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Abstract The evaluation of the thermal performance building components requires
a high level of accuracy. Windows, doors and thermal bridges are not homogeneous,
and their thermal transmittance can be evaluated by means of Hot-Box, used for
full-scale elements. For homogeneous materials and one-dimensional heat flux, the
thermal conductivity can be easily measured through other experimental apparatuses,
such as the guarded hot plate and the heat flow meters. This study presents a new
experimental apparatus named Small Hot-Box, built at the University of Perugia. No
European standards are available for this innovative facility, but it takes into account
some prescriptions of EN ISO 8990 and EN ISO 12567; it was built for the evaluation
of the thermal properties of small specimens. The apparatus was designed, built, and
calibrated by means of preliminary measurements. It is composed of a hot and a cold
side, and the external walls are made of thick insulation. The thermal conductivity can
be calculated by two different methodologies: the Hot-Box and the thermal flux meter
method. Preliminary calibrations were carried out and different materials with known
thermal transmittance were tested. The aim is the development of a new experimental
apparatus; guidance documents could be defined for the measurements methodology
requirements.
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Nomenclature

A Panel surface (m2)

C Thermal conductance (W·m−2·K−1)

e Error (%)
H Thermal transmittance (W·m−2·K−1)

λ Thermal conductivity (W·m−1·K−1)
P Power (W)
q Heat flux (W·m−2)

R Thermal resistance (m2·K·W−1)

s Thickness (m)
T Temperature (◦C)

Subscripts

a Air
C Cold side
e External
f Fans
g Glass
H Hot side
HB Hot-Box method
i Internal
I Input
m Mean
p Panel
pol Polyurethane
r Resistance of the hot side
S Surface
t Total
t f m Thermal flux meter method
w Walls
wo Wood

1 Introduction

Building energy consumption is increasing due to the improvement in living standards
and indoor comfort and the building energy efficiency is a very urgent target [1–3].
As per the statistics provided by International Energy Agency, in Europe, energy con-
sumptions in the residential, commercial and public service sectors constitute about
40 % of the total energy consumption [3]. Moreover, a relevant part of the buildings
in Europe are old [4–6] with poor-quality insulation materials. In order to promote the
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building energy efficiency, recent legislation, such as the EU Directive 2010/31 [7],
has already been promulgated: the building components and materials deeply influ-
ence energy consumptions. The thermal properties of the building elements should
be evaluated by means of accurate experimental methods that have been performed
from research efforts all over the world. For the measurement of the thermal prop-
erties, several methods are available. Transient techniques are quite popular, due to
their low measurement time. The transient hot-wire method is frequently used for the
investigation of the thermal conductivity of fluids [8], while other techniques such as
the hot-disk, hot-strip and hot-bridge are more commonly applied for solids [9–11].

The guarded hot plate is the most important and diffused method used for the
estimation of the thermal conductivity of a homogeneous or multilayer material [12–
14]. Some important studies for the characterization of thermal properties of materials
may be cited: André et al. [15] proposed an experimental system based on the hot-
wire method; Jannot et al. [16,17] developed a tiny hot-plate method for the thermal
conductivity measurement of heterogeneous materials [18].

Nevertheless, for non-homogeneous components and for structures composed of
different materials (doors, windows, etc.), other techniques are used, and the most
common one for the thermal transmittance evaluation is the Hot-Box [19–21], in com-
pliance with the standards EN ISO 8990 [22] and EN ISO 12567-1 [23]. In particular,
EN ISO 12567-1 specifies a method to measure the thermal transmittance of doors or
windows (the rate of heat flow through the unit area of a building component divided
by the temperature difference between both sides of the component).The sample is
positioned between two rooms maintained at different temperatures in steady-state
conditions (the so-called hot and the cold chambers). The external envelopes of the
apparatus have to be well insulated, in order to minimize conduction losses and the
heat flux through the walls. The thermal resistance of the specimen could be obtained
by measuring the power required to keep the hot chamber at constant temperature and
the temperature difference between the hot and the cold chambers (Hot-Box Method,
HBM). Preliminary calibration measurements have to be carried out in order to evaluate
the heat losses, such as heat transfer through the surround panel and all flanking losses.

