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Abstract

One of the last scientific activities of Ermanno Grinzato was the research on radiant heating and
cooling systems. In addition to providing a novel view for thermal and thermographic testing of these
systems, he had foreseen the importance of using efficient and sustainable materials. Firstly, this work
introduces the issue of testing radiant heating and cooling systems and the arising interest in
geopolymers. Afterwards, the synergy between these two research fields is highlighted by the

realization and testing of a novel geopolymeric panel.

Keywords: infrared thermography; hydronic radiant heating and cooling systems; non-destructive
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1. Introduction

Ermanno Grinzato was a renowned scientist at the Institute of Technologies for Construction (ITC) of
the National Research Council of Italy (CNR). Ermanno was a remarkable physicist and an expert in
Thermography and Non-Destructive Testing (NDT), also in the field of existing buildings and structures
(Figure 1a). He was committed to science and technology, a true innovator who was always eager to
find new ways to approach problems and their solutions. Indeed, he had been a relentless source of
inspiration for his colleagues: he always used to propose new research topics with his favorite
catchphrase — “Ho un’ideuccia...” (which might be translated as “I have this little idea...”) — that fueled
long and passionate discussions with colleagues.

In the last years at CNR, he began to cooperate with companies in the field of hydronic radiant
heating/cooling, with the aim of optimizing the overall performance of emerging systems. Specifically,
the investigations involved the selection of innovative and efficient materials, the reduction of
thickness of the radiant elements, and the modularity of the hydronic piping system. One of the key
elements of those systems was the radiant core, usually a slab of self-levelling cement mortars, in the
case of floor systems, or panels of gypsum plasterboards, in the case of radiant ceilings.

In the pursue of novel materials for the radiant elements, Ermanno teamed up with the chemist Sergio
Tamburini, a colleague from the Institute of Condensed Matter Chemistry and Energy Technologies,
who was working on then emerging inorganic binders called geopolymers, a promising and sustainable
alternative to traditional cementitious binders for mortar and concrete production. The integration of
geopolymer-based materials into radiant systems produced the first mock-ups (Figure 1b) that proved
to be effective, thus opening the possibility for further investigations that, later, would have found

their venue in the Horizon 2020 InnoWEE project (1).
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Fig. 1a. Thermography for detecting defects in Fig. 1b. One of the first proof of concepts of
composite materials for strengthening of reinforced geopolymer-based hydronic radiant elements

concrete beams. Ermanno Grinzato in the front

InnoWEE — active in 2016-2020 — designed, developed, and demonstrated up to TRL6/7 three types of
prefabricated modular panels, two for exterior envelope applications, namely External Thermal
Insulation Composite System (ETICS)-like panels and ventilated facade cladding panels; and one for
ceiling heating and cooling (Figure 2), which was also proposed in an additional version modified for
vertical wall application (tested in laboratory only). Throughout this successful research,
thermography techniques were an asset, extensively used to appraise the performance of the panels

under development.

(a) (b)
Fig. 2. InnoWEE radiant panel from the pilot production (a), and installation of radiant ceiling on the demo
building in Padova, Italy (b)



2. The issue: Optimizing radiant panels. Study of materials, radiant panels
development, thermographic performance measurement.

2.1 Study of materials

Although not completely novel, geopolymers are emerging inorganic binder materials that combine
good characteristics of ceramics and cement-based materials (2,3), and provide versatile non-
flammable and heat-resistant matrices, e.g., for the construction sector and for industrial applications
(4). Geopolymers are produced from aluminosilicates, typically activated with alkali silicate solutions
and/or alkali hydroxide. Various aluminosilicates or calcium-alumino silicates can provide suitable
reagents, for instance calcined clay minerals such as metakaolin, and industrial wastes from high
temperature processes, typically ground blast furnace slag or type F fly ash.

Geopolymers are also considered green materials, since they can be produced from secondary raw
materials or recycled industrial waste, and they are deemed — as a binder — to have a carbon footprint
8-10 times lower than Ordinary Portland Cement (OPC) (5). Geopolymer grouts and mortars can be
obtained by charging the geopolymer binder with economical river sand, but also with sands derived
from Construction and Demolition Waste (CDW), used as either inert aggregates or partially reactive
pozzolanic materials (6). The embedment of recycled sands is a promising option for CDW, since
geopolymers showed a remarkable flexibility in their use (7), conversely than OPC based mortars and
concretes, where CDW might hinder the emplacement properties, the hydration process and the
mechanical performance (8).

