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Abstract: The global need for healthy and safe open spaces faces continuous temperature rise due to
the heat island phenomenon and climate change. This problem requires new strategies for improving
the habitability of open spaces (indoor and outdoor conditions in buildings). These techniques
include reducing solar radiation, reducing the temperature of surrounding surfaces, and reducing
the air temperature. The radiant solutions are essential for outdoor comfort, both in summer and in
winter. They are easy to integrate into open spaces. This study explores a new concept of radiant
solutions adapted for outdoor spaces. The solution was evaluated in a test cell to obtain its thermal
behaviour in different operation conditions. Solutions were optimised for operating in a cooling
regimen since it has been identified that the demands for comfort in open spaces in hot climates
during the most severe summer months are more pronounced. Experimental results have allowed
getting an inverse model to analyse the thermal behaviour of the solution. The inverse model
achieved high precision in its estimations. Also, it facilitated knowing the radiant and convective
effects. Only the radiant heat flux is relevant in open spaces with a low level of air confinement.
Finally, the discussion describes the application of the proposed model. The model allows the
replicability of the solution—creating new designs (integration) or evaluating into different operating
conditions of the system. This discussion demonstrates the high level of knowledge acquired in the
characterisation of the solution studied.

Keywords: thermal comfort; radiant system; open spaces; thermal adaptation

1. Introduction
1.1. Context

Street life is facing the challenge of the continued rise in temperatures due to the
heat island phenomenon combined with climate change. Extreme temperatures make it
impossible to use outdoor spaces and open urban buildings for long periods in summer,
as they become heat traps. Citizens need these open environments to be comfortable in
a sustainable way [1]. Both phenomena have consequences for health, economic devel-
opment, employment, and urban planning, among other aspects [2]. In many regions
of the Mediterranean climate, increasing temperatures and drought are already a reality.
Climate data show that, during the central hours of the day, thermal conditions are not
favourable for the use of open spaces unless actions are taken so that such situations are
smoothed. In this context, we must adapt to new solutions to improve the microclimate
and lifestyle in cities.

1.2. Main Considerations of Thermal Comfort in Open Spaces

Creating a comfortable thermal environment in urban open spaces requires a good
understanding of human thermal comfort outdoors. Höppe [3] proved in his work that

Appl. Sci. 2021, 11, 7998. https://doi.org/10.3390/app11177998 https://www.mdpi.com/journal/applsci

https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-0045-7935
https://orcid.org/0000-0001-8958-7247
https://orcid.org/0000-0002-0273-3414
https://doi.org/10.3390/app11177998
https://doi.org/10.3390/app11177998
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11177998
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app11177998?type=check_update&version=2


Appl. Sci. 2021, 11, 7998 2 of 25

indoor comfort indicators are not valid for outdoor use. He even discussed the need
for more detailed dynamic models than in the interior due to the spatial and temporal
variability of the excitations (air movement, solar radiation, or radiant exchanges with
neighbouring surfaces).

Numerous studies have been developed for analysing comfort/discomfort in open
spaces, outdoor spaces, or semi-outdoor spaces. From the point of view of urban thermal
comfort, the study of how an external environment may or may not generate thermal
comfort conditions necessarily requires understanding how the human body exchanges
energy with its immediate environment [4]. The energy exchange depends on a series of
factors and parameters, the former refers to the characteristics of the people, and the latter
are related to the microclimate of the urban environment where these people are located.
Pinto et al. [5] demonstrated the difficulty of evaluating comfort in open spaces and the
invalidity of conventional methods tested indoors. These authors proposed an alternative
method that has been validated with a sample of more than 500 people. On that line,
authors such as Sarhadi et al. [6] evaluated the importance of the direct and indirect effects
of environmental and climatic factors on the thermal comfort of people as the primary
users of these spaces. The study that they carried out determined that air temperature,
wind speed, thermal radiation, and relative humidity are the variables that have the most
significant impact on outdoor thermal comfort. Liu et al. [7] analysed the effects of the
microclimate parameters on the thermal sensation in different seasons of the year. The air
temperature was the factor with the most significant influence on thermal comfort, but air
temperature’s relative contribution to wind chill gradually decreased, changing the season
from spring to winter. However, for thermal radiation, the trend of the contribution to
wind chill was reversed. Likewise, Lai et al. [8] corroborated the four variables mentioned
above and determined that the variable with the most significant impact is the outside
temperature, followed by the incident thermal radiation.

