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Abstract

The aim of this work was to investigate the thermal behavior of solid wood used as building materials. Three tropical wood
species namely Iroko (Milicia excelsa), Bilinga (Nauclea diderrichii), and Tali (Erythrophleum suaveolens) were chosen. The
thermophysical properties in the longitudinal, radial and tangential directions were determined experimentally for different
moisture contents. Asymmetrical hot plate method was used to measure the thermal conductivity and volumetric heat capacity.
The influence of water content and the direction of the fibers on thermophysical properties of the species studied were investi-
gated. The results show that thermal conductivity and volumetric heat capacity increase with moisture content, while the
diffusivity decreases. In the wide range of moisture content considered, thermal conductivities varied between 0.1 and 0.6
Wm ' K™!. The increase of moisture content by 1% induces a 0.2% increase in thermal conductivity for Bilinga, 0.4% for
Tali and 0.3% for Iroko. Tali, whose density is the highest, presented high values of thermal conductivity in longitudinal direction
but lowest values in radial and tangential directions compared to other species. Thermal conductivity is 2 to 3 times higher in the
longitudinal direction than in the radial and tangential directions. The volumetric heat capacity was not influenced by the
direction of the heat flow.

Nomenclature E Thermal effusivity of the sample (J m 2 K ' s7?)
a Thermal diffusivity of the sample m>s™h o Thickness of the heating element (m)
Cp Specific heat capacity of the sample (J kg ' K™ e Thickness of the insulating material (m)
Coary  Specific heat capacity of dried material (J kg 'K E Thermal effusivity of the insulating material
Cph Specific heat capacity of the heating element Jm?2K s
Jkg 'K e Thickness of the sample (m)
Cpi Specific heat capacity of the insulating material m Mass of the sample at time t (g)
Jd kgf1 K™ my Initial mass of the sample (g)
Cowater  Specific heat capacity of water (J kgf1 K Mgy Dry mass of the sample (g)
Rc Thermal contact resistance (°C W)
Highlights - Thermal properties of wood species were measured using RS Reduced sensitivity (°C)
the asmmeMcal transient hot plate method; - . S Heating element area (m2)
- Experlmentgl results shoW that th;rmal conductl.\/ltyils h‘1gher in the t Time (s)
longitudinal direction than in the radial and tangential directions.
- Thermal conductivity increases considerably with increasing water T Temperature (°C)
content. Vv Volume (m3 )
X Water content at time t (%)
>4 Pierre Meukam Xo Initial water content (%)
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Greek letters
1 [8) Coefficient used to estimate the volumetric heat
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capacity

Coefficient used to determine the thermal effusivity
Thermal conductivity (W m 'K

Apparent density (kg/m’)

Pary  Apparent density of dried material (kg/m3 )

Pwater Apparent density of water (kg/m3 )
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bo Heat flux in the heating element (W)
Q Sum of quadratic errors
Abbreviations

