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Abstract

Similarities are mathematical laws, which are based on the dimensionless formulation of the governing
equation of a physical phenomenon. Consequently, a set of characteristic dimensionless numbers is obtained.
Similarities aim, via these numbers, to find equivalences between particular configurations. This approach
is widely adopted, especially in fluid and aerodynamic problems. In the building context, the phenomena
of heat and mass transfer in porous media occur with slow kinetics. Thus, similarities can be employed
to reduce the duration of experimental campaigns to characterize material properties. These laws were
investigated here in the case of a heat transfer problem through an experimental campaign. Two equivalent
configurations were submitted to a heat stress. Temperatures inside materials were measured and compared
to assess the validity of thermal similarity. A complete evaluation of uncertainty propagation was then
carried out. Uncertainties related to the sensor position, its response time, the omission of mass transfer,
the sensor systematic accuracy, the random measurement aspect, the one-dimensional transfer hypothesis
and the boundary condition modeling were evaluated. The comparison of both configurations was carried out
based on the confidence interval of both measurements. The results showed a good agreement between the
reference and reduced experiment. On the basis of these findings, similarities were experimentally verified
within a margin of discrepancy that was justified. Thus, they can be adopted in heat transfer experiments
in order to identify equivalent configurations that are easier to conduct.

Keywords

Heat transfer, similarity analysis, porous material, experimental benchmarking, uncertainty quantifica-
tion.

1 Introduction

In the building sector, energy consumption has increased continuously in the recent years, depleting
natural resources and in turn increasing greenhouse gas emissions [1]. One option for addressing this is to
focus on the envelope and building materials, reducing their environmental footprint and better controlling
sensible and latent heat flows. Recently, new types of materials have been proposed in building sector. On
the one hand, there are bio-based materials, which are generally based on the use of concrete with the partial
substitution of a plant substance. They are good insulators and moisture regulators [2]. Studies conducted
on this type of material have shown that it is a suitable alternative in terms of energy efficiency [3]. On
the other hand, agricultural and industrial waste can also be used to form composite concretes. It has also
been shown [4] that the manufacture of recycled concrete reduces CO 2 emissions by 58% compared to the
production of clinker.
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All such materials are porous media, composed of a solid matrix, a water liquid phase and a humid air
phase. They have complex and heterogeneous micro-structures [5, 6]. With the presence of temperature
and humidity variations induced by climatic conditions and building use, coupled heat and mass transfer
phenomena [7] occur through the material. To accurately model these phenomena through porous building
walls, it is necessary to determine the material properties of heat and mass transfer. In other words, ex-
perimental campaigns are required to characterize the materials. However, some procedures require a long
period. For example, determining the adsorption and desorption curves of concrete can last several months.
The classical method lies on the use of saturated saline solutions. A study of the adsorption curve [8] showed
that it takes approximately five months for different concrete samples. Indeed, the water mass equilibrium
at each relative humidity level is reached slowly. The ProUmid device is used in laboratories world-wide to
determine the adsorption curve and examine the moisture adsorption behavior of materials. This dynamic
vapor adsorption device employs the gravimetric method, assessing the mass variation of samples until it
reaches a mass equilibrium. The test duration can range from three to six months, depending mainly on the
micro-structure of a material and its porosity. The long duration of these kinds of tests is primarily due to
the kinetics of heat and mass transfer phenomena. Indeed, water transport is slow [9]. The Fourier number
Fo [−] is the parameter that describes the kinetics of transfer. Take for example a hemp concrete sample
whose thickness is L = 20 cm. Considering that it undergoes a moisture stress during t 0 = 10 d while re-
maining in the hygroscopic mode, the hemp concrete mass diffusivity is estimated at D 0 = 1.06 10−8 [m2.s−1]
where T = 20 ◦C. Thus, the typical experience duration is deduced τ = 43.6 d. To overcome this problem,
the similarity law can be employed to reduce the duration of experiments. By definition, similarities are
mathematical laws which aim to find equivalences among several configurations. This method consists of the
dimensionless formulation of the governing equations [10]. As a result, dimensionless characteristic numbers
are obtained which are used to obtain equivalences.

The literature shows that similarity laws have been adopted in various scientific fields [11–13]. In acous-
tics, for example, it has been demonstrated that the sound analysis of two equivalent centrifugal fans was
similar [14]. Another study [15] focused on the evaluation of the temperature of enclosed turbulent flames
for different lengths. Analysis of the experimental results has shown that the behavior of temperatures,
measured by means of an optical pyrometer, satisfies a similarity law. Similarities were also used in a study
of structures [16] exposed to impacts with low and high velocity projectiles. It presented an experimental
verification of these laws, using three different scales, three different materials and two loading cases. In
addition, fluid dynamics constitutes a major field highlighting the use of these techniques [17–19]. In [20],
an analysis was performed to study the fluid flow and heat transfer characteristics of the steady laminar
natural convection boundary layer flow over a semi-infinite horizontal flat plate. This plate was subjected
to a variable wall temperature. Similarity laws were used to identify the parameters governing the dynamic
and thermal wall-fluid interaction. Within the same scientific field, other studies were carried out in order to
evaluate the impact of certain physical parameters on the flow of particular fluids [21–23]. In this case, tem-
perature, pressure gradient, velocity and shear stress were investigated by means of preliminary similarity
analysis. For example, a study was conducted on a steady incompressible Williamson fluid flow [24]. Using
appropriate similarity transformations, the authors converted a set of partial differential equations based
on flow situations into a system of non-linear coupled ordinary differential equations. Thereby, the impact
of some parameters, namely the one related to the Williamson fluid, was observed on some problem variables.

In the field of heat and mass transfer in buildings, these laws are applied for different purposes. A method
for calculating the solution of the transfer equations has been described in [25]. A dimensionless formula-
tion was suggested as an intermediate step. In addition, the advantages of using a dimensionless analysis
by scaling the governing equations of heat and mass transfer were explored in [26]. It also permitted the
definition of heat and mass kinetics, geometric and dynamic similarities among different physical materials.
The dimensionless analysis of a heat and mass transfer model has also been addressed in [10]. The authors
adopted this approach to estimate the mechanisms governing these transfers for a medium density fiber-
board. This was achieved by assessing the magnitude of the dimensionless numbers of the model and their
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response surface. An experimental method using a small-scale model for the building wall and similarity
laws based on the governing equations of simultaneous heat and moisture transfer through porous media was
presented in [27]. Converted values from the small-scale model were compared with the numerical results
of the reference configuration, this comparison showed a good agreement. Apart from the application of
such laws, it is worth noting that most studies used them to obtain equivalent theoretical configurations.
Nevertheless, this approach requires an experimental campaign to compare the results between equivalent
cases and evaluate the noticed discrepancies.

