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Highlights

1. Similarity laws are verified in the framework of a one-dimensional heat and water vapor
diffusion problem through an experimental campaign.

2. Two configurations of hemp concrete samples, equivalent in terms of similarity laws, are
exposed to thermal and hydric stress.

3. Temperature and relative humidity at equivalent positions in both samples are measured
and compared.

4. A detailed uncertainty investigation is proposed to discuss the reliability of the observed
discrepancies.

5. The comparison of discrepancies and entire uncertainties show a good agreement between
the reference and reduced configurations.

Abstract

Similarity law is a mathematical mapping that aims to set up equivalences between different
configurations regarding the involved physical parameters, space dimensions and the duration
of the configuration. These equivalences are defined by means of the dimensionless formulation
of the physical model that describes a phenomenon. This concept is widely adopted in some
scientific fields, notably in computational fluid dynamics. In heat and water vapor diffusion,
similarities are applicable theoretically on configurations distinct in terms of material, space
dimensions, duration or even imposed stress magnitude. It is worth noting that these are slow
kinetic phenomena. In this regard, this study aims to verify similarities experimentally while
using hemp concrete and reducing the duration of a reference experiment. Before performing
measurements, two main limitations are fixed. First, by means of an experimental design, heat
and moisture transfer are assumed one-dimensional. In addition, Dirichlet boundary conditions
are considered at the surface that is exposed to ambient air. Mainly, temperature and relative
humidity are measured at the quarter and middle of the material in order to compare the
two similar configurations. Afterwards, an uncertainty study is carried out in order to discuss
and justify the observed discrepancies. Following a deterministic approach, this investigation
considers five sub-uncertainties which are related to : the calibration of used sensors, their
positions, time of response, randomness of an experiment and the boundary condition modeling.
Results show a good agreement between the reference and reduced configurations. Indeed, the
discrepancies between both are entirely within the calculated confidence intervals.

Keywords

heat conduction and water vapor diffusion, similarity analysis, porous material, experimental
bench-marking, uncertainty quantification.

1 Introduction

Worldwide, the building sector is responsible for a consumption of 44 % of global energy. A
significant part of building losses is due to the behavior of the envelope. Therefore, a decrease



in the energy consumption of a building relies partially on the understanding of interactions
between building outdoor walls and external environment, specifically for recently introduced
bio-based materials. Explicitly, studies on thermal and water vapor diffusion through construc-
tion materials, highlight the necessity of considering the thermal and hydric response of a buil-
ding in regard to variable climate stress. These phenomena are highly coupled and governed by
second order differential equations which are derived from heat and water amount conservation
formula [I]. Moreover, these diffusion are complex phenomena that occur slowly, especially the
one of water vapor. The slow kinetic is related to the nature of moisture diffusion which is
a transport phenomenon, where water can migrate only trough open pore networks in liquid
and vapor forms. The tortuosity of a material, which is a property defining the complexity of
its micro-structure, influences as well water transport. In this respect, a bio-based material is
known by a high heterogeneity and micro-structure complexity as a composite media. Based
on the latter, it is important noting that the long kinetic of heat and water vapor diffusion
represents a serious experimental issue, which should be faced.

The hygrothermal behavior of construction materials is widely investigated using approaches
based on experimental designs and numerical simulations. Some of the references cited in the
literature review carried in [2] can be mentioned specifically. According to [3], the study pro-
vides data-sets for validating one-dimensional heat and moisture diffusion models step by step,
gradually increasing the complexity of a multi-layer wall with hygroscopic components and
using variable climate stress. Furthermore, the influence of sorption curves dependence on tem-
perature is investigated on the hygrothermal behavior of hemp concrete [4]. Another study [5]
highlights the experimental characterization of moisture, heat, physical and mechanical proper-
ties of a recycled expanded polystyrene mortar. The experimental characterization is conducted
also on a cement paste in order to evaluate the insulator adding impact. Afterwards, numerical
results are compared to a 85-day experiment in[6]. Generally, these works involve experiments
which aim either to confront numerical models of heat and water vapor diffusion or to propose
a data set serving as bench-marking. However, these studies analyze the diffusion phenomena
during short periods. A more meaningful and challenging approach would be to perform long-
term experiments (years) to discuss further the hygrothermal behavior of porous materials.

One of the solutions would be the use of similarities. It aims to set an equivalence bet-
ween two or more distinct configurations. This mapping relies on the scaling of the model
that is used for a theoretical prediction of a studied phenomenon. Afterwards, the equivalence
is defined based on a set of dimensionless numbers, each describes generally an aspect that
is associated to the phenomenon. For example, a study [7] analyzes the use of dimensionless
numbers, such as the Buningham and plastic ones, in the context of viscoplastic materials. Ac-
cording to the latter, some number sets are preferable to others in order to explore the solution
space. Generally, similarity is helpful in diverse scientific fields [§] such as structure resistance,
computational fluid dynamics, acoustics, aerodynamics, ocean engineering [9] and mechanics.
In fluid dynamics for example, the purpose is mainly to compare several fluid flows thanks to
a set of dimensionless numbers. The authors in [10] [I1] established a similarity theory for heat
transfer at super-critical pressures in order to find similar phenomenological behaviors while
considering different fluids. In addition, a scale analysis was carried out to develop relationships
among physical and geometrical parameters for two types of coil cavity receivers [12]. Herein,
the effects of scaling on the performance of a solar receiver is addressed in order to discuss the



possibility of extending small designs to large-scale models. Moreover a study, from a different
scientific field, proposes a method to relate models and prototype made with different materials,
while considering small thickness distortions [13]. This approach is useful to evaluate the be-
havior of a plate structure against impulsive loading. In addition, similarity is applied to study
the acoustic radiation of flat orthotropic flexural panels [14]. The paper assesses the validity of
similarity on rectangular panels radiating sound in a semi-infinite light fluid medium. As for
aero and hydrodynamics, large structures such as aircraft or wind turbines are pre-studied on a
small scale [I5] 16] and then designed using similarities. Subsequently, a similarity law of flow
rate for ventilated hot-gas super cavity flows is found and described in [I7]. The originality lied
on water phase changes, whose effects were evaluated on similarity and the modeling scheme.
Following another study [18], similarity is investigated on external flow field and internal heat
transfer. Particularly, the law is verified by proposing a real aircraft and its scaled models. The
results showed a good agreement between the scaled model and the real aircraft. Moreover,
a dynamic similarity theory is introduced into a gear transmission system [19]. Particularly,
the scale model is designed for the dynamic response. Thereafter, it is validated by free and
forced vibration response. Authors in [20] carried simulations and a similarity model test to
investigate the failure mechanism of a rock mass around the mined-out area above the high way
tunnel. A law is revealed which could be significant for guiding similar engineering constructions.

In addition, heat and moisture diffusion through construction porous materials is a field
where, to our best knowledge, a few works used similarity laws. In this respect, an annual
moisture variation in a building wall is studied under a mild climate, employing a small-scale
model and similarity [21]. In this investigation, an experimental design is proposed, using a
wall small-scale model and similarity laws which are based on heat and moisture diffusion
equations. Similarity is used to confront numerical results (standard configuration) to those
of an experiment, which is an equivalent small-scale model. Lastly, the experimental validity
of similarity is assessed for a heat conduction problem according to [22]. The study highlights
the reliability of these laws on two similar experiments. For this purpose, temperatures inside
materials are measured and confronted. First experiment (reference) lasts 72 h and the second
(reduced) endures only 32 h. Based on the good agreement of measurements, the utility of such
laws to reduce the duration of long heat diffusion experiments is evidenced. Focusing always
on heat and moisture diffusion investigations, a study [23] deals with similarity to assess these
phenomena while considering 49 types of material. Similarity was obtained if the dimensionless
numbers related to the problem were equal from one configuration to another. Therefore, all
cited studies showed that similarities might have a significant role when addressing an expe-
rimental work to reduce its duration. Besides, it is important to underline that similarity is
validated in the literature only for heat diffusion within porous construction materials.

The present work ensures a continuity of [22], and consists in extending the validity of
similarity to a more general case. It proposes an experimental methodology that verifies the
validity of similarity of a one-dimensional heat and moisture diffusion phenomena within porous
building materials. In particular, the paper aims to verify the reliability of this law in main-
taining the same results, between two configurations different in duration. The comparison is
performed using measurements at similar positions and time instants. Resulting experimental
discrepancies are quantified and discussed, based on the assessment of uncertainties. This step
is meaningful since it is unknown whether a discrepancy is within the confidence range. Mostly,



an experimental similarity is reliable within a margin of error which can be interpreted by
identifying the main constraints, hypotheses, and calculating the corresponding uncertainties.

The structure of this work is defined as follows. Section 2 proposes the physical model which
is adopted to study heat and moisture diffusion in a porous material. In addition, it describes
the dimensionless formulation of the problem, which will help defining the similarity laws. Af-
terwards, Section 3 presents the experimental facility that is used to assess the validity of an
important assumption (Dirichlet condition modeling) as well as the reliability of similarity. Sub-
sequently, Section 4 defines a detailed methodology to assess the propagation of uncertainty
during a heat and moisture diffusion experiment. Thereafter, Section 5 highlights the results
related to Dirichlet condition modeling assumption, both experiment uncertainty and the com-
parison of measurements in the standard and the reduced configuration. This section discusses
additionally the experimental validity of similarity. Finally, a conclusion is given in Section 6
which suggests future investigations to improve the reliability of these laws.

