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Abstract

This work aims to use experimental data from thermal characterization and adsorption/desorption isotherms of two tropicals
woods species (Ayous and Tali) to propose an empirical model of thermal conductivity as a function of air relative humidity.
A static gravimetric method was used to determine the adsorption isotherms of Tali and Ayous at 30 °C, and 40 °C. The GAB,
Henderson and Nelson models were used to predict the isotherms. Exponential models of thermal conductivity and volumet-
ric heat capacity with air relative humidity were proposed. The influence of hysteresis phenomenum was studied on these
properties. The reliability of the developed empirical correlation between thermal properties and air relative humidity was
evaluated by comparing the experimental and predicted curves. The relative errors were less than 8% for both Ayous and Tali.
The correlation coefficients obtained were greater than 99% for both species in adsorption and desorption. There was also
an increase in the equilibrium water content of both species with the increase in water activity at constant temperature. The
correlation coefficients between GAB model and sorption experimental data were lower than 99% when Ayous was subjected
to a temperature of 40 °C in adsorption and Tali to a temperature of 40 °C in desorption.

Nomenclature Greek Symbol
C, Heat of sorption constant of the monolayer A Thermal conductivity Wm™'K~!
dimensionless p: Density kg.m™>
K Heat of. sorption factor of the multilayer Subscripts
dimensionless s
. e Equilibrium
P Average relative error % Gravimetric
RH  Relative Humidity % &
) 1 1 n Nelson
R Perfect gases’s constant J.mol™".K
r Correlation coefficient dimensionless h Henderson
-1 PHW  Parallel Hot Wire
X Water content kg.kg th Theoretical
X Average water content kg kg™
C heat capacity J.kg™'K~!

=)

AG, Gibbs’s free energy variation per gram of water

klkg™! 1 Introduction

The development of wood construction is a significant chal-
lenge and an effective response to reduce the environmental
impacts of the building sector. The wood construction sec-
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tor represents strong potential for annual variation of stocks
with its 195 million tons of CO, sequestered per year [1]. In
this context, the development of wood construction consti-
tutes a fundamental stake and an effective answer for reduc-
ing environmental impacts related to the building sector.
In central Africa, wood construction has been growing
steadily for many years. The size of the market is huge
with potential consumers. The demand for housing, which
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is far above the current offer, is an incentive for develop-
ers and entrepreneurs to start building wooden houses.
Even if the structures remain simple, the main difficulty
encountered is the lack of data to optimize the sizing of
the structures [2]. This observation is made both on the
hygroscopic and thermal levels.

Wood is a hygroscopic material. The amount of water it
contains can have a great influence on its thermophysical
properties. Many research topics have been carried out on
the influence of the water content on thermal properties of
wood. The thermal behavior of five tropical wood species
with basal density and water content have been studied. The
results showed that the thermal conductivity and effusivity
increase when the diffusivity decreases with water content
[3]. The thermal conductivity of wood in the longitudinal,
tangential and radial directions increase with the water con-
tent between 0 and 22% [4]. A linear relationship can be
fund between thermal conductivity and moisture content
[5]. Some tropical wood species' volumetric heat capacity
and thermal conductivity increase linearly with their water
content below the fiber saturation point (FSP) [6, 7]. The
authors also found that the thermal conductivity of tropi-
cal woods is lower than conventional building materials.
However, no model that makes it possible to determine the
thermal properties of hygroscopic material as wood without
going through experimental measurements is presented.

The linear variation of thermal conductivity or volumet-
ric heat capacity with water content encounters some practi-
cal difficulties, especially when the material is used in an
environment with variable temperature and relative humid-
ity (RH). The relationship between RH of the air and the
water content of a material for a given temperature is called
the sorption isotherm. It is important to evaluate the sorp-
tion behavior of wood for each locality when it is known
that the water properties of this material can change signifi-
cantly with the environment. The hysteresis phenomenon
is observed when the amount of adsorbed water is larger
when the humidity is decreased (desorption branch) than in
the opposite case, if the humidity is increased (adsorption
branch) [8]. Therefore, it is important to evaluate the effect
of hysteresis on the thermal behavior of wood material.