At the Department of Engineering of the University of Perugia, according to UNI EN
ISO 8990 [22], a Calibrated Hot-Box was built [24–28]. The external walls of the appa-
ratus is composed of a panel of wood and a layer of expanded polystyrene (λ equal to
0.034 W·(m−1·K−1)), for a total thermal transmittance of about 0.134 W·(m−2·K−1).
The apparatus is positioned in a laboratory at fixed temperature. The surface tempera-
tures of the samples are measured by 64 thermocouples (copper/constantan junction):
38 in the cold room and 26 in the hot room.

The temperatures of the two chambers are maintained constant: a heating system
for the hot room and a cooling system for the cold one are installed to this end. Two
ventilation systems are placed in both the chambers, in order to avoid air thermal
stratification [27,28].

Non-homogeneous materials, windows and doors can be installed in order to eval-
uate their thermal transmittance. For windows overall surface of which is lower than
2.3 m2, the sample dimensions are equal to 1.23 m × 1.48 m. The perimeter joints
between the surround panel and the specimen shall be sealed on both the sides with
tape, caulking or mastic material.
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Other experimental apparatuses could be used in order to test homogeneous com-
ponents as, for example, the guarded hot-plate or the heat-flow meter system (EN ISO
12667 and ASTM C518–10 [29,30]). The heat-flow meter apparatus is a comparative
device that uses a reference material with known thermal properties for the system
calibration. It is able to establish steady-state one-dimensional heat flux through a test
specimen between two parallel plates, at constant, although different temperatures.
Fourier’s law of heat conduction is used to calculate thermal conductivity and thermal
resistivity, or thermal resistance and thermal conductance. A square sample with a
thickness up to 10 cm can be placed between two flat plates that are controlled to a
specified constant temperature. Thermocouples fixed in the plates surfaces measure
the temperature drop across the specimen, and wireless thermal flux meters (HFMs),
embedded in each plate, measure the heat flow through the specimen. Thermal flux
meters are usually located in the centre of the plates. The guarded area ensures a one-
dimensional heat transfer through the measuring area when a homogeneous sample is
tested [31]. The thermal conductivity of the specimen (λ in W·(m−1·K−1)) in steady
state can be calculated by means of the heat flux (qsp in W·m−2), the temperature dif-
ference across the specimen (�Tsm in K) and the thickness of the specimen (s in m).

In the present paper, a new experimental measurement apparatus, named Small
Hot-Box, is proposed: the experimental system has been designed and built at the
Laboratory of Building Physics, University of Perugia, and preliminary calibration
measurements were carried out. The new apparatus allows the thermal conductivity
evaluation of homogeneous small samples (300 mm × 300 mm), the principle of
operation of which arises from the Hot-Box method. In comparison with the standard
Hot-Box apparatus, the most important advantage of this system is the possibility of
testing smaller homogeneous materials in a smaller device. Moreover, it can provide
a thermal transmittance value measured in conditions similar to the in-situ ones: this
is not possible by means of the Hot-Plate apparatus. No standards are available for
this original system, and the mode of operation is in developing stage. In the present
paper, the description of the apparatus, the working principles and the preliminary
calibration measurements are presented. Different kinds of materials were selected
for the experimental campaigns (insulation systems, cement blocks, plasterboard, and
wood). Two alternative methodologies are described: the thermal flux meter method
and the Hot-Box one, and a first comparison between the two methods is exposed.
Considering the Hot-Box method, two options of calibration were evaluated: the first
one considered only one calibration curve, the second option took into account three
curves, considering different ranges of thermal conductivity.

The operation of this original apparatus could be further improved by modifying the
original project and by testing other samples in different thermal conductivity ranges.

2 Materials and Methods: The Small Hot-Box Setup

2.1 Construction and Development of the Apparatus

A new experimental apparatus was designed and built at the Laboratory of Building
Physics at the University of Perugia for the evaluation of the thermal conductivity of
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building homogeneous materials; no reference standards are available for this specific
system.