In general, it is easy to express theoretically the laws of similarity related to a physical problem, par-
ticularly the one concerning heat transfer in porous materials. In addition, these laws are based on several
assumptions that can be modeled mathematically. As an example, the boundary conditions and the variation
laws of material properties constitute two important hypotheses. Experimentally, it would not always be
evident to respect entirely the defined assumptions. For example, a material property is supposed constant
at the macroscopic scale. In reality, it varies in space following the micro-structure and pores distribution.
Thus, two samples issued from a material do not have necessarily the same properties. In this context, it
would be judicious to evaluate how far the experimental similarities are validated. Errors, that would arise
from assumptions, can be discussed by means of a study of uncertainty. Many researches have proposed
methodologies to compute uncertainties following two main approaches: probabilistic and deterministic. In
the deterministic approach, uncertainty is defined as a scalar. In this case, the calculation is less costly but
less accurate. On the other hand, uncertainty is evaluated more accurately in the probabilistic approach.
However, this requires more data and computation time. For example, the authors in [28] focused on the
analysis of experimental uncertainties related to the convective transfer coefficient h c. They relied on ran-
dom uncertainty in the measurements of air and wall temperatures. Through a differential calculation, they
were able to express and evaluate the ratio of the relative uncertainty of h to the relative uncertainties
of the measured temperatures. The viewpoint of the study is purely deterministic, and shows that the
expressions obtained are in good agreement with the ones simulated via the Monte Carlo method. Based on
their results, the ratio can be used as a continuous function to minimize the uncertainty on h c for similar
configurations. A second study [29] introduced a non-probabilistic interval process model to the character-
ization of time-varying parameter uncertainties. Two numerical methods referred to as the Monte Carlo
method under interval process model and the sensitivity analysis method under interval process model were
adopted simultaneously to predict the uncertain temperature. Furthermore, this method involved the use
of a finite differences scheme for the estimation of temperature derivatives according to model parameters.
Other authors have adopted the probabilistic approach. In [30], the work was based on a random aspect
governing the input parameters of the model. Indeed, propagation of uncertainty through the physical
model was investigated by solving two specific simple stochastic problems using the Non-Intrusive Spectral
Projection method. The uncertain parameters were described by either a Gaussian or a Log-Normal prob-
ability distribution function. For each of the problems, the stochastic and the deterministic mean solutions
were compared and the resulting confidence intervals were obtained. Similarly, a random aspect was taken
into account in [31] to generate multiple model inputs. Moreover, a random collocation method and a mod-
ified random collocation method were advanced, based on spectral analysis theory. In both methods, the
truncated high-order polynomial series were adopted to approximate temperature responses with respect
to random parameters. The accuracy of the two methods was then tested using a traditional Monte Carlo
simulation and two numerical examples.

In this work, we carry out an experimental assessment of similarity laws on a unidirectional heat transfer
problem. Mass transfers will be neglected in this study. Indeed, the coupling of the two phenomena is
less easy to control than a pure heat transfer model. The study provides also a detailed calculation of the
uncertainties related to the hypothesis of the experimental tests and the accuracy of the used equipment.
The uncertainty evaluation is essential to discuss the validity of heat transfer similarities. The study of
uncertainties is of great importance. The numerical or experimental result is not conclusive and needs to be
completed by using the associated confidence interval. This justifies the result and is obtained due to the
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study of uncertainties. The paper is structured as follows. The next section defines the governing equations,
the dimensionless formulation of the problem and the similarity law. Section 3 introduces the experimental
facility to assess the heat transfer similarity. Section 4 contains a complete evaluation of the measurement
uncertainty. Section 5 presents the results and discusses the validity of the similarity for two configurations.
Section 6 concludes and suggests future works.

2 Methodology

2.1 Governing equations

First, the study case consists in defining the equation that describes the heat transfer in homogeneous
media (superior in size that the representative elemental volume) [32], [33] with high porosity. In this work,
the mathematical model considers temperature T [K] as a driving potential. It is based on the general heat
equation, first developed by Joseph Fourier (1822). The problem is written as follows:

ρ cq
∂T

∂t
= ∇ ·

(

kq ∇ T
)

. (1)

In Eq. (1), three coefficients have been introduced. kq [W.m−1.K−1] is the heat transfer coefficient and
ρ [kg.m−3] the material density. In addition, cq [J.kg−1.K−1] is the heat storage coefficient. We define both
material density and heat transfer coefficient as follows:

ρ = ( 1 − n ) ρ s + n S w ρ w + n S a ρ a . (2)

k q = n k q w + ( 1 − n ) k q s . (3)

Equation (2) expresses the density of a porous material according to the three phases solid, liquid and air [34],
where n represents the porosity of the material, and ρ s, ρ w and ρ a the density of solid phase, water and air
respectively. S w and S a represent the degree of saturation in liquid water and the gas phase. Moreover, the
work of Lagarde (1965) [35] expresses the heat transfer coefficient in Eq. (3) in terms of the porosity in a
saturated porous media, where k q w is the liquid water thermal conductivity and k q s that of the solid matrix.

We present Hypothesis 1, which considers a one-dimensional transfer along the x-axis [36]. This is
possible by insulating the facets parallel to the transfer direction. In these areas, thermal flux is negligible.
Moreover, we neglect water mass transfers in our case. The impact of these on heat transfer is assumed
therefore not considered. This will be the Hypothesis 2 of our study [37]. For x ∈ Ω x and t ∈ Ω t where
x is the first space coordinate, t the instant of the experiment. Eq. (1) can be simply reduced to:

ρ cq

∂T

∂t
=

∂

∂x

(

kq

∂T

∂x

)

. (4)

Ω x = [0, L] is the space domain where x varies and Ω t = [0, tref ] the trial time interval. L and tref are the
sample length and experiment duration respectively. At the initial state, the temperature is known :

T = T 0(x) ∀x ∈ Ω x . (5)

where T 0 is a given function of space. At the material/air interface, the Robin condition is generally
applied, where air temperature is known. In the case of a high ambient homogenization and a large air flow,
we define the Hypothesis 3. It assumes that temperature at the interface is very close to that of air. Thus,
we present the Dirichlet condition [38]:

T = T ∞(t) , x = 0 , t ∈ Ω t . (6)

The temperature T ∞ at the interface is a time function that represents the varying climatic stress. The
other side of the material is insulated, meaning that the thermal flow is negligible, thus:

∂T

∂x
= 0 , x = L , t ∈ Ω t . (7)
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Furthermore, the assumption of a local thermal equilibrium is made, given the slow kinetics of the transfer
and the predominance of diffusion effects compared to convection through the porous matrix [39]. Thus,
the hypotheses of the model can be summarized as follows:

Hypothesis 1. The heat transfer is one-dimensional. �

Hypothesis 2. Mass transfer and latent effects are negligible. �

Hypothesis 3. The boundary conditions are assumed to be of the Dirichlet type. �

Hypothesis 4. The local thermal equilibrium is assumed. �

Next section is devoted to the study of the dimensionless heat transfer case. This step is important before
discussing the notion of similarities. Indeed, the dimensionless formulation is an intermediate procedure
which aims to define similarities, or equivalent configurations.

2.2 Dimensionless problem

The dimensionless formulation of an equation consists in describing its variables as constants correspond-
ing to a particular case. This latter is defined by the researcher, and can represent the initial instant of an
experiment. Dimensionless studies have been discussed in previous research [40]. More precisely, it has been
applied to heat and mass transfer equations according to [26], [10] and [25]. The first step is to transform
the spatial and temporal field into :

t⋆ =
t

t ref

, x⋆ =
x

L
. (8)

Equation (8) introduces the dimensionless first space coordinate x⋆ and experiment instant t⋆. In parallel,
temperature follows the same reasoning, and the reference value of this quantity can represent that of the
material at its initial state:

u =
T

T0

. (9)

u represents the dimensionless temperature. On the other hand, the heat transfer kq and thermal storage
cq coefficients change under the same formulation :

k⋆
q =

kq

k ref
q

, ρ ⋆ =
ρ

ρ ref
, c⋆

q =
cq

c ref
q

. (10)

Likewise, k ref
q , c ref

q and ρ ref are the material heat transfer, heat storage coefficients and density respec-
tively at t = 0. The substitution of the dimensionless quantity u and the coefficients k⋆

q , c⋆
q and ρ ⋆ in Eq.