comp Complete model

exp Experimental

mod  Model

simpl  Simplified model

1 Introduction

The objectives of the Kyoto Protocol were to reduce the global
temperature by 2 °C by 2020 and to reach 1.5 °C by 2050 [1].
The increase in global temperature is linked to the increase in
greenhouse gas (GHG) emissions. Several studies show that
the building sector is the second largest sector producer of
CO, after industry. CO, emissions in the building sector are
mainly due to energy consumption [2, 3]. In France, for ex-
ample, ADEME in its report on energy consumption in 2015
[4] revealed that 43% of CO, emissions came from the build-
ing sector. One of the solutions to reduce the rate of emission
of CO, is to use renewable building materials. Among the
buildings with these new types of building materials, those
made of wood materials or with other materials incorporating
wood fibers were identified. Indeed, the studies carried out by
the Scientific and Technical Center of the Building (CSTB)
[5] have shown that they are materials that require little energy
for their transformation (low gray energy) and generally have
low thermal conductivity. The second tropical timber reserve
is in the Congo Basin in Africa. Cameroon in particular, has
more than 2000 ha of forest. Field surveys have shown that
nearly 98% of both residential and public buildings are con-
structed of sand-block materials (A= 1.17 Wm ' K" [6]). The
high availability of timber should prompt Cameroon to further
develop wooden constructions instead of sand blocks or later-
ite bricks which require higher cost and need more energy to
provide thermal comfort of the occupants. Cameroon in par-
ticular has various species of wood. The challenge is to show
that the use of wood as building material in place of other
building materials can contribute in reducing energy con-
sumption due to air conditioning. Thermal conductivity is
the parameter which makes it possible to classify a material
as an insulating material. Unlike other materials such as sand
blocks or laterite bricks, wood is an anisotropic material with
an internal structure that is distinguished from the others by
fibers orientation in three directions. In a wood, the orientation
of the fibers can influence the thermal conductivity. Several
studies show that the thermophysical properties of wood differ
according to the direction of sawing. Steinhagen [7] has
shown that the orientation of molecular chains in the longitu-
dinal direction leads to a higher thermal conductivity than in
the tangential direction. Suleiman et al. [8] obtained the same
value of thermal conductivity in the radial and tangential
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directions whereas other authors claim that transverse conduc-
tivity is higher in the radial than in the tangential direction
[9-11]. Wood is also a hygroscopic material. The amount of
water it contains can have a great influence on its
thermophysical properties. Studies by Kol [12] showed that
thermal conductivity in all three directions increased with
moisture content (MC) between 0 and 22%. Sonderegger
etal. [13] found a linear relationship between thermal conduc-
tivity and water content.

The presence of water strongly affects the heat capacity of
wood because of the high heat capacity of water [14]. Ngohe-
Ekam et al. [15] have carried out an experimental study on the
thermal properties of five woods usually used in central
Africa. The thermal properties were related to basal density
and to MC using the box method. They presented experimen-
tal results between 0%—60% MC and 0.3-0.8 kg/m® of basal
density. Results showed that conductivity and effusivity in-
crease and thermal diffusivity decreases with increasing MC.

The objective of this work is to characterize Cameroonian
timber species to justify their usage as construction materials
with better thermal insulation performance than the materials
presently used. For this purpose, the estimation of their
thermophysical properties (thermal conductivity, volumetric
heat capacity) in the three directions was the object of this
work. The direction which gives a lower value of the thermal
conductivity, taking into account the water content of the ma-
terial, was determined. This information on timber from
Cameroon should help architects in the choice of filling ma-
terial for buildings. Most studies reported in the literature are
focused on the characterization of wood for given moisture
content. In the present research, the thermophysical properties
of certain tropical wood species were investigated by the
asymmetric hot plate method already used by many authors
[16—18]. The effect of orientation of fibers on the
thermophysical properties of some tropical wood species
namely [roko (Milicia excelsa), Bilinga (Nauclea diderrichii),
and Tali (Erythrophleum suaveolens), and how the water con-
tent affects these thermal properties was studied.

2 Material and sample preparation
2.1 Material

Wood species were cut in the southern Cameroonian for-
est. The choice was based on the most commercialized
and commonly used species. Three selected species were
Iroko (Milicia excelsa), Bilinga (Nauclea diderrichii) and
Tali (Erythrophleum suaveolens). Tali and Bilinga are
high density woods while Iroko is a medium density
wood. They are used in construction, carpentry, flooring
and framing. Segments of wood were obtained from the
heartwood region at green state and were cut from
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successive portions of the same stem to obtain as many
identical and uniform characteristics as possible. The
physical and mechanical properties of the selected species
were studied by Mvondo et al. [19]. The values obtained
at 12% MC are presented in Table 1 [19].

The three tropical wood species have good durability with
respect to the different types of fungi. Bilinga can be majority
employed without preservation treatment and deforms little
during drying. Iroko is not recommended in circumstances
exposed to a permanent or prolonged humidification risk. It
dries quickly and have no significant risk of cracking or de-
formation. Tali is recommended in all circumstances exposed
to a risk of permanent humidification and tends to deform
during drying [20].

2.2 Sample preparation

Firstly, the choice of samples used for the test was made ac-
cording to the French standard NF B51-003 [19]. Then, se-
quences of 45 samples per species were selected. In a last step,
12 best samples per species were retained for the test. Four
samples were manufactured for each direction.

