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The aim of this work is the study of the thermal flux through a multilayer insulation specimen, whose final panels could be
designed for the green building field. The specimen was fabricated using an expanded styrofoam base, the mortar and milk
cements, a fiberglass, and hemp fibers chopped and scattered into a surface smoothing. The dimensions of the specimen are
230 x 75 x 30.2 [mm]. The need to analyze a reduced surface in the development of a 3D visualization follows a computational
aspect, i.e., to limit the number of degrees of freedom to be solved. Specifically, the research is focused on a comparative
analysis among numerical simulations through the data processing by means of Matlab® - using the finite difference method
(FDM) in the 1D domain -, and Comsol Multiphysics® - using the finite element method (FEM), both in 2D and 3D domains -. In
addition, an experimental analysis centred on the detecting of the sub-superficial fiberglass by means of infrared thermography
(IRT) technique is carried out. A specific Matlab® script was also implemented.

Finally, can be observed that Comsol Multiphysics® not only allows a visualization of the flow, as it is done in Matlab®, but
also of the entire specimen geometry with the possibility of realizing a video of the thermal transient during the heating and

Kcooling phases.
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1. Introduction

This work is focused on the analysis of an
insulating specimen, depicted in Figure 1 and
described, in its components, in Table 1. The main
aim of this work is the comparison of the simulations
performed with the software Comsol Multiphysics®
computer program [1] and a Matlab® code [2].

The approach deals with the stationary and
transient behavior for both the simulations, varying
the thermal load from constant to oscillating.

The optimum heat flux to be provided by using
two halogen lamps has been calculated thanks to an
ad hoc Matlab® script. The latter takes into account
both the relative intensity and spectral distributions
of the Siccatherm® lamps, and the corrective
coefficient linked to the degradation factors inherent
to the lamps, such as the aging of
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the lightbulb and the loss or gain of irradiance during
the time of exposure. However, two thermographic
scenery are reported and analyzed through an
advanced processing technique explained in detalil
into section 4. The difference in the results confirms
the experimental approach.

Although the utilization of the hemp fibers
that constitute the external layer of the material
under inspection, are not a news in the green
building [3-5] field, the combined use of it, together
with glass fibers (fulfilling to mechanical stresses
such as an earthquake), can be considered as a
technical innovation in the civil engineering field.

It will be explained how, although the
adhesion between subsequent layers is usually not
perfect, i.e., porosity limits the ideal contact, the use
of a simplified analysis during the simulation of the
heat flux that reduces the contribution of convection
and radiation phenomena, could be
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a)

Fig. 1 - The specimen: a) 3D view; b) front of view; c) cross-section in which the layers are numbered. The dotted rectangle is referred to

the area into which the 3D simulations have been performed. Fig. c) has been reported on the right side of the top view of the
specimen (instead of on the left side) for simplicity reasons.

b) c)

Table 1
Technical characteristics of the specimen. The last column represents the porosity in term of % of the Volume
L . Specific Emissivity (&) p
) i Conductivity(k)  Density(p)
N. Material Thlc[kn]ess [L] [k_g] Heat(cp) % Vol.
m P e [L]
kg-K.
1  Scattered Hemp Fibers 0.0010 0.038 25 1700.00 0.90 0.120
2 Cement Mortar 0.0005 1.73 900 0.21 0.54 0.220
3  Fiberglass 0.0002 0.035 21 1030.00 0.75 0.440
4 Cement Milk 0.0001 1.40 1540 0.87 0.92 0.147
5  Expanded Styrofoam 0.0286 0.03 30 1450.00 0.60 0.497

considered as a good compromise in order to
reduce the computational process.

2. Technical characteristics of the hemp fibers
and main information regarding the
technological process

Hemp fibers for insulating and/or structural
applications is derived from less fine parts of textile
hemp. This material has breathability and good
thermo-acoustic properties.

For the production, soda or boron salt are
used; the product used for insulating purposes
consists in a series of tiny compacted elements,
while for structural purposes, it consists in
continuous fibers.

Hemp fibers are recyclable and bio-
compatible; the high Young-modulus (respect to a
generic natural fiber), the low thermal and electric
conductivity, along with the electromagnetic
transparency let different applications and uses.

