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H I G H L I G H T S

• An innovative climatic chamber to measure thermal properties is introduced.

• It was designed with reduced size and transportable to use also in in-situ measurements.

• The indoor air temperature control is carried out by radiant panels.

• Heat counters allow for the calculation of the thermal balance on the whole facility.

• Good agreement between measured valued and the certified ones on several materials.
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A B S T R A C T

Thermal transmittances of opaque and transparent surfaces (U-values) is an influential parameter for the eva-
luation of the thermal losses through the building envelope. Usually, it is determined by measurements in cli-
matic chamber using the hot-box or the thermo-flux meter methods, following the procedures described in
international standards. Alternatively, U-value can be calculated analytically if the layers thermal resistances are
known. To this purpose, in this paper the preliminary results obtained by an innovative facility for the calcu-
lation of the thermal properties of materials by means of the thermo-flux meter method, in prevalent mono-
dimensional thermal flux conditions, are presented. Compared to traditional climatic chambers, the main facility
features concern the reduced size, the transportability for in-situ measurements and hydronic circuits to supply
radiant panels for the internal air temperature control, establishing a prevalent radiant exchange to attain
uniform temperatures on the specimen surfaces. Moreover, in order to establish a noticeable temperature dif-
ference across the tested sample, required to achieve reliable measurements by thermo-flux meter, a thermo-
cryostat for the warm side and a small chiller for the cold one are employed. The supplied and absorbed thermal
energies are measured by energy flowmeters. A comparison with the certified thermal conductivity provided by
manufactures for some materials typically employed in the building sector has provided satisfactory corre-
spondences.

1. Introduction

The thermal transmittance (U-value) represents the main indicator
to evaluate the thermal quality of building envelopes in steady-state
conditions [1,2]. In order to reduce energy consumptions, recent reg-
ulations in the building sectors impose the achievement of limited U-
values in transparent and opaque surfaces, especially for new buildings
or for building subjected to consistent refurbishment interventions [3].
U-values can be determined analytically adopting standardized proce-
dure, as those described in ISO 6946 for opaque walls [4], starting from
the knowledge of the thickness and of the thermal properties of the

different layers. In particular, the following relation is provided:
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where the knowledge of the thermal conductivity λ for the i-th homo-
geneous layer and the thermal resistance R for the j-th heterogeneous
layer are required, whereas the surface resistances RSI and RSE consider
the convective and radiant exchanges affecting the wall surfaces, pro-
vided by the same standard in function of the heat flux direction.
Otherwise, U-value can be evaluated directly by means of in-situ
measurements, as described in the international standard ISO 9869-1
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for mono-dimensional heat fluxes [5] or adopting methods based on the
infrared thermography [6,7]. The U-value can be also determined with
laboratory measurements of wall samples by climatic chambers, fol-
lowing procedures described in international standards. For instance,
guidelines are reported in the European EN 8990 [8] or in the American
ASTM C1363-05 [9]: both the procedures require a specimen that se-
parates two chambers maintained at different and constant tempera-
tures in steady-state conditions, in accordance with the so-called “hot-
box” method. In calibrated climatic chambers, the hot side is usually
the metering chamber, where a measurable thermal flux is provided
(typically by an electric resistance), whereas the other side is main-
tained at the same and controlled surrounding conditions. The mea-
surement of the thermal power introduced in the metering chamber and
the characterization of the thermal losses allows for the calculation of
the thermal power transferred through the material sample. The “hot-
box” method is the reference test to adopt in presence of a hetero-
geneous specimen, however the heat flux is determined indirectly by a
thermal balance. The thermo-flux meter method, instead, is mainly
indicated for homogeneous materials, but a noticeable temperature
difference on the sample surfaces is required to achieve measurements
accuracy. This approach is described in the Russian standard GOST
26602.1-99 [10] that suggests the installation of a thermo-flux meter
and temperature sensors in different point of the material, in order to
delimit a sample portion with homogenous properties.