2 Methodology

2.1 Assumptions of the study

Before defining the mathematical model that represents the coupled phenomena of heat and
moisture diffusion, this section outlines the fixed assumptions for the remaining parts of this
work.

Assumption 1 Heat and moisture diffusion are one-dimensional.

Assumption 2 Heat and moisture boundary conditions at the surface are modeled according
to Dirichlet type.

Assumption 3 Material intrinsic properties do not depend on temperature.

Assumption 4 The micro structure of the material are considered equals (from an averaged
point of view) between two similar configurations. Thus, properties and their variation laws are
considered the same for the two similar configurations.

Assumption 5 The phenomenon of hysteresis is neglected and the variation of water content
according to relative humidity is based on the averaged isotherm sorption curve.

Assumption 6 Systematic uncertainty is constant and assumed independent of the location
and the instant of a measurement.

Assumption 7 The assessment of random uncertainties is approximated by using N = 3
samples in each configuration.

Assumptions 1 and 2 have major importance in regards to the validation of similarity laws, so
they will be discussed in the results.



2.2 Mathematical model

This part is dedicated to the definition of the equations that govern the coupled heat and
moisture diffusion in porous media [24, 25]. The problem considered in this study follows a ma-
croscopic approach based on the representative element volume [26]. In this respect, phenomena
at the microscopic scale are averaged [27, 28] and convection is neglected due to low velocity
fields in the pores of building materials and the size of these pores. Temperature 7'[°C| and
vapor pressure P, [Pa| are the driving potentials of this model. These two variables are stron-
gly coupled and thus impact each other. The problem is written for a one-direction diffusion
according to the Equations (1)) and ( .

oP, 9 oP, . 0T

Conpgr” = 5 ((kit ko) =2+ kr )+5 (1)
or 9 or ap

Cop gy = 5 (At hike) 5 +a2r), (2)

Where p [kg.m~3] designates the material density and is expressed as follows :
p=1—-n)ps+nS;p;. (3)

Where n [—] is the porosity of the material, p [kg.m~3] density of solid matrix, S; [—] the degree
of saturation in water, p; [kg.m—3] water density. C), [J.kg™*.K™1] is the global heat capacity. It
is the combination of the specific heat of the material in the dry state C,[J.kg™*.K™!] and
that of water in the pores of the medium C; [J.kg7*.K™1]. It is expressed as follows :

(1_n)PsOps+Slnplel (4)
(1—=n)ps+S;np;

Furthermore, C,, [Pa~!] represents the moisture storage capacity and is obtained via the iso-
therm adsorption and desorption curves. These curves illustrate the variation of water content
w [—] according to relative humidity ¢ [—] within the material and at a constant temperature
[29]. Let assume that the variation of water content, according to relative humidity within the
material, is determined at a constant temperature. On the other hand, it is also assumed that
the sorption curve is obtained by averaging those of adsorption and desorption. The isotherm
curve during the wetting and the drying of a porous material is not the same, this is due to the
hysteresis phenomenon. The physical modification of the material, caused by water outflow, is
responsible for this phenomenon. It is usually induced by the non-uniformity of pores geometry.
In order to simplify the problem, this phenomenon will be neglected in the study assumption 5.
Thus, the moisture storage capacity is defined as follows :

c,=

1 ow
Con(Po,T)=5—F+ 5
( ) = P (T) 90 (5)
Where Pg,; [Pa] represent the saturation pressure and is given by Antoine’s law as follows :
T—T.\?
Put(T) = Py () T=T., ©)
Ty

Given that P2, = 997.3Pa, T. = 159.5K, Ty = 120.6 K and p = 8.275. Afterwards, k, [s]
is water vapor permeability. It describes the transport of the water vapor form due to a vapor

pressure gradient. This coefficient generally depends on water content and temperature. In this



case, it is assumed constant. In addition, Equation introduces three other coefficients k; [s],
k7 [kg.m~ts71.K™!] and 3 [kg.m3.K™!]. According to the model, they are defined as follows :

RT
kl<Pv,T)=mM]§f. (7)
_k’lRpl alnqb
kr(Py, T) =~ (T o7 +Ing). (8)
. Pv aF)sat
5(PvaT)*psCmPsat or (9)

Where r;[s] is the liquid conductivity. R [J.mol~1.K™!] is the ideal gas constant and the
molar mass is given as M [kg.mol™]. k7 represent the moisture transport coefficient due to
a temperature gradient. Furthermore, heat diffusion is primarily governed by the the material
conduction that is defined by the coefficient A [W.m~1.K~]. It generally depends on temperature
and water content. However, this coefficient varies slightly with temperature. Therefore, only
water content is considered in its expression, which is given below :

A=nA S+ (1—n)A,. (10)

Where A [W.m™1.K™] and A\; [W.m™1.K™!] represent the material thermal conductivity at its
dry state and the one of water. Note that Equation (10 underlines that the thermal conducti-
vity of a porous material depends only on the saturation degree in water or water content in
other words. It is worth noting that certain properties depend on temperature such as A, k.,
k;. However, unlike water content, these properties vary slowly according to temperature. In
addition, the range of temperature variation is reduced in building physics, which is not the
case in other scientific fields where temperature reaches higher thresholds. Hence, it is further
considered that intrinsic properties do not vary according to temperature , which corresponds
to the assumption 3. Moreover, h; [J.kg™!] is the water mass enthalpy. Notice that heat diffusion
is also impacted by the presence of water within the open porous network. This fact is quan-
tified by a[W.m™1.Pa~!] which is a heat diffusion coefficient due to a vapor pressure gradient.
Its expression is given as follows :

a(Py, T)=h(ki+ky)+Lyk,.

« indicates the heat fraction transmitted as latent energy due to water vapor [30), B1]. This
is evidenced via the water vapor permeability k, and the latent heat of vaporization L,,.

The upcoming study is carried out based on two hypotheses. On the one hand, the diffusion
is considered one-dimensional along the z-axis for example. This is the first model assumption.
It is possible to approximate the uni-directional flux condition. This is achieved by imposing a
high thermal or moisture resistance along other diffusion directions. Materials with low thermal
conductivity or water vapor permeability help limiting heat and moisture diffusion. Moreover,
this assumption can also be approximated by considering the material a semi-infinite medium.
For the rest of this study, it is chosen to use an insulating material and another one with a
high water vapor sealing in order to ensure this first assumption. Space and time domains are
defined by Q, = [0, L] and Q; = [0, t ;] respectively. L represents the material dimension



along the diffusion direction. We introduce A .; [W.m~1.K™1] the effective thermal conductivity
and k,, [s] the material total mass permeability. These two coefficients are expressed as follows :

ke = ko + ki - (11)

Aef=A+hikr. (12)

Initially, temperature and vapor pressure fields are known in the material. They are positive
functions defined in the spatial domain Q, = [0, L]. In our case, material initial vapor pressure
and temperature are assumed constant. The initial condition is written as follows :

Ve € [0, L], P,(z,0)=Pyo, T(x,0)=Ty. (13)

Where P,q and Ty are the material vapor pressure and temperature at the initial instant
respectively. It is important to remind that these last two quantities will represent the charac-
teristic quantities related to temperature and vapor pressure, in the dimensionless formulation
part. Regarding the boundary conditions, they can be constant or vary in time. In the case of
this study, the face corresponding to z = 0 is exposed to time-dependent heat and moisture
stress. Hereafter, we consider that temperature and relative humidity at this surface are iden-
tical to those of ambient air 7°°°, ¢*°. This is the Dirichlet-type boundary condition, which will
be the second assumption. At the exposed surface, temperature and vapor pressure are stated
as follows :

Vte[0,tf],2=0 P,(t)y=PX(t), T{t)=T>(t). (14)

Furthermore, admit that the material is perfectly insulated Figure [I| and sealed against
moisture on its last five faces. Thus, heat and water vapor diffusion are negligible on the other
side of the material. This allows to write :

or, . oT,
Vte [0t e=L  SE(t)=0, S-(t)=0. (15)
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F1GURE 1 — The boundary conditions assumed in the model

In the next section, the dimensionless formulation of the problem is addressed. The aim is
to obtain dimensionless equations that are independent of a given configuration. This operation
is essential to obtain dimensionless numbers. These latter will be the basis for the definition of
the similarity laws required for the formulated problem.



2.3 Dimensionless formulation

The dimensionless formulation of an equation [23] [32] requires first the definition of certain
characteristic values. Afterwards, each problem variable will be reported to one of these values.
For this purpose, we choose the following constants as the characteristic space and time values,
L the material thickness and ¢ experiment duration. Therefore, the first two dimensionless

variables are deduced :

x N t

=2, tt =
L ty

In parallel, characteristic vapor pressure and temperature are the ones of the material at
the initial state P, and T). Likewise, we obtain :
= T

PvO7 U:Ti().