Several empirical and semi-empirical models are pro-
posed in the literature to describe the sorption isotherms of
biological products. Among these, we can mention the GAB
model, which is an improvement of the BET model [9-11].
Henderson's model is one of the few that includes tempera-
ture as a variable. It is widely used because linearization
is easy, unlike GAB model. Nelson proposed the Nelson
model in 1983, and it is based on the Gibbs free energy to
describe the sorption isotherm of cellulosic materials. This
model is less used in the literature to estimate the wood iso-
therms [12—14]. No single model can describe the sorption
isotherms of all biological products in all RH ranges. Thus,
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the GAB model is very often recommended for wood sorp-
tion isotherms [15-17].

The use of the parallel hot wire (PHW) method to estimate
simultaneously the water content and thermal properties of
Ayous (Triplochiton scleroxylon) and Tali (Erythrophleum
ivorense) was developed in a previous work [7]. The water
content of these tropical wood species can be modified with
relative air humidity. It would be interesting to know the con-
ductivity of these materials for a given air relative humidity.
We would then dispense with experimental measurements.
The aim of this paper was to complete that study by find-
ing a correlation between wood’s thermal properties and air
relative humidity. This work proposes an empirical model of
thermal conductivity as a function of air humidity. To reach
this goal, the thermal conductivity and volumetric heat capac-
ity were firstly estimated using the PHW method. Secondly,
the adsorption and desorption isotherms of the wood studied
were determined at two temperature levels using the static
gravimetric method. The GAB model, the Henderson model
and the Nelson model were used to smooth sorption isotherms
and a comparative study was done to determine the best model
fitting experimental data points.

2 Presentation of models
2.1 Sorption isotherms models

In the literature, three types of models are used to explain
the sorption behavior of a product : the theoretical model,
the empirical method and the semi-empirical model. These
models establish sorption isotherms for temperatures other
than those studied experimentally and avoid time-consuming
experiments. The choice of a model depends on the assump-
tions adopted and on its capacity to describe the experimen-
tal points as well as possible. According to Van Der Berg,
about 77 sorption isotherm models have been constructed
to explain the behavior of food products [18]. Three models
were chosen in this study: the GAB model, the Henderson
model and the Nelson model. In fact, the GAB model is
often recommended for wood sorption isotherms [15-17,
19]. It is the model wich better fit tropical wood isotherms
[20]. The Henderson model is considered as the one which
best fit sorption isotherm of tropical wood for humidities
inferior to 50 percent [21]. It is less used in the literature
when it comes to estimating wood sorption isotherms. How-
ever, it gives better results when the FSP and thermody-
namic properties of biological species are studied [12—-14].

2.1.1 GAB’s model

The GAB model is an improvement of the BET model
[9-11]. It suppose that the thermodynamic properties of
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water molecules on primary and secondary layers are iden- W,, molecular weight of water (18 g.mol ™)
tical to those of free water. The following equation gives the Nelson's equation can be rewritten:
GAB model:
mode X, = A, — B, In(~In(RH)) (10)

~ X,,C,,KRH
 (1-KRH)[1+ (C,, — 1)KRH| M

(4

The GAB model can be rewritten as a polynomial.

RH
x = yRH? + BRH + a 2
with:
(I_Cm)K 3
TR, ©
C, -2
=< 4)
1
*“XCK ®)

. . RH
A linear least squares regression method of < versus RH

was carried out using matlab code in order to deetermine the
values of coefficient of the quadratic term v, the linear term
coefficient B and the constant a. Then the GAB parameters
were calculated as follows.

K=(f"*-p)/2a (©6)
C, =f2/Ka @)
X, =" (8)

where: f = p*-4 ay

2.1.2 Nelson's model

In this work, another model chosen to smooth the sorption
isotherms of the studied products is the Nelson model. This
model allows easy estimation of FSP and the Gibbs free
energy of the studied material. The mathematical model to
describe this model is:

1 RT
X. =X ]—-—In|-———In(RH
c FSP< In(AGy) n[ W, n( )]) )

Xpgp represents the fiber saturation point for desorption,
AG(cal/g) Gibbs's free energy variation per gram of
water absorbed at a relative humidity of 0%.