—  For each wood species, specimens were prepared by plan-
ning the board surfaces and sawing them into parallelepi-
peds with nominal dimension 100 mm X 100 mm X
10 mm (thick). The preparation was made in such a way
that they permitted the measurement of the thermal con-
ductivity along three orthogonal directions (LRT). For
given water content, the mean value of measurements
on three samples was retained.

—  The samples were gradually dried in order to reduce their
water content. To preserve from any undesirable gain or
loss in moisture, all the treated specimens were stored in
sealed plastic boxes until measurement.

— The samples were dried in an oven. After 6 weeks of
measurement at different MC, as described by Siau
[10], oven-dried samples were obtained using a drying
temperature of 105 °C for a sufficient duration before a

constant mass of the sample was obtained. After heating
at such temperature, both the free and bound water in
wood were released, and the specimens were completely
dry. To obtain the mass of dried sample the electronic
balance SF 400-A with a+0.01 g precision was used.

3 Determination of different parameters
3.1 Moisture content

From the dry mass obtained, the different water contents of the
sample are deduced for each condition previously set. The
water content in dry basis X is given by the mathematical
expression [21]:

2

X = 100( ) = 100[%(1 +X0)—1} (1)

Mgy
where

X is the water content of the sample at time t (%),
Xo is the initial water content of the sample (%),
m is the mass of the sample at time t,

my is the initial mass of the sample,

myy, is the dry mass of the sample.

3.2 Apparent density

The water content and density are related by Eq. (2) [19].

L _ pwater(l +X)

(2)
pdiy Pwater + Xpdiy
Where:
Pwater 18 the apparent density of water,

pary 1s the apparent density of dried material.

Table 1 Physical and mechanical properties of selected species at 12% MC [19]
Wood species Family Apparent Basal Maximum Young’s modulus  Applications
Density (kg/  density (kg/ bending stress H=12% (Mpa)
m’) m®) (MPa)
Iroko (Miliciaexcelsa) Moraceae 550-750 0,64 87 10,300 Carpentry, framing,
shipbuilding,
Bilinga Rubiaceae 730-890 0,65 95 11,800 Flooring, construction,
((Naucleadiderrichii) vehicle floors,
shipbuilding.
Tali Erythroxylaceae 800-1050 0,71 128 15,600 Heavy construction, bridges.
(Erythrophleumsuaveol-
ens)
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Table 2 Specific heat capacity of dried materials

T (°C) 20 30 40 50 60
Iroko (J kg ' K™) 1284 1327 1369 1415 1462
Tali (J kg ' K 1240 1276 1318 1360 1400

Bilinga (J kg' K™ 1205 1245 1287 1326 1367

3.3 Measurement of thermal properties
3.3.1 Volumetric heat capacity

The specific heat capacity of dried material (c,4,) Was mea-
sured using Differential Scanning Calorimetry. To obtain the
volumetric heat capacity (pc,) the dimensions of the samples
were measured and their mass determined using the same
balance for water content measurement. The relation allowed
calculating the volumetric heat capacity according to the prop-
erties of the dried material and the water content can be
expressed as:

PCp = Pary (dery +X cpwater) (3)

Where ¢,y is the specific heat capacity of water.
pc, =fX) is therefore a straight line. The measured values
of ¢,4, for selected species are given in Table 2.

Aluminium block

Generator

Sample inside
a plastic bag

Fig. 1 Experimental device
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Heating element

3.3.2 Thermal conductivity

The thermal conductivity A was calculated from measured
values of thermal effusivity and volumetric heat capacity.
The asymmetrical transient hot plate method was used. This
method is presented by Bal et al. [17] and Damfeu et al. [21].
An experimental device designed with the sample was used in
this study for measuring the thermal properties and is shown
in Fig. 1.

For measuring thermophysical parameters, the sample was
weighed and placed in an electric oven at 40 °C for 24 h. After
24 h, the sample was weighed again and packaged in the
plastic bag for 1 week to obtain uniform water content
throughout the sample and new thermal properties were then
measured. This process was repeated at least five times for
each sample before the sample was placed in the electric oven
for 48 h at 105 °C. The mass of the dried sample was then
measured. Four measures per wood direction were carried out
for each selected species and the mean values were retained.