(4) enables us to obtain the new equality:

ρ ⋆ c⋆
q

∂u

∂t⋆
= Foq

∂

∂x⋆

(

k⋆
q

∂u

∂x⋆

)

. (11)

Thus we observe the dimensionless Fourier number Fo appearing, and its expression is given as follows:

Foq =
k ref

q t ref

ρ ref c ref
q L2

. (12)

Finally, the new boundary conditions for heat transfer are written as follows :

u = u∞(t⋆) at x⋆ = 0 ,
∂u

∂x⋆
= 0 at x⋆ = 1 . (13)

Where, u∞ designates the dimensionless air temperature. Thus, the dimensionless formulation has built
a new closed system, independent of time and space fields. It relies only on the number Foq. This trans-
formation was introduced to ensure a transition to the laws of similarity. Indeed, equivalences would have
to be determined using a basic configuration. Then, the transformation shown in this section, is used to
operate on this configuration.
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2.3 Similarity law

In practice, the laws of similarity are applied to a reference case. Their usefulness consists in obtaining
configurations equivalent to our reference case [41]. They can minimize some difficulties related to the real
case. In the context of heat transfer, we can use these laws to change the material while maintaining similarity
of results [14] and [42]. The dimensions of the sample can also be changed. Since the transfer phenomena
have a slow kinetic, the goal of the study is to reduce the duration of an experiment, while working on the
same material. In heat transfer, kinetic describes the rate of heat diffusion within a material. In the building
physics field, the Fourier number describes fully this notion. Fig. 1 highlights the process that defines these
laws.

t1
ref

t2
ref

1

2

Reference case 

(x, t)1

Reduced case 

(x, t)2

Adim. x� = x1 L1 t� = t1 t1
ref

Fourier number

t2
ref , L2

x2 =
x� . L2

t2=
t� . t2

ref

2 = 1 .

2 = 1 .
2

S= 2 1

T1
∞

T2
∞

Figure 1. The mapping of two equivalent configurations

The Fourier number is the unique parameter in the dimensionless equation. By means of this characteristic
number, a similarity can be established between the reference case where x ∈ Ω 1

x , t ∈ Ω 1
t and the equivalent

case such that x ∈ Ω 2
x , t ∈ Ω 2

t . With:

Ω i
x =

{

x ∈ R
+, 0 ≤ x ≤ L i

}

=
[

0 , L i

]

, (14a)

Ω i
t =

{

t ∈ R
+, 0 ≤ t ≤ t ref

i

}

=
[

0 , t ref
i

]

, ∀i ∈
{

1 , 2
}

. (14b)

where i refers to the number of the experiment configuration. Two different configurations 1 and 2 are said
to be equivalent or similar if they verify the following equality :

Fo1
q = Fo2

q . (15)

As a reminder, both experiments have been carried out on two samples, made of the same material. More-
over, we assume that these samples have the same porosity and initially the same hydric state. This means
: k ref

q 1 = k ref
q 2 , c ref

q 1 = c ref
q 2 and ρ ref

1 = ρ ref
2 . Thus, Eq. (15) is simplified to :

tref
2

tref
1

=
(L2

L1

)2

. (16)

We defined the proportionality factor between the two configurations by:

Σ =
L2

L1

. (17)

Σ designates the ratio between two characteristic lengths L 1 and L 2. These represent the dimensions
according to which, the heat transfer occurs in both configurations. Mathematically, we carry out a mapping,
based on the dimensionless numbers, from a first configuration to a second by applying the proportionality
factor Σ.

Ω 1
x × Ω 1

t −→ Ω 2
x × Ω 2

t (18a)
(

x 1 , t 1

)

7−→
(

x 2 = x 1 · Σ , t 2 = t 1 · Σ 2
)

(18b)
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The next section will define the adopted experimental protocol. First, we define the material studied and
its manufacturing phase. This is followed by a description of the equipment and the sensors used. Finally,
the experimental configurations are highlighted, allowing us to verify the validity of the hypotheses.

3 Materials and experimental facility

We chose hemp concrete for the similar tests. It is a bio-based composite material made of hemp and
lime (Fig. 2). The material was manufactured using the following products: Biofibat, a calibrated hemp
aggregate with a density of ρ = 110 [kg.m−3 ] and k q = 0.05 [W.m−1.K−1] and a moisture content of less than
15%, and TradicalR PF 70, a class FL A 3.5 formulated lime in accordance with the NF EN 459 standard
where ρ = 620 [kg.m−3 ] and k q = 0.096 [W.m−1 .K−1].
The hemp concrete formulation was based on the proportions, defined by the French standard, which are
16% hemp, 34% lime and 50% water. Moreover, the homogenization of the mixture was ensured using
a mixer for approximately three minutes. We let the mixture cure for 10 days in molds of 15 × 15 ×
15 cm3. The molds were also treated with an agent to facilitate the release of samples. The experimental
characterization of hemp concrete thermal properties under this formulation [3], provides the following
results kq = 100.23 [mW.m−1 .K−1], cq = 5.52 105 [J.m−3.K−1] and ρ = 480 [kg.m−3 ].

Figure 2. Lime and hemp used in the process

In addition, we used a climatic chamber brand Climats (Fig. 5(a)) which can generate stress scenarios
such as a variation in temperature and relative humidity. We mainly used it to simulate thermal stress in our
study, with a humidity set at 85%. An Almemo (Ahlborn) acquisition unit and series FHA 646 R Ahlborn
sensors were used. The Ahlborn FHA 646 R is a cylindrical sensor with a 5 mm diameter, and can be used
within a range from −30 to 100 ◦C and from 5 to 95% relative humidity. These sensors are calibrated at
23 ◦C, 35% and 80% relative humidity. The factory calibration certificate indicates an accuracy of 0.3 K in
temperature and ±3% in relative humidity. The response time of the sensor is around 10 s estimated at
1 m/s air velocity. The samples manufactured and the equipment described were used for the three tests.
Two tests verify the limitations of Hypotheses 1 and 3 and the third is devoted to the validation of thermal
similarity.

3.1 The one-dimensional transfer

The sample is a 10 × 10 × 10 cm3 cube, initially preconditioned at 85 % relative humidity and 25 ◦C in
the climatic chamber, as shown in Fig. 5(a). The material was isolated from four sides using a 3 cm layer of
industrial polystyrene with a thermal conductivity of k q = 0.035 [W.m−1.K−1], to limit the flux perpendicular
to the chosen direction of transfer. In fact, the measured thermal conductivity of hemp concrete is almost
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three times higher than that of the insulation used. Hemp concrete is still three times less efficient than
the current insulators used, namely rock or glass wool where k q ∈ [ 0.03 , 0.04 ] [mW.m−1 .K−1]. In order
to maintain a good bond between the concrete and the insulation, we attached two layers of an aluminum
adhesive ribbon to the assembly (Fig. 5(b)).

(a) (b)

Figure 3. The climatic chamber (a) and the tested sample (b).

Table 1. Sensor position coordinates

x [cm] y [cm]

χ 1 2.5 2.5

χ 2 2.5 5

χ 3 2.5 7.5

χ 4 7.5 2.5

χ 5 7.5 7.5

Six sensors were used with a diameter of 5 mm and a height of 5 to 7 cm, we positioned five within the
sample at a height of 5 cm, the corresponding coordinates were given in Table 1. The sensors formed two
rows, the first at a depth of 2.5 cm (three sensors) and the second at 7.5 cm (two sensors) as shown in Fig.
4. We used the last one to read the value of T and φ of the ambient air. We consider making an error during
the positioning of sensors. The error is of the same magnitude as the sensor diameter and will be useful for
the calculation of uncertainties. This first experiment aims to evaluate the thermal flux along the y-axis.
The hypothesis is validated as long as this flux is negligible.