These fibers can be matched with polymeric
or cement matrixes, thus are also used as structural
reinforcement in the building sector, also because of
the reduced cost if compared to glass fibers.

The main weak point of this material is its
hygroscopic capacity, that forbid its employment
directly in contact with liquids or in humid zones.

In order to minimize the negativity, in the
present case the fibers of the external layer were
coated with a binder, which performs a protective
action, also limiting its hygroscopicity.

The latter effect was also limited in the layer
by working under the ultrafine grinding conditions.

Ultrafine grinding is an energy-intensive
stage in the overall of the process, which provides
materials in the proper size range for the required
properties of final product. The optimization of the
product obtained has been conducted by using a
mill working at high energy (velocity = 2000 min-1),
bearing in mind that a few mm? have been required
in order to finalize the layer. The combination of the
impact (between the spheres and the aggregates),
the friction and the circular movement of the
ceramic jar having an oval shape, generated a
compound that summarized the best characteristics
coming from the mixer-mill, the disc mill and the
planetary mill with spheres. The final compound
similar to an homogeneous flour, was applied
through a modified spray gun.

In the following, both the heat transfer
principles and the related modeling approaches are
described [6].

3. Heat Transfer Modeling

3.1. Basics of physics

The diffusion equation, without inner energy
production rate, and neglecting convection and
radiation flux energy, in the 3D domain is expressed
by the Laplace law:

or _ 2
o = avT 1)

For 1D domain, that corresponds to an infinite

slab configuration, the Equation 1 is reduced to ‘;—: =
2

82T .
a—— , where «is the thermal
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diffusivity, defined as = Lp .

P

Given a specimen made of N different layers,
it is possible to characterize it by providing
geometric and mass characteristics, along with
thermo-physical properties, i.e., specific heat at
constant pressure cp, density p and material’s
conductivity k of each layer [7].

3.1.1. Matlab® approach

In order to proceed with a Matlab® analysis, it
is necessary to convert a Partial Differential
Equation (PDE) to an Ordinary Differential Equation
(ODE) through a finite difference method. This
transition requires the implementation of a
dedicated calculation code, that operates the
discretization of the system beginning from the
thickness that is now expressed as:

§=3%L:Si )

where, S; indicate the thickness of the i" layer. In
order to obtain the optimal discretization for the
method integration, the adopted criteria for choosing
guarantees that, in any generic step of the analysis,
there is the same material. This ensures that, in one
or more border zones, there is coincidence of the
integration nodes for the solution.

For this aim, the total thickness is divided in
a reasonable number of equal parts, obtaining the
following:

Ax = E (3)

where, M is chosen imposing that the minor
layer is subdivided into sufficient number of sub-
meshes. Therefore, at the ji" depth, it is:

xj = jAx (4)

In order to operate the discretization of the V
operator for a one-dimensional system, the authors
introduce the finite difference of the first and second
order, by obtaining [8]:

9Tj o TimaTj

ox Ax

(5)

and, for the second derivative, by introducing:

0Tj+1 o Tj+a=Tj+1 (6)
ax Ax

Therefore, it is obtained:

dTi,, OT;

2T g am _ Tjs2=2TjaatT; @
ax2 Ax Ax?

that has to be centered in j+1. At this point, the

equation becomes:
0Tj _ Tj+2_2Tj+1+Tj

T = oyt ®)

Ax?

that is resolvable once initial and boundary
conditions are imposed. Particular attention must

be paid in the contact of different materials.
Hypothesizing a perfect interaction, the jih and j+1t
discretization that belongs to the it interface is
governed by the following equation:

o (20) = () ®

By introducing Eq. (9) in Eqg. (8), the flow
continuity through the layers is guaranteed thanks
to Eq. 10.

oT; 1
a_t] Tz [@j41Tj42 = (@) + @j41)Tjax + T} (10)

These relations can be implemented in a
recursive form by the function f.ame in Matlab®
environment; therefore, it is possible to solve the
heat diffusion problem using an appropriate
Ordinary Differential Equations (ODE) solver. In the
present analysis, the odel5s was used; this,
because it solves both the stiff differential equations
and the Differential Algebraic Equation (DAE)s
variable order method.

