal fibres also has an impact
on their both sensitivity and behaviour towards moisture [56].

Due to the lack of clearly established data for these materials,
the solid phase thermal conductivity has been determined in this
paper by a model inversion, as it is usually done in the literature
[25,33,57,37,58]. In order to estimate the perpendicular conductiv-
ities of the solid phases for each studied materials, we used the
SCM model which is based on a geometry close to vegetal fibres.
Values are presented in Table 4.

They are close to each other, with a deviation range of

0.12W.m~'.K'. These values are in the same range than those
presented above for both wood and hemp fibres. So, the solid phase
thermal conductivities estimated in this paper can be considered
as acceptable values and they will be used in the following part
of this paper.

4.2. Modelling validation

The aim of this section is to validate the developed cylindrical
SCM model by comparison with experimental measurements.

To do that, graphs representing the modelling and the experi-
mental data for each studied vegetal wool are presented in Fig. 6.
Each experimental data is represented by a mean value and both
the max and min values. For the four materials, the developed
SCM model provides good results. The modellings fit well the
experimental data and stand in the experimental range, except
for three values. The first one for hemp wool and the second and
third for retted flax wool. To estimate the corresponding gaps,
the relative deviation between modelling values and experimental
data is calculated and presented in Table 5.

For the four wools, the mean relative deviations are lower than
2%. All of the maximum values of the relative deviations are lower
than 5%.

It is also possible to assess the cylindrical SCM modelling
approach on the basis of literature data, such as those presented

Table 5
The mean, max and min relative deviations between modelling values and exper-
imental data of studied materials.

Material i Material Mean relative Min of relative Max of relative
T deviation deviation deviation
Wm K %%) ) D)
Hemp 0.72 Hemp 13 0.2 3.1
Greer{ hemp 0.78 Green hemp 0.4 0 1.0
Flax 0.66 Flax 13 06 25
Retted flax 073 Flax retted 18 0.2 48
0.07, 0.07,
= I= =T =
‘M 0.0 Hempl ot 0.0 Flax2 f
: . S : . =
. po =45.4kg.m™3 = P =66.3kg.m™® :&
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‘ s 0.05 = 0.05 TJ_
E 0.04 0.04;
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Fig. 6. Comparison between thermal conductivity modelled with the cylindrical SCM approach and experimental data.



in Table 1. However, to do this, data related to the material poros-
ity and the solid phase thermal conductivity are necessary. In [17]
all these data are available for a hemp wool. In the other references
we have only a material density value, so that both porosity and
solid phase thermal conductivity values must be determined. So,
only an indicative value of equivalent thermal conductivity can
be determined. Results are presented in the Table 6.

So, these results indicate that the SCM approach developed here
can be validated in order to model thermal conductivity of vegetal
wools.

4.3. Analysis of parameters influencing the vegetal wools thermal
performances

Now, on the basis of this model, it is possible to analyse the
influence of various parameters on the thermal performances of
vegetal wools. To do this, it is possible to vary both solid phase
thermal conductivity and porosity. The variation of these parame-
ters have been chosen to simulate materials as close as possible to
vegetal wools used for bulding insulation. So, the parameters vary
in the following ranges:

- Js in [0.4-0.8] W.m~' K~! with a step of 0.01 W.m 1K,
- ¢ in [0.8-1] with a step of 0.01.

Results are presented in Fig. 7.

For a porosity value higher than 95%, the equivalent thermal
conductivity of the material is very interesting for building insula-
tion even if the solid phase thermal conductivity is high. For exam-
ple, with a porosity value of 97% and a solid phase thermal
conductivity of 0.72 W.m~'.K™!, it is possible to obtain an equiva-
lent thermal conductivity equal to 0.04 W.m~'.K™", as illustrated in
Fig. 7.