The experimental setup is composed of one box with external dimensions of
0.94 m × 0.50 m × 0.94 m high: it represents the hot side. In order to reduce the
heat losses through the structure, the perimeter walls of the chamber have a very thick
insulation layer (200 mm of foam polyurethane + 20 mm of wood). The thermal con-
ductivity λ of the polyurethane is 0.0245 W·m−1·K−1 for a total thermal transmittance
of the walls equal to 0.114 W·m−2·K−1 (the thermal conductivity was measured by
means of a heat flow meter apparatus [32], at a reference temperature of 20 ◦C, with
an accuracy of ±2 %). The total thermal transmittance of the wall was calculated by
means of Eq. 1:

H = 1(
RSi + swo

λwo
+ spol

λpol
+ swo

λwo
+ RSe

)[
W·m−2·K−1] (1)

where RSi is the internal surface thermal resistance (m2·K·W−1)—it was considered
equal to 0.13 (m2·K·W−1) [33] that is the indoor surface resistance of air layers that
skims a vertical wall (horizontal direction of the heat flow); RSe is the external surface
thermal resistance (m2·K·W−1)—it was considered equal to 0.13 (m2·K·W−1) [33]
that is the indoor surface resistance of air layers that skims a vertical wall (horizontal
direction of the heat flow); spol is the thickness of the expanded polyurethane panel
(m); swo is the thickness of the wood panel (m); λpol thermal conductivity of the
expanded polyurethane panel (W·m−1·K−1); λwo is the thermal conductivity of the
wood panel (W·m−1·K−1). RSi and RSe are both equal to 0.13 (m2·K)·W−1, because
also the external side (cold room) is indoor (natural convection conditions).

Also the closure side of the box (dimensions 0.94 m × 0.94 m × 0.20 m thick) has a
sandwich structure composed of two panels of wood (20 mm each) with a middle layer
of expanded polyurethane (200 mm). In the central part of the closure wall, there is
an opening for the placement of the sample: the specimens to be examined are square
panels with 0.30 m × 0.30 m external dimensions. The edges (contact zones between
the support panel and the sample) are covered with insulation rubber. The joints are
also sealed with silicone in order to avoid perimeter losses.

The cold side of the apparatus is a small room (3.39 m × 4.22 m × 3 m high)
completely insulated from the outside. The new apparatus is positioned inside this
ambient, where the general HVAC system of the room permits to maintain a constant
temperature. It was monitored during a long period before the construction of the
apparatus in different positions near the system, and it was observed that the daily
temperatures are rather steady (maximum difference of about 0.8 ◦C, see Fig. 1).
Furthermore the test periods were chosen in a range with a maximum variation of the
air temperature of about 0.2 ◦C to 0.3 ◦C. This period (generally about 2 h to 3 h)
could be considered long enough because many preliminary tests were carried out for
each specimens also selecting longer periods (4 h to 5 h), and it was observed that the
final value of the measured thermal conductivity was the same considering a longer
period. Each time, the test duration should be modified considering the type of the
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Fig. 1 Typical trend of the Laboratory air temperature (cold side) during 2 days

Fig. 2 General view of the apparatus Small Hot-Box

sample and its thickness. The measurement duration should be selected after many
preliminary tests.

Both the parts of the Hot-Box system are provided with wheels for their movement,
while two strap belts are used for the closure of the apparatus.

A ‘S-shaped’ heating wire 3 m long with a power of 50 W is installed inside the hot
room for the regulation of the temperature: it can switch on and off automatically. It
is placed in the bottom side of the box; a wooden screen (named baffle) is positioned
between the heating source and the support panel in order to avoid direct radiations.
The emissivity of the screen should be preferably higher than 0.80, so a poplar wood
panel with an emissivity of around 0.90, was chosen.

A general view of the apparatus is shown in Fig. 2, while an enlarged exploded
view drawing is sketched in Fig. 3. Inside the box, four resistance thermometers are
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Fig. 3 Exploded 3D view of the apparatus

installed for the control of the surface temperature of the panel in the hot side; four
probes are also placed on the support panel surface, and one resistance thermometer
monitors the inside air temperature. In the cold room (laboratory), eight probes are
fixed to the surfaces in the same correspondent positions of the hot side, and other two
resistance thermometers are placed in the room for the air-temperature monitoring of
the cold side. For the evaluation of the heat flux from the hot side to the cold one, a
thermal flux meter is placed in the central area of the sample. The apparatus with the
sensors’ positions is represented in Fig. 4; the accuracies of the probes are reported in
Table 1. All the monitored data could be transferred to a PC for the management of
all the parameters and the data storage.