3.1.2. Comsol Multiphysics® approach

In the Comsol® analysis, a finite element
method was used by accessing into multi-physics
section with the out-of-plane function, and through
Eq. 11.

oT
dZ,DCp E + V- (—d,kVT)
= sz + szsT + hu(Text,u - T)
+e,0(Thpy —T4)

(11)

where, d; is the thickness out-of -plane, gs is the
coefficient of production/absorption, h, is the
convective coefficient, &, is the superficial
emissivity, Tex,u iS the outer surface temperature,
and Tamb,u is the outdoor temperature.

Comparing the previously equation with the
Eqg. 1, it is possible to obtain:

d,pCy o+ V - (—d,kVT) =0 (12)

In this work, a triangular mesh has been
used, by obtaining the mesh shown in Figure 2.

In Figure 2a, the mesh grid is reported, while
in Figure 2b there is an enlargement that highlights
the coherence of the nodes at the interfaces
between different materials. This result guarantees
the continuity of the topological analysis and, in the
same time, it confirms the proper choosing of the
boundary equation, similarly to Matlab® approach

[9].
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b)
Fig. 2 - a) 2D complete mesh, and b) 2D detail of the mesh.

The thermal stress provided, and described
in the following, underlies the heating phase that,
together with the natural cooling phase, it has been
analyzed through the infrared thermography
method, using the Principal Component
Thermography (PCT) technique illustrated in the
following.

4. Principal Component Thermography (PCT)
technique

This technique allows the decomposition to
single values, since it expresses the tensor of
thermograms as a matrix of the values of the
thermographic sequence A (uxz, Where the rows of
A (i.e., M = nyxny) contain the information in pixel of
each thermogram, and the columns z the number of
thermograms.

Awxs = Umxz * Saxo * Vipxo (13)

Particular interest assumes the Empirical
Orthogonal Functions (EOF), namely the columns of
the tensor U that, if arranged as the sequence of
thermograms, it generates the images in which the
sub-superficial discontinuities are detectable [10].

5. Experimental setup, results and discussion

From the analysis previously explained, it is
evident a purely modeling construction in the
Matlab® approach, where the choice of the
integration interval is strictly dependent on the
specific model; the elaboration set up allows the
analysis of models of indefinite dimension in the
plane, using an appropriate spatial interval Ax out-
of-plane, according to the specific needing.
Simultaneously, Figure 3 obtained by Matlab®
shows a trend analogous to Figure 5 coming from
Comsol Multiphysics® computer program, and for
both methods, the steady state condition is achieved
after t = 500 [s]. Similar conclusions are attributable
to the transient case study.

For what concerns Comsol Multiphysics®, the
model is built in two dimensions (out-of-plane),
assigning the couples of interfaces, that look like
lines, and by obtaining the three-dimensionality
tuning on the mesh. This was possible, since the

size of the plane was constant for each layer of the
material. The choice based on the realization of the
three-dimensionality using the mesh, it allows an
easier (computationally) analysis, by avoiding the
study of the out-of-plane boundary effects.
As anticipated above, numerical simulations have
been performed for the steady-state and transient
conditions. In the first case scenario, the
contribution of the convection and radiation
phenomena, it was before neglected and after
considered in a second time. The results show how,
in the present case, the simplified analysis is in
good agreement with the complete mathematical
model, at least for the main points of interest linked
to an insulation panel.

The validation of the heat flux distributed on
the specimen surface has been performed by using
PCT technique.

5.1. Steady State condition

For the steady state scenario, Eq. 1
becomes the Laplace law with a well-known
temperature profile for a multilayer slab system.
This equation can be solved using the previously
assumptions. In this experiment, the authors
assume that the temperature imposed to the
specimen at the initial time to= 0 is uniform and
equal to 10 [°C] (283.15 [K]). The temperature of the
rooms that face surface 1 and surface 5 in Figure 1
are supposed equal to 15 [°C] (288.15 [K]) and 10
[°C] (283.15 [K]), respectively.

5.1.1 Matlab® approach

The spatial discretization Ax was chosen
equal to 1/5 of the minimum thickness expressed in
Table 1, namely Ax = 2:10% [m]. In this
configuration, the following results (Fig. 3) have
been obtained.