(16)

(17)

u =

Finally, all characteristic material properties are also the ones evaluated at T" = Ty and
P, = P,o. Their dimensionless formulation is given as follows :

Ps Cm km kT
* , C:n: ; /{:n:i, krn=-—, 18a
Ps Ps0 Chmo kmo T kro ( )
15} c, Aef Q
=, =2t M=l ar=—. 18b
& Bo P CpO >\ef0 (%) ( )

Taking into account the scaling made on the variables of the problem, the dimensionless
formulation of the equations (1)) and (2) is given :

., Ou 0 . Ou 0 . Ov L Ov
Cmpsﬁt*IFOm%(kmax*)+F0m(5%(kTax*)+77ﬁ 8t*’ (19)
« xOv 0 . Ov 0 . Ou
Cpps 8t*—Foq%<)\ ax*)—l—Foqu%(a 8:6*)' (20)

The dimensionless equations introduce constant and characteristic numbers [33]. First,
Fourier numbers that are related to the kinetics of heat and moisture diffusion. Their expressions
are given as follows :

)\efotf

Emoty
Fo,, = =
! psOOpOL2

= F
pSOCmOLQ’ °

Fourier numbers represent the part of heat or moisture flux that is transmitted through the
material compared to the stored heat or moisture. Differently, it is the ratio of the diffusive
transport to the rate of storage. Moreover, three other characteristic numbers appear in equa-
tions and (20). By definition, they describe the effect of heat or moisture diffusion on each
other.

5 — kroTo PYZOéOon n = To Bo
kmoPyo’ )\efOTO’ PUOCmOpSO.

According to Equation ([19)), notice that the influence of heat on moisture diffusion is descri-
bed by d. If 6 < 1, the impact of heat on moisture diffusion is minor compared to the moisture
flux driven by vapor pressure. In parallel, when v < 1, the impact of moisture on heat diffu-
sion is minor compared to the heat driven by temperature. Finally, the number 7 is a coupling



parameter for the dynamics of heat over moisture diffusion. The dimensionless formulation is
applied also on the defined initial and boundary conditions. u and v are initially defined as
follows :

Va* e [0, 1], u(z*,0)=1, wv(z*,0)=1.

In addition, the new boundary conditions are given as follows :

ou ov
Vir 0,1 =T =0 =0
€[0,1], 2 ox* T Ox*

Vt* € [0,1],2"=0 wu=u*®, v=0v%.

After formulating the whole problem into a dimensionless form, we reach a configuration,
where the quantities v and v do not depend anymore on the parameters of the physical model.
Only the characteristic numbers are used to evaluate the variation of these fields. Consequently,
the concept of similarity laws is introduced. The following section will thus consist in defining
these laws and presenting their applications in fields of applied physics.

2.4 Similarity laws on heat and moisture diffusion

In order to apply these laws, two different configurations indexed by 1 and 2 are introduced.
The first configuration is defined by the space domain Q! = [0, L] and time domain Q} =
[0, ¢ 71]. The same for the second one where Q2 = [0, Ly ] and Q7 = [0, ¢ so]. Where L; and
L represent the thicknesses of the material in configuration 1 and 2 respectively. Likewise for
t ¢ which represents the duration of an experiment. Based on the latter, two configurations are
stated similar if the dimensionless formulation of the problem is identical in both cases. This
implies that the dimensionless numbers are equal in both configurations. Thus, it is deduced

from Egs. and the following :

Fo,,1 = Fo,a, Fo,1 =Fo,s, (21a)
01 =102, Y1="72, n=71z. (21b)

In our study, the cases consist of two samples representing the same material and initially
conditioned at the same temperature and vapor pressure. This implies that :

T01:T027 PvOlzvaQ-

Not changing the material from one configuration to another helps setting the assumption 4.
Thus, notice that the equality on numbers 9, v et n in Equation [21b]is guaranteed . Moreover,
the equivalence on heat and moisture Fourier numbers enables to obtain :

brn _tye

Ly L3

Recalling that the properties pso, kmo, Cmo, Ao and C)p( are considered equal in both
configurations.

(22)
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F1GURE 2 — The mapping between two configurations 1 and 2

Remark that similarities create space-time equivalences between configurations. In this re-
gard, the similarity proportionality factor X is defined which is a length ratio and defined as
follows :

=2 (23)

When ¥ < 1, i.e. Ly < Ly, the space dimension of the reference configuration is reduced.
This possibility constitutes our choice in order to overcome the slow kinetics of heat and mois-
ture diffusion. Therefore, our objective would be to deal with a long experimental configuration
called reference while working on a reduced design. Given that the duration of the long and
short experiments are t; and t, respectively, an equivalence is set between these experiments
if they verify :

tfgztf122. (24)

In reality, assumption 3 is true only if the micro-structure of a sample remains unchanged
going from the reference configuration to the reduced model. Ideally, the properties and their
laws of variation are identical if it is assumed that the reduced configuration represents a sample
that is identical to the one in the reference configuration in terms of porosity, tortuosity and pore
size distribution. Note that the time scale of the reduced configuration is modified by two orders
compared to the space scale. From a mathematical perspective, a mapping is carried Figure
2] linking the reference configuration to the equivalent one by means of the proportionality
factor . This mapping is ensured through the obtained dimensionless numbers. Thus, it is
formulated in the following way :

QL x QF — Q2 x QF,

T

(23’1,251) — (ZEQZSEl -Z,tQ:tl 22>

10



2.5 Experimental assessment of the validity of similarity law

After defining the equivalent configurations 1 and 2, the experimental validation of the
similarity laws is carried out by comparing temperature and relative humidity in both confi-
gurations. Indeed, the equivalence in temperature and vapor pressure induces that of relative
humidity. This comparison can be carried according to the physical domain. In this case, for
vy € QL xy, € Q2 ¢t € Q) and ty € Q? such that x9 = 21 ¥ and ty = ¢, X2, the following
affirmations must be verified :

T(xy,t1)=T (22, t2) , ¢(x1,t1)=0¢(22,1t2). (25)
Where ¢ represents the relative humidity that is defined according to Eq. :
P,
gb B Psat .

To validate the laws of similarity on this problem, discrepancies and total uncertainties
should be estimated and compared. In this regard, the results related to the reference and
reduced configurations are in agreement if :

(26)

‘GT(Xiat)‘SUT(Xiat>+UT(XiE7t22)a (27a)

leo(xir )] < op(xirt) +og(xi D, 15?). (27b)

Where y; € [0, L;] is a position within the material in the reference configuration consi-
dering that ¢ € {1,2} and ¢t € [0, t;] are the instants during this same configuration.
According to Egs. and ([27D]), It should be ensured that the discrepancy one a given field
(€4 or er) as expressed in Equations and , between two similar positions and at
equivalent instants, is smaller in absolute value than the sum of the total uncertainties (o1, o).
In the following section, the manufacturing phase of the material is evidenced. It is resumed
to the formulation of samples, the used molds and the necessary curing period. Subsequently,
the necessary devices and equipment are exposed. Finally, the samples which represent the
reference and reduced configurations will also be announced.

er(Xi t)=T(xi,t) =T (x; 2, t¥%), (28a)
€o(Xirt)=0(xi t) =0 (xi 8, t2%) (28D)
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3 Experimental investigation

3.1 DMaterial

FIGURE 3 — Formulation of the 15 x 15 x 15cm?3 samples

The tests, presented in this work, are performed on hemp concrete samples. It is a bio-based
material with the substitution of hemp plant fibers [34]. All samples are derived from the same
formulation. The manufacture of this material was described thanks to the standardization
according to NF EN 459, NFP 15 — 314 and NF EN 197 — 1. It imposes the following mass
fractions : 16% of hemp, 34% of cement and 50% of water.

The hemp is issued from the Biofibat product. It is an aggregate made up exclusively of
cellulose fibers, calibrated and dust-free, resulting from the defibration of hemp straw. The pro-
duct technical description shows the following values : p = 110kg.m~3, A\ = 0.05 W.m LK1
These properties were evaluated at 15% moisture content. Tradical® PF70 is a formulated lime
of class FL. A 3.5, valid according to the NF 459 standard. This lime is designed to produce
mortars for natural stone, hollow or full bricks, as well as traditional plasters. According to
the manufacturer, the lime is characterized at the dry state as follows : p, = 620kg.m=3,
Ay =02W.m LK.

In an industrial container, the correct proportions of water and lime are mixed for three
minutes via a double speed mixer. A good hydration is ensured by the sufficient appearance
of water bubbles. Then, hemp is added to the container and mixed for another 2 minutes.
Afterwards, the obtained mixture is filled into 15 x 15 x 15cm3 molds. These are treated with
a specific oil in order to facilitate the releasing. After ten days of hydration, the samples are
obtained and stored in ambient air conditions for three months. The experimental characteri-
zation of heat and moisture properties of hemp concrete provided the following results at the
dry state : Ay = 100.23mW.m 2Kt C,, = 1150 J.kg LK™, p, = 480 kg.m*, k, = 2.8107 s
and k; = 7.410"13s.

- mK¢ 1-k(1—w)
YTI1YKe 1—ko

For the determination of the average sorption curve of hemp concrete, the experimental

(29)

12



results in [35] are used. The data are obtained for the same formulation of hemp concrete,
at T = 25°C and for different relative humidity values. Subsequently, the experimental curve
was fitted using the Generalised D'arcy and Watt model (GDW) for the sorption curves which is
given according to Eq. . Based on the performed fitting, the parameters of this model are
estimated as : m = 0.068, K = 2.722, k = 0.964 and w = 0.187.