Thanks to their sustainable features and their versatility, research involving geopolymers has gained
a strong momentum in the last years. Noteworthy, Figure 3 indicates that the intuition of exploring
geopolymer applications was quite forward-looking back in 2010, when the collaboration on radiant

panels between ITC and ICMATE begun.
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Fig. 3. Relative number of documents by year referring to geopolymers with respect to the overall indexed

documents. Source: scopus.com.

2.2 Radiant heating and cooling systems

Radiant heating and cooling systems have been present inside buildings for thousands of years from
ancient China and Korea (9) through the Ancient Roman age to the rebirth in the 20" century in Europe
and North America. The continuous improvement of construction materials during the last decades
contributed to their large spreading across several countries in the world (10), both in residential and
commercial buildings.

Radiant systems are divided into two categories with respect to their thermal source: electrical or
water based. In electrical systems, a resistance is embedded in the building structure and it provides
heat to the ambient by Joule effect (11). In water-based system, hot or cold water is circulating
through a piping layout integrated into the building elements (floor, wall or ceiling) (12). In both cases
the thickness of the embedding layer acts as an accumulator and strongly influences the time
responsiveness of the system (13,14). In heating mode, the water temperature inside the piping is
higher than the ambient temperature and the temperature difference between the water and the
ambient is usually lower than 15°C. Similarly, if the water temperature is lower than the ambient
temperature, the system is working in cooling mode. Great care should be taken in this operational
mode to avoid condensation risks on the surface of the panels. Condensation risk is usually driven by
the indoor air conditions, such as an excess of humid air infiltrating from outside or an internal gain

given by the occupants in the room. While the main solution is coupling the radiant system with an air



dehumidifying unit, it should be noted that a correct design and manufacturing of radiant panels leads
to the most homogenous temperature distribution, contributing to decrease the condensation risk.
The most common applications of radiant systems are floor heating and ceiling cooling, taking
advantage of the higher heat exchange coefficients (15), and the choice among them is mainly due to
economical or technical limitations. The main advantages of radiant systems with respect to other
water-based plant terminals, such as radiators and fan coils, are a lower fluid temperature in heating
mode, a more uniform heat distribution inside the internal environment and the reduction of draught
potential (12). When compared to full air-conditioning devices, radiant systems are characterized by
the absence of aerodynamic noise, a limited draught risk, and in many cases lower costs.
Consequently, efficient radiant heating systems are promising environmental control technologies for
energy saving and for improving occupant thermal comfort. These systems are capable to realize a
comfortable indoor environment both in summer and in winter in different climatic contexts, with low
functioning costs, and there is suggestive evidence that radiant systems could provide a better
comfort than all-air ones (16,17).

In every kind of hydronic radiant system, such as floor or ceiling, the essential elements are the piping,
the layer where the piping is embedded, and the backward insulation. The piping layout for traditional
floor systems is usually designed to cover the whole floor with a continuous tube. Modular piping
geometries, such as counter flow spirals, are more common in ceiling mounting but could be applied

also to floor design (Figure 4).
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Fig. 4. Typical piping layout of radiant systems: Serpentine, Double Serpentine, Spiral, Double Spiral. The
uniformity of the surface temperature distribution is related to the choice of the layout.



The piping layout has an influence on the uniformity of the surface temperature of the radiant system.
The work of Ermanno Grinzato with radiant system was related to the project entitled Slim Radiant
Floor for Energy Saving (SRFES project). The project was aimed to develop modular heat exchangers,
with spiral geometry, embedded in a low thickness screed. The modular elements could also be
applied to ceilings.

Different standards for the design and testing of radiant systems were available, such as EN 1264 (15)
or EN 14240 (18), with specific testing procedures for heating and cooling. Ermanno Grinzato
contributed to the design and realization of a climatic chamber for radiant system testing. In this setup,
the tested elements are placed in a controlled environment (a jacket type test room). A standard
technique for measuring the thermal performance of heating and cooling elements in steady state

conditions is the enthalpy balance, as in Equation 1:

P=mc (Ti-To). (1)

Depending on the standard, the environment temperature could be regulated through the active walls
of the testing room or by using thermal loads inside the room, such as the thermal dummies prescribed
by EN 14240 (18). The enthalpy balance approach leads to a global measurement, meaning that the
measured value is the sum of the thermal power that is delivered to the ambient and of the backward
losses. However, the procedures defined for conventional solutions should be modified and adapted
for innovative systems having modular geometry or atypical layouts. Different authors have suggested
testing procedures combined with mathematical simulations (19-21), also focusing on small scale
samples (22). Further contributions of Ermanno Grinzato were the application of infrared
thermography to the thermal testing of the radiant systems and the idea of performing measurements

in transient conditions.