4.4. Discussion about future outlooks and validity limits of the model

In the case of a heat flow perpendicular to vegetal wools, the
determination of the equivalent thermal conductivity by the SCM
approach has been validated by comparing it with experimental
measurements. However, the range of the ratio between bulk den-
sity and solid phase density used for this validation stays relatively
limited with a maximum value lower than 0.1, but it already rep-
resents a high compression ratio that is difficult to achieve under
conventional operating conditions. Indeed, the strains endured by
vegetal wools during their packaging and their implementation
are related to the density ratio range used to validate the SCM
approach. So, for a conventional use of vegetal wools, the SCM
approach based on a cylindrical geometry seems to be adapted to
determine their equivalent thermal conductivity. This has been
verified with using the modelling approach based on literature
data. Unlike other modelling approaches, it is based on a simplified
representative elementary volume close to the vegetal fibres
microstructural morphology. However, in this paper no parameters
related to contact resistance between fibres have been taken into
account. So, to improve the cylindrical SCM approach it could be
relevant to introduce this effect on the basis of the generalized
self-consistent modelling approach used in [49].

Moreover to the knowledge of authors, no experimental data
concerning hemp or flax fibres thermal conductivities are available
in the literature. For this reason, this parameter has been deter-
mined here as in previous works by inversion of the model. This
is a limit of the SCM approach in the case of vegetal fibrous mate-
rials. It can be mitigated by the fact that for a porosity higher than
95%, thermal conductivity does not really depend on the solid
phase thermal conductivity as shown by the Fig. 7. Indeed, an

equivalent thermal conductivity value around 0.04 W.m-'.K™'
can be obtained regardless of the solid phase thermal conductivity.

Table 6
Equivalent cylindrical SCM thermal conductivity based on reference literature data.
Wool Exp. / SCM iﬁq Relative deviation References
(W.m*l.l(’]) (w.nr1 .I(’]) (%)
0.0429 0.0442 3.0 [13]
Flax 0.065 0.0664 2.1 [14]
0.052 0.0535 2.8 [12]
0.062 0.0635 24 [14]
Hemp 0.052 0.0533 25 [12]
0.047 0.0466 09 [17]
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Fig. 7. Modelling of the equivalent thermal conductivity of a vegetal wool with the SCM approach as a function of porosity range and solid phase thermal conductivity.



Thus, as it is difficult to characterise the solid phase thermal con-
ductivity in the case of vegetal fibrous materials, this is an interest-
ing result. So, the parametric analysis has shown that better
equivalent thermal conductivity of vegetal wools can be obtained
by minimising the density to obtain an optimal porosity. However,
we must keep in mind, that for low density values, the radiation
effect can disturb the equivalent thermal conductivity.

The solid phase thermal conductivities obtained by SCM mod-
elling inversion seem to be high by comparing them with literature
values. So, it would be interesting to compare these results with
experimental data realised on both hemp and flax fibres. As it is
very difficult to experimentally characterise this microstructural
parameter, an investigation could be based on the thermal conduc-
tivity of each chimical component (hemicellulose, cellulose, pectin
and lignin).

Finally, a focus has been made on the specific case of a perpen-
dicular flow, but it would also be particularly relevant to investi-
gate a modelling approach based on mix of both perpendicular
and parallel flows. Indeed, due to the manufacturing process, the
fibres are not always placed in regular parallel layers and can pre-
sent a slight inclination [38].

5. Conclusion

Biobased materials are increasingly used for greenbuilding
insulation. In this context, it is interesting to develop a micro-
macro modelling approach to predict the equivalent thermal con-
ductivity of vegetal wools. Indeed, considering the microstructural
specificities of these fibrous materials, it is particulary relevant to
connect both microscale parameters and macroscale properties.
To do this, it is possible to develop a cylindrical self-consistent
modelling based on a representative elementary volume with a
cylindrical geometry much closer to fibres than other more con-
ventional and more common models. Moreover, this model is
based on only two parameters related to material microstructure:
the solid phase thermal conductivity (4s) and the porosity (¢) in
which the mean radius of the solid phase is included.

In this paper, this cylindrical SCM approach has been validated
by comparison with experimental characterisations performed on
four materials in real hygrothermal conditions and with data from
literature.

Then, in order to promote the greenbuilding field with thermal
performances close to those of conventional materials, the influ-
ence of parameters such as porosity or solid phase conductivity
value on the vegetal wools thermal properties has been analysed.
So, it has been shown that for a porosity higher than 95%, an inter-
esting equivalent thermal conductivity value can be obtained
regardless of the solid phase thermal conductivity, which is very
difficult to characterise experimentally.

Finally, in order to extend this modelling approach based on a
specific perpendicular flow, future work will investigate other flow
orientations. Another development will also be made to integrate
contact resistance between the fibres in the cylindrical SCM
approach.
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