3.2 Experimental equipment

FIGURE 4 — The climatic chamber used in tests

After the hydration of the samples, they are put under different experimental tests. It
consists mainly in generating realistic climate conditions to apply on samples. This task was
carried out thanks to a climatic chamber of CTS mark illustrated in the Figure [ It is a cell
having the dimensions 0.9 x 1 x 1.6m3, ensuring a use range from —70 to 180°C in tem-
perature and 10 to 98% in relative humidity. During the material exposure, temperature and
relative humidity are measured at different locations using capacity humidity sensors. These
are manufactured by Ahlborn, and have a diameter of 5 mm (Figure . The operating ranges
for temperature and relative humidity are —30 to 100°C and 5 to 98% respectively. Further-
more, based on the factory calibration certificate, the systematic accuracy of these sensors are
given as o715y = 0.3°C and 04 5,5 = 4% for temperature and relative humidity respectively.
These values are obtained at a nominal temperature of 25 °C. During experiments, assume that
the systematic accuracy do not depend on either measurement position or instant according
to assumption 6. Indeed, the sensors are calibrated in relative humidity for values lower than
90% and at a temperature of 25°C. Thus, 4% uncertainty in relative humidity is assumed. In
temperature, three systematic uncertainties are provided for three different ranges of variation.
The chosen uncertainty in temperature is given for a range from 0 to 70°C. Based on these
data, the considered systematic uncertainties are fully justified for temperature and relative hu-
midity variations in this study. The response time of the sensor is around 10s for a maximum
of 1 m.s~1 air flow velocity. The display and recording of data each is ensured 5min by the use
of an acquisition unit and a memory card of Almemo brand shown in Figure [5b] The choice
to record results on a minute-scale can be justified. The link can be made with the kinetics of
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heat and moisture diffusion. It was agreed that the recording should be on this scale because
of a compromise between both transfer natures. Indeed, heat transfer is a purely diffusive phe-
nomenon and is relatively faster than moisture transfer. The latter, requiring available open
pore networks, represents a transport phenomenon. A recording on an hour-scale, for example,
would be suitable to measure only relative humidity. However, since sensors measure simulta-
neously temperature and relative humidity, it is rather decided to take into account first the
quick variation in temperature. Consequently, the interval between each measurement is set
shorter, on a minute-scale.

The described equipment will initially be used to test the hypotheses in Section 2.2 As-
sumption 1 will not be assessed in this study. Indeed, it is assumed verified on the basis of
the work in [22], where it was dealt with a heat diffusion investigation. In the latter, a hemp
concrete sample, insulated and sealed in the same way as in the two configurations, was expo-
sed to variable heat stress. The one-dimensional transfer assumption was assessed following two
different approaches. A first experimental investigation was carried out where the flux along the
r-axis (transfer direction) is compared to the one along the y-axis. These fluxes are calculated
using finite differences with a centered scheme and sensors around the chosen position where
Az = Ay = 5cm. It was shown that the flux along y represents 5 to 9% of the one along the
privileged direction. In the same work, a second approach consisted in investigating numerically
the same fluxes by simulating the thermal behavior of hemp concrete. This time, the resolution
method was based on finite elements where Az = Ay = 1073 cm. Results showed that the flux
along y does not exceed 1% of the one along x. Note that both approaches confirm the validity
of this assumption within a certain error. The latter is more important in the experimental
investigation because of the large mesh size. This could not be refined due to constraints rela-
ted to the experimental design. The following part will be dedicated to the description of the
experimental procedure aiming to evaluate the Assumption 2.

(a) Ahlborn sensors (b) Display screen

3.3 Experimental procedure to evaluate the assumption 2 on the
Dirichlet condition modeling

In assumption 2, it is assumed that air temperature and vapor pressure are the ones at
the exposed material surface. However, this statement defines Dirichlet boundary conditions.
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Indeed, the latter requires in this case the knowledge of temperature and vapor pressure at
the surface of the material. In reality, a heat and moisture resistance exist and which define
the interaction between a material and air. In this case, these interactions at the interface are
defined thanks to the condition of Robin, whose dimensionless formulation induces the Biot
number. Its expression for both heat and moisture diffusion is given as follows :

= he L 7 Bi,, = M _

A km

Where h,[W.m 2K~ and h,, [kg.m ~2.s71.Pa~!] are the surface heat and moisture diffu-
sion coefficients respectively. In this field, Biot numbers designate the ratio of heat or moisture
diffusion resistance at the surface and inside the material. When Bi, ,, > 1, the diffusion inside
the material is slower than the heat or moisture reaching the exposed surface. According to
the preceding, the second assumption is more justified if the Biot number is large. This implies
a great surface diffusion coefficient. Moreover, most empirical laws, expressing this coefficient,
link it directly to air velocity [36], [37]. Thus, it follows that assumption 2 is more reliable if tests
are performed using high air flow velocity ranges. Concerning this test, the first step is selecting
a sample which is L = 10 cm thick and exposing it to the conditions presented in the mathema-
tical model in Section [2.2] Note that the sample undergoes a preliminary preconditioning step
where air temperature and relative humidity are set at 7' = 23°C and ¢ = 50 % respectively.
Additionally, it is necessary to ensure that heat and moisture diffusion are one-dimensional. In
order to validate this condition, we use a 5 cm thick layer of synthetic thermal insulator made of
polyethylene. For a good moisture sealing, an additional layer of a low-permeability aluminum
band is employed. In addition, the surface defined by the equation x = L is insulated in the
same way. Indeed, heat and moisture flux must be negligible at © = L.

Bi, (30)

Climatic chamber

Air sensor

(T, %) ‘L—’ e,

[ ] @ Surface X
sensor -

[ ] - P

( TX' ¢X) h I ; @ €y

FIGURE 6 — Illustration of the experimental configuration to assess the validity of
assumption 2 (Dirichlet boundary condition)

The second step consists in using two Ahlborn sensors as shown in Figure [6] The first one
is positioned on the node x (z =0,y =1, 2 = h) where [ = h = 5cm. It can be fixed using
an adhesive ribbon, while the second is suspended inside the climatic chamber. Afterwards, the
sample is put in the cell while creating the climatic stress scenario.
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FIGURE 7 — Hydric stress considered for the verification test of the assumption 2

Throughout the experiment, the same temperature during the preconditioning is maintai-
ned. Moreover, air relative humidity varies between two values 33% and 75% as shown in
Figure[7l According to the latter, the presence of two phases is observed, a drying at 33 % then
humidification at 75 %. Additionally, the experiment duration is split into two parts. During the
first one, the sample undergoes 7 cycles. Each cycle consists of setting 33 % relative humidity
for 8 hours, then 75% for 4 hours. As for the second part, it is longer and consists of only 4
cycles. These latter include drying during 24 hours and humidification considering the same
duration. The goal is to follow the variation in temperature as well as the relative humidity of
both sensor positions. Thus, errors e, and €4, are deduced with regard to the assumption 2.

er, () =|T(x, t) =T ()

C e () =]o(x, ) — o= (1)]. (31)

The evaluation of both errors is essential to discuss the limits of this assumption. In this
context, both errors are compared in terms of magnitude. In particular, these data are neces-
sary for the evaluation of the uncertainties [38] related to this assumption. After describing the
experimental procedure, the next part defines the tests which aim to verify, under the defined
hypotheses, the law of similarities.

3.4 Experimental procedure to assess the heat and mass similarity

Three months after the material formulation, two samples are selected to assess the validity
of similarity. The goal is to create two equivalent configurations in regard to these laws. The
configurations 1 and 2 are denoted reference and reduced, respectively. In this case, ¥ < 1
(Lyef > Lyeq), which means a reduction of time and space scales of the reference configuration.
For this purpose, a one sample is sliced to ensure the desired thickness. Then, both samples
undergo the same preconditioning phase for 15 days under a temperature of 23 °C and a relative
humidity of 50%. Afterwards, both samples are insulated and sealed as explained in Section
B.3] In each configuration, two sensors are placed at two different sample depths. In order to
compare the experimental results between both configurations, the positions chosen must verify
the following condition :

Xred = Xrefz~
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Regarding the boundary conditions, a dynamic stress scenario is considered for the reference
configuration with a duration ¢,.s. In this case, similarity imposes the adoption of the same
scenario in terms of magnitude, but reduced in duration. In particular, the duration of the
reduced test must satisfy this equality :

Lred = Zlztref .