A, and B, are the parameters of Nelson’s sorption iso-
therm model. They are given by:

Xpsp (RT>
A, = Xpgp — —FF ([
FSP ln(AGO) W, (11
_ Xpsp =
"~ In(AGy) 12)

For a hygroscopic specie and at the same temperature,
A, and B, are constants. Linear regression allows to deduce
the values of A, and B,. Xggp and AG,, are deduced from
the equations.

RT
Xesp = A, +B In| —
FSP n+ nn<w > (13)

w

X
AG, = exp< BFSP> (14)

n

2.1.3 Henderson's model

The Henderson model is one of few which add temperature
as a variable. And it is widely use, because the linearization
is easy.

_ 1/By
X, = m(“_%) 1)
h

The parameters A;,, B, are constants related to the temper-
ature. The linearization of the Henderson equation leads to:

InX, = a,In(~In(1 — RH)) + b, (16)

with: ay = £oby = —-InA,

The coefficients a,, et b, will be estimated by least squares
linear regression.

The comparison of the isotherms obtained by the three
models at different temperatures will determine which model
is the most suitable for wood species.

The calculation of the average relative error, the correla-
tion coefficient and the standard deviation makes it possi-
ble to observe the accuracy with which the different models
reproduce the experimental values.

The average relative error between the experimental
and modeled curves is calculated with the relation 17.
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X .—=-X .
P(%) _ @ N exp,i mod,i (17)
N &i=1 X

exp,i

The correlation coefficient between the experimental
and theoretical values is given by the expression.

ZiNzl (Xexp,i - Xmod,i)2

2
N [—
Zj:] <Xexp,i - Xexp,i)

r= |1- (18)

— 1 N
Xexp = NZ] Xexp,i (19)

The simulation of isotherms is acceptable when the
correlation coefficient is greater than 0.990 and for P val-
ues less than or close to 4% [15].

2.2 Thermal properties models
2.2.1 Thermal conductivity

A theoretical model is proposed to describe the evolution
of the conductivity of wood as a function of the air's RH.

Many studies have shown that the thermal conductivity of
wood increases linearly with the water content of the mate-
rial. The water content of two tropical wood species using
the parallel hot wire method have been previously studied
[7]. Furthermore, the equilibrium water content of wood is
a function of the relative humidity of the environment for
a fixed temperature. Thus, the experimental results of the
adsorption isotherms integrated with the linear model of ther-
mal conductivity enable the analysis of its variation with the
RH of the air. The statisical cloud of points obtained permit-
ted to determine an empirical relation between A,, and RH.
The exponential model of the thermal conductivity given by
Eq. 20 is the one that best fits the experimental curve.

Ay = Ay + Byexp(Cy,RH) (20)

In order to determine the parameters A, and B,, and
C,, a linear least squares regression code of A, versus RH
written in Matlab was used. The values of the coefficients
A and By, and C,;, that minimise the difference between
the theoretical values of thermal conductivity and the
experimental results were estimated. The Table 5 present
the values of coefficients estimated at 30 °C.

2.2.2 Volumetric heat capacity

The heat capacity reflects the ability of a material to
absorb heat and heat up. It is the energy required to raise
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the temperature of the considered material by one Kelvin.
The analysis of the results obtained by Bobda et al. [7]
showed that, like the thermal conductivity of the prod-
ucts studied, the estimated volumetric heat capacity is
sensitive to moisture. The higher the water content in the
material, the more the value of the parameter increases,
which weakens its insulating power. To take account of
this non-negligible phenomenon, an exponential model
is proposed by equation 21. In fact, as for the thermal
conductivity, experimental results of the adsorption iso-
therms integrated with the linear model of volumetric heat
capacity enable the analysis of its variation with the RH
of the air. Then, it is obtain an experimental points of
pC,, versus RH forming a statistical cloud of points. To
determine an empirical relation betwenn pC, , and RH, the
form of statistical cloud of point have guide a choice to an
exponential model.
pC,, = Ay, + B},exp(Cy/RH) Q1)
In order to determine the parameters A;h and B:h and C;h
a linear least squares regression code of pC, . versus RH
written in Matlab was used. The values of the coefficients
A;h and B;h and C;h that minimise the difference between
the theoretical values of volumetric heat capacity and the
experimental results were estimated. The Table 5 present
the values of coefficients estimated at 30 °C.