3.2 The Dirichlet approximation

The same sample used for Hypothesis 1 was adopted for the next test. Fig. 5 represents the experi-
mental protocol to verify the assumption made about the Dirichlet boundary condition. The configuration
was exactly the same, with four sensors this time. The first two measured air temperature and the last
ones were fixed on the surface of the material and measured its temperature. The sensors on the surface
were not isolated, based on the assumption that there were no radiation effects in the chamber. They were
embedded within the sample surface and fixed using an adhesive ribbon. This enabled an almost perfect
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x (cm)

2.5

2.5 5

y (cm)
7.5

0

0

χ1 χ2 χ3

χ4 χ5

Insulator

(2.5,2.5) (2.5,5) (2.5,7.5)

(7.5,2.5) (7.5,7.5)
7.5

Figure 4. Sensor positions in the sample

x (cm)

7.5

2.5

2.5 5

y (cm)
7.5

(1)

(2)

0

0

(a) (b)

Figure 5. The climatic chamber (a) and the tested sample (b).

sensor-surface adherence. The integrated fan in the climate chamber operated at a constant and nominal
flow rate. The material was placed inside the chamber in such a way as to allow the surface x = 10 cm to be
perpendicular to the ventilation direction. The purpose of this second test was to measure the temperature
variation at the surfaces x = 0 cm and x = 10 cm. It was then compared to the ambient air temperature.

3.3 Experimental thermal similarities

Previously, we explained the procedure for the verification and validation of the predefined hypotheses.
This step is necessary in order to control relatively the conditions of both configurations obtained via the
similarity laws. This section consists in the presentation of the two tests that aim to verify these laws
experimentally. Both test samples were from the same formulation of hemp concrete. After the curing
period, both samples were stored at 25 ◦C and 85% relative humidity. Therefore, we consider a reference
configuration where samples are cubic and have the size of the molds. Using the laws of similarity, we
want to reduce the duration of the test that represents the reference configuration. A reduction calls for
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the application of a proportionality factor lower than 1, we chose 0 < Σ < 1. Thus, a sample having a
thickness L1 was taken, then a second one was selected, and sliced to reduce its thickness to L2 such that
L2 = Σ L1 (Fig. 6). Next, the materials were similarly preconditioned in temperature and relative humidity.
Subsequently, they underwent a thermal stress according to two well-defined scenarios. These scenarios
must have the same amplitudes and verify the following equality: tref

2 = Σ2 tref
1 .

Figure 6. Samples for the similarity experiment

4 Uncertainty propagation in the measurements

Experimental measurements are sensitive to errors of various kinds. Some of them may be due to the
experimenter’s lack of expertise. They can also be affected by the systematic accuracy of an equipment. It
is therefore necessary to include the confidence interval in a study. In this regard, we introduce the notion
of uncertainties [43]. For similarity tests, we define the total uncertainty as:

σ2
T ot = σ2

x + σ2
t + σ2

φ + σ2
Sys + σ2

Rdm + σ2
Dlt + σ2

1D + σ2
Sensor . (19)

The assessment of the global uncertainty σT ot is based on the evaluation of the different contributions. They
are explained starting with σx, which is the uncertainty associated with the sensor location regarding the
desired measurement position:

σx( t ) =
∂T

∂x
δx . (20)

The temperature derivative is thus evaluated at the same position. This is possible by computing the
model in Eq. (4) using the implicit Euler method and central finite-differences. δx represents the average
error made and estimated by the experimenter when positioning the sensor. σ x is a time function because
temperature and its derivative are.

The reaction time of a sensor can also be a source of uncertainty. A sensor that requires 1 minute to
measure a change in temperature is less accurate than one that takes only 10 seconds to respond. σt is the
uncertainty regarding the response time. It displays the time derivative of temperature.

σt( t ) =
∂T

∂t
δt . (21)

This derivative is evaluated at the measurement position and throughout the test. It was calculated using
the same model as for σx. The response time is given by the term δt.

After introducing the vapor pressure and temperature model, we simplified both equations, considering
the small impact of relative humidity on temperature. This implies the omission of the term ∇ Pv in heat and

10 / 30



Experimental assessment of the similarity law for a heat conduction problem

mass transfer equations [44, 45]. In order to estimate the uncertainty due to the decoupling of temperature
and vapor pressure, we evaluate the parameter σφ.

σφ( t ) =
∂T

∂φ
δφ =

∂T

∂t

( ∂φ

∂t

)−1

δφ . (22)

Its estimation would be based on the solution of coupled heat and mass transfer equations [46–48]. The
initial condition is the one reached by the material after the preconditioning phase. Moreover, the boundary
conditions used are the measured temperature and relative humidity at the surface of the material through-
out the experiment. The term δφ is the difference between the relative humidity at an instant t and the one
at the initial state of the sensor position.

The sensor as a conceived system is an uncertain device in terms of measurement, and represents a sys-
tematic uncertainty. Indeed, the manufacturer performs calibration tests on the sensor to define its margin
of error. Thus, this uncertainty is indicated within the product record. It is constant and requires no
calculation, we denote it σSys.

The random experimental uncertainty is also proposed and defined. It is obtained by the principle
of repeatability. A sample undergoing the same experiment several times, can lead to different results.
In this case, the values obtained approximate a mean value which is the one generally retained by the
experimenter. Let N be the number of tests carried out, T the measured temperature and T̄ the average
value of the measurements, the random uncertainty σRdm is estimated as follows:

σrdm =
1√
N

√

√

√

√

1

N − 1

N
∑

i=1

( T i − T̄ )2 , T̄ =
1

N

N
∑

i=1

Ti . (23)

Furthermore, we estimate the errors resulting from the Dirichlet approximation discussed in Section 3.2.
This is performed through a sensitivity analysis regarding the surface temperature. The uncertainty related
to this hypothesis is determined by the following expression :

σDlt( t ) =
∂T

∂Ts

δTs
. (24)

where Ts is the temperature at the surface of the material and δTs
is the difference between both air and

surface temperatures at an instant t, discussed previously in Eq. (44). The temperature derivative can be
calculated numerically. For this, we performed a differentiation of Eq. (4) according to the variable T s:

∂

∂Ts

(

ρ cq
∂T

∂t

)

=
∂

∂Ts

( ∂

∂x

(

kq
∂T

∂x

) )

. (25)

Since the temperature is twice derivable and its derivatives are continuous, we can invert the order of
the derivation (Schwartz theorem). The thermal properties are assumed constant. A new variable θ is

introduced and defined by θ =
∂T

∂T s

, so θ verifies the following equation:

ρ cq
∂θ

∂t
=

∂

∂x

(

kq
∂θ

∂x

)

. (26)

The equations expressing the boundary conditions of our problem are also derived according to the surface
temperature and become:

θ = 1 , x = 0 , t ∈ Ω t ,
∂θ

∂x
= 0 , x = L , t ∈ Ω t . (27)

Finally, at the initial state we obtain:
θ = 0 at t = 0 . (28)
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Equations (26), (27) and (28) constitute a closed mathematical system that we solve numerically via the
implicit Euler method as well. Thus, the variable θ [−] is evaluated at all test instants and that enables to
compute σDlt.

On the other hand, the uncertainty related to Hypothesis 1 σ1D (one-dimensional transfer) is estimated
by means of the test carried out to validate it. Theoretically, the exact evaluation of σ1D is given by the
following formula [43]:

σ 1D = lim
N→+∞

( 1

N ( N − 1 )

N
∑

i=1

( T i − T̄ ) 2
) 0.5

. (29)

where :

T̄ = lim
N→+∞

1

N

N
∑

i=1

T i . (30)

N represents the number of sensors placed inside the material along the y-axis while fixing the x coordinate

Lx

1

2

3

N

Sensor

positions

ey

ex

Figure 7. Sensor positions for the evaluation of the one dimensional transfer hypothesis

(Fig. 7). According to Eq. (29), the uncertainty is exact if the positions number is infinite. However,
given experimental constraints, it is quite difficult to achieve this condition. Indeed, the material dimension
along the y-axis, which is y max = 10 cm, does not allow the placement of more than five sensors having
a 5 mm diameter. Furthermore, we restricted ourselves to three to avoid interactions between sensors and
perturbation of heat transfer. We used temperature measurements at the three positions χ 1, χ 2 and χ 3

(Fig. 4). Furthermore, the formula in (29) is adopted, which is normally used for the evaluation of random
uncertainty, and applied to these three positions according to Eq. (32). T̄ designates the arithmetic mean
of the three measured temperatures.