Climatic chamber
Insulation
e —
Xref,a  Xref,b Xred,a Xred,b
° ° ° °
Lref Lred
Reference configuration Reduced model

FIGURE 8 — The similar experimental configurations

The chosen set of positions to carry a comparison is the quarter and middle of the sample.
According to the Figure [§) an experimental confrontation is performed in temperature and
relative humidity between X ,cf o and X eq,o as well as between x,cr.p and X yed, s-

3.5 Definition of the study case

In order to apply similarities, a first configuration is considered and designated reference.
It is based on a hemp concrete sample where L,.; = 10 [cm]. First, temperature and relative
humidity were set at Ty = 23 [°C| and ¢ = 50 [%]. Afterwards, boundary conditions are defined
by an air relative humidity which varies as shown in Figure [7/| where temperature remains
constant and equals 7> = 23 [°C]. Moreover, the experiment duration is set to t,.; = 11.5[d].
In order to compare temperature and relative humidity between configurations, two sensors
were positioned at the positions whose coordinates are : x,efq = 2.5 [cm] and X,efp = 5[cm]
along the = axis.
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FIGURE 9 — Moisture stress applied in the reduced configuration

Hereafter, the factor proportionality is set to ¥ = 0.75[—] to deduce the second equiva-
lent configuration which is denoted reduced. Relying on this, the reference sample underwent
a 25% scale reduction along the x axis. Thus, the reduced thickness is obtained L, =
Y L,es = 7.5[cm]. Additionally, similarity requires the same preconditioning for the reduced
sample in temperature and relative humidity. As for the boundary conditions, the duration
is reduced in the equivalent configuration. According to Eq. , the periodicity of the expe-
riment is decreased by 43.75 %. Indeed, the reduced sample should undergo a stress which lasts
tred = 2%t e 5 = 6.47[d]. The reduced stress scenario is shown in Figure |§] Finally, the equiva-
lent positions inside the reduced sample are obtained by applying the proportionality factor on
Xref,a and Xref,b- Therefore, Xred,a = ZXref,a = 1.875 [Cm] and Xred,b = Z’X?"ef,b = 3.75 [Cm]'
Remind that this four positions have the same coordinates along y and z axis.

In section [4], the notion of uncertainties is discussed. In the first place, a definition and the
utility of this quantity are given. Then, in the framework of our study, the global uncertainty
is formulated. With further details, different sub-uncertainties are identified by defining and
expressing them analytically.

4 Evaluation of uncertainties related to heat and mois-
ture diffusion experiment

During any experiment, there are certain sources of error that are unavoidable and that
influence a result. These can include the calibration, environmental conditions during the expe-
riment, manipulator behavior or even the response time of a used device. Thus, it is important
for the experimenter to be able to define the margin of error related to his measurements. As
similarity experiments are exposed to sources of errors, both tests are associated to two global
uncertainties o and o4 [°C|. According to Taylor [39] [40], uncertainties on temperature and
relative humidity are expressed as follows :

2 2 2 2 2 2

Op =078y t07,1T07:+ 07 Rdm + 07 12 - (32a)
2 2 2 2 2 2

O3 =048y T 062041104 Rdm T T Ha- (32b)
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or and o, are the global uncertainties associated to temperature and relative humidity fields
respectively. According to Equations and , it was chosen to limit at five the number of
sub-uncertainties. The assessment of a global uncertainty helps defining the confidence interval
related to an experimental result. Mathematically, confidence intervals related to temperature
or relative humidity and denoted /1 and I, respectively, are defined as follows :

() ={m e RY T(t)=or(x,) m < T(x.O)+or(x,t) |, (33)

[¢(Xat):{m€R+; ¢(X7t)_0_¢(X7t)§m§¢<X7t)+O—¢(X?t)}' (33b)

Where x and t define the measurement position and the instant of the experiment, respec-
tively.

4.1 Systematic uncertainty

Starting with o7 gy and o4, sys [°C], which are the systematic uncertainties on both fields
and related to the sensors used for the measurements. They arise from the sensor calibration
defects and are provided by the manufacturer [41]. Moreover, they depend on the temperature
and relative humidity ranges that a sensor measures. In this study, it is assumed that this
uncertainty is constant during carried experiments. Their values are given in Section [3.2]

4.2 Uncertainty related to sensor position

Another source of error could result from the sensor position accuracy. It is taken into
account since the experimenter runs the risk of being inaccurate, and also because of the
diameter of used sensors. In this purpose, the uncertainties o , and o4 , [°C| regarding the
sensor position are expressed as follows :

orT

JTJ(x,t):%(SI%—O((SI), (34a)
a¢,z(x,t):gi5m+o(5x). (34b)

Where :
dp 1 0P, P, 0Py OT

dxr  P.; 0xr P2, 9T 0Oz

sat

(35)

The saturation pressure derivative according to temperature is given by the relation of
Clapeyron in Eq. (36) :

0Pt ML,

o — RT?

As for this uncertainty, it depends on time and space. It is based on the infinitesimal

development of temperature and relative humidity around the sensor position. Particularly,

this development is limited to the first order. The partial derivatives are evaluated, at the

desired location and instant, by solving Egs. and . For that, finite elements method is

used. In addition, ¢, [m] designates the distance that represents the error committed on the

position of the sensor. This error is mainly due to the drilling of a material and introducing the
sensors. The order of magnitude of §, is assumed equivalent to the diameter of the sensor.

Py . (36)
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4.3 Uncertainty related to sensor response time

The response time of a sensor can also impact an experimental result. It describes the
reaction of a sensor following a change in temperature or relative humidity. The less time a
sensor takes to display the correct value, the more accurate it is. Thus, the sensor time response
uncertainty is defined by :

oT

O'T7t($,t):aét+0(5t). (37&)
0

0¢7t(x,t):£5t+o(5t). (37b)

Where :
dp 1 0P, P, 0Pg 0T 38)
ot Py, Ot P2, 0T 0Ot (
or and 04 [°C| vary also according to time and space. The temporal partial derivatives
are determined, in the same way, based on the solution computation of Eqgs. (??7) and (?7).
;¢ [s] represents the response time of the sensor. Its value for Ahlborn sensors is given in Section

5.2

4.4 Random uncertainty

Equations and introduce each a fourth term which is 07 ram O 0 Ram [°C]. This
uncertainty characterizes the random aspect of a given experiment. Generally, it constitutes the
parameter which is used to evaluate the reproducibility of a test. Particularly, it informs on the
variability of the micro-structure from one sample to another. Consider N samples undergoing
the same experiment. And let T; and ¢; be the temperature and relative humidity measured
in the sample 7 at the instant ¢ where i € {1, N'}. T and ¢ are the arithmetic means of both
fields respectively for N samples. The random uncertainty is given by the formula below :

1 1 _ 1/2 -1 X
m(z,t)= — T,—T)? , T=—>ST;. 39

1 1 X o\ /2 -1 X
0¢,Rdm($,t)=N1/2(N_12(¢i—¢)2) : ¢:Nz¢i- (39b)

i=1 i=1

Note that the random uncertainty is a time function because temperature and relative
humidity and their averages are as well. Moreover, these parameters are evaluated at positions
where the study is carried.

4.5 Assumption 2 uncertainty

Finally, this uncertainty involves the evaluation of the error related to the modeling of the
Dirichlet type boundary condition. On the one hand, it is based on the study of the sensitivity
on temperature and relative humidity within the material in regard to those at the interaction
surface. On the other hand, it depends on the discrepancy in a field between the interaction
surface and air. o7 ;12 and o 4 112 are expressed via the Egs. and :

oT
orm(z,t)= T dr, +o(0r,), (40a)
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0'¢’H2<I,t):aaj 5¢s+0(6T5>- (40b)

Where T's and ¢ are the temperature and relative humidity at the interaction surface res-
pectively. Furthermore, 07, and ¢, represent the discrepancy in temperature and relative hu-
midity between air and the material surface. These two quantities are evaluated experimentally
thanks to the used sensors. Concerning the partial derivatives, they are calculated numerically
by carrying out a study of sensitivity according to surface temperature and relative humidity.
Furthermore, these derivatives are denoted 6, and #5 such that :

or -, 9
or,’ YT

In the section [1] of the appendix, the governing equation related to both quantities 8, and
05 are detailed.

0, =

(41)

5 Results and discussion

5.1 Experimental evaluation of the assumption : Dirichlet condition
modeling

The objective is to evaluate temperature and relative humidity discrepancies d7, and ¢ 4,,
introduced in Eq. , between the material surface and the air inside the chamber.
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F1GURE 10 — (a) Temperature discrepancy between air and the sample surface, (b)
Probability density related to the discrepancy on temperature

Despite maintaining a constant temperature, periodic fluctuations are noticed Figure [I0a]
This can be explained by the impact of moisture diffusion on the temperature variation. In
addition, this latter follows the periodicity of the moisture stress. Furthermore, the variation
in 01, follows two different periodicity which are the same as the ones defining the experiment
cycles. During the first 7 cycles, d , varies from 0 to 0.6 °C. As for the following cycles, the curve
remains almost in the same shape but has larger periodicity. In this case, d 7, reaches maximum
values slightly higher 0.7 °C than those during the first cycles. Moreover, Figure highlights
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the variation of a new function which will be used frequently in next Sections. It is the pro-
bability density and denoted P [42] [43]. It calculates 07, values distribution. In this work, the
Kernel distribution is adopted as a probability density. It is based on the Parzen — Rosenblatt
method. The latter helps to estimate the density at each point of an interval. Contrary to other
methods, namely the one introduced by Rudemo or Bowman, it is more accurate. This method
generalizes the histogram estimation method which is not continuous. For this, the bar centered
at a given value and considering a smoothing parameter, is replaced by a Gaussian centered at
this same value. By analyzing the curve in Figure [I0b] P represent two local maximums. First

one around 0.1°C with a probability of 32 %. Then, we reach another maximum of 37 % around
0.25°C.