3 Materials and methods
3.1 Materials

Two tropical wood species were studied. Ayous (Triplochi-
ton scleroxylon) and Tali (Erythrophleum ivorense). They
represent respectively 7% and 31% of the wood produc-
tion in Cameroon in 2015 [21]. Ayous and Tali belong
to the Malvaceae family and the Erythroxylaceae family
respectively.

The specimens used for the experiments were obtained
in a sawmill in the city of Yaoundé. They were taken from
greenwood matrices already sawn in the longitudinal
direction. After machining, the wood samples were cho-
sen to have no structural defects (pits, knots, etc.). The
size and geometry of the samples were determined accord-
ing to the equipment available in the laboratory. For the
measurement of sorption isotherms, the specimens used
were saw into parallelepiped with approximately nominal
dimension 20 x 10 x 5 mm? [22]. About 27 samples per
specie were retained for the test. For the measurement of
thermal properties, the dimensions of the specimens were
10x 10 x 2 cm’.
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3.2 Equipment and methods
3.2.1 The parallel hot wire (PHW)

As stated earlier in this work, thermal conductivity and volu-
metric heat capacity are estimated in the transient regime by
applying the PHW method [7, 23]. The heating wire placed in
the center of the wood sample is made of Nickel-Chromium
80/20 with a diameter of 0.5 mm. The temperature T(t) at
the distance d = Smm is measured by a sheathed K-type ther-
mocouple with a diameter of 0.5 mm. It is recorded with a
time step of 0.1s by a Picolog TC-08. The heating wire was
arranged in a parallel direction to the wood fibers to measure
the thermal conductivity in the perpendicular direction to the
fibers. The heat flow in the wire is imposed by the circulation
of a constant electric current I, produced by a stabilized power
supply (Thandar TS3021S). The voltage U at the terminals
of the wire of length L is measured by a voltmeter (Velleman
DVM1100). A clamping device is used to hold everything in
place while reducing contact resistances.

3.2.2 The static gravimetric method

Although the use of dynamic methods is becoming more wide-
spread, the static gravimetric method based on saturated salt
solutions is widely use to obtain sorption isotherm data [19,
22,24, 25].

In the gravimetric method, the samples are weighed on a
scale with a precision of 0.001 g, brand JA 2003N. They are
placed in an environment whose RH is controlled by satu-
rated saline solutions and whose temperature is controlled
by an oven. The temperature inside the oven is regulated by
a thermocouple connected to a thermostat. A thermometer
placed inside the chamber confirms the temperature. The
containers containing the saline solutions are plastic and
non-hygroscopic.

Each RH point is determined by a saline solution, and
each weight measurement is made when an equilibrium
point is reached. It was assumed that the equilibrium con-
ditions had been attained when three subsequent measure-
ments of the sample mass at intervals of 24 h gave identical
results [20, 22]. This last recorded mass is used to calculate
the water content of the sample at temperature T and RH.
The experiment is repeated for different saline solutions
(different humidities) at the same temperature for different

wood samples. The different values of water content and
RH are used to plot the sorption curve at the temperature
T of the experiment. Table 1 shows the RHs at which the
measurements were made.

The preparation of the saline solutions is done as follows:

— Take out the containers, clean them, rinse with distilled
water, and dry.

— Prepare the necessary volume of distilled water.

— Add the salt in small quantities to the prepared volume of
water.

— Shake the mixture.

— Repeat the process until the solution is saturated.

The dissolution of some salts may also vary with tem-
perature. It is therefore recommended to dissolve the salts
at the maximum temperature for which the manipulation
is to be performed so that the solution remains saturated
at all different temperatures. It is recommended to wait at
least 72 hours after the preparation of the solutions before
using them. Indeed, the speed of dissolution varies with
the quantity of solute in the solution. Thus, 72 hours is
the time necessary to be sure that the solution is really
saturated.