Therefore, the model is not affected from
boundary effects; in Figure 3a is shown the
temporal variation of the temperature field through
the thickness of the model, from the initial to the
steady state condition. Besides, in Figure 3b is
shown, along the thickness, the trend of
temperature; the latter is indicated in the legend,
while the different levels represent the time step, up
to the steady state condition.

However, for a one-dimensional system, the
differential  equation that establishes the
temperature variations in relation to the position x
and the time t, and that takes into account the
radiation energetic transfer phenomena, i.e.,
convective and diffusive, is:

Pep 5y = V(VT) + £0(Tie = T*) = h(Texe = T) (14)
In Eq. (14), Texx represents the outside
temperature in contact with the walls, T is the
generic temperature in a specific point of the
system, o = 5.67-10® W/(m2K%) is the Stefan-
Boltzmann constant, and h is the aeriform
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Fig. 3 - Trend of temperature during the transient state. The black and white identify: a) the timing, or b) the temperature. See the color
figure on the online journal.

convection coefficient equal to 6 [%] In this

problem, the diffusion of the matter has been
neglected (i.e., the advection). The problem can be
more relevant in case the porosity of the material is
taken into account; indeed, it is linked to a reduction
of the thermal conductivity of the entire system.

From now on, a multilayer system is
considered. As in the case of the purely diffusive
system, the heat flux in the interface regions must
be preserved. The latter condition has been
imposed. In the entire system, the porosity seen as
a reduction factor of heat transfer has been
considered. In particular, the authors considered the
porosity in correspondence of each substrate, as
well as in the separation regions between layers of
different materials, as described in the follow.

In each substrate of the same material having
a thermal diffusivity equal to a=k/pc,, the heat
diffusion transfer has been solely considered. If the
porosity doesn’t acts, the diffusion process would
occur through the infinitesimal volume dV=3dx
containing uniformly material of the same type. In
the latter, 2 represents the unit area, while dx is the
infinitesimal thickness in the substrate.

Owing to porosity, the volume that contains
the available matter for the diffusive heat exchange
is a fraction of the simplified model (i.e., the model
schematized in the absence of porosity). In
particular, dViea=(1-p)dV. Therefore, the differential
equation within each h-th substrate, is equal to:

oT

a%r
2, = (1 —par

) (15)

As part of the Finite Difference Method, by
following the Forward Difference schematization,

aT; 1

Eq. (15) was developed as follows:

% h =1- ph)AaThz(Ti = 2Ti4q + Tiy2)n (16)

Taking into account that two materials of
different type was putted in contact, and that this
contact is not perfect in term of adhesion, therefore,
in the intermediate region between the materials,
the presence of the substrates are characterized by
different porosities and by different temperature. In
these regions, the continuity of the heat flow is
guaranteed; the latter, similarly to the simplified
case, i.e., based on a purely diffusive process, as
well as perfect in term of contact. However, the
porosity constitutes a complication, at least
formally, during the expression of the equation that
establishes the conservation of the heat flux
between two different materials.

Simply, the authors hypothesized that the
heat flux Q; that comes from a j-th layer (i.e., it is
linked to the right side of the h-th layer that “see” the
left side of the next h+1-th layer) is equal to the sum
Qi =0Qf + Qf of the fluxes by diffusion Qf and by
radiation QF, respectively.

For the same unit of surface 2, a fraction of
it not perfectly in contact between the substrates will
be approximately proportional to a factor p.
Consequently, the heat diffusion will be proportional
to 1-pn and the radiation contribution to pn.

In these regions was considered that the
heat transfer takes place both by diffusion and by
irradiation; therefore, the Ordinary Differential
Equation (ODE) into the field of the Forward
Difference schematization, it takes the following
form:

" |h = ﬁ{(l —p)apT; — (1 —ppla, + [1 — Pr+1@n41Tjer + (1 — ph+1)ah+1Tj+2]} + %CZJ ph(Tj‘-Ll-l - Tj4) (17)
h
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Fig. 4 - Comparison at different time instants between the multilayer system: a) panel with porosity and boundary conditions to the left of
the first layer based on convection and radiation phenomena, b) the same panel shown in a) with added the linear trend obtained
into the layer 5 for non-porous conditions, and c) shows the details of the trend of temperature of the first layers starting from the

top.

where, the first two terms on the right of Eq. (17) are
related to the conductive process, while the last one
is linked to the radiation process.