In terms of relative humidity, ¢4, is plotted in Figure [[Ta] Similarly to temperature, the
discrepancy on relative humidity varies in accordance with two periodicity. During short cycles,
04, varies between 0 and 0.062. As for long cycles, the discrepancy is relatively smaller. Indeed,
it ranges this time between 0 and 0.054. Moreover, large discrepancies are due to transitions
from 0.33 to 0.75 and vice versa. Notice also that discrepancy reaches 0 many times during the
second phase. The reason behind is the cycle duration in the experiment second part, which is
longer.
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FIGURE 11 — (a) Discrepancy on relative humidity between air and the sample surface, (b)
Probability density representing this discrepancy

Indeed, maintaining a constant air relative humidity for longer helps decreasing the discre-
pancy between ¢ and ¢,. Focusing on the distribution of values taken by ¢, it is assessed
and illustrated according to Figure [TIDb, Based on that, probability density takes maximum
values ranging from 30 % to 40 % for discrepancies between 0 and 0.02 approximately. In addi-
tion, notice that zero discrepancy is reached with about 27 % of probability. Hence, based on
the results of temperature and relative humidity errors, it is deduced that the assumption 2
is not quite ensured. To conclude, the discrepancy in temperature is different from 0 in 90 %
of the experiment instants. However, the order of magnitude is not very significant. On the
other hand, d,, turns to 0 in 27 % of the cases, thus a small improvement is observed when
comparing the results of these two discrepancies. Nevertheless, the values reached by d4, are
more meaningful, going up to 0.06. In this case, this would have a consequent effect on the
similarities study especially in terms of relative humidity. Regarding this fact, it is decided to
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include these data in the uncertainty investigation.

In the next Sub-section, the necessary conditions are first recalled to create a similarity bet-
ween two different configurations. Subsequently, these latter are introduced with their physical
dimensions and boundary conditions.

5.2 Assessment of heat and moisture diffusion similarity

This Section deals with the evaluation of uncertainties on temperature and relative humidity
in both configurations. It includes a first part where numerical schemes and an experimental
methodology are presented. Subsequently, the variation of each sub-uncertainty is analyzed and
compared between both configurations. To facilitate comparison, the colors blue and red are
used to represent the reference and reduced configurations, respectively. Finally, temperature

and relative similarity is assessed and discussed.

5.2.1 Assessment of the uncertainty in reference and reduced configuration
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FIGURE 12 — Variation of different uncertainties on temperature at (a,b) the quarter given by
X1 (Reference) and x 3 (Reduced), (c,d) the middle given by xo (Reference) and x4

(Reduced).

The calculation of uncertainties is based on the deterministic approach. In our case, this
approach helps estimating the deviation in temperature or relative humidity at a given instant



and position that is caused by the largest variation of each uncertain parameter (sensor res-
ponse time, surface temperature ...). This variation is expressed using the terms 0, for example
in Eq. and (40b). Beginning with the sensor systematic uncertainty, its value for tem-
perature and relative humidity is already mentioned in Section During experiments, it is
assumed that the systematic accuracy do not depend on either the location or the instant of
a measurement. Unlike o7 sys and 04 sys, following sub-uncertainties o 5, 014, 07 H2, T4, 25
04,1 and o 4 n2 depend on that and are assessed numerically. To do so, the solver Comsol Multi-
physics, which is based on finite elements method [44, [45], is used. The number of space nodes
is set for both configurations to 500. As for the time step, it is set to At,.; = 1[min] for
the reference configuration. Hence, the one related to the reduced configuration is obtained by
applying similarity which leads to At,eq = At,ep £2 = 0.56 [min]. Additionally, the resolution
of o7 2 and o4 He requires complementary data which are surface temperature and relative
humidity. These are recorded each five minutes by a sensor (Section and included in the
simulation (Section using spline interpolations. Finally, o7 riam and o ram Were approxi-
mated by using N = 3 [—] samples in each configuration (assumption 8). Ideally, the calculation
of the random uncertainty is more accurate if the number N is larger. In this case, the consi-
deration of this uncertainty requires to perform the experiments related to both configurations
on a large number of samples. Three samples are experimented per configuration on the basis
of the six samples, that were manufactured for the study. Thus, o7 ragm and oy rim are eva-
luated in order to obtain an approximate order of magnitude with regard to other uncertainties.

Figure [12| plots the variation in uncertainties on temperature o7 ., 07+, 07 Rdm and o7 H2
at the quarter and the middle in both configurations. Firstly, two phases of variations are
noticed. The first one, with high frequency, corresponds to the stress cycles that have a small
time period. While the second, with a low frequency, refers to the moisture stress phase with a
large period. Focusing on the uncertainty related to sensor position and the one due to sensor
time response, it is worth noting that at the quarter, they are greater in reduced configuration
with values ranging from 0 to 0.43 °C for o , and from 0 to 0.004 °C for o ;. This is due to
the fact that the uncertainty on a sensor position regarding the reference thickness is smaller
than the one with regard to the reduced thickness. Otherwise, the following relation is verified :

6:E,ref < 51‘,7"6(1 .
Lref Lred

Same logic is adopted for o7, when addressing the response time of a sensor and the du-
ration of both experiments, t,.; and t,.q4, instead of the uncertainty on a sensor position and
thicknesses. Afterwards, it is also observed that op rgm is greater at the quarter in reduced
configuration with maximal values reaching 0.09 °C. However, the interpretation of this fin-
ding is not related to both sample thickness or experiment duration. It is rather due to the
reproductibility of both tests. Indeed, the order of magnitude of o1 rgm depends only on the
variability of thermal properties around positions of measurement considering three samples
in each configuration. The fact that this sub-uncertainty, at the quarter, is more significant in
reduced configuration means that the standard deviation of thermal properties is larger around
X3 than x ;. Finally, o7 n2 is also estimated, it is the largest sub-uncertainty which reached
0.7 °C. Additionally, negligible discrepancies are obtained regarding both configurations. In-
deed, air temperature related to the reference and reduced configuration coincide closely in the
dimensionless domain which is due to similarities.

(42)
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FIGURE 13 — Variation of different uncertainties on relative humidity at (a,b) the quarter
given by x1 (Reference) and y 3 (Reduced), (c,d) the middle given by x o (Reference) and x4
(Reduced).

On the other hand, quite same results are noticed at the middle for both configurations.
or . and o, are still higher in the reduced configuration. They reach peaks of about 0.16°C
and 0.002°C, respectively. Secondly, the variation in op w2 for both configurations is almost
identical following the same reason as for x,ef,, and X ,eq,o. Contrary to the result regarding
o1 rdm at the quarter, it reaches larger values in the reference configuration when focusing on
the middle. This means that the variability of thermal properties around Y ,er, is large. This
is due to the random aspect related to a material micro-structure and pore distribution. Last,
note that o ., o7 and o w2 are smaller when getting away from the surface x = 0, i.e. the
variation magnitude in temperature is smaller when approaching the surface bottom, where an
adiabatic condition is set. Thus, the magnitude of temperature derivatives according to space,
time and surface temperature is smaller when approaching the surface bottom.

In parallel, a study of uncertainties on relative humidity is also performed. Figure [13] re-
presents the variation in uncertainties on relative humidityﬂ. At the quarter, 04 , and o4 ¢
vary more significantly in the reduced configuration with peaks around 0.05 and 1.410~* res-
pectively. In addition, 04 ram informs about the variability of moisture properties around a
position of measurement for a given number of samples. Considering three samples for each

1. To avoid any confusion, the results are presented in absolute value and not percentage (of vapor pressure
according to saturation one) since the latter could be confusing with relative uncertainties.
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configuration, the variability is larger around X ,ef , where a maximum of 0.014 is remarked.
Finally, the variation range of o, 12 at a given position does not depend on a configuration
since it involves air temperature. It is about 0.03 as maximum at the quarter. Indicatively, the
most dominant sub-uncertainty regarding relative humidity is the one related to sensor position.

As for the middle, it is shown that the uncertainties o 4 ,, and o4 ; were more important in the
reduced configuration. Likewise, the uncertainty related to the modeling of boundary conditions
varies little when comparing both configurations. As for ¢4 ram, it is relatively larger in reduced
configuration, which means that the variability of moisture properties is larger around X ,eq,»
than around x 5. The influence of a position on a calculated uncertainty can also be relevant.
Indeed, when considering the material in reduced configuration, notice that the magnitude of
the sub-uncertainties o4 5, 04 and o4 p2 is smaller at x .4, With peaks around 0.01, 5 1075
and 0.0275 respectively. This is due to the fact that x,.q s is more distant than x,eq o from
areas with high temperature gradients.
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FIGURE 14 — Uncertainty on temperature and relative humidity for both configurations at
Xref,a and X red,a (a,c), Xref,b and X red,b <b7d>

Figure [14] shows the variation in the entire uncertainty on temperature and relative humi-
dity at the quarter comparing X ,ef,o and Xreq o and the middle considering X ,ef,» and X red, s-
Remark that o, at the quarter of the material in both configurations, is slightly larger than
the one at the middle with maximums of 0.62°C and 0.53 °C respectively. The same comment
can be made in regard to o4 where a maximum of about 0.0575 is observed for the material
quarter against 0.042 for the middle. Based on these results, two major results can be deduced.
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The entire uncertainty in temperature or relative humidity is more significant in the reduced
configuration. This is mainly due to the fact that the relative uncertainty on the position of
the sensor and the one related to its time of response (with a lower contribution) are larger in
this configuration as shown in Eq. for example. Moreover, a second result is to mention.
The uncertainty on relative humidity is larger at the quarter of the material than at its middle.
Indeed, the position at the quarter is closer to areas with significant moisture gradients, while
the middle is more distant.