In order to obtain the equilibrium of the water content, the
following protocol is followed:

— Place the water-saturated wood samples in the contain-
ers containing the saline solutions. Indeed, three samples
of each species were made for each environment. This in
order to have an average of three contents in equilibrium
for each species.

— Perform successive mass measurements of the samples in
aregular time interval.

— Carry out the operation quickly in order to avoid as much
as possible the loss or gain of humidity due to the contact
with the environment.

— When the mass no longer varies, place the wood samples
in an oven at a temperature of about 105 °C for at least 48
hours and carry out successive weighing until the variation
in mass is no longer significant. This gives the anhydrous
mass of the samples.

— The anhydrous samples are put back in the containers, and
the reverse process is carried out in order to obtain the
adsorption isotherms.

Table 1 Relative humidity of

T t LiCl C,H;KO, MgCl, K,CO; MgN,Oy NaBr IK NaCl KCI K,SO
salts at different temperatures emperatures : 23 g 23 BN or ! i

30°C 11.3 22 32.4 432 51.4 56 67.89 751 83.6 97

40 °C 11.2 20 31.6 42.3 48.4 532  66.09 747 823 964
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4 Results and discussion

4.1 Evolution of water content as a function
of the air relative humidity

Figure 1 illustrates the theoretical models and the experi-
mental adsorption points for Ayous and Tali samples at 30
and 40 °C, over the considered RH range. A preliminary
discussion around the choice of the most efficient model
is proposed.

Figure 1a shows the GAB model. The isotherms show
a sigmoidal shape. A concave shape of the isotherms that
is more pronounced for Ayous than for Tali is observed.

The curves in Fig. 1b show the adsorption isotherms
smoothed by the Henderson model. As with the GAB
model, the Henderson model predicts the experimen-
tal points quite well over the entire humidity range
considered.

The curves in Fig. 1c show the smoothing of the experi-
mental results by the Nelson model. It can be seen very
clearly that this model is limited when it comes to describ-
ing the isotherms of the two studied species at low rela-
tive humidity (<12%). Thus, the failure of this model to
smooth the experimental points at low relative humidity
does not depend on the density of the product.

The experimental results of the adsorption isotherms
obtained are typical of biological products. An increase in
the water content of the product with the increase of the
relative humidity for a given temperature is observed. It can
be noted a classical shift of the isotherms towards the right
with the increase of the temperature. This shift is due to the
differences in partial pressure of water vapor between the
wood and the environment, higher before equilibrium and
a decrease of the water-wood binding forces. For very high
relative humidity, close to 100%, the models have convex
shapes. Here, the last water molecules attach themselves to
the irregularities of the surface, where capillary condensa-
tion and binding energy are too low. The upward bend of
sorption isotherm at high RH is related to the softening of
hemicellulose and capillary water is insignificant below 99.5
% RH [8]. For intermediate RH (between 25% and 75%), the
shape of the isotherms is linear. This shape is explained by
the behavior of water molecules that joins to those already
fixed in the internal layers. In this case, the binding energy is
lower. A concave shape of the isotherms is observed for rela-
tive humidity lower than 20%. This can be explained by the
fixation of water on the first layer of the surface of the solid
matrix. The binding energy is very high, and the water mol-
ecules are mobile. These results are in agreement with the
general characteristics of isotherms and physical adsorption
of wood, which predict that the obtained isotherms are, type
II according to the BET classification [15, 20, 22, 26, 27].
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Moreover, for the same temperature differences, the
adsorption isotherms of Tali are more tightened than those
of Ayous. It means Ayous is more sensitive to temperature
than Tali. In addition, a slight decrease in the variation of the
equilibrium water content is observed for different RH at the
same temperature. For example, at 30 °C, the experimental
points of Ayous vary between 2.56% and 26.21% and those
of Tali between 2.37% and 22.14%. This confirms that Tali
is more stable than Ayous. The higher density of Tali may
explain these results. This is in agreement with the work of
some authors [12, 21].