Several difficulties arise in determining thermal properties
when the MC of the wood material is high. The effect of the
moisture not only confounds the measurement but also raises
some doubt about the practical significance of the results.
When moist wood is subjected to a thermal gradient, a redis-
tribution of the moisture takes place resulting in a transient
heat flow. MacLean [22] observed that, in solid wood speci-
mens of 0.5 to 0.75 mm in thickness with an initial MC below
12 to 15%, most of this redistribution generally took place

Insulating block

Thermocouple wire

Temperature recording device
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within 24 h without significant change in conductivity after
that. Usually equilibrium was reached after only 6 h.

4 Modelling

The simplified and complete models already developed by Bal
et al. [17] and Damfeu et al. [21] can be used to determine
thermal effusivity and volumetric heat capacity. The pre-
estimated value of thermal effusivity was obtained from nu-
merical calculation of the slope J(t) of the linear part of the
experimental curve T(?) = f{/t) as shown in Fig. 2b.

20,
E=—"--F,;

S/
Where:
E and

(4)

are the thermal effusivities of the sample and

E; insulating material (Om 2K 's"?).
bo is the heat flux produced in the heating element (W).
) is a coefficient obtained numerically by calculating

the slope of the linear part of the experimental
thermogram 7(1) = f(/1 )

It was also possible to evaluate the pre-estimated value of
volumetric heat capacity. This may be approximated from the
slope (3(t) of the linear part of the curve 7(z) = f{?) as shown in
Fig. 2a. The calculation of this parameter is:

1
Per = - <%_Picpiei_phcpheh> (5)

Where:

8 : : , : ,
s T M 0d : :
©f| mmTexp [T !

|| w=Tsemi-infinite

...................................................

Fig. 2 Temperatures curves for Iroko a) 7= f{?), b) T(t) = f{\/t )

are the volumetric heat capacities of the
sample, the insulating material and the
heating element respectively (Jm > K ™).
are the thicknesses of the sample, the
insulating material and the heating element
respectively (m).

B is a coefficient obtained numerically by
calculating the slope of the linear part of the
experimental thermogram 7(?) = f{)

pcps Picpi and
PnCph

e, ¢ and ey

5 The thermal properties estimation method

The asymmetrical hot plate method was used to measure the
volumetric heat capacity and the thermal effusivity. The cali-
bration process was already done by Damfeu et al. [21].

Thermal parameters of the insulating material were mea-
sured by center plate method and calculations were done with
the values obtained by Jannot et al. [23, 24].

A complete model was used to estimate effusivity E and
volumetric heat capacity pc,. The initial value used was the
value pre-estimated from the simplified model with experi-
mental temperatures.

The Levenberg Marquart algorithm integrated in the
Matlab code was used to estimate the value of E and pc,
which minimized the sum of quadratic errors {2 = i

=1
[AT e (1:)-T mod(ti)]2 [21] between the experimental data
and theoretical data. The time interval [ty, tna] Was consid-
ered for the estimation such that residues are small and per-
fectly centered around 0 °C as shown in Fig. 3. This validates
the 1D model. Damfeu et al. [21] noticed that above 15 °C,

18 : . ; ,
=== Tmod ; §
oy, e . b
w—Texp ; :

we T@ Mi-infinite ,,,,,,,,,,

14}

-] I—— LR

111 S honeeennneenes e

T(°C)
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Fig. 3 Experimental and modeled curves with residues (x10) curves for: a Iroko at 7% MC, b Iroko at 32% MC, ¢ Bilinga at 34%MC, d Tali at 35%MC

temperature variations can generate the 2D / 3D effects that
characterize a bidirectional propagation of heat flux. The pro-
cess being the same, we carried out the recordings up to 18 °C
with estimation of the parameters over a time interval where
the residues are centered around 0 °C. The results of uncer-
tainty analysis were given in Table 3.