In the case of a multilayer manufactured by
different materials listed in Tab. 1, the following
results have been obtained. On the left of the layer
1 (Fig. 1), the temperature will gain equilibrium
because the wall is strictly in contact with a fluid
(air); this effect happened under conditions of
radiation and convection, in which the temperature
arrived at 288.15 K (i.e., the initial temperature of the
air) starting from T = 283.15 K (i.e., the internal
uniform temperature). Instead, on the right of the
layer 5 (Fig. 1), the material exchanged energy by
conduction and radiation with a T = 283.15 K,
identical to the initial temperature, i.e., permanent in
the course of time.

In Figure 4, the temperature profiles at 500 s
(by operating with 1000 temporal subdivisions)
obtained by solving Egs. (16) and (17) are shown.
In particular, Figure 4a shows the case that includes
the condition of porosity. In Figure 4b, the segment
A indicates the trend during the steady state
condition for a non-porous specimen, while the
segment B represents the tangent to the curve of
the steady state condition for a simulation
representing the porous specimen. In this condition,
the same slope denotes the position of the
maximum AT obtained in the middle of the layer 5
(Fig. 1) for a value < 0.5 K. A similar procedure
carried out on the radiative and

convective phenomena internal to the material is
shown in subsection 5.1.2 linked to COMSOL
Multiphysics® computer program.

For the sake of clarity and ease of reading
to the readers, the trend of temperature of the first
layers starting from the top of the specimen has
been enlarged in Figure 4c.

In a separate analysis the authors tested the
validity of the formulation proposed; in particular,
they computed the temperature profiles at 500 s,
assuming that the temperatures on the left of the
layer 1 and on the right of the layer 5 (Fig. 1) were
equal to the internal temperature. The relative %
error of the computed temperature with respect to
the predicted one was < 106,

5.1.2. Comsol Multiphysics® approach

In this processing, it has been chosen the
stationary solver named (UMFPACK), obtaining the
following trends in Figure 5.

The trends shown both in Figure 5 and
Figure 6 were obtained with transient solver, but the
choice of the range (0, 10, 500 [s]) was made after
a steady state analysis (previously illustrated in
detail) that indicates the time of solving.

The three-dimensionality of the model is
clear looking at Figure 6, where the different layers
represent the temperature field at specific timing; it
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Fig. 5 - Trend of temperature until the achievement of the steady state condition, through the: a) total thickness of the specimen; b)
magnification of the first part of the curves reported in Fig. 4a. The legend express the time in [s].
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Fig. 6 - Temperature variation [K] until steady state. See the
color figure on the online journal.

also shows the field related to the evolution in the
plane. In particular, Figure 6 is linked to the dotted
rectangle marked in Figure 1b.

In order to validate the results obtained
through the previous analysis, that is more simple
from the computational point-of-view (but also
rigorous), in the following the result obtained after a
complete analysis is reported. Bearing in mind this
point, the transient’s case follows the same rules,
i.e., the approximation made by the authors for the
steady state scenario can be considered
reasonable.

The complete analysis is linked to the version
5.1 of the Comsol Multiphysics® computer program
through the out-of-plane-radiation function that
follows the set of equations 18 — 19, where, the
explanation of the greatest part of the terms is
shown right after Eqg. (11), while the missing terms
represent: Qqop is the radiation contribution, while
T4amb,u @and T4amp,¢ are the ambient temperatures with
respect to the upside and downside parts of the
specimen, respectively. In Tab. 1, the emissivity
values adopted [11-13] are indicated, along with the
porosity values [14-17].

(18)

(19)
The term (d kepsVT) has
[-n-(d ks VT)=d,h- (T, — T)] as condition to the
wall. The latter highlights the convection

phenomena, for which, it was considered a natural
convection. In the case used herein, i.e., surface-
to-surface radiation, it was set a thickness equal
to 0.0304 [m], by considering entirely the specimen
under inspection. From these considerations, the
following trends (Fig. 7) were obtained.