Tables 2, 3, and 4 illustrate the values of the estimated
parameters for each of the models used on the Ayous and
Tali samples at 30 °C and 40 °C. The relative errors and cor-
relation coefficients for each model are calculated. The com-
parison between the correlation coefficients and the relative
errors of the GAB, Nelson and Henderson models allows
deducing the one that smoothest the experimental points of
the obtained isotherms. The simulation of the isotherms is
acceptable when the correlation coefficient r is greater than
0.990 and for values of the relative error P less than or close
to 4% [15, 28, 29].

The water content of the monolayer for tropical woods
should be between 0.02 kg/kg and 0.09 kg/kg [29]. The val-
ues of X, presented in Table 2 are in this interval of values.

Table 2 shows the monolayer water content at satura-
tion (X,,) of GAB in adsorption. These values correspond
to the points where the sorption of the multilayer begins
to predominate over the sorption of the monolayer. They
are located at the minimum of the differential of water
content versus relative humidity [30]. For all tempera-
tures, Ayous wood has lower X, than Tali wood. These
results are in agreement with those obtained in other wood
studies [15, 19, 31]. This parameter is important for the con-
trol of product stability during storage. These values of the
water content of the monolayer of the products indicate that
the chemical weathering reactions are low, and the stability
of both products is satisfactory during storage.

The values of the variation of Gibbs free energy AG, are
higher for Tali than for Ayous. This difference is explained
by the fact that the values of fiber saturation point Xggp
obtained for Tali are lower than those obtained for Ayous.
For the studied woods, it can be concluded that temperature
does not have a strong influence on the Gibbs’ free energy.

From the analysis of Tables 3 and 4, it can be seen that
the values predicted by the GAB model are very close to the
experimental values. Considering the values of the relative
errors of the different models, it is the best suited model to
describe the experimental points of the isotherms across the
considered range of temperature and relative humidity.

It can be seen that the correlation coefficient for the
Henderson model is below 0.990 for Ayous for the two
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Fig. 1 Adsorption isotherms models of troprical woods

@ Springer



456

Heat and Mass Transfer (2024) 60:449-461

Table 2 Parameters of the theoretical models for sorption isotherm adjustment

ADSORPTION
Parameters of the GAB model
Models wood species Temperatures X, K c
GAB Ayous 30 3,68 0,0089 18,9
40 2,92 0,0089 7,84
Tali 30 4,75 0,0082 7,11
40 6,07 0,007 3,13
Parameters of the Model of Henderson
a, b, A, B,
Henderson Ayous 30 0,669 2,21 0,035 1,52
40 0,749 1,85 0,0844 1,33
Tali 30 0,678 2,20 0,0391 1,47
40 0,763 1,98 0,0747 1,31
Parameters of the model of Nelson
ay b, Xrsp AG,
Nelson Ayous 30 5,05 5,52 19,6 34,5
40 3,60 3,95 14 344
Tali 30 5,37 4,75 17,9 42,9
40 4,39 3,79 14,4 44
DESORPTION
Parameters of the GAB model
Models Wood Species Temperature X, K c
GAB Ayous 30 8,30 0,0073 7,74
40 7,43 0,0075 7,25
Tali 30 5,19 0,0084 32,2
40 4,71 0,0076 15,7
Parameters of Henderson model
a, b, A, B,
Henderson Ayous 30 0,589 2,60 0,0121 1,70
40 0,620 2,51 0,0174 1,61
Tali 30 0,555 2,48 0,0116 1,8008
40 2,62 2,28 0,0452 1,36
Parameters of the Nelson model
ay by, Xrsp AG,
Nelson Ayous 30 8,89 5,46 23,2 70,6
40 7,87 5,41 22,1 59,3
Tali 30 7,51 5,49 21,9 54,37
40 7,87 5,41 22,1 59,3

temperatures considered in the study. The correlation coef-
ficient is below this same value (0.990) for Tali when the
study is conducted at 40 °C, but remains higher than the one
obtained at 40 °C for Ayous wood. Thus, It can be conclud-
ing that Henderson’s model is less efficient for smoothening
the experimental points of Ayous compared to Tali.”