The thermo-flux meter method is still a debated argument in the
scientific literature, which describes different typologies of apparatus
and test methodologies for the evaluation of the thermal properties
concerning materials typically employed in the building sector. These
devices, in fact, demonstrated to be reliable tools for the measurements
of thermal properties in steady-state conditions, whereas evident lim-
itations have been highlighted in dynamic conditions [11–13]. For the
evaluation of U-values by the hot-box test facilities, instead, the de-
velopment of suitable control strategies for the realization of precise air
temperature profiles inside the apparatus, was investigated [14]. His-
torically, Mumaw used hot boxes for the measurements of the thermal
conductance of large wall sections in the first ‘70th [15]; successively,
Klems used hot-boxes for the thermal characterization of windows [16],
providing the first guidelines for the climatic chambers design. The

thermo-flux meter method was considered by Guattari et al. to de-
termine the influence of internal heat sources on the wall thermal re-
sistance [17]. Faye et al. applied a sinusoidal external solicitation on
different materials in order to evaluate experimentally the transferred
thermal flux, to use as input data in a mathematical model for the
calculation of the effective heat capacity of wall elements [18].
Thermo-flux meters have been employed also to monitor particular
building elements such as ventilated facades [19] and glazing system
equipped with PCM [20], or to analyze typical elements as porous clay
bricks [21]. U-values in existing buildings were determined by the
thermo-flux meter method: Lucchi compared the in-situ thermal
transmittance of historical brick masonries with analytical values,
evaluating an overestimation of the thermal properties [22]. Ficco et al.
have carried out other in-situ measurements of U-value, showing that
this methodology provides reliable results especially if the tests are
conducted in accordance with the standard ISO 9869 [23]. In addition
to the standardized procedures, other authors have proposed alter-
native methodologies for the measurement of the total conductance or
the U-value [24] comparing the results with the current procedures and
attaining satisfactory correspondence [25,26].

In this paper, an innovative, compact, lightweight and transportable
test facility for the measurement of thermal resistances of materials, is
proposed. The whole apparatus was designed and assembled in the
Mechanical, Energetic and Management Engineering Department of the
University of Calabria (Italy) and it is composed by two sub-chambers
separated by the tested material mounted on a suitable support frame,
by adopting the thermo-flux meter method. The temperature difference
on the sample surfaces is obtained by means of a thermo-cryostat and a
small electric chiller. The produced hot and cold flow rates supply two
hydronic systems connected to radiant panels for the control of the sub-
chambers internal air temperature. Thus, a prevalent radiant thermal
exchange occurs, allowing the achievement of uniform sample surface
temperatures. Moreover, the facility is equipped with two energy
flowmeters to measure the provided and absorbed thermal powers. The
transportability property and the possibility to impose conspicuous
temperature difference in the two sub-chambers make the apparatus
suitable also for in-situ measurements, by replacing the support frame
with the monitored wall.

Nomenclature

A metered power supplying the warm sub-chamber [W]
B thermal losses through the facility walls [W]
C power transferred from the warm to the cold sub-chamber

through the support frame [W]
D power crossing the material sample [W]
d thickness [cm]
E power transferred through the joints between sample and

support frame [W]
F flanking thermal losses through the support frame [W]
h facility height [cm]
i homogeneous material
j heterogeneous material
k generic material
l facility length [cm]
R thermal resistance [m2 KW−1]
T temperature [°C]
U thermal transmittance [Wm−2 K−1]
w facility width [cm]

Subscripts

av average
c cold

h warm
SI internal surface
SE external surface
T total
th through

Greek Symbols

λ thermal conductivity [Wm−1 K−1]
ϕ thermal flux [Wm−2]

Acronyms

ADC Analogic Digital Converter
ASTM American Society for Testing and Materials International
BUS Binary Unit System
CDAQ Computational Data AcQuisition
EN European Normalization Institute
GOST Russian quality brand certification
HCFC Hydrochlorofluorocarbons
ISO International Organization for Standardization
OSB Oriented Strand Board
PT100 Platinum with nominal electric resistance of 100 Ω
RTD Resistance Temperature Detector
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In order to demonstrate the correct operation of the facility, the
thermal conductivity of different types of homogeneous materials,
subjected to a prevalent mono-dimensional thermal flux, has been de-
termined and the obtained results were compared with the certified
ones provided by manufactures.