Thereafter, entire uncertainties (Figure are then used to calculate the confidence inter-
vals in temperature and relative humidity as defined in Eqgs. and . Additionally, the
magnitude of each sub-uncertainty is important in order to discuss the validity of similarity on
heat and moisture diffusion. In other words, the upcoming comparison, carried out on tempera-
ture and relative humidity between both configurations, is based on the results of uncertainty.
Next Section discusses the experimental results of heat and moisture similarity.

5.2.2 Discussion of the validity of heat and moisture diffusion similarity

Figure [15] illustrates the variation in temperature and relative humidity at the quarter and
the middle of the material in both configurations. The variation is periodic where two temporal
sequences are distinguished. The first part with a high frequency and the second with a low
one. This observation is related to the nature of the stress scenario as explained in the previous
Section. Regarding temperature at Xref o and Xred, q, it varies in the same way, ranging bet-
ween 22.6 and 23.75 °C approximately. In addition, slight discrepancies are observed around the
peaks of curves. However, they are relatively higher when comparing temperature at the middle
between both configurations (X ref,p and X req,5). It reaches maximums around curve peaks of
about 0.25°C. Generally, results in temperature highlight an acceptable agreement.

Same figure shows the variation in relative humidity at the quarter and middle of the
material in the reference and reduced configuration. The curves vary following two sequences
while showing a good agreement especially the ones associated to X yef,q and X req,o. Considering
the mentioned positions, a considerable variation is observed during the second sequence where
values range from 0.38 up to 0.66. Contrary to temperature, discrepancies on relative humidity
between reference and reduced configuration are more significant, particularly when air relative
humidity changes from 0.33 to 0.75 and vice versa. At the middle, the variation is less significant
where relative humidity at X ,cr,s and X ,eq,» ranges from 0.43 to 0.6. Moreover, a remarkable
dephasing is illustrated when comparing relative humidity at middles. It could be caused by a
difference in micro-structure between areas around y 5 and y 4. In order to evaluate discrepancies
in relative humidity and its distribution, the Kernel density of probability is plotted in Fig [I6]
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FIGURE 15 — Variation in temperature and relative humidity for both configurations at (a)
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F1GURE 16 — Distribution of the discrepancy on relative humidity for both configurations and
the sum of the corresponding uncertainties at (a) X et o and X red,as (D) Xrer,p and X red, b-

It highlights the distribution of discrepancies on relative humidity between configurations.
It is worth noting that it reaches higher values when it is evaluated at the quarter. According
to Figure [L6] the discrepancy can go up to 0.05 with a probability less than 5%. In addition,
the probability reaches its maximum for values around 0.02. Furthermore, the discrepancy on
relative humidity is relatively smaller at the middle. It reaches a maximum of 0.035 for a
probability of about 5% and is largely around 0.007 for a probability of 60 %. Based on this
comparison, it is deduced that the discrepancy between both configurations is larger if positions
of measurement are close to areas with high stress gradients. This is evidenced via Figure |16},
the discrepancy at the quarter is two times larger than the one at the middle. However, there
is less discrepancy if the positions of measurement are more distant from areas under intense
stress, as relative humidity varies slower when increasing distance.

Obtained discrepancies on temperature and relative humidity have to be discussed by consi-
dering the uncertainties at X ref a, Xref,bs Xred,a @0d X red,» @S shown in Figure . Otherwise,
confidence intervals [46, [47], as given in Eqs. (33a) and (33b)), must be evaluated during the

entire experiment.
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FIGURE 17 — Temperature and relative humidity variation at X ,ef,a, Xred,a (8,¢) and X yef, b,
Xred, b (b,d) with the associated confidence intervals.

Figure [17] illustrates the confidence intervals associated to temperature and relative humi-
dity at X ref,as Xref,b> Xred,a a1d X req,» during a given sequence. The dotted lines represent the
measured data, also considered as averages. Additionally, colored areas, which are delimited
by two continuous lines, indicate a confidence interval, using blue for the reference positions
and red for the reduced configuration. It is important noting that for two equivalent posi-
tions, significant areas are noticeable where the confidence intervals coincide. In particular,
when comparing temperatures at the quarter and relative humidity at the middle. In this res-
pect, measurements are quite comparable between the configurations with the occurrence of
considerable discrepancies, mainly in relative humidity.
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F1GURE 18 — Discrepancies on temperature and relative humidity between the reference and
reduced configurations compared to the sum of the corresponding uncertainties at the quarter
(a,c) and the middle (b,d).

Figure [1§| helps to evaluate the magnitude of discrepancies and hence, verify entirely the
conditions expressed in Egs. (27a]) and (27h). At the quarter, the discrepancy on temperature
is almost 0 with oscillations up to 0.5°C. As for relative humidity, it is larger with a maximum
of about 0.075. Despite its magnitude, the discrepancy remains smaller than the uncertainty
which reaches 1.2°C and 0.11 on temperature and relative humidity respectively. Focusing on
the middle, the discrepancy in temperature reaches as well 0.5°C as a maximum, while it is
less significant in relative humidity than at the quarter with 0.04 as maximum. In this case,
uncertainties are also larger than discrepancies, with peaks of 1°C and 0.08 on temperature
and relative humidity respectively. After this supplementary investigation, the conditions in
Eqgs. and are confirmed considering x; and xo and the entire duration of both
configurations. Therefore, based on the results in Figure [18| similarity of heat and moisture
diffusion investigations are verified experimentally considering the two configurations defined
in the study. This can also be evidenced by comparing the distribution of discrepancies with the
sum of uncertainties, as shown in Figure[16, The resulting discrepancies are justified by carrying
out a parallel investigation that takes into account five different sources of uncertainties.

5.3 Discussion and further remarks

Based on the results of the previous section, the discrepancies reached significant thresholds
during several sequences. Indeed, several source errors are difficult to reduce because of certain
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experimental constraints. The inaccuracy of used equipment for the two similarity experiments
is a first source of error. Indeed, the ambient conditions in the climate chamber are not perfectly
regulated especially relative humidity because of the size of this facility and its high inertia.
As a result, air temperature and relative humidity are exposed to a margin of error. Moreover,
the preconditioning of the material in relative humidity may not be completely ensured, which
is caused by the high heterogeneity of its micro-structure and the presence of closed pore net-
works. Nevertheless, the causes previously identified, which reflect the relativity of this type of
experiment, can be improved.

The results related to both configurations can also be improved. This requires a better
control of the experimental conditions, i.e. an accurate verification of the assumptions set in
the physical model. Considering the assumption 1, which implies that the flux is along a single
direction, namely the x axis. This statement is theoretical and was verified experimentally
within an acceptable error [48]. Indeed, the flux is one-dimensional if the thermal conductivity
of the insulator is very high compared to the one of the used material or if the latter is a
semi-infinite medium along y and z axes. Thus, two additional sub-uncertainties o7 1p and
0 4,1p could have been added to address the relativity of this assumption during both similarity
experiments. Ideally, its evaluation at a given coordinate x = x is based on the measurement
of temperature T" and relative humidity ¢ at all positions which have the same x coordinate.
This uncertainty in temperature and relative humidity is formulated as follows :

) " (43a)

—_

1

oo (et = i, (

) 1
or (X, t):Nl—leoo<N(N—1) >
N(N

N —
(T —T)*

N — 0.5
=3 (0-0)7) (43D)
- 1) i=1

N represents the number of sensors inside the material along the y-axis while fixing the
x coordinate. As remarked, the assessment of this uncertainty is definitely accurate if N is
infinite. However, given experimental constraints, it is quite challenging to set up a high number

of sensors along a single direction. 7" and ¢ represent the mean values at a position y, while
considering variations along y and z axes, they are given in Eqs. (44a)) and (44b|) respectively :

N—+o00

_ . 1 N
T(X’t):NlﬂlooN;T“ (44a)
_ 1 XN
S0 = Jim 30 (44)

In [22], authors tried to estimate this uncertainty in the framework of a heat diffusion
experiment. The determination of this quantity was limited to some positions on the same
plane that is defined by x and y axes. Values ranging from 0 to 0.1°C were obtained for the
middle of a hemp concrete sample, while applying a stress ranging from 11 to 39 °C. Thus, the
uncertainty on the one-dimensional diffusion would probably be considered negligible in our
study.

Otherwise, the application of similarity can be extended to three-dimensional heat and moisture
diffusion. Assume that the material is used without insulation, moisture and heat flux propagate
in all directions. In this respect, the physical model and its dimensionless formulation are
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written while introducing two additional dimensions L, and L. Consequently, besides the
coefficients 0, v and 7, four additional Fourier numbers Fo y, Fo, ,, Fon, y and Fo,, , would be
obtained. These are expressed according to Eqs. and ([45D)). In this case, the same factor
of proportionality ¥ is used for L, and L, to obtain an equivalent configuration.