For the Nelson model, the analysis of Table 4 shows that
the correlation coefficient r is below 0.990 for Ayous at any
temperature. The correlation coefficient is above this same
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value (0.990) for Tali wood at all temperatures. Like Hen-
derson's model, Nelson's model would perform less well in
smoothing the experimental points for light wood species
like Ayous compared to heavy wood species like Tali.

However, for both the Henderson and Nelson models, the
results remain satisfactory because the relative errors are all
less than 4%. But the GAB model remains the most satisfac-
tory because it has the lowest relative errors and the highest
correlation coefficient values.
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Table 3 Correlatign coefﬁci.ents Correlation coefficient r
and relative error in adsorption
T(°C) GAB Henderson Nelson
Ayous Tali Ayous Tali Ayous Tali
30 0,9995 0,9985 0,9581 0,9973 0,9821 0,9982
40 0,9728 0,9972 0,9777 0,987 0,9787 0,9929
Relative error P(%)
T(°C) GAB Henderson Nelson
Ayous Tali Ayous Tali Ayous Tali
30 0,2312 0,3033 1,4895 0,3905 1,3887 0,3516
40 1,2217 0,4388 1,1901 0,6184 1,3211 0,5438

4.2 Influence of the hysteresis on the sorption
behavior

The hygroscopic equilibrium is essentially dependent on
the climatic conditions of the environment. Thus, during
seasons (rainy and dry), wood gains or loses water to go
from a state of equilibrium in one season to another state of
relative equilibrium in the other season. To characterize this
phenomenon, an experimental campaign was conducted in
the laboratory to determine the main desorption curves at 30,
and 40 °C from the samples used to obtain the adsorption
isotherm of Ayous and Tali wood. The GAB model is used
to draw the theoretical curves.

Figures 2 and 3 show the comparison of the main adsorp-
tion and desorption paths for these species.

The analysis of Figs. 2 and 3 reveals, first of all, that the
hysteresis increase when relative humidity increases. Ayous
has higher hysteresis values compared with Tali. This is due
to law fraction of small pores in Tali than in Ayous. The
adsorption curve underestimates the real value of the water
content of the woods. In working conditions, the wood does
not undergo such important climatic variations. The ampli-
tude of the expected water content variations will be lower
than the integral hysteresis while remaining very significant

even after a large number of successive desorption-adsorp-
tion cycles. Each species is therefore characterized by its
own behavioral pattern.

Theoretical and numerical study of the hysteresis phenom-
enon seems to be inevitable to properly describe the thermo-
hydric behavior of the wood material. On the one hand, to make
a correct estimation of the evolution of the thermal parameters
according to the relative humidity of the environment.

4.3 Influence of air's relative humidity
on the estimated thermal parameters.

The analysis of Figs. 4 and 5 show that the estimated thermal
parameters are sensitive to humidity. The higher the water
content in the material, the higher the thermal conductiv-
ity, weakening its insulating power. A modelization of the
thermal conductivity as a function of the relative humidity
of the ambient air is carried out to account of this phenome-
non. Table 5 presents the parameters of the theoretical model
of thermal conductivity and volumetric thermal capacity
deduced by linear regression.

Figures 4 and 5 show the evolution of the variation of
the thermal conductivity and the thermal capacity of the
two studied species with the air humidity obtained from

Table 4 Correlation coefficients
and relative error in desorption

Correlation Coefficient r

T(C) GAB Henderson Nelson

Ayous Tali Ayous Tali Ayous Tali
30 0,9932 0,9903 0,9856 0,9725 0,9780 0,9122
40 0,9960 0,9857 0,9921 0,9921 0,9885 0,9885

Erreur Relative P(%)
T(CC) GAB Henderson Nelson

Ayous Tali Ayous Tali Ayous Tali
30 0,5577 0,7515 0,7440 1,.2243 1,0463 0,9122
40 0,4297 0,6557 0,5749 0,5749 0,7393 0,7393
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Ayous at 30°C
35 T T T T T

= Adsorption model

30+ ® Adsorption exp

=== Desorption model
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Fig.2 Sorption hysteresis of the Ayous species at 30 °C and 40 °C

Eqgs. 20 and 21, respectively. a good agreement between
the experimental results and those given by the model is
observed.