Table 3  Uncertainty analyses of the measurement

Uncertainties Values

Thermal effusivity: the mean relative uncertainties estimated 0,26%
in form of standard deviation is

Heating element thickness +0,01 mm
Apparent density: average uncertainty of apparent density ~ 0,67%
Specific heat capacity: the relative uncertainty on the 2%

measured value of Cp is estimated to:

@ Springer

6 Sensitivity analysis

Sensitivity analysis is based on the interpretation of the re-
duced sensitivities of the temperature to a thermophysical pa-
rameter X [X ag_)((t) ]. The study of the reduced sensitivity
curves then makes it possible to define the time intervals on
which the best pre-estimation of thermal effusivity and volu-

metric heat capacity can be made.

— According to Fig. 4, the reduced sensitivities of the tem-
perature to the thermal effusivity are uncorrelated to the
other sensitivities between times 0 s and 200 s. This can
allow a good pre-estimation of E in this time interval.

Fig. 4 Reduced sensitivity of the three species at 10% and 30% MC P>
respectively: a Iroko, b Bilinga, ¢ Tali
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—  The reduced sensitivities of the temperature to the volu-
metric heat capacity are correlated with thermal contact
resistance at short times, but are uncorrelated with ther-
mal effusivity at long times. A better pre-estimation of
volumetric heat capacity can be done from time 300 s.

—  The sensitivity of the temperature to the thermal contact
resistance with the insulating material is negligible. This
can be justified to the extent that its value has been set at
10719°c w21].

The pre-estimation of the thermophysical parameters in the
indicated time intervals would facilitate the convergence of
the Levenberg Marquart algorithm for the estimation of E
and pc, by the complete model. With the pre-estimated values
of E and pc,, the residue curves observed in Fig. 3a, ¢ or d are
perfectly centred.

7 Experimental results and discussion

Figure 3 shows the profiles of the experimental and simulated
temperature curves for Iroko in the radial (through de fiber)
direction at 7%MC (Fig. 3a) and the same sample with a water
content of 32% (Fig. 3b). The two profiles show that the
heating process takes more time in wet wood.

Figure 3b presents the residues curve of Iroko at 32% MC
and shows that the water content has a significant influence on
the thermophysical properties. The residues are not centered at

water content for Iroko. For Tali and Bilinga, the residues
are centered at 0 °C above 30% MC (Fig. 3c, d). This is due
to the density of each material. It can be observed that the
developed completed model minimizes the sum of quadratic
errors between T,.,() and T,,,,4(?). For Tali and Bilinga, at high
water content, the residues are centered to 0 °C.

From the complete model, an estimation of E and
pPCp = (PCp)exp Was obtained for five values of the water
content.

The pre estimated values of thermal effusivity are presented
in Table 4. Those values are compared to results given by the
complete model. There are in good agreement. The maximum
deviation between pre estimated and complete model values is
less than 5%.

The calculation of volumetric heat capacity with spe-
cific heat obtained by the box method [15] is also pre-
sented in Table 4. Comparison with the results obtained
by the complete model produces low deviations (0,1%—
5%). Another method was to calculate volumetric heat
capacity by relation (3). Values for the selected species
are presented in Table 5. Results are in good agreement
with small deviations.

This validation permitted to deduce the thermal conductiv-
ity from the relation (6):

E2
)\i

=0, (6)

The thermal diffusivity is therefore given by relation (7):

0 °C, indicating that the quadrupole model developed is no 4 = L (7)

longer valid to estimate thermophysical parameters at this PCp

Table 4 Thermal effusivity and volumetric heat capacity in transverse direction
Mc 0 —3 Esimp_12 -1 1/2 Ecomgz -1 1/2 pcpc_xgg -1 Cp | -1 PXCIE3 -1 DE b pCp
(%) (kgm™”) (Im-K" s Um~"K s Jm~K") Jkg K) dm K (%) (%)

Bilinga 34,14 863 662,261 695,840 1,92 10° 2350,17 2,16 10° 5,07 5,47
25,00 800 621,529 645,489 1,86 10° 2235,00 1,79 10° 3,86 3,95
18,85 760 519,177 548,483 1,61 10° 2070,54 1,59 10° 4,45 0,92
11,72 715 466,800 474,774 1,30 10° 1907,00 1,36 10° 1,71 4,86
5,00 672 417,258 439,215 1,05 10° 1650,13 1,19 10° 5,26 3,59