Aot Aot
Fo,,= ——24 _  Fo,,=—2200 45a
oy psOCpOLZ ¢ psOCpOLg ( )
k’motf kmOtf
Fo,, = —20f _  Fo,,,=—20"1 45b
Y ps0Cmo L2 Ps0Cmo L2 ob)

A second assumption was considered in the diffusion model which is the modeling of the
boundary conditions at the exposed surface using Dirichlet. This implies that air has no heat
or moisture resistance, hence air temperature and relative humidity and the ones at x = 0 are
equal. In reality, convective fluxes exist at the interacting surface which are due to the heat
and water vapor coefficients h,. and h,,. In this respect, Robin boundary conditions are the
most adequate. Considering these two coefficients in the model would lead to the introduction
of the Biot numbers as defined in Eq. . As a result, the equivalence between configurations
requires an additional condition on h. and h,, expressed as follows :

heirLi=heoLo , hpmiLi=hpaoLlor. (46)

In order to ensure a similarity, it is necessary to estimate the convective coefficients associa-
ted to both configuration. However, the assessment of these coefficients relies on the knowledge
of certain parameters, i.e. air physical properties, the geometry of the problem and especially
air flow velocity. In the literature, empirical models were developed in fluid dynamics to esti-
mate these coefficients, although they are limited. The reason is the experimental conditions
that are different from one study to another. Consequently, the estimation of h. and h,, could
be possible if a correlation, proper to our experimental design, exists between these coefficients
and air velocity. In this regard, the adjustment of air velocity during a configuration would
help control heat and moisture convective coefficients. This might represent an experimental
constraint if the climatic chamber operates at a constant air flow rate. Indeed, varying these
coefficients to study the reduced configuration would not be possible, even-though their values
are assumed known for the reference configuration. As a result, the verification of similarity,
while using the Robin type, would rely on the realization of an experimental bench which mo-
nitors the temperature, relative humidity and air velocity.

The latter requires that properties and their laws of variation are identical between confi-
gurations. This implies that the sample micro-structure in the reduced model is similar to the
one in the reference configuration.

6 Conclusion

Similarity laws may constitute an efficient approach to reduce the duration of a heat and
moisture diffusion experiment. In this work, similarity on these coupled phenomena is experi-
mentally assessed. In this respect, two major limitations are considered during experiments. It
is assumed that heat and moisture transfer are one-dimensional. Moreover, Dirichlet boundary
conditions are taken into account at the exposed material surface. A first configuration denoted
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reference is proposed and defined by a 10 cm thick hemp concrete sample that is exposed to
a constant temperature and a variable moisture stress during 11.5d. As for boundary condi-
tions, material-air interactions occur by means of a single surface. Other surfaces are considered
adiabatic against heat and water vapor fluxes. To obtain the reduced configuration, a factor of
proportionality 0.75 is considered. Hence, the deduced configuration involves a reduced mate-
rial thickness 7.5 cm and a shorter test duration 6.47d. To discuss similarity, temperature and
relative humidity are compared at the quarter and middle of the material during both experi-
ments. Regarding temperature, the discrepancies at the quarter and middle have the same of
magnitude. As for relative humidity, the curves show a good agreement. Meanwhile, discrepan-
cies are more relevant at the quarter than at the middle. Afterwards, the validity of similarity
is tested by proposing a detailed investigation which aims, on the one hand, at evaluating the
uncertainties associated to both configurations and on the other, to compare the magnitude of
discrepancy with uncertainty on temperature and relative humidity.

In addition, five sub-uncertainties are proposed and defined using the deterministic ap-
proach. Results showed that for the quarter of the material, the uncertainty on temperature
related to the assumption on Dirichlet boundary conditions is the dominant. As for relative hu-
midity, the uncertainty at the quarter and related to the sensor position is the most prevalent.
It is worth noting that the entire uncertainty is more significant in the reduced configuration.
Finally, the validity of similarities is rigorously investigated by comparing the combined entire
uncertainties of both configurations with the calculated discrepancies. Based on the latter, it
is agreed that similarity on heat and moisture diffusion can be correctly applied for building
materials. The verification of these laws on hemp concrete can help in future works to address
scientific issues such as the investigations of material aging. It is a slow kinetic phenomenon
which induces variation in material properties with time. Similarities would be employed to
approach phenomena in the framework of a reduced duration experiment.
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1 Sensitivity study in regard to surface temperature and
relative humidity

This section focuses on the sensitivity study [49, 50, 5I] of heat and mass transfer model
to both surface temperature and relative humidity. This is necessary in order to evaluate the
partial derivatives defined in Eqs. (41]). Following this, we perform a derivation of Eqs. (1),
(113), and according to surface temperature and vapor pressure. The derivation of Eq.
induces the following :

20, 8 90, Or; OT 0V, da apv>
9, 9 (, 00, or 4
Cops 5 ax@ef ox oT. 9z Y ox T oT. on (47)
6\111 o 8 (9\1’1 6/\€f 8T 602 6a 8P
Cops =5 _&C(Aef oz " op,. 0x Y ox " op.. 8x) (48)

Where 601, 05, V1 and ¥, are variables depending on space and time. VU, is defined as

follows :
oT

0P,

They define the temperature sensitivity variables within the material regarding surface tem-
perature and vapor pressure respectively. Additionally, #5 and ¥, are also sensitivity variables
in this case. They represent the derivatives of the vapour pressure regarding the surface vapor
pressure and temperature respectively. The are given by Eq. :

\Ifl(l’,t):

(49)

oP, opP,

92($7t):ap ’ \I’]2($7t):aT .

(50)

This time, we derive the second equation of the physical model according to the vapor
pressure and surface temperature respectively. This operation allows us to obtain the Equations

B and G :

C 0 0C, 0P, _a( 0y , Ok OP, Oy Ok 8T>
S ot 0P, Ot ox " Ox 0P,s Ox ox 0P,s Ox (51)
SO1, 03 T
ot OP,s Ot
ov,  0C, 0P, O o, Ok, OP, 90, Okp OT
R TR a7 :a<km or " ar. oz T ez Toar, 895) 52)
20, 03
67 orT.,

Equations , , and include terms related to the influence of a surface tem-
perature or vapor pressure variation on material thermal and moisture properties. These terms
are non-zero because model parameters depend on both material thermal and hydric states.
Starting with moisture storage capacity C., , its derivatives according to surface temperature
and vapor pressure are given by Eqgs. ) and (| .

or, P2, OT

8Cm 1 apsat aw (92(,«) \112 82
0 (559 397) T B2, apr
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Secondly, the derivative of the total mass permeability k,, according to T's and P, are given
as follows :

(54)

Ok, Ok O Ok, 1 Okn,
_ %m0, — 0. (55)
o7, o¢p 0T OP,s Psy 0¢

The derivative of the total mass permeability according to relative humidity in Eq.
is estimated based on experimental data. Precisely, this data describe the evolution of k,,
according to ¢ inside the material. Subsequently, the coefficient k1 depend also on temperature

and vapor pressure as demonstrated in Eq. . Thus, its derivatives are obtained according to

Eqgs. and :

Okr Rpi[kiRp oln & dlné . 0 (Uy 0, OPuy
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(57)

Moreover, the coefficient [ is the last one in mass conservation Eq. that varies according
to temperature and vapor pressure. Its derivatives regarding these two variables are expressed

following Eqs. and :

aﬁ _(psCm 8P8at+pSP’U aQW 8‘Pscm) (58)
ory  \ P, OT ' P3, 0¢2 0T 2

aﬂ o pscm apsat Pst 820.) aPsaLt)

oP.. ( P, or = P3, 902 ar )% (59)

Finally, effective thermal conductivity and the coefficient o are the two varying properties
considered in Eq. . Thus, their derivatives are obtained as follows :

OAe O\

an = Ae;Crupips In( X)) Uy, an = Ae;Crpips In(X) 0. (60)
oo Ok, 00 Ja 1 ok,

or, ~ L) Bl artn ap T o (it L) g e (61)

Regarding the boundary conditions, Equations expressing them given in Section are
derived according to P,s and T's. First, we begin with Dirichlet condition given in Eq. (14)). We
obtain therefore Vt € [0,t7], 2 =0":

01:1, ‘IJQIO (62)
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0, =1, ¥, =0. (63)

On the other hand, the boundary conditions in the Eq. regarding thermal and mass
flux undergo the same derivation resulting in the following where t € [0, t;] and x = L :

004 oV,

9, 9,
5. =0, 5= =0. (65)

Finally, we derive Eq. in order to express initial conditions regarding the variables 6,
05, ¢1 and ¢4. Therefore, we obtain :

VSL’G[O,L],t:O 9120,02:0,\11120,\112:0. (66)

To conclude, the study of the temperature and relative humidity sensitivity with regard to
that at the material surface x = 0, allows us to evaluate the coefficients 6, 65, ¥, and U3
by solving Egs. , , and . The boundary conditions corresponding to the study

of sensitivity are given by Eq. , , and . At the end, the initial conditions are
represented in Eq. . Once the results are obtained, we deduce o p2 and o 4 w2 considering

that :

o 92 Pv aPsat
93_(P5at P52at aT Wl)PSdt(TS)
1112 PU apsat ¢S apsat (TS) !
( 91) (P ) ‘

Psat a PSQat aT sat (Ts) aTs

(67)
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