In preliminary experimental campaigns, the surface temperatures in the hot side
showed a difference of about 2 ◦C to 3 ◦C between top and bottom of the sample,
showing a stratification in the air. Two fans (each one with an electric current equal
to 0.11 A) were therefore installed inside the hot chamber: a convective equilibrium
was achieved thanks to this ventilation system, and a maximum difference of about
0.6 ◦C on the hot face was achieved after the fans’ installation. At the beginning, the
speed value was maintained constant, and the input power attributed to the fans was
considered equal to 2.2 W. At the cold side, the air temperatures observed during the
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Fig. 4 Apparatus diagrams and sensors’ positions

Table 1 Characteristics and accuracy levels of the probes

Probes Characteristics and accuracy

N.17 thermal resistances for surface and
air-temperature measurement

Measurement element: PT100 (platinum resistance
thermometers)

Measurement range: −200 ◦C to +800 ◦C

Accuracy: ± 0.05 %

N.1 Thermal flux meter (diameter 80 mm) Measurement element: passive thermopile type

Measurement range: −2000 W·m−2 to +2000 W·m−2

Expected typical accuracy: ±5 %

Nominal sensitivity: 50 µV·W−1·m−2

preliminary tests were rather constant and uniform (the air temperature was monitored
in different positions). Also the surface temperatures of the cold face were constant
with maximum differences in 0.3 ◦C to 0.5 ◦C range.
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A switchboard composed of a master switch, a PID controller, an electrical energy
meter and a speed variator for the regulation of the fans’ velocity was assembled.
An ammeter was also installed for the measurement of the current through the hot
wire and then for the evaluation of the power supplied to the box in order to keep
the steady-state conditions. The electric energy meter measures the energy entering
the hot side; this energy can also be calculated as the product of the hot-wire thermal
resistance (measured in Ohm) and the square of the current through the hot wire (in
Ampere).

2.2 Selection of the Samples for Calibration

In order to calibrate the new experimental apparatus, different samples with known
thermal properties were analysed. In particular, three types of insulation specimens:
a wood panel, a plasterboard panel and two insulating cement blocks were consid-
ered, for a total number of seven samples. The thermal conductivities of the selected
samples are certified by the manufacturers, so the measured values were compared
with the declared ones (all the declared values were measured in other labs by means
of Heat Flow Meter method (EN ISO 12667)). The main characteristics of the sam-
ples are reported in Table 2 (thickness, thermal conductivity, and number of tests
carried out). The experimental campaigns were carried out during the periods of
June–September 2014 and March–May 2015. The thermal conductivity was evalu-
ated by means of both the thermal flux meter methodology and the Hot-Box one.
The hot chamber set-point temperatures were not the same for all the tested mate-
rials, and they were chosen considering the laboratory air temperatures during the
test; an air temperature difference of at least 20 ◦C was in fact maintained between
the hot and the cold side. When the mean air temperature of the cold chamber was
high (about 30 ◦C), the set-point air temperature of the hot side was imposed equal
to 55 ◦C, whereas when the laboratory air temperature was lower (about 20 ◦C),
it was imposed equal to 45 ◦C. More specimens of the same type were tested but,
generally, the differences of the final measured thermal conductivities are less than
2 %.

3 Results and Discussion

3.1 Thermal Flux Meter Method

A thermal flux meter is installed in the central part of the sample, as shown in Fig. 4.
The probe (HFP01—Hukseflux) is a thermopile operating in the −2000 W·m−2 to
+2000 W·m−2 power range and in the −30 ◦C to +70 ◦C temperature range. The ther-
mopile generates a small output voltage proportional to the local heat flux. As already
mentioned, for the thermal conductivity calculation, four resistance thermometers on
each side are installed on the hot and cold surfaces of the sample (Fig. 4). The ther-
mal resistance Rt could be calculated as follows (Progressive Average Methodology)
[37,38]:
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Rt =
∑n

j=1

(
TpH j − TpC j

)
∑n

j=1 q j

[(
m2·K)·W−1

]
(2)

where the index j is related to each acquisition time.
The thermal conductivity can be calculated by the mean value of the thermal resis-

tance Rt during the selected period (about 2 h to 3 h) and the thickness of the specimen
(s in m) as follows:

λ = s/Rt

[
W·

(
m−1·K−1

)]
(3)

The experimental results of the thermal flux meter measurements for the sample A
are reported in Fig. 5 considering a set point temperature of 50 ◦C (test A1). The test
was carried out on June 11th, and it lasted for about 3 h. All the surface temperatures
were constant during the test, with a maximum difference of about 0.6 ◦C on the hot
face and 0.4 ◦C on the cold one. The air-temperature trend was constant in the hot
chamber (about ±0.1 ◦C); in the laboratory (cold side) the air temperature’s maximum
difference is about 0.3 ◦C (Fig. 5). This variation seems to be acceptable considering
that the fluctuation should not exceed the 1 % of the air temperature differences
between the cold and hot sides (EN ISO 8990: Thermal insulation—Determination
of steady state thermal transmission properties—Calibrated and guarded Hot-Box)
(�Tair is equal to 28.6 ◦C for this test and generally �Tair > 20 ◦C for all the tests).
The reference mean air temperature observed during each test is also shown in Table 3
(it is the average between the mean air temperatures measured in the hot side and the
mean values measured in the cold one during the test).

It can be observed that the thermal resistance trend was quite stable because a
selected period with a constant value of the air temperature in both the chamber was
chosen; Rt converged to the value of 3.94 m2·K·W−1; the corresponding thermal
conductivity value is 0.0254 W·m−1·K−1, with an error of about +3.6 % (the declared
value is 0.0245 W·m−1·K−1, certified according to UNI EN ISO 12667).

The final values of the thermal conductivity obtained for the other samples are
reported in Table 3, compared with the declared values. A mean error of about 10 %
was found when considering the different samples and in different test conditions.

3.2 Hot-Box method

The Hot-Box method allows the evaluation of the heat flux through the sample as the
difference between the input power (Pi in W) in the hot chamber and the heat losses
through the walls and the thermal bridges (Pw in W). The losses, represented by the
term Pw, are evaluated by means of calibration measurements. Pw shall be plotted vs.
the air-temperature difference between the hot and the cold sides.

A specific calibration panel was assembled for the preliminary calibration tests, and
many measurements were carried out by considering different set-point temperatures
of the hot chamber (the air-temperature difference between hot and cold side was
maintained higher than 20 ◦C for all the tests). Two different attempts were considered:
in the first calibration procedure, the measurements were carried out only with the
assembled calibration panel (Sect. 3.2.1); in the second one, the measurements on
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Fig. 5 Test A1-Measured air temperatures, surface temperatures and heat fluxes in the hot and cold cham-
bers

different specimens with known thermal properties (see Table 2) were used for the
construction of the calibration curves (Sect. 3.2.2).

3.2.1 Preliminary Calibration Measurements

The heat flux through the walls of the apparatus was evaluated considering the differ-
ence between the input heat flux (due to the hot wire and the fans) and the heat flux
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through the panel (known because the calibration panel properties are known). The
panel is composed by three layers: an expanded polyurethane panel 0.06 m thick (spol ),
covered on the external surfaces by two sheets of tempered float glass, 0.004 m thick
(sg). The thermal conductivity of polyurethane λpol is equal to 0.034 W·m−1·K−1, and
the thermal conductivity of the glazing layer λg is equal to 1 W·m−1·K−1 (supplied by
the manufacturer); therefore, the total value of the thermal conductance C of the panel
(st = 68 mm) is about 0.564 W·m−2K−1, and the equivalent thermal conductivity is
0.038 W·m−1·K−1.

The thermal conductance of the total specimen was evaluated as follows:

C = 1(
sg
λg

+ spol
λpol

+ sg
λg

)
[
W·m−2·K−1

]
(4)

and the equivalent thermal conductivity is consequently calculated as

λeq = C · st
[
W·m−1·K−1

]
(5)

The calibration of the panel was carried out several times; in this paper, only the last
calibration results are reported. However, the calibration will be periodically checked.
The heat fluxes through the walls and through thermal bridges Pw were calculated as
the difference between the input power in the hot chamber Pi and the heat flux through
the calibration panel Pp : Pw = Pi – Pp.