2.3 Thermographic testing of radiant systems — Thermal performance in steady state conditions

To distinguish the thermal power delivered to the ambient from the backward losses, it is possible to

apply other measurement techniques such as heat flux metering or infrared thermography. In the first



case a thin heat flux meter is applied on the front or on the back of the module, respectively if the
goal is to measure the heat flux delivered to the ambient or the backward losses. A comparison

between the heat flux and the enthalpy balance is possible using the following Equation 2:

Q =P/A. 2)
The measured value is strongly affected by the size and the positioning of the flux meter, especially
when it is placed on the front side. Usually, the heat flux meters are quite smaller than the radiant
surface. Therefore, it is very difficult to find a positioning area that could represent the average value
of the front surface, even if infrared thermography is used to find the optimal location. Otherwise, the
sensor placement on the backward is way easier, as the heat flux distribution is homogeneous due to
the presence of the insulating layer. In both cases, great care must be taken also during the installation
phase in order to create the best contact between the instrument and the surface.

A heat flux measurement could also be obtained using infrared thermography. Infrared cameras are
able, after proper calibration and the knowledge of a few ambient parameters, to measure the
absolute temperature of a surface. Nevertheless, the best accuracy is obtained with differential
measurement. For this reason, a special reference target should be placed in the field of view of the
camera, allowing the evaluation of the difference between surface and air temperature (23). Another
improvement is the correction for perspective and geometrical distortion as the heat flux is, by
definition, related to an area measurement. If the thermal camera is geometrically calibrated and the
thermal images are corrected in the post-processing phase, it is possible to obtain a centimetric spatial
resolution. After that, it is possible to calculate the heat flux delivered to the ambient using Equation

3:

Qu =h (Tsur-Ta). (€)

The heat transfer coefficient value is related to the installation (floor or ceiling) and to the working

conditions (heating or cooling) as shown in the literature (24-26). In this work the reference values



contained in (15) were selected for the calculations. Compared to more traditional heat flux
measurements, a clear advantage is offered by the thermographic technique that allows analyzing the
entire surface.

An example of the measurement obtained during the SRFES project is given in Figure 5, which shows
temperature and heat flux distribution of a floor panel during a heating test. The possibility to draw a
temperature profile on a straight line (vertical black line in Figure 5) is also useful for quality control,
as described in the next section. All the thermal images in this work have been acquired with the same

thermal camera (Flir SC 660, Spectral range 7.5 um — 13 um, 640x480 pixel).
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Fig. 5. Surface temperature (a) and corresponding heat flux (b) of a radiant panel during a heating test.

Drawing a profile on a straight line (a) allows to plot (c) and analyze the temperature and its correspondence



with the piping layout for quality control. The arrow on the straight line points towards the direction of the
temperature profile (c) from left to right.

In the following Table 1, a set of measurements is reported for radiant ceiling panels in cooling mode.
The room reference temperature was set equal to 26 °C and the relative humidity value was always
lower than 30%. The water inlet temperature ranged from 15 to 20 °C. For each measurement point,
the average and standard deviation value are obtained collecting data for one hour after reaching
steady state conditions. The results have been obtained for a fixed water flow of 1.5 I min'. The results

of numerical simulations are included as a reference for comparison.

Table 1. Thermal performance of a ceiling radiant cooling module was evaluated with three methods at different inlet
temperatures. The room reference temperature is equal to 26°C and the water flow rate is equal to 1.5 | min! for all the
tests. The net heat flux obtained subtracting the backward losses from the enthalpy balance is close to the thermographic

measurement. The values obtained through numerical simulations are listed as a reference for comparison.