Furthermore, they concluded that incident thermal radiation has a more significant
impact on outdoor thermal comfort than wind speed, which is a factor that does not occur
indoors. Wang et al. [9] analysed the influence of air velocity and temperature on comfort
and added the length of stay. The time dependence was an actual result that should
be taken into account in outdoor applications. Zhang et al. [10] studied the effects on
thermal comfort in a semi-open transition space. They analysed and determined that, when
walking, the disturbance due to wind speed significantly impacted the thermal sensation,
since the transfer of heat by convection on the skin’s surface was improved. However, they
highlighted the importance of controlling the radiant heat exchange in transition spaces to
achieve thermal comfort.

In conclusion, treatment indoors and outdoors is different. Achieving an acceptable
level of long-term comfort outdoors is more difficult in summer than in winter. In addition
to shading and reducing the entry of outside air, it is necessary to create cool surfaces
to reduce radiation heating. From the literature review, radiant heat is one of the most
representative heat fluxes in the energy balance in the skin or clothes. This argument is
one of the foundations of this work. Radiant solutions for interiors have been studied
without breaking down the radiant and convective effects. The radiant effect is desired
and sought after in the conditioning of outdoor spaces. The review about thermal comfort
in open spaces showed the most relevant key performance indicators for climatic comfort
in open spaces. They all showed that the required thermal treatment for climatic control
in open spaces depends on the final use of space. In open spaces, it is not intended to
achieve thermo-hygrometric conditions such that visitors can experience a feeling of well-
being comparable to that found in heated indoor areas [11]. Also, thermal radiation has
a role more significant than 40% when the duration of the stay is less than one hour [12].
Specifically, recent studies proved that surface cooling has a high impact on the comfort
of open spaces [13]. However, authors like Rocha et al. [14] designed a complete example
of an intervention in a semi-open space, which showed a possible but complex challenge.
Achieving this challenge requires improving existing solutions, for example, comfort
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models [5], simulation tools (BIMtoBEM) [14], and natural techniques, to avoid an excess
of energy consumption.

1.3. Bioclimatic Techniques

Climatic control of open spaces requires new strategies or techniques for improving
their habitability. These techniques contemplate reducing solar radiation, the temperature
of the surrounding surfaces, and the air temperature.

The effective blocking of solar radiation is the most effective measure, to such an extent
that there is practically no interest in implementing any technique without eliminating the
radiant exchange by a significant percentage. The immediate solution to blocking radiation
is the integration of vegetation. Vegetation effectively reduces thermal radiation in urban
open spaces. Many studies have quantified the reduction in mean radiant temperature
under trees. For example, Wang et al. [15] showed that the mean radiant temperature in a
grove was 7.4 K lower than in an open space, on average. Also, Yupeng et al. [16] showed
that a 10% increase in the coverage of urban vegetation could reduce the mean radiant
temperature by up to 8.3 K in general.

In addition to using vegetation, either trees or plant covers, another possible solu-
tion is artificial covertures, whose objective is to block solar radiation. Hassan Abdallah
et al. [17] evaluated different shading strategies that integrated, in addition to vegetation,
the installation of artificial covers to improve the thermal sensation in the open spaces of
the students of the Faculty of Engineering of the University of Egypt. The study results
showed that their integration caused a reduction in the average radiant temperature of 7 K.
The use of artificial covers also presents the need to study the materials used to reduce
the high absorption of solar radiation. In this line, Rossi et al. [18] investigated different
textile materials in terms of the sensation of external thermal comfort of pedestrians in
summer for their integration in solar awnings. The results showed how the integration
of low-emissivity infrared textiles in the lower layer of the ceilings achieved an average
daily reduction of PET (physiological equivalent temperature) of up to 2.5 K. Finally, the
studies of highly reflective materials and their integration in urban architecture to mitigate
the heat island and improve the habitability of spaces have been studied [19,20].

In addition to shading strategies, it is necessary to reduce the temperatures of the
surrounding surfaces, as previously commented. In this line, the vegetation also plays a
fundamental role. It is essential to block short-wave radiation (solar control solutions).
However, this type of solution absorbs part of this radiation and increases its surface
temperature. So, it is a significant challenge to develop solar control solutions with low
temperatures (under air temperature). This effect is not the same as talking about cold
material at temperatures higher than the surrounding air. That is why researchers speak
of vegetation as a proper surface treatment. Many authors have studied the influence
of vegetation on the decrease in surface temperature. For example, Bibanco et al. [21]
measured a vertical plant surface and obtained that its maximum temperature was 24 K
lower than a reference wall. In addition to vegetation, high reflectance surfaces also have
lower surface temperatures than a conventional surface treatment. The decrease in surface
temperature on high-albedo surfaces has been analysed in various studies. For example,
Dionysia et al. [22] investigated the application of cold materials on ceilings and pavements.
The study results showed that the surface temperature was reduced by 10 K compared to
the conventional situation.