T̄ =
1

3

N=3
∑

i=1

Ti . (31)

σ1D =
1√
3

√

√

√

√

1

2

N=3
∑

i=1

( T i − T̄ )2 . (32)

Then, the last sub-uncertainty denoted σSensor, is defined and introduced it in Eq. (19). σSensor considers
the error related to the sensor rate of adherence on the sample surface. The sensor set-up shown in Fig. 5,
measures an area weighted mean temperature as opposite to the surface area. This is due to the fact that
the sensor is not protected against the surrounding air, it adheres to the surface on the one hand and is
exposed to air on the other. Uncertainty σSensor is defined according to the following expression:

σSensor ( t ) =
∂T

∂TSensor

δ Sensor . (33)
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Equation (33) contains two time-dependent terms. The first represents the temperature partial derivative
according to the mean temperature TSensor which is that recorded by the surface sensor. This derivative is
assessed in the same way as in Eq. (24). The sensitivity analysis remains the same in this instance, while
considering that the surface temperature is not that given by the sensor. The second term is the error
between the true surface temperature Ts and that measured by the sensor TSensor. It is denoted δ Sensor [◦C]
and its expression is given below :

δ Sensor ( t ) =
∣

∣ TSensor − Ts

∣

∣ . (34)

The goal is to evaluate the error δ Sensor, and for this purpose we express the temperature measured by
the sensor as the weighted mean of air and the real surface temperature denoted T ∞ and Ts respectively.
Mathematically, the sensor temperature is given in Eq. (35) :

T Sensor ( t ) =
T s S s + T ∞ S ∞

S T ot

. (35)

Where S s, S ∞ and S T ot [m2] represent sensor surfaces in adherence to the sample surface, exposed to the
ambient air and the entire surface of the sensor (Fig. 8). These terms verify the following equality :

S T ot = S s + S ∞ (36)

Thus, we deduce the sample surface temperature:

T s =
S T ot

S s

(

T Sensor − S ∞

S T ot

T ∞
)

. (37)

T Sensor and T ∞ are determined experimentally using the two sensors shown in Fig. 5. In addition, the area

H���

c��	
��

S�����

Po����y����

SS
∞

Figure 8. The set-up adopted for the temperature sensor on the sample surface. The sensor has been
increased for the illustration.

terms in Eq. (35) are set respecting the conditions of the Hypothesis 2 experiment. Finally, this information
enables us to deduce the error time variation δ Sensor and thus the uncertainty σ Sensor at the desired position
χ.

5 Results and discussion

5.1 Validation of the one-dimensional transfer (Hypothesis 1)

After the preconditioning phase, the sample was exposed to a temperature sinusoidal stress, with an
amplitude of 14◦C and a mean value of 25◦C, where the period Γ = 24 h. The relative humidity was
maintained at φ0 (Fig. 9). The aim is to determine the quantities or expressions in order to assess the
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Hypothesis 1. We consider the heat transfer coefficient constant. Thus, in order to obtain a similar expression
to that in Eq. (4), we need to ensure that :

∂2T

∂y2
6 ǫ , ∀t ∈ Ω t . (38)

where y is the second space coordinate and ǫ represents a constant close to zero. This derivative can be
approximated by a centered numerical scheme of second order. The approximation, at x = x2, is given by
the following relation, where ∆ y = y (χ2) − y (χ1) :

∂2T

∂y2
≃ T (χ1) − 2 T (χ2) + T (χ3)

∆ y 2
+ o ( ∆ y 2 ). (39)

Therefore, during an experimental test, the measurements recorded on the nodes 1, 2 and 3 are used to
verify the following equality:

T (χ1) − 2 T (χ2) + T (χ3) = 0 . (40)
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Figure 9. boundary conditions set by the climatic chamber
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Figure 10. Temperature second derivative (a) and its value distribution (b)

By means of the quantity introduced in Eq. (40), it is possible to evaluate the order of magnitude of
the second temperature derivative along the y axis, at each instant. Figs. 10(a) and 10(b) illustrate the
variation of this quantity, as well as the distribution of its values. This distribution is evaluated using the
calculation of the probability density P associated with the temperature second derivative along y. The
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probability density P is a function of a continuous random variable, whose integral across an interval gives
the probability that the value of the variable lies within the same interval. In this work, we adopt the
Kernel distribution as a probability density function. The quantity evaluated is about 0.1 ◦C during the
preconditioning phase. During the stress period, it varies in a sinusoidal shape between 0.1 and 0.4 ◦C (Fig.
10(a)). Figure 10(b) shows that propagation of the values is almost uniform. Indeed, the probability density
varies from 10 to 20% over a large range of values. Thus, it is deduced that the hypothesis can be confirmed
with a maximum error of ǫ = 0.4 ◦C.

It is also possible to argue in terms of flow. The direction x is favored in transfer over the others if
∂T

∂x
≫ ∂T

∂y
and

∂T

∂x
≫ ∂T

∂z
. With the sensors we dispose of, it is possible for example to compare the

thermal flux ϕ x and ϕ y along the x and y axis respectively. Using a first order upward scheme at node 4,
we can write :

ϕ y =
∣

∣

∣ − k q

∂T

∂y

∣

∣

∣ ≃
∣

∣

∣ − k q

T5 − T4

y5 − y4

∣

∣

∣ , ϕ x =
∣

∣

∣ − k q

∂T

∂x

∣

∣

∣ ≃
∣

∣

∣ − k q

T1 − T4

x1 − x4

∣

∣

∣ . (41)
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Figure 11. The heat flow along the y axis related to the one along the x axis (a) and the ratio values
distribution (b).

given that ∆x = x1 − x4 = y5 − y4 = ∆y. We can define the ratio R 1, which represents the quotient of
the two introduced fluxes. R 1 is calculated as follows:

R 1 =
ϕy

ϕx

. (42)

R 1 compares the order of magnitude of the studied fluxes. It is evaluated during the same experiment,
and its variation is shown in Fig. 11(a). The values can be as low as 0.05 and up to 0.09. This means that
the flux along the y axis is 10 to 20 times smaller than the one along x. This is mainly due to the fact
that the x-axis direction is privileged when insulating the surrounding faces. This aspect can be reinforced
by increasing the length and increasing the thermal insulation. Fig. 11(b) shows the distribution of the
ratio values. It is around 0.075 for a probability of 50%. In addition, a complementary investigation was
developed to evaluate the error due to the one-dimensional transfer design. A comparative numerical study
was performed between the proposed one-dimensional case and the experimental case. On the one hand,
the experimental case reproduces the realistic conditions in the climate chamber as shown on the left in Fig.
12(a).