Tali 35,14 1096 647,000 644,616 2,52 10° 2209,84 2,42 10° 0,37 4,01
28,73 1044 602,025 617,202 2,22 10° 2081,60 2,17 10° 2,46 1,99
16,40 944 527,643 527,102 1,78 10° 1837,69 1,73 10° 0,10 2,36
11,22 902 487,198 485,502 1,58 10° 1753,00 1,58 10° 0,35 0,17
6,66 865 497,536 446,341 1,40 10° 1630,18 1,41 10° 048 089

Iroko 28,00 885 638,097 655,412 1,81 10° 2100,26 2,09 10° 2,71 4,17
18,23 817 592,855 610,187 1,63 10° 2055,85 1,68 10° 2,92 3,13
15,05 795 554,542 570,899 1,51 10° 1979,83 1,57 10° 2,95 3,99
12,01 774 531,819 546,576 1,40 10° 1907,28 1,48 10° 2,77 5,17
5,72 730 407,575 438,137 9,92 10° 1495,78 121 10° 4,67 4,67

D E relative difference between Egimp and Ecomp, DpCp relative difference between pCpey,, and px Cp
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Table 5 Experimental and numerical volumetric heat capacity
MC (%) pCp ey m > K™) pCp(m> K™ DCp(%)
Bilinga 34,84 1,92E+06 1,81E+06 5,68
25,00 1,86E+06 1,77E+06 4,93
18,85 1,61E+06 1,58E+06 1,91
11,72 1,30E+06 1,19E+06 8,35
5,00 1,05E+06 1,01E+06 3,87
Tali 35,14 2,52E+06 2,33E+06 6,57
28,73 2,22E+06 2,11E+06 4,77
16,40 1,78E+06 1,69E+06 4,71
11,22 1,58E+06 1,52E+06 3,94
6,66 1,40E+06 1,36E+06 2,59
Iroko 28,00 1,81E+06 1,82E+06 0,48
18,23 1,63E+06 1,54E+06 5,49
15,05 1,51E+06 1,45E+06 434
12,01 1,40E+06 1,36E+06 3,02
5,72 9,92E+05 1,08E+06 6,70

The values obtained by the complete model and box method
for Tali in the longitudinal direction are observed in Table 6.

The experimental data allows to obtain the thermal conduc-
tivity for the moisture content range. Parameters describing
the linear fitting curve were given in Fig. 5. The values of
regression coefficient R? (0,9-0,99), means very good corre-
lations between thermophysical properties and MC. The ther-
mal conductivity of each of the three species has been mea-
sured for at least five different water contents varying between
0% and 35%. The evolution of thermal conductivity with wa-
ter content is presented in Fig. 5a, b, and ¢ in longitudinal,
radial and tangential directions respectively. The following
observations can be made:

—  The thermal conductivities of the wood species consid-
ered vary between 0.1 and 0.6Wm ' K.

— The RT conductivities are identical for a given species
regardless of the water content

—  The anisotropy ratio of thermal conductivity is higher for
Iroko and Bilinga as compared with Tali.

Table 6 Longitudinal thermal conductivity obtained by the complete
model and box method for Tali

MC (%) Aexp (W/MK) Aoy method [15] (W/mMK) D (%) a (m’/s)

31,68 0,565 0,562 0,56 2,48"-07
25,01 0,530 0,545 2,83 2,805-07
12,39 0,501 0,492 1,86 3,005-07
7,73 0,459 0,465 1,38 3,065-07
5,07 0,441 0,449 1,72 331507

D relative difference between Acyp, and Apox method

The results show that the wood species considered
have lower thermal conductivities than other construc-
tion materials [21, 25]. Thermal conductivity increases
slowly and linearly with the moisture content below the
fiber saturation point. The values of thermal conductiv-
ity at 30% MC are considerably higher than the values
at a moisture content of 5% MC. The variation is not
the same for each species. For example, in the longitu-
dinal direction, a 1% increase in water content induces
an increase in thermal conductivity by 0.2% for Bilinga,
0.4% for Tali and 0.3% for Iroko approximately. This is
probably due to the variability and wood content of
each species.