As shown in Figure 7a, the trend of
temperature differs from the simplified analysis (Fig.
5) only for the equilibrium condition that does not
present a rectilinear slope. In Figure 7b, through the
straight line A, the trend obtained by the simplified
analysis is reproduced. Instead, through the straight
line B, that is parallel to the previous one, the point
of greatest discrepancy of the temperature value
indicated by C is detected thanks to the tangent of
the trend of the equilibrium. In particular, a
magnification of the trend of temperature of the first
layers is reported in Figure 7c in order to emphasize
their contribution in the relaxing phase of the
thermal wave. It is possible to notice that the
maximum temperature difference is present at
0.013 [m] in depth, i.e., at approximately half of the
Expanded Styrofoam (layer 5 in Fig. 1), for a AT <1
[K]. Because both the extreme values and the
general trend of the temperatures are confirmed, it
is possible to say that the simplified analysis,
applied for the specific case, can be used by helping
the computational processes. This corollary
corroborates and validates what has been already
shown in subsection 5.1.1, since the graphical
determination of the tangent line to the curve was
the same of the simulation performed by the
Matlab® computer program. The small difference of
about 0.5 [K] among the computer programs can be
possibly attributed to a variability of the building of
the meshes that in Comsol Multiphysics® is
automatized with a refined shape, while in Matlab®
is directly assigned by Eq. (3).
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Fig. 8 - Trend of temperature. The black and white identify: a) the timing, or b) the temperature. See the color figure on the online journal.

5.2. Transient state condition

For the transient state, given the initial
uniform temperature equal to 15 [°C] (288.15 [K]), it
has been imposed that the temperature of the first
layer varies with the law T1(&9 = T +Tg.sin(wt) at the
generic time t > to, being T¢ = 10[°C], and Ts= 5[°C]
and P1 = 21/w =450 [s]. For the layer number 5 (Fig.
1), it has been imposed a constant and uniform
temperature Ts®9 = 10 [°C]. On the basis of the
experience gained during the treatment of the
steady state condition, in this case the authors
solely considered the diffusive phenomenon (i.e.,
without the addition of the convection and radiation
contributions), by excluding the influence of the
porosity inside the specimen.

5.2.1. Matlab® approach

Using the discretization discussed in subsection
3.1.1.,, and imposing the oscillating boundary
conditions on the surface number 5 (Fig. 1), the
following trends have been obtained (Fig. 8).
Analogous considerations can be made for the
oscillating case; Figure 8 shows the graphs
centered at T = 288 [K].

5.2.2. Comsol Multiphysics® approach
Setting an oscillating boundary condition,

and using the (UMFPACK) function, the following
trends have been obtained (Fig. 9).
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Fig. 9 - Trend of temperature with oscillating boundary condition, through: a) the total thickness of the specimen; b) magnification of the
first part of the curves reported in Fig. 9a. The legend express the time in [s].

Also in this case, the three-dimensionality of
the model is clear looking at Figure 10, where the
different layers represent the temperature field at
specific timing; it also shows the field related to the
evolution in the plane. In particular, Figure 10 is
linked to the dotted rectangle marked in Figure 1b.
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[300
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100
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Fig. 10 - Temperature variation [K] with oscillating boundary
condition. The layers represent the temperature field
that is shown in the various temporal instants reported
in the vertical axis. See the color figure on the online
journal.
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Analogous considerations inherent to the
trend of temperature can be made for the oscillating
case (Fig. 9 and Fig. 10); therefore, in Figure 9a, the
graph goes from the maximum to the minimum
value, by seeing it from the left to the right side.

5.3. Active InfraRed Thermography analysis

The experimental set up related to this
method is based on Figure 11. Into the latter, the
most important technical data are shown.

Two OSRAM Siccatherm® lamps, each of
250 [W], have been used during the experiment
[18]. The thermographic campaign consisted in two
sessions: in the first one, the heating phase lasted
60[s], and the cooling phase 180][s]; in the second
one, they lasted 120[s] and 380[s], respectively.
The first session had 240 thermograms, while the
second had 500 thermograms. In both cases, the
frame rate was set at 1 thermogram per second.

As said in section 1, using a script written ad
hoc in Matlab® environment, the view factors
illustrated in Figure 12 have been calculated and
plotted [19].

