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Abstract. This article aims to present equipment designed and developed to study the effective thermal con-
ductivity of composite panels. The composite panel used is a rigid polyurethane foam covered with a layer of
aluminum on both sides. The panel is mounted in the test chamber equipped with several sensors and actuators
connected via an Arduino platform. Tests have been carried out by applying heat to impose various interior tem-
peratures. Sensors at different locations are used to monitor and record temperatures in and around the composite
panel during heating and natural cooling. A model, based on the Fourier equations of thermal conduction and
natural convection heat transfer for the steady state, was developed to assess the effective thermal conductivity.
The performance of the system was confirmed using temperature signals through the panels for thermal char-
acterization of composite materials. The determined effective thermal conductivity obtained was in agreement
with the experimental values reported in the technical data sheets with relative deviations of less than 10 %.

1 Introduction

Nowadays, buildings consume approximately 40 % of the
world’s primary energy and are responsible for more than
30 % of greenhouse gas emissions (EC, 2019). Consump-
tion will reach more than 50 % in the next decade due to the
growth of the population and the progress of the human stan-
dard of living with the development of technology and urban-
ization (Pothitou et al., 2016). Hence, reducing the building’s
energy consumption and reducing CO, emissions are essen-
tial for sustainability (Hirvonen et al., 2019).

In buildings, heating, ventilation, and air-conditioning
(HVAC) equipment accounts for 50 %—60 % of total energy
consumption (Nasruddin et al., 2019). There are two ways
to improve energy efficiency (de Gracia and Cabeza, 2015).
The first one is to optimize HVAC systems (Pérez-Lombard
et al., 2011). This could be achieved by monitoring humid-
ity and temperature conditions to improve thermal comfort
(Foldvary Licina et al., 2018; Hazyuk et al., 2012). The qual-

ity of indoor air is systemically improved among other envi-
ronmental parameters (Geng et al., 2019). Several studies fo-
cused on the development of low-cost monitoring platforms.
For example, Shah and Mishra (2016) proposed a platform
to monitor temperature, relative humidity, and light in build-
ings. Harfield and Rattanongphisat (2017) developed a mon-
itoring platform controlling temperature, humidity, power,
and occupancy information. Scarpa et al. (2017) constructed
a platform to monitor the indoor environment and the build-
ing’s energy consumption. Ramakrishnan et al. (2017) de-
veloped a thermal chamber to apply a temperature profile be-
tween 15-35 °C to simulate a typical summer day.

A different approach is to improve the thermal perfor-
mance of walls in buildings. Insulation materials are used
in buildings to drop heat losses, allowing for reducing heat-
ing/cooling duties (Papageorgiou et al., 2020) with im-
proved indoor thermal comfort (Meng et al., 2018). Rigid
polyurethane foam (RPU) has been widely used in the field
of thermal insulation of buildings due to its low thermal
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conductivity, low density, and superior mechanical proper-
ties (Yang et al., 2015). The incorporation of phase-change
materials (PCMs) allowed for a better reduction in heating
and cooling loads (Serrano et al., 2016). The used composite
materials need to be well characterized for optimization pur-
poses. There are many analytical techniques available that
can be used for these goals such as Fourier transform in-
frared spectroscopy (FTIR), differential scanning calorime-
ter (DSC), and scanning electron microscopy (SEM) (Ud-
din et al., 2002). However, these techniques only allow for
microscale characterization. This is often performed with so-
phisticated systems integrating data acquisition and hardware
and software processing. These systems are costly and lack
flexibility and data integration (Jang et al., 2008).

Currently, monitoring platforms are seeking to minimize
costs involving data collection for insulation materials (Singh
et al., 2021; Yan et al., 2010). Borreguero et al. (2011) real-
ized a homemade experimental setup to apply heat flux to
gypsum wallboards in order to determine their thermal be-
havior. An innovative experimental apparatus was developed
by Eddhahak-Ouni et al. (2013) to evaluate the thermal per-
formance of wall panels by simulating different temperature
profiles. In addition, new equipment has been studied by de
Gracia et al. (2011) to verify the thermal response and heat
capacity of different types of wall panels by monitoring heat
flow and temperature distributions.