Finally, and in general, the temperature reduction was achieved by driving cold air
into the space to be conditioned, where the air was cooled through environmental heat
sinks [23] and therefore had a higher temperature than cold air used in conventional
building conditioning. The use of a natural sink for air cooling is possible with known
techniques such as evaporative cooling [24] and innovative systems such as the “falling-film
system” [25].
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1.4. Active Surfaces (Cooling and Heating Ceiling Pannel)

Radiant exchange, as previously mentioned, is significant in terms of thermal comfort
in spaces (both indoors and outdoors) [26,27]. For this reason, many researchers have
studied radiant solutions as a conditioning system since they can be considered among the
technologies capable of meeting the requirements of sustainable heating and cooling [28].
Recently there has even been a boom of publications on experimental characterisation for
the correct operation of this type of solution inside buildings [29–31], none of them applied
in open spaces.

It is possible to find a high diversity of studies about radiant solutions in the existing
literature. For example, Shen et al. [32] studied a conventional system of tubes embedded
in a wall, through which cooled water circulated naturally, in this case through the use of
evaporative cooling. Radwan et al. [33] proposed a new multi-segmented ceiling radiant
panel. The study results showed that the new panel can achieve a high temperature
uniformity and a greater cooling capacity of approximately 51% more. Serageldin et al. [34]
also proposed a new radiant roof system with segmented concave surfaces. For the same
conditions, the proposed system reduces the average air temperature by 2 K. For all existing
radiant solutions, a characterisation is required that allows efficient control of the system
and operation, considering convective and radiant effects separately [28].

The review highlights that radiant solutions have been used and studied extensively
and integrated into the interiors of buildings [35]. However, there is no integrated or
proposed radiant solution for open-space conditioning.

1.5. Aims and Originality

The global need for open spaces that are healthy and safe faces the problem of continu-
ally rising temperatures due to the heat island phenomenon and climate change. Therefore,
it promotes the development of new solutions that improve the microclimate and life in
cities. As previously mentioned, the climatic control of an open space requires imple-
menting different strategies to improve its habitability. These techniques contemplate the
reduction of solar radiation, the surrounding surfaces’ temperatures, and air temperature.
In this line, radiant systems are interesting as they function by blocking solar radiation and
simultaneously generating cold surfaces.

The literature review has evidenced some apparent knowledge gaps when it is neces-
sary to know the thermal behaviour of a radiant solution in order for it to be adapted for
use in open spaces (for example, radiant vs. convective effects). These knowledge gaps can
be filled by characterising a new concept of radiant solution adapted for outdoor spaces
by an empirical model obtained through real measurements. The aim of this study was to
develop a replicable methodology that would allow the integration of this solution into
open spaces. This conceptual solution is made up of conventional elements integrated into
a design adapted to this type of space. In this study, the proposed conceptual solution
is described and experimentation has been carried out to evaluate its behaviour under
different design and operation conditions. Besides, as previously commented, thermal
characterisation is required to control the system and for operation after its integration.
Therefore, the developed model allows users to estimate the thermal behaviour of the
solution under any operating conditions and to know the radiant and convective effect.
Only the radiant effect is efficient in open spaces. This characterisation is carried out from
the results obtained in the solution experimentation campaign.

Importantly, this work emphasises the summer regime. Hence, the solution is opti-
mised for operation in cooling conditions. These will be the prevailing working conditions
(a more significant number of hours of operation). However, it has been characterised in
heating mode to increase the number of working hours.

The method followed in this work to characterise the solution can be summarised in
four steps to achieve the proposed objective. The first step is designing the radiant element
and assembling a coherent experimental prototype to analyse the solution’s performance. In
the second step, the solution is modelled as a heat exchanger embedded in a construction
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element. Steps 1 and 2 are faced in parallel, feeding steps 2 to 1 for the definition of
monitoring and the experimental plan. Once the different experiments are completed,
the solution is characterised in steps 3. In these steps, the parameters of the model are
identified and experimentally validated. Finally, step 4 synthesises and discusses the
knowledge acquired by several indicators that allow its evaluation, both in operation and
in the design phase.