S ® 3 o ©OT W

Visibleimage

Principal Component Thermography result— EOF—

Fig. 11 - IRT experimental setup.
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Fig. 12 - View factors: a) horizontal, and b) vertical.
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The graphs refer only to lamp 1, since the
results obtained from lamp 2 won'’t vary. Indeed, it is
arranged conversely. The total flux measured was
equal to 9902 [W/m?] that corresponds to 111.39 [W]
administered on the front face on the specimen. It is
evident that the experiment is linked to the steady
state condition.

In Figure 13, both the visible image and the
PCT EOF4 results - by processing together the
heating and the cooling phase - are shown; it can be
seen how the presence of the reinforcement net in
glass fiber beneath the layer made by scattered
hemp fibers [1] is much more evident in Figure 13a.
Readers can refer to Figure 13b for comparison
purposes. This is due to the temperature gradient;
indeed, in the second experiment, the heating phase
lasted more, so the heat gained a much deeper
layer of the specimen. In particular, in Figure 13c the
sub-superficial features are less contrasted.

The same happens by seeing the surface [2].
During the PCT technique, thermograms have been
acquired using an IR camera made by FLIR and
working into the long wave (LW) infrared spectrum
(9.5-13 um); subsequently, raw thermograms have
been analyzed thanks to a specific computer
program [20]. The results provided by this technique
allow both to optimize the contrast and to minimize
uneven heating.

c)
Fig. 13 - a) PCT EOF, after 60 [s] of heating, b) visible image, and c) PCT EOF, after 120 [s] of heating.

Taking into account the depth of the
reinforcement net in glass fiber, its detection inside
the zones [1] and [2] reflects the rules introduced
by [21] and [22]. Indeed, the observation time tis a
function (in a first approximation) of the square of
the depth z and the loss of contrast ¢ is proportional
to the cube of the depth:

1:zza—2andczzi3 (20)

where, a is the thermal diffusivity of the
material. These two relations show two limitations
of pulsed thermography, i.e., observable defects
will generally be shallow and the contrasts weak
[23]. An empirical rule of thumb says that the radius
of the smallest detectable defect should be at least
one to two times larger than its depth under the
surface [24].

The use of a square pulse combined with a
PCT processing like in the present case maximizes
the solving of these limitations.

6. Conclusions

The aim of the work was the comparison of
Matlab® and Comsol Multiphysics® computer
programs when applied together in the heat transfer
modeling of a complex case scenario like multilayer
panels devoted to building field. In both Matlab® and
Comsol® informatics languages, the multilayer
system was easily implemented into their
respectively codes, before solving the PDE
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problem: the Matlab® language requires an
appropriate code that can be adapted for a general
multilayer case study, while Comsol® computer
program requires an appropriate 3D realization of
the multilayer system.

The results obtained were in agreement, and
they were focused on the study of the entire thickness
of the specimen under analysis. The results were also
in agreement when the convection and radiation
phenomena were taken into account during the
explanation of the steady state scenario, since at the
contact between different layers of material, where the
manufacturing process cannot guarantee a perfect
adhesion, the transfer phenomena can also occur by
following these conditions. Because the ultrafine
grinding was adopted during the fabrication of the
specimen, at least for the layer 2., it is possible to
assume that porosity was very limited at the respective
interfaces and the modeling, putting in practice this
condition, tended to minimize these fundamental
contributions that, otherwise, cannot be neglected [25].

The possibility of the development of a 3D
model, only for the mesh grid, highlights the
opportunity to also consider the boundary effects (out-
of-plane) by assuming an indefinite layer in the plane.
Instead, using the PCT technique it is possible to
identify the presence of the fiberglass net beneath the
cement mortar. It is not possible to see this detail in the
models, since, even for the Comsol Multiphysics®
computer program, the fiberglass modeled — as warp
and woof geometry — it has not been used. The latter,
indeed, has been assimilated to a line, homogeneous
and continuous in the 2D plane; it was also extended
into the mesh, by providing a behavior like a
continuous panel. As a future development of the
work, a 3D model will be implemented directly from a
solid, using the version 5.1 of Comsol Multiphysics®,
that will let the introduction of a composite net, by
ensuring in the same time the interface continuity
between the fiberglass net and the materials adjacent
to it [26]. In addition, the thermograms will be analyzed
through the Wavelet Transform Thermography (WTT)
technigue that allows, using a coherence analysis, the
minimization of the user’s discretional contribution in
the choice of the best result to be visualized at the end
of the image processing [27].
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