Figure 5 shows that thermal conductivity has similar char-
acteristics in the tangential and radial directions. This is in
agreement with many authors who claimed that the values of
thermal conductivity in the radial and tangential directions are
almost the same. Tali which has the highest density wood
present highest values of thermal conductivity in the longitu-
dinal direction. Moreover, when comparing the findings for
Iroko and Tali (Fig. 5b and c¢), it is obvious that longitudinal
thermal conductivity of Iroko is lower than that of Tali. The
comparison of radial and tangential thermal conductivities
shows the opposite result. Thermal conductivity of Iroko is
higher than that of Tali. This finding can be attributed to the
amount of the different cell types: tracheids, vessels, fibres
and parenchyma cells. In particular, it is attributed to the
amount of longitudinally oriented tissue versus the amount
of radially oriented ray cells [26]. In Iroko wood, the amount
of ray cells is higher as compared with Tali. It follows that the
amount of longitudinally oriented tissue is lower in Iroko
compared to Tali. Consequently, at approximately the same
density, longitudinal thermal conductivity of Iroko is compa-
rably lower while radial thermal conductivity is higher than
that of Tali wood.

The RT thermal conductivities are approximately two times
smaller than in the longitudinal direction for Bilinga and
Iroko. For Tali, they are three times smaller. This phenomenon
is because the cross walls contribute negligibly to heat transfer
in transverse directions. When the heat flows in the RT direc-
tions, the cross walls are in series with the air inside the cell
lumens and the thermal resistance of the air dominates.
However, the thermal conductivity of air is 20 to 30 times
smaller than that of the cell walls and thus, the bulk of the
heat is conducted along the side walls linking the hot and cold
surfaces of the wood [27].

The anisotropy ratio of thermal conductivity is presented in
Table 7. There is a small variation with the water content for a
given species. This ratio is higher for Iroko and Bilinga.

Based on Fig. 5, the thermal conductivity can be expressed
in the form A= Ag.(1 +aX) The values of « are given in
Table 8. It is observed that the factor v varies within a certain

@ Springer



1374

Heat Mass Transfer (2020) 56:1365-1378

b)

0,7
0,65 # radial direction
< 06 s .
E 0.55 yion=0,002x + 0,376 M tangential direction
2 05 R?=10,980 4 longitudinal direction
Z 045
2 04
3 035 ytan=0,003x + 0,135
s 03 R?=0,990
S 025
g 0,2
s 015
£ 01 yrad=0,002x + 0,151
0,05 R?=0,975
0
10 20 30 40 50
Moisture content (%)
0,7
ylon= 0,004 + 0,428
< 06 R?=0,951 # radial direction
E M tangential direction
2 05 A
=, A longitudinal direction
2 04
S
=
2 03 y tan= 0,001x + 0,135
S R?=0,990
£ 02
3
= 0,1 yrad=0,001x+ 0,134
R?=0,895
0
10 20 30 40 50

Moisture content (%)

Thermal conductivity (W/mK)

0,7 ¢ radial direction
0.6 W tangential direction
Yion= 02’003’( +0,394 4 longitudinal direction
R*=10,896
0,5
A
4 i ytan=0,003x + 0,191
l =
03 R*=0,984
el W
01 yrad =0,003x + 0,162
R?=0,983
0
0 5 15 20 25 30 35

Moisture content (%)

Fig. 5 Thermal conductivity as a function of the water content for selected species: a Bilinga, b Tali, ¢ Iroko

range and is lower for Tali than Iroko and Bilinga. This is More generally, the three selected species are less conduc-
partly because of variability in wood structure.
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Table 7  Anisotropy ratio of thermal conductivity
Moisture content AALLR

10% 20% 30%
Bilinga 0,441 0,459 0,453
Tali 0,307 0,303 0,299
Iroko 0,473 0,480 0,492

thermal conductivities are less than 0.8 Wm ™' K" in all the
directions. In a building, sawn lumber in the longitudinal di-
rection can be used as supporting elements because its me-
chanical properties are better, while timber in radial and tan-
gential directions can serve as filling elements. Tali among the
three species yields the best results if a combination of resis-
tance and comfort is considered.