Therefore, the objective of this work is to evaluate an ex-
perimental setup for the characterization of the thermal prop-
erties of composite panels. The experimental setup consists
of a test chamber equipped with a temperature regulation,
measurement, and recording system. Several tests were car-
ried out by imposing a set temperature or a temperature pro-
file. Temperature sensors located at different points of the
chamber and at the desired panel are used during the heating—
cooling and cooling—heating cycles. A model has been devel-
oped, based on the equations of heat transfer by conduction
and convection in the steady state, that allow the data to be
used to determine the effective thermal properties.

2 Materials and methods

2.1 Experimental setup

In this work, the experimental device was designed and
developed at the “Process Engineering and Industrial Sys-
tems” laboratory of the “National School of Engineers of
Gabes”. The purpose of this equipment is to obtain experi-
mental data to design the thermal performance of compos-
ite panels, containing between 0% and 50 % by weight of
phase-change material, at the macroscopic scale. The home-
made experimental setup consists of a cubic room, elec-
tronic components, production power, and a PC. The walls
of the cubic chamber are made of rigid polyurethane foam
covered with a layer of aluminum on both sides. The ther-
mal conductivity of the sandwich wall used is 0.02 W/(m K).
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The dimensions of the interior space of the test room are
13.5cm x 13.5cm x 13.5 cm. A lateral side of the presented
test room is used to heat the composite panels under study.
The panels are synthesized by incorporating the paraffin dur-
ing the mixing of polyol and isocyanate, forming the rigid
polyurethane foam. The test chamber is equipped with a
20 W halogen lamp supported by a monitoring system. Four
digital sensors with maximum errors of 0.2 °C are installed at
different points of the setup as shown in Fig. 1. And the last
analog sensor is placed outside to measure the ambient tem-
perature and relative humidity. All thermal sensors and actu-
ators used in this setup are placed relative to the side panel.
The sensors are supplied with programs to record tempera-
ture and relative humidity values during the test. The heat-
ing period and the imposed temperature in the test chamber
are monitored by the operator. Sensors at different locations
are used to monitor and record temperatures in and around
the composite panel during heating and natural cooling. Us-
ing these signals, it is possible to quantify the stored energy
amount, phase shift time, and thermal inertia.

2.2 Description of monitoring and control system
2.2.1 System requirements and architecture

The proposed monitoring and control system is based on
the Arduino platform. The selected materials are determined
by the system requirements. Two developed systems are
mounted in the experimental setup as shown in Fig. 2. The
first operating system for the heating cycle consists of the
following main parts:

a micro controller unit (Arduino mega),

an energy supply unit (voltage regulator),

a halogen lamp,

a temperature sensor (LM35),

a screen (LCD screen).

The second platform for recording temperature and rel-
ative humidity data consists of several sensors. A mi-
crocontroller Arduino Mega containing analog/digital in-
puts/outputs was selected to acquire temperature and rela-
tive humidity data from different points of the test room.
Compared to the test room behavior, sensors and parame-
ter recording system inertia is meaningless, allowing for per-
forming measurements every 3 s for temperature and humid-
ity. Data are saved in a MicroSD card. An LCD screen panel
was linked to view the required data in real time.

2.2.2 Hardware selection

Table 1 shows the measured parameters of the test room, the
model and number of components, the measuring range, the
accuracy, and the type of output. The programming language
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Figure 1. Cross section of the experimental setup for studying the thermal behavior of panels.
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Figure 2. System architecture.

used is C with assembly language integrated into the pro-
gramming of the Arduino board (Teikari et al., 2012).

2.2.3 Data acquisition of monitoring system

The goal of the monitor system is to vary the power supply
with Python code to control the set temperature (Zhong et al.,
2021). To connect the microcontroller to the practice model,
signals must be conditioned. The hardware interface between
microcontroller and the components must take into account
the characteristics of the input and output levels of the mi-
crocontroller and the practice model. The input to the moni-
toring system, the reference signal, consists of a DC voltage
signal in the 0-20 V range. Howeyver, at the output of the Ar-
duino hardware, a pulse width modulation (PWM) signal is
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in the range of 0-5 V. To adapt the electronic signal, an ex-
perimental model was designed, containing a filter and an
amplifier to adapt the voltage range, as shown in Fig. 3.

The DS18B20 temperature sensor is a three-pin electronic
component that uses a one-wire protocol to communicate
with the master device (the Arduino microcontroller). Each
DS18B20 sensor has a unique 64 bit serial code, which al-
lows multiple sensors to operate on the same one-wire bus
and to be controlled with a master device.