Figure 12(b) represents the lumped approach modeled in one-dimension as considered in our work. In
this case, a 4 cm polystyrene thickness and a convective coefficient h c = 5 [W.m−2.K−1] are considered. On
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Figure 12. (a) Realistic model of the experiment in two dimensions, (b) lumped approach in one dimension

the other hand, the ideal case consists of considering perfectly adiabatic walls where the heat flux equals 0;
see Fig. 12(b). Numerical computations of the temperature for both cases were carried out using COMSOL

software. Indeed, the method used in the experimental design (Eq. (41)) is an approximation employing the
following meshes ∆ x = ∆ y = 5 cm. Thus, to overcome this issue we performed a numerical simulation using
smaller meshes ∆ x = ∆ y = 10 −3 cm. Both materials were modeled considering 4 cm and 10 cm thickness
for polystyrene and hemp concrete respectively. The Robin type was considered for boundary conditions
where h c = 17 W.m−2.K−1 as a conventional value and T ∞ was provided by the ambient air sensor.
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Figure 13. Temporal temperature evolution at the middle of the sample between the 1D and 2D heat
transfer approach

Fig. 13 presents the variation of temperature at the middle of the sample for both approaches. As
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Figure 14. Temperature error evaluation at the middle of the sample between the two approaches.

shown in Fig. 13, the temperature variation when adopting the experimental design is close to that of the
theoretical 1D model. In addition, errors are noticeable, for example at the instants t = 10, 35, 58 h. The
overall error variation at the middle of the sample is given in Fig. 14. The error is small and ranges from
0 to 0.04 ◦C. A second investigation consisted in the numerical evaluation of R 1 at the same position used
for measurements. Its time variation, using a logarithmic scale, is illustrated in Fig. 15. Notice that R 1 is
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Figure 15. Variation of the heat flux ratio R 1

smaller than the one assessed experimentally. It is almost zero during long time sequences. In addition, there
are some instants where the ratio reaches maximum values of about 1.1 %. The choice of a mesh size equal
to 10−3 cm along the x and y axis was sufficient to obtain a numerical solution with a suitable accuracy.
This was deduced by performing a study of sensitivity according to the mesh size. In this framework,
two additional simulations, where ∆ x = ∆ y = 10−5 cm and ∆ x = ∆ y = 10−7 cm, were performed while
maintaining the same time step. The study revealed that the variation of the ratio R 1 is almost the same for
smaller mesh sizes. In terms of deviation, a maximum value of 10−8 was reached when comparing the three
variations. Thus, choosing smaller mesh sizes did not have a significant influence on the magnitude of this
numerical result. Another study was performed to analyze the heat map of our configuration following two
instants. Both heat maps are illustrated in Fig. 13. It is worth noting that the isothermal lines obtained
are perpendicular to the direction along x in hemp concrete. If we focus on the insulation material, the
isothermal lines have no longer this characteristic. This means that heat transfer in hemp concrete tends
to be one-dimensional. Moreover, it is possible to confirm this by studying flux streamlines. Fig. 16 plots
these at the same instants. Notice that heat flux is mostly along the x direction in the studied material.
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χχ
χ ∞ χ ∞

Figure 16. Streamlines representing the heat flow direction within the hemp concrete and the insulator at
two different instants (a) t = 10 h and (b) t = 35 h

5.2 Validation of the Dirichlet approximation (Hypothesis 2)

In a realistic case, the boundary condition of a material in contact with a fluid is defined as follows:

− ∂T

∂x
=

hc

k q

(T ∞ − T ) , x = 0 . (43)

This is the Robin boundary condition, where T ∞ [K] is the ambient temperature and hc [W/(m2.K)] the
surface heat transfer coefficient. Notice that, if hc is large or the thermal conductivity is small, we face a
situation where thermal flux is large. Thus, the equality (43) is possible as long as we verify that T ≃ T ∞

at the material surface, which corresponds to the Dirichlet condition.

The two considered hypotheses for the convective thermal coefficient and thermal conductivity can be ap-
proached experimentally. A material with high insulating potential can be chosen. Moreover, the coefficient
depends on the nature of the fluid flow and the surface imposed to the impact. In particular, it depends
on the flow velocity according to the Nusselt number. Hemp concrete has a good insulating potential which
is characteristic of hemp concrete. In addition, we studied the condition regarding the thermal coefficient
h c. Based on the position of the sensors in the configuration (Fig. 5), the goal is to verify the following
expression:

∣

∣ T (x = 0, t) − T ∞
∣

∣ 6 ǫ , ∀t ∈ Ω t . (44)

A preconditioning phase not being necessary, we used the same stress adopted for the validation of the
first hypothesis and shown in Fig. 9. The variation of both temperatures is shown in Fig. 17. We observe
that the variation is almost the same as shown in Figs. 18(a) and 18(b). Indeed, the comparison over two
different time ranges highlights the quasi-superposition of both curves.

In addition, it was possible to evaluate the discrepancy throughout the experiment as well as its cor-
responding distribution (probability density). It ranges from 0.075 to 0.225 ◦C (Fig. 19(a)). It was also
demonstrated that it is centered around 0.15 ◦C as shown in Fig. 19(b). Under similar conditions and with
regard to these results, Hypothesis 2 is validated, with an uncertainty on surface temperature reaching 0.225
◦C. Thus, δ T s

= 0.225 ◦C.

5.3 Assessment of thermal similarity

5.3.1 Definition of the case

Calculation of the uncertainties is necessary in combination with the results of experimental work. It
helps defining the acceptable margin of uncertainty on a measured quantity. After having introduced the
seven sub-uncertainties, they are evaluated for both configurations. The reference configuration is given
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Figure 17. Variation of air and material surface temperatures during the preconditioning and the stress
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Figure 18. Air and material surface temperatures at two different experiment sequences
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Figure 19. The calculated discrepancy between the measured air and material surface temperatures (a)
discrepancy distribution throughout the experiment
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using a L 1 = 15 cm thick material. This sample is exposed to the same stress, that is presented in Fig. 9,
where the experiment horizon is tref

1 = 72 h and the time period Γ 1 = 24 h.
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Figure 20. The equivalent boundary conditions

The equivalent configuration was based on a smaller sample with a thickness of L 2 = 10 cm. Thus, the

factor of proportionality is Σ =
2

3
. By means of the expression in Eq. (15), a reduced experiment duration

was obtained where tref
2 = 32 h and Γ 2 = 10.66 h. The evaluation of uncertainties was limited to the middle

values of both samples x 1 = 7.5 cm and its equivalent x 2 = 5 cm. The boundary conditions defining the two
configurations are illustrated in Fig. 20.

5.3.2 Evaluation of measurement uncertainties

We recall that the systematic uncertainty is 0.3 ◦C according to the manufacturer documentation. Its
thermal response time is about δt = 10 s. The sensor position uncertainty is approximately the diameter
of the sensor, corresponding to δ x = 5 mm. It is worth noting that the uncertainties σx, σt, σDlt, σ Sensor

and σφ are determined numerically. The first four are computed by solving Eq. (4) and using the im-
plicit Euler scheme. The space and time meshes are given for both configurations: ∆x 1 = 1.5 10 −2 [cm],
∆t 1 = 8.3 10 −2 [h], ∆x 2 = 10 −2 [cm] and ∆t 2 = 3.6 10 −2 [h]. Furthermore, σφ is calculated using a coupled
heat and mass transfer model [44]. This model was computed with the finite element solver COMSOL
Multiphysics. The hemp concrete properties are issued from [2]. The random uncertainty is calculated by
running three times the experiment for each configuration, therefore N = 3. Whereas, σ1D is evaluated
based on the experimental results for the sample shown in Fig. 4. Its thickness corresponds to the one of
the reduced configuration sample. Thus, the results during t 2 are adopted for the reduced configuration.
In the reference case, we consider that the results in terms of σ1D are equivalent. Finally, the experimental
configuration to evaluate the hypothesis 2 (Fig. 8) corresponds to a surface Ss = 0.1 S T ot. This means that
the surface of the sensor, adhering to the sample, represents 10 % of its total surface. The processing of
experimental and numerical data, as well as the plotting of curves is done using the programming language
PYTHON.

Figure 21 highlights the time propagation of uncertainties related to the reference case at the middle of
the sample. In order to compare, note that σx and σφ are of a significant order of magnitude. They attain
values ranging from 0.2 to 0.6 ◦C. Whereas σDlt varies in the shape of an exponential increasing from 0 to
0.2 ◦C. In parallel, σ1D varies in a quasi-sinusoidal shape and reaches peaks of about 0.1 ◦C. These instants
correspond to the attainment of maximum air temperatures. Conversely, this uncertainty is small (less than
0.01 ◦C) during the air-cooling phase. On the other hand, the uncertainties related to the thermal response
of the sensor and the random aspect of the test are negligible. Regarding σ Sensor, the evolution is quite the
same between both configurations. Furthermore, each curve is almost periodic due to temperature stress
periodicity. The uncertainty is quite zero at the beginning of the experiments and reaches a maximum value
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of 0.18 ◦C.
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Figure 21. Time variation of the uncertainties related to both reduced and reference configurations.
Uncertainty due to (a) the sensor position, (b) its response time, (c) the mass transfer neglect, (d) the
random aspect, (e) Hypothesis 2 and (f) Hypothesis1, (g) the sensor adherence rate to the sample surface.
(h) Deduction of the entire uncertainty.