The variation of thermal diffusivity in LRT directions with
MC is represented in Fig. 6. Diffusivity decreases significant-
ly and almost linearly as water content increases for all
species.

It can be observed in Figs. 5, and 6 that the thermal con-
ductivity and diffusivity for three woods is close to each other
for the radial and tangential directions. At 20% of MC for
example, the thermal conductivity is closer for Bilinga and
Tali. Those two species are high density woods with small
holes while Iroko is a medium density wood with high amount
of ray cells. The ratio of tangential to radial conductivity is
primarily determined by the volume of ray cells in hardwoods.
Geometric differences in the two directions had little effect on
the diffusivity [28].

Figure 7 presents the evolution of volumetric heat capacity
as a function of the moisture content. The increase in volume
heat capacity of selected wood species with increasing mois-
ture content is observed and can be explained by the highly
different heat capacities of wood particles and water. It is

known that the heat capacity of water is considerably higher
than that of wood. Therefore, increase in the quantity of water
in the structure of wood causes an increase in heat capacity of
the wood. Wood, being a porous biomaterial, contains small
holes that greatly influence the mechanism of heat transfer,
and also the heat capacity. In timber moistening, when air is
replaced with water, specific heat of timber is increased. The
heat capacity of wood depends on the temperature and mois-
ture content. On the other hand, the chemical composition
only varies slightly between different species. That is why
variations between wood species are very small.

8 Conclusion

This paper presents the experimental measurements of thermal
properties of tropical woods. The asymmetrical hot plate
method was used to characterize the thermal behavior of three
tropical wood species. The influence of the water content and
the direction of fibers on thermophysical properties was inves-
tigated. Linear relations were obtained in the data range of
moisture content. An increase in thermal conductivity and
volumetric heat capacity of tropical wood due to an increase
in moisture content was observed. Iroko, which has the lowest
density, presents the higher variation of conductivity when
fibers are parallel to the direction of the heat flow. Tali, which
has the highest density, has the lowest values of conductivity
in the radial and tangential directions. Approximately 1% in-
crease in water content induces a 0,2% increase in conductiv-
ity in the longitudinal direction for Bilinga, 0.4% for Tali and
0,3% for Iroko. The influence of anisotropy is clearly
established. Thermal conductivity is 2-3 times greater in the
longitudinal direction than in the radial and tangential direc-
tions. The thermal conductivity of selected species varied be-
tween 0,15 and 0,30 Wm ' K! in the radial and tangential

Table 8 factor « as a function of transversal thermal conductivity
Adry (Wm ' K™ Moisture content (%) AWm' K™ @
Bilinga 34,84 0,252 0,025
Ady=0151 Wm ' K 25,00 0224 0,026
18,85 0,206 0,028
11,71 0,175 0,025
Tali 35,14 0,176 0,009
Aary=0.134 Wm ' K™! 28,72 0,172 0,010
16,39 0,156 0,010
11,22 0,149 0,009
1roko Adry=0.162 Wm ' K 28,00 0,280 0,017
18,23 0,252 0,017
15,05 0,235 0,016
12,01 0,223 0,014
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Fig. 6 Thermal diffusivity as a function of the water content for selected species: a Bilinga, b Tali, ¢ Iroko
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Fig. 7 Volumetric heat capacity as a function of the water content for selected species: a Bilinga, b Tali, ¢ Iroko
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directions. Diffusivity is negatively correlated to moisture
content. Volumetric heat capacity is not really influenced by
the direction of the heat flow. Below the saturation of the
fibers, the thermal conductivity of all the selected species is
less than 0,8 Wm™' K™'. Consequently, the wood species
studied can be considered as good insulating materials.
These species can therefore easily replace the common mate-
rials such as agglomerates or earthenware bricks which will
contribute for a better thermal comfort. The knowledge of the
equilibrium water content of the wood studied can help to
optimize the energy design of buildings.
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