2.3 Heat transfer modeling

Since all components are connected, controlled, and moni-
tored with the software program, various tests can be per-
formed in order to provide the thermal behavior of the re-
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Table 1. Components specification.

Components Model Number Accuracy Range I/0 Type
Microcontroller Arduino Mega 2560 1
Arduino Uno 1
Temperature sensor DS18B20 3 +05°C —55-125°C  Digital
LM35 1 +£1°C —55-150°C  Analogue
Temperature and humidity sensor DHT11 1 £5% 20 %-80 % Digital
+2°C 0-50°C
Data logger Storage unit MicroSD 1
Data visualization LCD screen 2
Component collector Breadboard 2

Data acquisition

Low Pass Filter
Output: PWM

Figure 3. Connection between input and output.

movable side panel. This is performed by heating the test
room and allowing it to cool naturally. The room is heated
until reaching a steady state.

2.3.1 Test-room-imposed temperature variations

Tests were performed by applying a heating process from
ambient temperature for 2 h until a steady state is reached.
Then, the cooling process takes place by natural convection.
The temperature at different points is recorded as a function
of time as indicated in Fig. 1.

2.3.2 Determination of the effective thermal conductivity

Using temperature signals, it is possible to quantify the
steady-state effective thermal conductivity of the sample (k)
from Fourier law for the heating and cooling periods (Xu et
al., 2019):

_kp
¢ = T(Tp,out - Tp,in) (1

where ¢ is the steady-state heat flux density (W/m?). Tp,in
and T oyt are the inside and the outside surface temperatures
of the insulation panel (°C), respectively. e is the thickness of
the panel (meters). k;, is the thermal conductivity of the in-
sulation panel (W/(m °C)). Newton’s convection law allows
for calculating the local heat flux density for steady state as
follows (Quintela and Viegas, 1995):

¢ = hin (Tm - Tp,in) = hout (Tp,out - Tout) 2)

where hj, and Aoy are the inner and the outer, respectively,
heat convective transfer coefficients (W/(m?°C)). T, and
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Signal .
[ amplification ] [ Arduino Input ]

Tout are the air temperature (°C) in the inner space and the
external space, respectively (Fig. 1).

Therefore, two effective conductivities can be obtained
from inner and outer heat transfer coefficients. At steady
state, these conductivities should be equal:

hine (Tm - Tp,in) houte (Tp,out - Tout)
kp(kp,ina kp,out) = = (3)
Tp,out — Tp,in Tp,out - Tp,in

The heat transfer coefficients can be obtained by the Nusselt
number (Nu):

N h-L @

u=—-,
k

where L is the characteristic length confounded by the height
of the panel (meters). k is the air thermal conductivity
(W/(m°C)) obtained by fitting the data reported in the Ap-
plied Fluid Dynamics Handbook for temperatures ranging
between 0 and 200 °C (Blevins, 1984):

k=—-2.3848 x 107872 +7.5537 x 10737 +2.3636 x 1072, (5)

where T is the air temperature (°C).

The Nusselt number (Nu) is expressed as a function of
Rayleigh number (Ra) and Prandtl number (Pr) for free con-
vection as follows (Incropera et al., 2007):

1/5

0.663Ral/*
4/9
<1 + (0.492)9/16> !
Pr

where the Rayleigh number (Ra) is defined as the product
of the Grashof number (Gr) and Prandtl number (Pr). The

Nu=0.68+ for Ra <108,  (6)
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Figure 4. Ambient temperature and relative humidity evolution.

Grashof number Gr is given by Incropera et al. (2007) as
follows:
3.2
Gr= —gﬁATZL L %)
7

where g is the acceleration due to the gravity (m/s?), g is
the volumetric expansion coefficient (K1), AT is the tem-
perature difference between the surrounding surface of the
sample and the inner air temperature (°C). The air density p
(kg/m3) and the air dynamic viscosity u (kg/(ms)) are also
derived by data fitting for the same reference as for Eq. (4)
(Blevins, 1984):

p=2.5677 x 1071°7% - 9.7553 x 107873
+1.8709 x 107972 —4.6167 x 10737 +1.290, ®)
w=1.7279 x 107 exp(2.3010 x 10737). )

The Prandtl number Pr for air is given by Li and
Garimella (2001):
_ HGCp
==
where C), is the heat capacity of air (J/(kg°C)) derived by

data fitting for the same reference as for Eq. (4) (Blevins,
1984):

Cp=1.9327 x 107197* —5.8882 x 107'7° +5.7167
x 107472 4+ 1.0956 x 1072T +1.0048 x 10°. (11)

Pr (10)

3 Results and discussion

The measurement period extends for 4 h, comprising a heat-
ing and natural cooling phases of equal times.
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Figure 7. Calculated Effective thermal conductivity vs. time.