2. Materials: System Description and Experimental Set-Up
2.1. System

The radiant solution of this study is a modular solution, which facilitates the coupling
of successive modules in parallel (Figure 1a). A module consists of machine-made me-
anders made from multilayer composite piping placed on a metal structure attached to
the ceiling. Figure 1 shows the dimensions of 1.6 m in length and 0.33 m in width of each
module of the tested solution (Figure 1a). The blue arrow indicates the fluid inlet to the
module, coming from the accumulation volume or another previously coupled module.
The section represented (Section A-A, shown in Figure 1b) indicates the number of steps
the tube has for a module, 10 steps, and the configuration adopted for the experiments
carried out. The linear length of a module is approximately 18 m with an outside diameter
of 16 mm and 2 mm thick.
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2.2. Experimental Facility

In order to be able to evaluate and characterise the solution experimentally, a test
facility was built that simulated outdoor summer conditions. In this way, it was possible to
have control over the excitations. The integration of the solution in a real pilot has been
developed in Section 4.

The experimental prototype carried out to test the radiant solution took place in a
test cell of 12 m2 (see Figure 2), located at the Eduardo Torroja Institute of Construction
Sciences in the city of Madrid, Spain. It had the following characteristics:

1. Test cell cover: The radiant solution covered 10.5 m2 of the total gross surface, where
the remaining 1.5 m2 corresponded to the space occupied by the impulsion and return
pipes. The space between the roof and the radiant solution was fully insulated by
12 cm thick extruded panels.

2. Walls of the test cell: The space walls were made of wood up to 1 m high and
glass up to 2.5 m high. All walls were insulated from the outside by 8 cm thick
extruded honeycombs.
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3. Test cell floor: the cement floor was entirely covered by 8 cm thick extruded
insulation panels.
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The proposed experimental prototype consisted mainly of the radiant solution, a heat
pump to cool or heat the water accumulated in the buffer tank, and a pump in charge of
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driving the water from the buffer tank to the radiant solution through a collector of supply
and return of the two available circuits. The inertia accumulator had a protective coating,
with a 160 mm thick synthetic wool thermal insulation and a capacity of 491 L. The heat
pump had a nominal heat output of 15.1 kW to heat the water in the tank to use the radiant
solution in heating mode and a nominal cooling capacity of 17.4 kW.

2.3. Overview of the Experimental Set-Up: Test Cell

To measure the performance of the radiant system, sensors for measuring air tem-
perature, surface temperature, and water temperature were placed at the points indicated
in Table 1. The thermocouples used were type T and were connected to a National In-
struments Compaq DAQ data acquisition system with an accuracy of 0.8 ◦C. All thermo-
couples used were calibrated using a thermocouple calibration furnace to guarantee the
measurements’ quality.

Table 1. Description of sensors.

Variable to Be Recorded Type of Sensors Measurement Points

Interior surface temperature
(see Figure 5—right) Type T thermocouples

10 (one for each face glass surface,
one for each wooden surface face,

the ceiling, and the floor)

Interior ambient temperature
(see Figure 5—left) Type T thermocouples 15 (5 for each height)

Water temperature
(see Figure 6) Type T thermocouples

22 (4 in the water tank, 1 inertial
tank outlet, 1 manifold inlet,

2 module inlets, 4 module inlets,
4 module outlets, 2 collector

returns, 1 collector outlet,
1 inertial tank inlet and 1 inertial
tank inlet and outlet–heat pump)

Figure 4 (left) shows the thermocouples corresponding to the air temperature of the
test cell. Each red circle represents a thermocouple, with a total of fifteen distributed in
the cell. This distribution allowed for monitoring and knowledge of the distribution of
temperatures inside. Likewise, Figure 4 (right) represents the thermocouples corresponding
to the surface temperature measurement. A total of ten sensors were distributed, as shown
in the figure (yellow circles). These were placed by the different surfaces of the test cell in
the central position of each face corresponding to walls (glass and wood), radiant solution,
and floor.