The incoming power Pi can be measured considering two contributions: the heat
flux released by the resistance during the test (Pr in W) and the contribution of the
fans (Pf in W). The thermal power transferred from the hot chamber to the cold side
through the calibration sample (Pp in W) can be evaluated as the product of the thermal
conductance of the panel (C in W·m−2·K−1), known the surface of the panel (A in
m2), and the difference of the surface temperatures (hot and cold sides) (see Eq. 6):

Pp = C · A · (
TpH − TpC

)
[W] (6)

Considering this configuration, four tests were carried out by modifying the tempera-
ture in the hot room (45 ◦C, 50 ◦C, 55 ◦C, and 60 ◦C). The cold room temperatures
were not modified in the four cases, but during the tests a constant value was observed
(about 22 ◦C). The experimental campaign was completed during the period of May–
June 2014. The main results of the experimental tests are reported in Table 4. The
linear regression is the following:

Pw = 0.2062 · (TaH − TaC ) + 2.2925 [W] (7)

The regression line coefficient is equal to 0.9391. The calibration curve is represented
in Fig. 6, and it was applied to the preliminary tests carried out on the samples in Table 2
for calculating the thermal conductivity by means of the Hot-Box method. The power
coming out through the tested specimens (Ps in W) was evaluated as the difference
between the measured entering power in the hot chamber (Pi in W) and the value
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Fig. 6 Preliminary calibration curve’s trend considering the experimental measurements carried out with
the calibration panel

Pw evaluated from the calibration curve’s equation (Eq. 7), known the temperature
difference between hot and cold sides:

Ps = Pi − Pw [W] (8)

The thermal conductivity of the specimen is determined by dividing the power through
the specimen (Ps in W) by the area of the specimen As(m2) and the temperature
difference of the two surfaces: (TsH − TsC , where TsH is the surface temperature of
the sample in the hot side, and TsC is the surface temperature of the sample in the cold
one):

λ = Ps · s
As · (TsH − TsC )

[
W·

(
m−1·K−1

)]
(9)

The results are reported in Table 3, in comparison with the real values (certified by
the producers). The percentage error is included in 10 % to 15 % range when con-
sidering the specimens with a thermal conductivity comparable with the calibration
panel (samples B and C, 0.035 W·m−1·K−1 to 0.037 W·m−1·K−1), while for the foam
polyurethane (sample A), it is about 50 % to 60 % (λ = 0.0245 W·m−1·K−1); therefore,
the calibration curve (7) could not be applied for this specimen. The same happens also
for the cement block type F, when the mean error exceeds 30 %. In general, the thermal
conductivity is overestimated for most of the samples. For wood (sample D) and plas-
terboard (sample E), the curve could not seem to be appropriate because their thermal
conductivity values are much too high (0.12 and 0.20, respectively: W·m−1·K−1) with
respect to the one of the calibration panel, but the error percentage is not too much
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high (−6 % to 26 %). Furthermore for wood, plasterboard and polystyrene, the thermal
conductivities are underestimated, considering the test with an air temperature of the
hot side fixed to 50 ◦C. Finally, for almost all the measurements, the results are better
considering a fixed hot-side temperature equal to 45 ◦C. In conclusion, it seems to be
incorrect to consider only this calibration curve.

3.2.2 Calibration of the Apparatus

After the first calibration, a second method was considered: different calibration curves
were traced for different thermal conductivity ranges. The methodology for the cali-
bration curves achievement is the same as the one used for the preliminary calibration
curve (Eq. 7), and it is described in Sect. 3.2.1. Each curve is the linear regression
obtained from the punctual values of the Pw (in W, heat flux through the walls and the
thermal bridges) versus the corresponding measured mean air-temperature differences
between the hot and cold sides. In the future, many other tests have to be carried out in
order to make the calibration curves more definite. In Fig. 7, a preliminary draft of the
results of this approach is represented, considering the first experimental campaign
described in the present paper; three curves are reported: the first one for the thermal
conductivity range 0.02 W·m−1·K−1 to 0.05 W·m−1·K−1, the second one for higher
thermal conductivities (>0.05 W·m−1·K−1) and the last one considering all the tested
materials. The first curve (Calibration curve n.1) was obtained by using the tests on the
specimens: A, B, C and G (λ in the 0.0245 W·m−1·K−1 to 0.045 W·m−1·K−1 range).
The curve was traced considering the measurements singularly carried out for the spec-
imens A, B, C and G: the linear regression curve is obtained from the points represented