3.1 Ambient temperature and relative humidity evolution

A temperature and relative humidity sensor was put next to
the test room to record ambient conditions. The readings
were performed for 3 s during the process. It could be ob-
served from Fig. 4 that the ambient temperature variation is
slight with an average of 24.7 &2 °C. The relative humidity
range decreases from 62 % to 54 %.

3.2 Thermal behavior in and around the insulating panel

Figure 5 presents temperature variation in different locations
in the test room in addition to the inside and the outside sur-
face of the investigated panel. As can be observed, during the
heating, a steady state is reached after 45 min for all recorded
temperatures, although the test room temperature reached a
plateau after 30 min.

3.3 Determination of effective thermal conductivity of
insulating panel

According to the theoretical development presented in
Sect. 2.3.2, inner and outer heat transfer coefficients were
calculated when steady state was prevailing. As shown
in Fig. 6, the obtained values were 5.37+0.05 and
3.96 4 0.05 W/(m?2 °C) for the inner and outer heat transfer
coefficients, respectively.

The effective thermal conductivity of the determined panel
at steady state is shown in the Fig. 7. The panel thermal
conductivity is 0.0247 0.001 W/(m °C). This value is very
close to the experimental value reported in the technical data
sheet of RPU composite panel (0.0225 W/(m °C)) (Centre
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the heating—cooling cycle.

Table 2. The quantity of energy exchanged determined according

to the insertion rate of PCM.

Insertion rate Qe W
of PCM (kJ/m?) (kJ/m2)
10 % 66991 127877
20 % 78 154 119755
30 % 91037 122779
40 % 104 882 126 696
50 % 112760 117195

technique des matériaux de construction, de la céramique et
du verre, 2014) with less than 10 % relative difference.

3.4 Determination of stored energy quantity and thermal
inertia for panels incorporating different PCM

Figure 8 shows the evolution of the temperature difference
(T-Tamb) during the heating—cooling cycle. During heating,
a phase shift is clearly visible with the panels incorporating
phase-change material (PCM). Thus, the thermal inertia by
energy storage is highlighted. During cooling, an offset of
about 0.5 h is reported for the panel of 50 % PCM compared
to the panel without PCM for an average temperature devia-
tion.

The quantity of thermal energy stored per unit area
Osensible 18 equal to the quantity of thermal energy exchanged
per unit area Q.. This is equal to the integral of the product
of the convective heat exchange coefficient and the tempera-
ture difference between the panel and the ambient tempera-
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Table 3. The evolution of the time shift as a function of the PCM
rate for an average temperature deviation.

Insertion rate  Phase shift time compared

of PCM to the panel without PCM

(min)
10 % 8
20 % 12
30 % 18
40 % 24
50 % 37

ture (Fig. 8). This amount of thermal energy is proportional
to the rate of insertion of PCM with a relative deviation not
exceeding 10 % (Table 2).

Table 3 presents the phase shift time during the cooling
cycle of panels incorporating PCM in relation to a price in-
sulating board as a reference. The phase shift time reaches
37 min for a temperature difference of 3 °C. PCM is charac-
terized by high thermal inertia due to its storage of heat or
cold in the form of latent heat.

4 Conclusions

An experimental setup was designed for this research to char-
acterize the thermal behavior of composite materials. Several
temperature and relative humidity sensors and actuators were
used in the system, allowing us to monitor and record tem-
perature values inside and around the composite panel con-
taining between 0 % and 50 % by weight of phase-change
material. Modeling steady-state heat transfer allowed for de-
termining the effective thermal conductivity. A good agree-
ment was obtained between the determined values of insula-
tion panel and those reported by the technical data sheets. In
addition, the developed test system is used for the character-
ization of various composite material panels. This amount of
thermal energy is proportional to the rate of insertion of PCM
with a relative deviation not exceeding 10 %. The phase shift
time reaches 37 min during the cooling cycle of panels incor-
porating 50 % of PCM compared to panels without PCM.
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