Finally, Figure 5 shows the distribution of thermocouples (circles in orange) to measure
water temperature. Also, four thermocouples were placed inside the tank at different levels
and the water flows were measured at the inlet and outlet. Finally, a flow meter (grey
diamond in Figure 5) was used to evaluate water energy variation.
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2.4. Test Programme

The radiant solution described has been tested in refrigeration mode under the follow-
ing conditions:

• Both the ambient temperature and the average radiant temperature were not con-
trolled. Only thermal excitation was carried out using a 4 kW fan coil and 1.2 kW
radiators to simulate internal gains (conditions similar to the summer season). The
temperature of the water in the tank was controlled. The heat pump cooled the water
in the tank to the lowest possible temperature to obtain large temperature gradients
between the average radiant temperature and the ambient temperature concerning
the average temperature of the water that circulated through the radiant solution.
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• The adjustable variable was the flow. Each mode described below was tested under a
range of flow rates between 2 l

min and 8 l
min . These values corresponded to the total

water flow.

The different modes of operation had in common the prior conditioning of the space
by preparing the test cell. For the tests carried out under cooling conditions, during the
night, the cell was conditioned by using a 4 kW fan coil and two radiators arranged in
the central area of each circuit (see Figure 6). This guaranteed a high interior temperature
in the early morning hours, thus obtaining the natural conditions of the cooling regime.
In turn, the water in the tank was cooled to the lowest possible temperature. Therefore,
it was possible to simulate the summer conditions within the test cell. It was necessary
to check that the water was below 19 ◦C and that the average radiant temperature and
ambient temperature were 6 ◦C higher than the water tank’s temperature. Once the test
cell and the water in the tank were prepared, the following operating modes were carried
out: mode 1—the fan coil was turned off, the oil radiators arranged in the central area of
each circuit remained on, and the pump heat performance was measured. Under these
conditions, the radiant solution started to work and was tested for an extended period (half
of the experimental test period). Once mode 1 ended, mode 2 started. The heat pump was
switched off to analyse the free evolution of the tank without external thermal support.
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Finally, unlike in cooling mode, the heat pump was used to heat the water in the
tank to a specific temperature in heating mode. Therefore, it was unnecessary to carry
out the conditioning of the previous space in this operating mode since it was possible to
guarantee a high-temperature gradient. In addition, the adjustable variable in this regime,
as in cooling mode, was the water flow.

3. Methods: Characterisation Model
3.1. Theoretical Basis

The theoretical basis of the radiant system described is based on an energy balance.
If the energy balance is carried out in an active roof system, wholly isolated from the top,
the variation in water energy refers to the thermal gains or losses due to convection and
radiation with the conditioned space (Qcv + Qrad).
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Therefore, the energy variation of the water that circulates through the radiant cover
is formulated according to Equation (1):

mw·ρw·Cpw·
dTw

dt
= Qcv + Qrad (1)

where mw is the flow of water that circulates through the radiant cover, ρw the density of
water, Cpw the specific heat of the water, dTw

dt is the difference in temperature between the
inlet and outlet of the water of the radiant system, Qcv is the convective heat flux between
the surface and the surrounding air, and Qrad is the radiant heat flux between the surface
and the rest of surface.

3.2. Model

The model developed is based on the theoretical foundations described in Section 4.1.
Its parameters have been obtained from experimentation with an experimental prototype
of the system described in Section 4.2. It was necessary to formulate a model to predict
the absorbed or dissipated heat flux (cooling mode or heating mode). The main challenge
was to characterise radiant heat flux. The total heat flux of the radiant system is shown
in Equation (2):

P = Pcv + Prad (2)
where P is the total absorbed or dissipated heat flux of the active roof system

(
W
m2

)
, Pcv

is the convective heat flux between the surface and the surrounding air, and Prad is the
radiant heat flux between the surface and the rest of surface.

The convective flux is modelled according to Equation (3).

Qcv

(
W
m2

)
= hcv·(LMTDcv) (3)

where LMTDcv (Equation (4)) corresponds to the logarithmic mean temperature and hcv is
the convective heat transfer.

LMTDcv(
◦C) =

∆Tin − ∆Tout

Ln
(

∆Tin
∆Tout

) (4)

where ∆Tin refers to the temperature difference between the leaving water temperature
and the ambient temperature and ∆Tout refers to the temperature difference between the
return water temperature and the ambient temperature. Therefore, the use of the LMTD
implies the assumption that the temperature variation between both fluids is proportional
to the temperature difference. This assumption has been validated by the data obtained
from the experimentation.

The convective heat coefficient is modelled based on the Morgan correlation for a long
horizontal cylinder [36] according to Equation (5).

hcvi = Ki·LMTDcv
ni (5)

The coefficients K and n are determined based on the data obtained from the experi-
mentation of the experimental prototype. These coefficients vary depending on the regime
(heating or cooling), so the value of i = 1 is assigned for the cooling mode and i = 2 for the
heating mode. This is so because the cooling mode cools the surrounding air favouring
its circulation (stratification), so a higher convective film coefficient is expected, while
in heating mode, this convective film coefficient is much lower since the heating of the
surrounding air does not generate air mass movement.