2. Description of the experimental facility: materials and
equipment

The facility design refers to a climatic chamber where the specimen
divides the apparatus in two sub-chambers with the same sizes, both
connected to a third part, the support frame, to allow the installation of
the material sample (see Fig. 1). The support frame is equipped with a
higher insulation thickness to contain the flanking thermal losses and to
promote a prevalent mono-dimensional heat flux. A metallic basis
equipped with wheels and mechanical brakes supports the facility and
allows for its movement, favoring the transportation, the sub-chambers
separation and the installation of the sample.

The climatic chamber walls are made of precast polyurethan sand-
wich panels (PUR), with external and internal surfaces reinforced by a
layer of fiberglass. The total thickness is 20 cm with a correspondent U-
value of 0.185Wm−2 K−1. The fiberglass surfaces was subjected to

appropriate treatments in order to attain light stabilizer (anti-UV), high
resiliency and waterproof and washable surfaces. In order to contain
thermal losses through the facility envelope, thermal bridges were
limited by assembling the walls with a “k” type closure (monolithic
corners), whereas the air-tightness in the assembled configuration is
guaranteed by the employment of rubber gaskets and of an adapted
closing system. The resulting gross dimension of the assembled facility
are 160× 100×150 cm (w× l×h). The control of the internal air
temperatures is attained by means of radiant panels, made by an active
surface in plasterboard thick 15mm insulated by 3mm of foam rubber
sheath, where pipes with internal diameter of 8mm are inserted to form
11m of hydraulic circuit. All the internal surfaces of the two sub-
chambers, excluding the specimen surfaces, are equipped with radiant
panels to favor a quasi-uniform sample surface temperature, with hy-
draulic circuits connected in parallel to supply the same water flow-rate
temperatures [27]. During the experiments, reduced flow rate values
were set to observe, in steady-state conditions, appreciable temperature
differences, greater than the accuracy of the sensors used to measure
inlet and outlet temperatures. A thermo-cryostat supplies the thermal
power in the warm sub-chamber, whereas a small electric chiller con-
trols the temperature of the cold sub-chamber. Both the devices, which
characteristics listed in Table 1, are installed on the external side of the

Fig. 1. Components of the dissembled facility, photo of the assembled apparatus and front panel for the acquisition of the monitored parameters in LabVIEW
environment.
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facility by flexible pipes to allow the sub-chambers movement. The
involved thermal powers are measured by proper energy flowmeters
installed on the correspondent circuits. Regarding the tested materials,

every sample was blocked in the support frame by a stable connection
made with insulated rubber sheath around the edges. The material
sample was further blocked applying a sub-frame perpendicular to the
edges made by the insulating material, in order to limit the junction
heat losses (see Fig. 2).

2.1. Data acquisition system (DAQ)

The data acquisition system is constituted by a hardware CDAQ and
by the programming software LabView ® whose front panel is shown in
Fig. 1. Different types of sensors required for the monitoring of the main
parameters were required. Four wires RTDs PT100, A class, with an
operation range varying between −50 °C and 250 °C and accuracy
of± 0.15 °C at 0 °C and± 0.35 °C at 100 °C , have been installed for the
temperature measurements. The employed thermo-flux meters have a
measurement range of± 50Wm−2, accuracy of 5% and operative
temperature ranging between −30 °C and 70 °C. RTDs are employed to
monitor the sample surface temperatures, the inner surface tempera-
tures (and the mean radiant temperatures) of the two sub-chambers, the
internal air temperature at different heights to evaluate the magnitude
of the internal natural convection, and the inlet and outlet temperatures
of the hydronic systems. The energy flowmeters are equipped with
volumetric flow-rate sensors that provide an electric impulse when
0.1 liters cross the emitters. The DAQ is constituted also by the signal
conditioning circuit, an ADC and a transmission BUS. The first device
manages the signal to provide the most correct range for the ADC input,
with the latter that amplifies, attenuates, filters or isolates the same
signals to contrast the effects of eventual external measurement noises.
Successively, the acquired signals are delivered to a notebook by means
of the transmission BUS. In order to obtain a correct measurement of
the thermal fluxes, a suitable amplifier was installed to convert the mV
input voltage signals in V output voltage signals.