We conclude that the total uncertainty of the reference case is oscillatory, almost periodic and varies
between 0.4 and 0.8 ◦C. The reduced configuration is also approached in terms of uncertainties. As seen
in Fig. 21, the order of magnitude of the calculated uncertainties remains the same. Nevertheless, there is
a big difference between the reference and reduced configuration. σx, σφ and σRdm are as important as we
decrease the dimensions of the sample. Indeed, these uncertainties vary with the thickness of the sample.
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They are small for thick materials, and large for a-thin ones. In this case, it is due to the magnitude of
relative humidity and temperature gradients. It varies differently around the equivalent positions x 1 and
x 2. They are more important in the reduced case. σt, σDlt and σ Sensor remain unchanged. Moreover, these
do not depend on the factor of proportionality Σ, so increasing or decreasing the thickness of the sample
does not influence these two uncertainties. Finally, the entire uncertainty is considerably greater than in the
reference case. It reaches a maximum of 1.25 ◦C. Figs. 24(a) and 24(b) enable to visualize at two different
time sequences the accumulated sub-uncertainty bands. Note that the magnitude of the entire uncertainty
is not negligible. Consequently, it is necessary to carry out a calculation highlighting the propagation of
uncertainties for the experimental results.

5.3.3 Discussion of validity of the thermal similarity

0.0 0.2 0.4 0.6 0.8 1.0
t *  [-]
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15
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35
40
45

T 
[°
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Reduced

Figure 22. Variation in temperature at x ⋆ = 0.5 [−] in the equivalent configurations.

The parameters related to both tests and the boundary conditions (Fig. 20) were well defined in the pre-
vious section. The validity of the thermal similarity between the experimental results will be carried out on
x 1 and x 2. The time variation in temperature at x 1 and x 2 in the dimensionless domain is shown in Fig. 22.

We have approximately a good agreement between the similar cases and note that both curves have the
same shape. Nevertheless, there are instants where the discrepancy increases relatively. These moments
correspond to the minimum or maximum air temperature. This difference in magnitude could be interpreted
in several ways. The water content in the samples may not be the same. Indeed, the thermal conductivity
increases with water content. In our case, the reference sample would be more humid, as it reaches greater
limits than the one representing the reduced case. The micro-structure and the pore distribution may also
be the source of these discrepancies. A more porous material has lower thermal conductivity due to the
presence of air.

In order to include the calculated uncertainties in the experimental measurements, we focused more
on sequences with a large discrepancy. This is illustrated in Fig. 23. It compares some experimental
results while embedding the related entire uncertainties. The measurements are represented in a straight
line. Moreover, the interval delimited by the dotted lines represents the range of the calculated entire
uncertainty. During four different sequences, the uncertainty intervals for each configuration match within
areas of different magnitudes.

Regarding both experiments, the discrepancy reaches a maximum of about 1.5 ◦C as shown in Fig. 25(a).
On the other hand, the probability density shows a certain uniformity in the discrepancy distribution
(Fig. 25(b)). The value 1.5 ◦C is largely justified by means of the calculated uncertainties σTot 1 and σTot 2.
Indeed, σTot 1 + σTot 2 is plotted with the discrepancy in the same Figure. Notice that the sum of both entire
uncertainties is above the observed discrepancy most of the time. It ranges from 0.6 to 2 ◦C with an average
of about 1.5 ◦C. (Fig. 25(b)).

22 / 30



Experimental assessment of the similarity law for a heat conduction problem

0.12 0.14 0.16 0.18 0.20 0.22
t *  [-]

15

20

25

30

35

40
T 
[°
C]

Reference
Reduced

0.24 0.26 0.28 0.30 0.32 0.34
t *  [-]

10

12

14

16

18

20

22

T 
[°
C]

Reference
Reduced

0.36 0.38 0.40 0.42 0.44 0.46
t *  [-]

24

28

32

36

40

T 
[°
C]

Reference
Reduced

0.480 0.496 0.512 0.528 0.544 0.560
t *  [-]

15

20

25

30

35

T 
[°
C]

Reference
Reduced

Figure 23. Time variation in temperature at x ⋆ = 0.5 [−] during four different sequences. The dashed lines
represent the entire uncertainties that correspond to each configuration.

0.40 0.41 0.42 0.43 0.44 0.45 0.46 0.47
t *  [-]

32
33
34
35
36
37
38
39
40
41

T 
[°
C]

Reference
σx

σϕ

σSys

σTot− σSys− σϕ− σx− σSensor

(a)

0.38 0.40 0.42 0.44 0.46 0.48
t *  [-]

28

30

32

34

36

38

40

T 
[°
C]

Reduced case
σx

σϕ

σSys

σTot− σSys− σϕ− σx− σSensor

(b)

Figure 24. Temperature variation at two given time sequences for the reference case (a), and the reduced
one (b) with the corresponding confidence intervals : sensor position σ x, mass transfer influence σ φ,
sensor calibration σ Sys and the remaining uncertainties σ t + σ Rdm + σ Dlt + σ 1D + σ Sensor.

5.4 Discussion and further remarks

In order to carry out a similarity experiment, it is essential to control the conditions of equivalent
configurations. The experimental results confirm the similarity law within a given margin of error (Fig. 22).
Indeed, discrepancies during some sequences were observed. These instants correspond to large temperature
gradients. Discrepancies result mainly from certain experimental imperfections. In this study, the use of
similarity laws was limited to a one-dimensional heat transfer case using a thermal insulator. In a more
general case, similarities could also be applied to a three-dimensional case. As an example, a non-insulated
cubic sample exposed to a thermal stress, can be the basis of a similarity study. Indeed, the governing
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Figure 25. Temperature discrepancy and entire uncertainty between the configurations and the
corresponding distributions

equations and the dimensionless formulation are written this time according to three space dimensions
L x, L y and L z. As a result, the Fourier number concept is extended. Thus, similarities between two
different configurations are written according to Eq. (45):

Fo 1
x = Fo 2

x , Fo 1
y = Fo 2

y , Fo 1
z = Fo 2

z . (45)

where:

Fo x =
k ref

q t ref

c ref
q L 2

x

, Fo y =
k ref

q t ref

c ref
q L 2

y

, Fo z =
k ref

q t ref

c ref
q L 2

z

. (46)

In addition, these laws can be applied to other types of boundary condition. In this study, the type
Dirichlet was adopted to represent the conditions at the surface where x = 0. Dirichlet is the simplest type
to model since temperature is assumed known at the surface. As for the Neumann type, an incident heat
flux ϕ [W.m−2] is considered. In this case, similarities involve, apart from Fourier, a second dimensionless
number, defined via Eq. (47):

ϕ ref L

k ref
q T ref

. (47)

Regarding the Robin type, it represents the most realistic boundary condition. It involves two following
parameters: air temperature and a surface heat exchange coefficient h c. Similarities can also be applied in
this case. If we ensure the same variation of air temperature in both configurations, then these laws can be
expressed through Eq. (48) :

Fo 1
q = Fo 2

q , Bi 1
q = Bi 2

q . (48)

The Biot number Bi involves h c according to the following expression:

Bi q =
h c L

k ref
q

. (49)

In this case, if we assume the use of the same material in similarity tests, thus resulting in k ref
q 1 = k ref

q 2 , we
obtain the following result:

h 1
c = h 2

c Σ , where Σ =
L 2

L 1

. (50)

Clearly, imposing a factor of proportionality such that Σ 6= 1 means that the experiments must be repre-
sented by two different thermal coefficients h 1

c and h 2
c . In this respect, the knowledge of this coefficient
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requires a complete characterization of the employed climate chamber, which leads to additional challenges.
Indeed, the characterization depends on certain parameters such as the chamber size, air thermal properties
as well as the flow velocity. Given that the chamber nor the fluid were changed, a variation of this coefficient
could be caused only by an air velocity variation. It is therefore necessary to establish a law expressing h c

according to air velocity. Through this, it would be possible to fix the desired coefficient h c by varying the
flow velocity, which represents another challenge. Finally, this method would require a major investigation
for cases considering a realistic boundary condition such as Robin.