Fig. 7 Preliminary draft of three calibration curves considering different ranges of thermal conductivity
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in Fig. 7 (Pw vs. �Tair = (TaH − TaC ) obtained for the singular measurement—the
measurements for different set-point temperatures are the ones shown in Table 3).
The second curve (Calibration curve n.2) was obtained from the tests carried out
with the specimens: F (λ = 0.065 W·m−1·K−1), D (λ = 0.12 W·m−1·K−1) and E
(λ = 0.20 W·m−1·K−1), and the last one, Calibration curve n.3, was found from all
the measurements carried out for the seven samples. The curves have to be improved
making other experimental analysis by testing different specimens with a thermal con-
ductivities of the same order of magnitude. The aforementioned curves were applied
again to the same precious tests, and the results are represented in Table 5. It can be
observed that the mean global error is decreased considering the application of the
calibration curves 1, 2 and 3 (9.6 % to 17.5 %), with respect to the application of the
curve obtained by only the calibration panel. The calibration curve n.1 was adopted for
samples with a thermal conductivity values smaller than 0.05 W·m−1·K−1’. Thanks
to the application of this curve, the percentage errors for these materials are decreased
from 24.3 % to 9.6 %. The calibration curve n. 2 can be applied to materials with
higher thermal conductivities (>0.05 W·m−1·K−1): it can be observed that this curve
is suitable for materials with λ > 0.1 W·m−1·K−1 such as wood and plasterboard
(error values varying in 5 % to 10 % range). Finally, by applying the calibration curve
n. 3, the mean error values decrease from 23.2 % to 17.5 %. Nevertheless, it has to
be improved by testing many other specimens in order to obtain specific calibration
curves for strict ranges of thermal conductivity values. In general, it can be observed
that for sample G, the mean error is higher considering the set-point temperature of
the hot chamber equal to 50 ◦C, both for calibration curves 1 and 3 (18.8 % and
23.5 % respectively); if the set-point temperature of the hot side is 45 ◦C, mean errors
of 1.6 % (calibration curve n.1) and 12.4 % (calibration curve n.3) are obtained. The
same behaviour was observed for specimen F, for both calibration curves 2 and 3
(mean errors of 44 % and 33.5 %, respectively). It can be concluded that the absolute
value of the mean error increases with the increasing mean air-temperatures difference
between hot and the cold sides.

4 Conclusion

The present study highlights the importance of the evaluation of building materials’
thermal properties. Thanks to the use of advanced materials with good thermal insu-
lation properties, the heat losses through the building envelope can be significantly
reduced [39,40]. In this scenario, an original and novel experimental apparatus was
designed and built at the University of Perugia: the Small Hot-Box, as a possible future
alternative system to be used instead of the conventional Hot-Plate apparatus for the
experimental evaluation of the thermal resistance of homogeneous materials. The most
important advantage is that the thickness of the specimens could be higher than the
one of Hot-Plate apparatus samples. Moreover, with the Small Hot-Box apparatus,
the convective equilibrium in the samples surfaces is comparable to the in situ heat
transfer. The aim of the project is to try to devise a new system that could be used also
for the study of materials with a thermal resistance lower than 0.5 m2·K·W−1.
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The apparatus is composed of a hot chamber and a cold side. The air temperatures
and the temperatures of the surfaces are measured by means of 16 resistance ther-
mometers and a dedicated acquisition system connected to a PC. The tested samples
(dimensions 0.3 m × 0.3 m) are installed in a support panel between the hot and the
cold sides. An air-temperature difference of at least 20 ◦C is maintained during the
test.