3. Methodology

The thermal resistance of the kth material was calculated by the ratio
between the average surface temperatures reached by the material
sample and the measured thermal flux:

=
−

R
T T

Φk
h av k c av k

th k

, , , ,

, (2)

Successively, starting from the knowledge of the sample thickness,
the thermal conductivity of the same material was determined as:

=λ d
Rk

k

k (3)

The thermal balance of the warm sub-chamber is reported in Fig. 2,

Table 1
Main characteristics of the employed thermo-cryostat and electric chiller in the
facility.

Temperature operative range −20 to +150 °C
Temperature stability ± 0.1 °C
Heating capacity 2000W
Max flow rate 1.5 liters per minute
Internal pump prevalence 0.3 bar

Temperature operative range −5 to +35 °C
Temperature stability ± 0.3 °C
Cooling capacity 500W
Max flow rate 3.5 liters per minute
Internal pump prevalence bar

Flanking heat losses (F)

Support frame heat losses (C)

Material sample heat flow (D)

Junction heat losses (E) 

Heat flow input (A)

Metering chamber heat losses (B)

Blocking sub-frame

Fig. 2. Thermal balance of the warm sub-chamber.

Table 2
Tested material with correspondent thickness and certified thermal con-
ductivity.

Id. Material Thicknesses [cm] Certified thermal
conductivity [Wm−1 K−1]

I Expanded Polystyrene 2 0.034
II Expanded Polystyrene

with Graphite
4 0.032

III Plasterboard (density of
600 kg/m3)

2 0.275

IV OSB panel 2.5 0.130

Fig. 3. Installation of the thermo-flux meter and of the surface RTDs on the sample.
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highlighting the main thermal powers involved in the hot side. In
particular, the term (A) is the metered thermal power supplied by the
thermo-cryostat, whereas (D) is the thermal power crossing the material
sample measured by the thermo-flux meter. The thermal losses are
mainly represented by (B) through the sub-chamber envelope and (C)
through the support frame. The role of the junction and flanking
thermal losses are reduced in relation to the particular connection
adopted to fix the material sample on the support frame and for the
larger insulation thickness of the latter.

However, the thermal balance of the whole sub-chamber can be
used to determine globally the magnitude of the thermal losses by a
simple thermal balance:

− = + + +A D B C E F (4)

All the terms of Eq. (4) vary with the tested material, with the air
temperature inside the two sub-chambers and with the surroundings air

temperature.

4. Results and discussion

In order to verify the reliability of thermal resistance measurements
determined with the designed facility, some tests on insulating and not
insulating materials typically used in the building sector, have been
carried out. The thermal resistance and the thermal conductivity were
determined in function of the measured thermo-fluxes and the obtained
values were compared with those certified by the manufactures. In
Table 2 are listed the materials employed in the tests, indicating the
correspondent thickness and the certified thermal conductivity.

The first test involved a layer of 2 cm thick expanded polystyrene (I)
having surface of 90× 40 cm made without HCFC and equipped with
embossed surfaces. For each of the employed thermo-flux meters (see
Fig. 3), four RTDs were mounted around the probe. The certified
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Fig. 4. Trend of the monitored thermal flux and of the average surface temperatures of the material sample (I).

0.0

3.0

6.0

9.0

12.0

15.0

12.0

16.0

20.0

24.0

28.0

32.0

36.0

40.0

200 400 600 800

Tair_outside T_Inlet_hotside
T_outlet_hotside TairAverage_Inside_hotside
Provided power

°C W

min 1000
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material (I).
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thermal conductivity was derived from tests carried out in accordance
with EN 12667 e EN 13164 [28,29]. In order to improve the adhesion,
the thermo-flux meters and RTDs were applied to the sample using a
conductive paste. During the test, a water temperature of 35 °C supplied
by the thermo-cryostat and a chilled water flow rate at temperature of
15 °C from the electric chiller, were set.