Furthermore, there are uncertainties that can not be reduced. These are the ones related to the precision
and response time of used equipment (sensors, measuring devices). There is also the random uncertainty
which is due to the space variability of a material. In addition, the positioning of sensors induces also
an unavoidable uncertainty that is proportional to the diameter of the sensor. On the other hand, other
uncertainty sources can be controlled. In our case, they are the ones resulting from the three hypotheses
initially set out. It was noticed that the effect of mass transfer on temperature is not quite negligible, and
this was confirmed via the assessment of the uncertainty related to this hypothesis. The computation of this
uncertainty was performed by means of Comsol Multiphysics. It is a numerical simulation software based on
the finite element method. This software allows to simulate many physics and engineering applications, and
especially coupled phenomena or multi-physics simulation. The last mentioned uncertainty was the predom-
inant of the problem with values approaching 1 ◦C. Therefore, it would be important to define similarities
taking into account the coupling of heat and mass transfer phenomena. This also requires a good control of
the material initial moisture state and moisture boundary conditions.

Due to the heterogeneity of the material, it was not that easy to overcome fully the uncertainty due to
the one-dimensional transfer hypothesis. The heat flux is slightly smaller in the directions with more pores.
Moreover, the presence of air decreases the thermal conductivity in these areas. Another important factor
is the order of magnitude of the involved thermal conductivity. Indeed, the magnitude of this property is
very similar between hemp concrete and polystyrene with the following values 0.100 and 0.032 W.m−1.K−1.
On the other hand, the uncertainty related to this hypothesis can be reduced by improving the insulation of
the material. This uncertainty will persist unless one of the two following possibilities is verified experimen-
tally. The thermal conductivity of the insulator equals zero. The second possibility requires the use of an
insulator with an infinite thickness. With only 4 cm, the one-dimensional transfer hypothesis was acceptable.
The validation of the latter was based on a study which compared the real experimental approach and the
lumped one representing a perfect one-dimensional case. In the above-mentioned investigations, analysis of
temperature profiles was performed as well as the observed discrepancies. Heat maps and flux streamlines
in experimental approach were discussed.

Moreover, it would be more appropriate to choose the right type of boundary conditions to better control
similarity tests. Indeed, we emphasize that only air temperature is controlled in contrast to the one of
the surface. Thus, we would not have necessarily a similarity in terms of surface temperatures, which is
something that must be ensured. In order to control this temperature, suitable heating plates could be used,
which adhere to the surface of the material. However, it would not be possible to vary it according to a
variable time scenario. On the other hand, we ensure its perfect control. It would also be possible to use
the Robin condition to control better climate scenario similarities, by varying the convective coefficient h c

in both configurations. This would be possible through the use of a climate chamber controlling not only air
temperature and relative humidity, but also the flow rate of fans and thus the airflow velocity. Afterwards,
similarity was established based on an additional assumption. It was assumed that the two samples used for
tests have the same porosity. In reality, it was shown that hemp concrete has a porosity of about 72% [3].
Nevertheless, there is a margin of uncertainty related to this value. The latter can be estimated through
reproducibility, which consists in evaluating the porosity of several samples issued from a same material. As
a result, both samples have porosity around the mentioned value but slightly different. In this case, the heat
transfer coefficient and density, which are directly correlated to porosity, are not exactly the same. Thus, it
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would have been possible to include this additional source of uncertainty in this study, by carrying out an
analysis of sensitivity regarding these two coefficients.

Lastly, when analyzing the literature, it was important to find studies where the validity of similarities
had been investigated experimentally on a similar problem. A relevant study, that combined experimental
(reduced configuration) and numerical approaches (real configuration), assessed the accuracy of these laws on
a heat and mass transfer problem [27]. The real system corresponded to a multi-layer wall which was exposed
to the climate stress of Tokyo during two years. Subsequently, this configuration was reduced by proposing
0.2 as factor of proportionality. The analysis of temperature results showed that both configurations led
almost to equivalent variations. In this regard, results were satisfying with a maximum deviation of 1 ◦C.
This discrepancy could be due to an uncertainty on both convective and radiation coefficients in the reduced
configuration. In terms of comparison, there are some reasons that would not allow to confront correctly the
results of this reference to those of our article. Differently from the heat equation, the model in [27] considers
moreover the coupling with mass transfer, and water activity was the driving potential. Furthermore, the
boundary conditions are not the same, i.e. the Robin type was adopted while considering convective and
radiation effects. Finally, the nature of the materials constituted a third factor. Indeed, a composite material,
highly heterogeneous and with high porosity was used in our study. Meanwhile, the mentioned research
employed ordinary materials with medium porosity. In addition, it is worth noting that the heterogeneity
of a material and its pore distribution can impact significantly the results of two similar configurations.
In other words, the larger is the space variability of macroscopic properties, less identical are the material
samples that are selected to carry out a similarity experiment.

6 Conclusion

The conclusions of the work are the following:

• Certain experimental protocols, related to transfer phenomena, entail a long period. These tests can
last several months [8]. In order to address this problem and reduce the duration of experimental
campaigns, the laws of similarity were used for a heat conduction problem. It enabled the reduction
of a reference configuration by means of a reduced version. This study aimed to assess the validity of
these laws through an experimental analysis. Based on similarities, an equivalent configuration was
obtained verifying the factor of proportionality Σ. The duration of this configuration was therefore
reduced by Σ 2. The one-dimensional transfer was ensured in both cases through the use of thermal
insulation on the surrounding faces. Subsequently, the two configurations underwent similar thermal
stress where both duration are proportional according to Σ 2.

• During both experiments, the aim was to measure and compare the temperature in equivalent posi-
tions. In order to discuss the validity of similarity, a complete evaluation of uncertainties was carried
out. Uncertainties on sensor position, sensor response time, mass transfer effect, the systematic accu-
racy, the random aspect, the one dimensional transfer hypothesis, the modeling of a boundary condition
and the one related to the adherence rate of a sensor were evaluated. The measurements in both con-
figurations showed an acceptable agreement. The calculated discrepancy between equivalent fields of
temperature reached 1.5 ◦C as a maximum value. It was often observed at instants corresponding to
high air temperature gradients.

• In terms of uncertainties, the analysis showed that σ x and σ φ are the most preponderant ones. It
was also demonstrated that the entire uncertainty is greater in the reduced configuration compared to
the one in the reference. Finally, the time variation of both tests induced non negligible discrepancies
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which were justified by means of entire uncertainties. Indeed, the sum of the latter for both configu-
rations is much greater than the measured discrepancy.

• The validity of thermal similarities is relatively confirmed as long as the hypotheses of the model are
well controlled. Furthermore, these laws could also be extended to the coupled heat and mass transfer
model and be verified for both temperature and relative humidity fields. In this regard, an important
assumption concerns the material properties. It is assumed that thermal conductivity and heat capacity
do not change in both configurations. This assumption is acceptable for heat transfer properties but
requires further investigation for coupled heat and mass transfer, particularly for building materials
with complex micro-structures such as hemp concrete. For this reason, the extension of similarity for
coupled heat and mass transfer in porous building material should be demonstrated.
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