Measured parameter Testl | Test2 | Test3 Test 4 Test 5 Test 6
Inlet temperature [°C] 15 16 16.8 18 19 20
Enthalpy balance [W m] 69.8 63.0 57.7 50.9 44.7 39.2
Standard deviation [%] 1.4 1.4 14 1.6 1.8 1.6
Heat flux meter backward losses 7.0 6.4 5.9 5.2 4.6 3.9
[Wm?]
Standard deviation [%] 1.6 1.6 13 15 1.9 1.8
Thermographic measurement 55.1 50.8 47.5 41.0 35.6 32.4
[wm?]
Standard deviation [%] 33 3.2 2.7 2.2 2.1 1.7
Enthalpy balance — Simulated 64.9 59.0 54.3 47.2 41.3 35.4
[Wm?]
Backward losses — Simulated 6.6 6 5.5 4.8 4.2 3.6
[Wm?]

In this test configuration, that includes the measured backward losses, it is possible to derive the net
heat flux delivered to the ambient from the enthalpy balance using only experimental data.
Considering the backward losses, the obtained value is very close to the thermographic measurement

and to the numerical simulations.



2.4 Thermographic testing of radiant systems — Thermal performance in transient conditions

A key issue for heating and cooling systems is the responsiveness of the heating system itself. The
responsiveness is mainly driven by the heating and cooling element, in this case the radiant panels.
Quantifying the responsiveness of the system, in addition to enabling a comparison between different
systems, allows to define the best control strategy in real-life applications, where thermal loads are
dynamic.

The testing procedure for steady state conditions can be adapted to perform an experiment in
transient conditions. At the first stage of the experiment the module is at the same reference
temperature of the room, in steady state conditions. Then a step heating is applied, increasing (or
decreasing, if the test is performed in cooling mode) the inlet water temperature of 10 K. The
temperature evolution on the surface of the module is recorded with a thermal camera until a steady
condition is reached. To compare different tests, the normalized temperature difference is introduced

as shown in Equation 4:

Td,norm = (Tx'Tb) / (Te-Tb). (4)
Typical transient curves are shown in Figure 6, which summarizes the results obtained on floor samples

with different screed thickness and materials.
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Fig. 6. Normalized temperature difference of a module with the same stratigraphy and three different screed materials.
The slope of the curve depends on the thermal properties of the material and on the thickness of the screed. The dotted
line highlights the time constant.



For low thickness modules, such as those tested, the temperature increase is fast, and the
temperature profiles rapidly reach the final condition. Analyzing these profiles, it is possible to

describe a first order linear system, allowing the estimation of the time constant of the system itself,

as in Equation 5:

Tanom = 1-exp(-t/7o). (5)
This quantitative value is a key parameter for the optimization of the control strategies.

2.5 Thermographic testing of radiant systems — Non-destructive evaluation

The surface temperature distribution of the panels could be used not only to determine the thermal
performance but also to gain information about the quality of the panel. Thermal anomalies could be
related to various kinds of defects, such as poor adhesion between the pipe and the finishing layer,
unevenness of the finishing layer thickness, inhomogeneity of the materials. The first approach

consists in obtaining a geometrically corrected image from a thermal test and analyzing it, as in the

following Figure 7.
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Fig. 7. Surface temperature distribution of a panel during a heating test. The panel shows some thermal anomalies,
highlighted by a different temperature distribution between the similar A and B regions and by the temperature profile
extracted on a straight line. The red arrow points to the thermal anomaly on the temperature profile and map.



In this image, two similar regions of the panel (A and B) have a notably different temperature
distribution, that could be attributed to a local variation of the material thickness over the piping.
Moreover, analyzing a temperature profile on a straight line, it is possible to notice local thermal
anomalies (highlighted by the red arrow). In this point, the temperature profile does not follow the
sinewave-like pattern corresponding to the piping layout, but has indeed some lower temperature
areas, that results in a lower thermal performance.

A quality check of the panel could also be performed aside from a thermal performance test. A classical
NDT setup with a step heating system is useful to detect adhesion or delamination defects that may
occur in the finishing layer. The setup consists of the aforementioned thermal camera and two lamps
(500 W each) connected to a control system. The lamps heat the sample under test for 60 seconds
and the thermal camera records both the heating and the cooling (120 seconds) phase at 1 frame per
second, obtaining a 180 frames thermal sequence. An example of this test is reported for a modular
panel. The cooling phase of the test has been analyzed with PCT (27) and FFT (28) algorithms
highlighting a critical region in the middle of the panel. Figure 8a and 8b are reported, from the set
obtained through PCT and FFT, as the best images available on the basis of contrast between sound
and defect area. A visual inspection showed that the piping system was not adhering to the finishing

layer in the region, as shown in Figure 8 c.