A temperature of 25 °C for the air surroundings the facility was
regulated qualitatively by means of an air-air heat pump, observing that
steady-state conditions were reached after about 600min when sample
surface temperatures stabilized. In Fig. 4, the thermal flux crossing the
sample and the average surface temperatures are shown, measuring a
maximum deviance in steady-state condition among the measured
surface temperatures of about 0.3 °C on both the hot and the cold sides.
By calculating the uncertainty by root-sum square approach [30],
considering as independent variables the measured thermal fluxes and
the average surface temperatures on the hot and cold side of the
sample, the following values were detected:

- 31.6 ± 0.1 °C the mean value of the sample hot side;
- 19.6 ± 0.1 °C the mean value of the cold sample side;
- a thermal flux of 20.84 ± 0.12Wm−2 crossing the sample.

A good correspondence with the certified thermal conductivity was
attained, determining a value of 0.034 ± 0.001Wm−1 K−1.

The heat flux oscillations are due mainly to the interventions of the
thermo-cryostat/chiller to maintain the inlet temperature set points. In
Fig. 5, regarding the warm sub-chamber, the trends of the supplied
thermal power, the mean internal air temperature, the temperature
outside the facility, the inlet and the outlet water temperatures, are
shown. Because of the thermal losses of the hydraulic circuit, the re-
gime inlet temperature is slightly lower than the value imposed in the
thermo-cryostat (35 °C), with an internal air temperature of about
33.7 °C in steady-state conditions. In the cold sub-chamber, the regime
air temperature was instead of 16.4 °C. Due to the prevalent radiant
exchange and the facility compactness, the internal air temperature did
not vary in significant way in vertical direction. In steady-state condi-
tion, the thermal power provided was 13.13 ± 0.06W, with mean
radiant temperatures in the two sub-chambers (excluding the sample
surfaces) of about 34.0 °C and 16.3 °C respectively. With reference to
Eq. (4), the warm-sub-chamber thermal losses amounted to 5.628W, by
highlighting that globally the dispersed heat flows assumed the same
order of magnitude of the other powers, despite the adopted technical
solutions and the reduced dimensions.

The second testes material was a layer of expanded polystyrene
90× 40 cm enhanced with graphite (II) and thick 4 cm, for which the
manufacturer declared a guaranteed thermal conductivity of
0.032Wm−1 K−1 (Fig. 6).

This time, other conditions were set imposing the external air
temperature to 20 °C, the water flow rate supplied by the electric chiller
to 5 °C, and the hot flow-rate to 35 °C. After 600min the steady-state
condition were reached (see Fig. 7), measuring:

- 31.4 ± 0.1 °C the mean value of the sample hot side;
- 9.7 ± 0.1 °C the mean value of the cold sample side;
- a thermal flux of 17.54 ± 0.11Wm−2;

Consequently, a thermal conductivity of 0.032 ± 0.0005Wm−1 K−1

was calculated, compliant with the certified value.
A greater supplied power was detected in relation to the larger

thermal losses through the support frame, measuring 14.89 ± 0.05W
in steady-state condition. Globally, the thermal losses calculated for the
warm sub-chamber amounted to 8.576W, with a growth indirectly
attributable to the lower temperature of the cold sub-chamber.

The third considered material was a layer of plasterboard thick 2 cm
(III) with surface 90× 40 cm, with a certified thermal conductivity of

Fig. 6. Material sample made by expanded polystyrene enhanced by graphite.
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Fig. 7. Trend of the monitored thermal flux and of the average surface temperatures of the material sample (II).
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0.275Wm−1 K−1. The set temperatures were respectively 30 °C for the
thermo-cryostat, 15 °C for the electric chiller and 20 °C for the sur-
roundings. In steady-state conditions, the following parameters were
measured (Fig. 8):

- 24.3 ± 0.1 °C the mean value of the sample hot side;
- 21.5 ± 0.1 °C the mean value of the cold sample side;
- a thermal flux of 38.84 ± 0.16W∙m-2;

therefore a correspondent thermal conductivity of about
0.285 ± 0.042Wm−1 K−1 was determined. The adoption of a more
conductive material highlighted a further limitation of the thermo-flux
meter method, represented by the thermal resistance of the same probe
[12]. Though the latter is reduced, it represented a measurement noise
that becomes influential when the material conductivity is elevated.
Moreover, the large uncertainty is connected to the high times required
for the attainment of the regime conditions and the surface

temperatures with wider deviations. A greater supplied thermal power
of 22.83W, due to the major heat flow crossing the sample was mea-
sured, with thermal losses of the warm sub-chamber equal to 8.848W.