Both the thermal flux meter method and the Hot-Box one were considered for
the calculation of the thermal conductivity. In the first method, the heat flux through
the specimen is directly measured by the thermal flux meter installed on the sample,
whereas in the second method, the heat flux as is evaluated as the difference between
the input heat flux in the metering room and the heat losses through the walls.

In order to evaluate the experimental apparatus mode of operation, different sam-
ples with known thermal properties were analysed (polistyrol, foam polyurethane,
polystyrene, wood, plasterboard, and cement insulating blocks).

The thermal conductivity values obtained by using the thermal flux meter method-
ology are higher than the certified values for almost all the specimens, except for
the wood, the cement block type G and the plasterboard: in the first case, the ther-
mal conductivity value is lower than 0.12 W ·m−1·K−1 (0.104 W ·m−1·K−1 to
0.105 W ·m−1·K−1), as for the plasterboard (about 0.18 W ·m−1·K−1 to 0.19 W ·m−1·
K−1 instead of 0.20 W ·m−1·K−1). Minimum error values were obtained for tests G1
and G2 (about 0.2 % to 0.4 %) and A1 and A2 (foam polyurethane), with errors being
equal to 3.6 % and 5.7 %, respectively. In general, it can be observed that the error
increases for higher set-point temperatures of the hot side (from 45 ◦C to 55 ◦C). The
mean value of the error percentage is about 10 % (Table 3).

The Hot-Box method can be applied after a calibration of the apparatus: a prelim-
inary calibration was carried out by means of a calibration panel composed of glass
and polystyrene. The thermal conductivity values obtained using the first calibration
curve are similar to the declared values only for the samples with comparable thermal
conductivities. The calibration curve reported in Eq. 7 was used for the evaluation of
the thermal conductivity, and the mean error of about 23.2 % was found (Table 3).
In this case, the measured thermal conductivity is higher than the declared value for
almost all the samples except for C, D and E, but only when the hot-side air tem-
perature is fixed at 50 ◦C. Furthermore, the thermal conductivity is underestimated,
and the Hot-Box methodology with calibration curve (7) can be adopted only for the
samples B and C, because they have a thermal conductivity comparable to the one of
the calibration panel: (0.035 W·m−1·K−1 to 0.037 W·m−1·K−1). For these samples,
the percentage error values vary in 9 % to 15 % range. In the other cases, the errors are
higher and not negligible: other calibration curves have to be performed, and a new
method was examined in Sect. 3.2.2 (see Fig. 7). Three preliminary calibration curves
were constructed in this paper, thanks to experimental campaigns carried out during
the periods of spring–summer 2014 and winter–spring 2015. The draft curves took
into account the results obtained for the seven samples: curves n. 1 and n. 2 could be
used, respectively, for materials with thermal conductivity values ≤0.05 W·m−1·K−1

and higher than 0.05 W·m−1·K−1 to 0.06 W·m−1·K−1, with a significant reduction of
the mean error (from 23.2 % to about 13 %). It can be observed that the absolute mean
error value increases with the increasing the mean air-temperature difference between
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the hot and the cold sides. This behaviour was observed for almost all the samples.
Hence, the comparison between the declared values (at a reference mean tempera-
ture of 20 ◦C) and the measured λ-values is more significant considering the values
obtained for a small set-point air temperature of the hot room equal to 45 ◦C (mean
surface temperatures of about 34 ◦C to 35 ◦C). These values can be compared because
in both the cases, the mean temperatures of the sides are close to values that could be
measured also in-situ on the surfaces of the building materials of a wall (considering
both winter and summer conditions).

A possible development of the future research should be another experimental cam-
paign considering a value of the set-point temperature of the hot side lower than 45 ◦C,
in order to try to reduce the global mean error. After the study of the measurement
uncertainties depending on the mean temperatures, the best mean air-temperature dif-
ference will be established. The future development of the Small Hot-Box system
will consider the improvement of the Hot-Box methodology: many other materials
with known thermal conductivity will be analysed and used for the improvement of
calibration curves in different ranges of λ. Furthermore, the system for the evaluation
of the input power in the hot chamber will also be improved by installing a voltmeter
or a watt-meter. Finally, the research team is planning to assemble a second chamber
in order to better control the mean air-temperature of the cold room by fixing an exact
set-point temperature also in the cold side.
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