Fig. 8. PCT (a) and FFT (b) best images of a panel with adhesion defects tested with a thermal stimulation. The middle
region of the panel (highlighted with a white dotted rectangle) was visually checked (c) after the NDT test and revealed an
adhesion defect.

3. Connecting the dots: The radiant panels of the InnoWEE project
The issue of producing radiant panels with a good thermal performance using sustainable materials
was tackled by investigating the two single aspects separately. Connecting and investigating
altogether these themes was the seeding idea of geopolymer-based modular hydronic radiant panels,
that became one of the core products developed during InnoWEE. Indeed, the first successful step
consisted in the design of a green geopolymer mortar/grout with tailored workability and suitable
thermal efficiency, which embedded recycled aggregates and fillers from inorganic CDW. This novel
material —suitable to manufacture building components and design items — was optimized to produce
hydronic heating/cooling radiant panels for ceiling application. The optimization concerned the
properties of both the fresh state (e.g., viscosity, setting time) and of the hardened state (e.g.,

compressive and tensile strengths), to meet needs of medium-to-large scale industrial production.



This geopolymer mortar/grout was demonstrated to be recyclable at the end-of-life as aggregate in a
new production of the same material, thus increasing its sustainability and circular economy features
(7,29). The forward-looking seeding idea of enhancing radiant panels with the use of geopolymers
proved to be really innovative and started a work on the binders that was successfully carried out and,
finally, granted an international patent (30).

3.1 The novel InnoWEE Geopolymeric panel

The modular hydronic heating/cooling radiant panels developed during the InnoWEE project
(Figure 9) were manufactured thanks to the favorable characteristics of the geopolymer mortar/grout.
They were composed by a 6 to 8 mm thick geopolymer layer and by a backside high-density expanded
polystyrene insulation, with suitable channels to accommodate the piping. The hydronic system
consisted of 10 mm cross-linked polyethylene pipes with oxygen diffusion barrier, approximately
5.9 m long, completely embedded in the geopolymer to ensure an optimal contact, thus maximizing
the heat exchange surface with the heat transfer fluid. Panels were designed, in terms of size and
weight (600x600 mm? and about 20-22 kg m™2), to comply with common commercial false ceiling
installations. The piping system had a spiral design, suitable to ensure an optimal temperature profile
on the surface of the radiant panel, and presented a practical hydraulic connection between the

modular elements.
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Fig. 9. Schematics of the InnoWEE hydronic radiant panel (left), cross section-(center) and photo of the

backside connection of the piping system.



3.2 Geopolymeric panels - Thermal performance testing

Firstly, the geopolymeric panels have been tested in a simplified setup with three sample panels, to
have a first feedback of the production method. Then, a laboratory testing according to the EN 14240

standard was performed. 16 panels have been installed, as shown in the following Figure 10, inside

the climatic room.

Fig. 10. Installation phase of 16 radiant panels to be tested according to EN 14240 standard.

The panels have been tested at three different inlet temperatures, with a constant flowrate, obtaining

the results listed in Table 2.

Table 2. Thermal performance of a geopolymeric ceiling radiant panel tested in cooling mode (according to EN 14240

standard).
#1 #2 #3
Heating power [W] 247 316 392
Standard deviation [W] 16 22 19
-2
Specific power [W m ] 42.8 54.8 68.0
Inlet temperature [°C] 19.4 17.4 15.4
Outlet temperature [°C] 19.9 18.1 16.3
Ambient reference temperature [°C] 26.0 26.0 26.0

The results show that the geopolymeric system, thanks to the high thermal conductivity of the
finishing layer, has a better thermal performance than the most common commercial panels with

plasterboard finishing. Infrared thermography has been used not only to verify the temperature



distribution in steady state but also to quantify the responsiveness of the system. Figure 11 shows the
surface temperature evolution of the system during a transient test in cooling mode. The average
temperature of the surface, obtained from thermal images, is plotted against the fitting first-order

model, as like as the one described in Equation 5.
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Fig. 11. Surface temperature evolution on the panel during a transient test. The four thermal images are obtained 5 (a), 10
(b), 30 (c), 60 (d) minutes after the start of the test. The average temperature of the surface is plotted € against the fitting
first-order model.

The value of the time constant for this system is equal to 900 seconds, a quite low value that

guarantees a good responsiveness of the system.