Another test was carried out on an OSB panel thick 2.5 cm and
surface 90×40 cm, with a mean density of 650 kg/m3 and a certified
thermal conductivity equal to 0.130Wm−1 K−1 included between the
values of the other tested materials. Thermo-cryostat and chiller were
set to 30 °C and 15 °C respectively, whereas the surrounding was
maintained to 20 °C. In Fig. 9 the trends concerning the sample surface
temperatures and the involved thermal flux, are reported. The mon-
itored parameters in steady-state conditions amounted to:

- 25.1 ± 0.1 °C the mean value of the sample hot side;
- 19.8 ± 0.1 °C the mean value of the cold sample side;
- a thermal flux of 29.42 ± 0.16Wm−2;

therefore the correspondent thermal conductivity resulted equal to
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Fig. 8. Trend of the monitored thermal flux and of the average surface temperatures of the material sample (III).
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0.139 ± 0.006Wm−1 K−1.

5. Conclusion

A novel test facility for the measurement of the thermal properties
of materials employed in building sector, was introduced; the appa-
ratus, exploiting a thermo-cryostat and a small chiller, allows for the
establishment of a noticeable temperature difference between two sub-
chambers, in order to permit the thermal resistance calculation by
means of a thermo-flux meter. The latter, in fact, is a necessary con-
dition to attain reliable measurements. A support frame to host the
material sample on which the heat flux meter is mounted separates the
two sub-chamber. The control of the internal air temperature is carried
out by means of hydronic circuits supplying radiant panels. Moreover,
the designed facility was conceived transportable in order to permit
also the calculation of the global thermal resistance in existing walls, by
means of in-situ measurements, avoiding the employment of the sup-
port frame. An evaluation of the thermal losses affecting the facility can
be carried out with energy flowmeters located on the apparatus hot and
cold sides. Regarding the warm sub-chamber, in fact, the global thermal
losses can be determined as difference between the metered supplied
thermal power and that crossing the material sample measured with the
thermo-flux meter. Different tests carried out on different types of
material and with different internal and external air temperatures has
allowed to verify a good correspondence between the measured thermal
resistances and the certified ones, confirming the goodness of the fa-
cility operation whit the thermo-flux meters method. Regarding the
considered insulation materials, the determined thermal conductivities
have provided a range of values that included the certified one by the
manufactures. Indeed, the uniform temperatures reached on the sample
surfaces in relation to the prevalent radiant exchange and the reduced
times required to obtain steady-state conditions, have allowed for the
achievement of more precise results. Considering a more conductive
material, represented by a plasterboard layer thick 2 cm, major de-
viances were detected: a sample surface portion with uniform tem-
perature, despite the radiant exchange, resulted more difficult to de-
limit for the probes installation. Moreover, greater times for the
attainment of steady-conditions were required with correspondent
major fluctuation of the monitored parameters. In opposition to in-
sulating materials, the thermal resistance of the same thermo-flux meter
represented an influential noise interfering the measured thermal flux.
Analytically, these conditions have provided a thermal conductivity of
0.285 ± 0.042Wm−1 K−1 instead of the certified value equal to
0.275Wm−1 K−1. Another material with a thermal conductivity value
between the considered insulation layers and the plasterboard sample,
was considered: the calculated thermal conductivity was newly con-
cordant with the certified one obtaining 0.139 ± 0.006Wm−1 K−1

versus 0.130Wm−1 K−1. Despite the compactness of the appliance, the
presence of energy flowmeters on the hydronic systems highlighted that
the thermal losses had the same order of magnitude of the transferred
thermal powers, therefore the thermo-flux meter method for the de-
signed apparatus was considered more appropriate than a hot-box test
method.
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