An increase of the thermal conductivity with the humidity
of the air is observed. This is explained by replacing air mol-
ecules with water molecules within the pores of the material.
The values of the regression coefficients and relative errors
are given in Table 5 for both species.

The reliability of the developed empirical relation-
ship is evaluated by comparing the experimental and

Tali at 30°C
35 T T T T T
= Adsorption model
30 ® Adsorption exp |
=== Desorption model

;\3 ® Desorption exp
25
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Fig.3 Sorption hysteresis of the Tali species at 30 °C and 40 °C
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Ayous at 40°C
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predicted curves. The relative errors are less than 1% for
both Ayous and Tali. The correlation coefficients found are
greater than 99% for both species in adsorption and desorp-
tion. The experimental points are well fitted by the models,
as indicated by the r and P values.

Figures 4 and 5 show that it is difficult to validate a
correlation for both phases of adsorption and desorption.
Indeed, because of the pronounced hysteresis phenom-
enon, it would be interesting to adjust the model so that it
takes into account the hysteresis phenomenon.

Tali at 40°C
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Fig. 5 Influence of air’s relative humidity on the volumetric heat capacity of woods at 30 °C
Table 5 Coefficients of the model of thermal conductivity and volumetric heat capacity at 30 °C
Thermal properties Wood Species Agy B, Cy E r P(%)
Conductivity Ayous Adsorption  1,01E400 9,55E-02 0,00446  2,33E+00  9,96E-01  6,81E-01
Desorption  -1,35E4+00  2,33E+400 0,01467  0,26E+00  9,98E-01  2,63E-01
Tali Adsorption  5,59E-01 4,24E-01 0,02875  2,08E4+00  9,94E-01  4,99E-01
Desorption  1,38E-00 3,60E-01 0,03185  2,44E4+00  9,92E-01  5,74E-01
A, B, ¢, F r o
Volumetric heat capacity ~ Ayous Adsorption  4,89E+406 4,72E405 0,040 1,ISE+07  9,96E-01  6,84E-01
Desorption  -6,73E4+06  1,15E+07 0,0147 1,14E4+07  9,98E-01  2,64E-01
Tali Adsorption  2,74E+06 2,64E4+06 0,0287 1,30E+07  9,94E-01  5,18E-01
Desorption  7,31E+06 2,247E4+06  0,0319 1,52E4+07  9,92E-01  5,91E-01
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5 Conclusion

This work aimed to find a relation between thermal con-
ductivity and volumetric heat capacity with air’s relative
humidity. The sorption phenomenon of two tropical wood
species was used to analyse their hygroscopic properties.
The sorption isotherms studied experimentally by the gravi-
metric method and modelled by the GAB, Nelson and Hen-
derson's models show indeed that the GAB model is the
most suitable for the smoothing of sorption isotherms of
the two tropical wood species considered in the study. The
obtained isotherms are all sigmoidal in shape and are of type
II. The smoothing of the experimental results from the three
models allows having average relative errors lower than 4%
for the two species (0.23 - 1.22) %. The correlation coeffi-
cients between GAB model and sorption experimental data
are higher than 0.990 for both species except in two cases.
This occur when Ayous is subjected to a temperature of 40
°C in adsorption and when Tali is subjected to a tempera-
ture of 40 °C in desorption. The existence of differences
between the sorption isotherms of the two species can be
explained by their chemical composition and internal struc-
ture. For example, the water content of the monolayer is
higher in Tali wood for all environments. Ayous is more sen-
sitive to temperature than Tali. The modelling effort carried
out on the thermal properties as a function of the relative
humidity of the ambient air. The parameters of the theoreti-
cal model of thermal conductivity and volumetric thermal
capacity are deduced by linear regression. The results show
an exponentially increase of the thermal properties with the
humidity of the air. A good agreement between the experi-
mental results and those given by the model is observed. The
models are applicable for these materials where it is not pos-
sible to carry out experimental measurements. However, for
the case of Ayous, it will be interesting to adjust the model
so that it takes into account the hysteresis phenomenon.
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