After the laboratory testing, the panels have been installed in two different locations: the first one in
Italy, inside the demo case of the InnoWEE project, a small office building located in Padua; the second
one in Belgium, inside a residential house located in Putte. In the first demo case, in Italy, a set of 30

panels has been installed and tested inside a room of the building, as shown in the following Figure

12.

284°C

Fig. 12. Image of the panel installation and thermal image in cooling condition for the on-site testing performed in Italy.

The room was previously equipped with a fan-coil system and has been monitored for one year.
Another one-year monitoring has been performed also for the radiant system. After normalizing for
the outdoor climatic conditions, energy saving up to 15% have been measured with the radiant
system. Infrared thermography was used to periodically check the surface temperature of the panels,
without noticing any change during the testing period.

3.3 Geopolymeric panels — Quality control testing

The coupling between the piping and the covering material is a key feature for the thermal
performance. The temperature stress for radiant panels is usually moderate, as the temperature of
the working fluid is close to the temperature of the environment. However, some temperature swings
may occur, but these swings should not compromise the bonding between the piping and the material.
Currently, there are no standards or guidelines to assess the durability of water based radiant panels
as a whole. To verify the behavior of the panels with the novel geopolymeric material, a stress test

based on cycling temperature swings has been designed. The existing experimental setup was



extended with the introduction of an automated water switching procedure. Two circuits were
connected to the same feeding system, providing hot or cold water on a single circuit. A geopolymeric
panel was installed in the thermal chamber and fed with a variable inlet temperature, cyclically
alternating a pattern of hot and cold water (respectively 40 °C and 15.5 °C) while the ambient was

kept at a stable temperature.
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Fig. 13. The radiant panel under test is placed inside the testing chamber. The panel is fed with hot or cold water from
external reservoirs with an automated control based on a predefined timing schedule. The thermal camera records the

surface temperature of the panel during the test.

The thermal response on the surface of the panels was recorded continuously with a thermal camera.

The average surface temperature value for a 98-hours test is shown in the following Figure 13.
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Fig. 14. The water inlet to the panel under test is cycled between hot and cold. A full cycle lasts one hour. Each cycle is

repeated multiple times. The average temperature recorded by the thermal camera is plotted for a 98-hours cycle.

The camera was set to capture a thermal image every 3 minutes. The panels were tested in different
runs lasting up to 5 days, and the runs were repeated several times for a total of over 300 cycles. The
visual and thermal inspections, performed before, during, and after the tests, did not show any sign
of performance decrease of the radiant panel. This kind of stress test could be integrated inside the
production line, to have quality control on selected batches. Moreover, changing the experimental
parameters, such as flowrate or temperature, the setup could be used to test other materials in more

demanding conditions.

4. Conclusions
The study of radiant systems was one of the latest interests of Ermanno Grinzato. His legacy still lives
with us, and it is not only represented by the enthusiasm and passion for research that he used to
instill in his friends and colleagues, but also by the concrete ideas and applications that nourished

many topics, still developed after a decade from his departure.



During the period he dedicated to the research on radiant systems, the potential of infrared
thermography as a way to determine the quality and efficiency of radiant panels was still unexploited.
The focus not only on steady state conditions but also on dynamic ones and the quest for more
efficient and sustainable building material were anticipated through the experimental project that has
seen his contribution. In the following years, these themes were the key to several research projects,
including the InnoWEE geopolymer-based modular hydronic radiant panel, which was born from one
of his “ideucce”, thrived in the collaboration between ITC and ICMATE, fully blown in the H2020

InnoWEE project, and rewarded by an international patent.

5. Nomenclature

P Power delivered to the ambient [W]

m Water flow rate [Kg s]

Ti Water temperatures at the inlet of the module [K]
To Water temperatures at the outlet of the module [K]
c Water specific heat [J kgt K]

Q Heat flux delivered to the ambient [W m™]

Qn Net heat flux delivered to the ambient [W m™?]

A Area of the heating/cooling surface [m?]
h Heat transfer coefficient [W m2 K]
T, Air temperature [K]

Tsur Average temperature of the heating/cooling surface [K]

Tanorm Normalized temperature difference

Tx Average surface temperature measured at the time x [K]

Ty Average surface temperature measured at the beginning of the test [K]

Te Average surface temperature measured at the end of the test [K]



To

Time [s]

Time constant of the system [s]
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