The absorbed or dissipated heat flux referred to the radiant thermal gains is linearised
and is modelled according to Equation (6). The hypothesis is that the representative
temperature difference is less than 100 K and, therefore, the error made when linearising
the flux by radiation [37].

Qrad = hrad·LMTDrad (6)
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where LMTDrad corresponds to the mean logarithmic radiant temperature and is defined
by Equation (7).

LMTDrad(
◦C) =

∆Tin − ∆Tout

Ln
(

∆Tin
∆Tout

) (7)

where ∆Tin refers to the temperature difference between the leaving water temperature
and the mean radiant temperature and ∆Tout refers to the temperature difference between
the return water temperature and the mean radiant temperature.

The average radiant temperature is deduced based on the temperature of each of the
cell surfaces by its corresponding form factor obtained using the EES software [38] and
determined by Equation (8).

Trad(
◦C) = ∑8

i=1 fi·STi + f f loor·ST f loor (8)

where STi is the surface temperature of each one of the walls (see Figure 7) and fi is
the corresponding view factor concerning the radiant cover. f f loor·ST f loor represents
the product of the form factor corresponding to the soil with the cover and the surface
temperature of the soil (See Figure 8).
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The radiant heat transfer coefficient is derived from the Stefan–Boltzmann equation
for the emissive heat flux for a real surface. The following equation is used because the
temperature difference between the water and the surrounding surfaces is less than 100 K,
so the linearisation of the radiant film coefficient can be applied (Equation (9)).

hrad = 4·ε·σ·
(

Trad + Tw

2

)3

(9)

where Tw (°C) is assumed as the representative temperature corresponding to the average
temperature of the water flow, Trad (°C) is the mean radiant temperature and refers to the
temperatures of the adjacent surfaces with the corresponding form factor to the radiant
system, σ =5.67 × 10−8 W

m2·k4 is the Stefan–Bolzmann constant, and ε is the emissivity,
which is determined based on experiments.

Finally, it is necessary to determine the return temperature of the water that circulates
through the radiant cover. The return water temperature is determined according to
Equation (10) [36].

Twater out = Teq −
(
Teq − Twater in

)
·e
− U·A.

m·cp (10)

where U
(

W
m2·◦C

)
is refers to the global transfer coefficient corresponding to the sum

of the convective film coefficient (Equation (5)) and the radiant transfer coefficient (see
Equation (9)), A

(
m2) is the projected area as a function of the number of modules that

the active cover has,
.

m
(

kg
s

)
refers to the mass flow, Twater in is the mean temperature of

discharge water, and Teq is the equivalent heat transfer temperature (Equation (11)).

Teq =
hrad·Trad + hcv·Ta

hrad + hcv
(11)

So, thermal identification of the model requires solving the value of K, n (see Equation (5))
and ε (see Equation (9)) using the experimental test in heating and cooling modes. The
following section shows details about experiments and the results of the identification.

4. Results
4.1. Analysis of a Typical Test

Continuous monitoring makes it possible to obtain the necessary data to determine
the variables needed to calculate the radiant system’s heat flux absorbed or dissipated.
Figure 7 shows experimental results of surface temperature “ST”. Likewise, the floor is
represented by “F” and the ceiling by “T” in Figure 7. These data belong to a test carried
out for a flow rate of 2 l

min and combined operation modes 1 and 2 described above.
Figure 7 shows the evolution of surface temperatures. Each period is linked to mode 1

(first period) and 2 (second period). During the first period, the water temperature did not
exceed 15 ◦C. Then, the temperature of the surfaces decreased rapidly due to the radiant
effect of the ceiling. When the heat pump was off (mode 2), the radiant system’s absorption
capacity diminished since the temperature difference reduced. These types of tests were
repeated with different operating conditions to characterise the solution.
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The hydraulic circuit that involves the radiant system was fully monitored, as specified
in the previous section. Figure 8 shows different thermographic images. Here, it is possible
to visualise the contrast of temperatures throughout the fluid through the modules and
even the surface temperature just above the radiant cover.

The images of Figure 8 correspond to the test the water flow of 8 l
min but at different

times. The first one (Figure 8A) corresponds to the system completely off (no water
circulates). The second one (Figure 8B) took place during the minutes after starting, in
which the average water temperature showed the temperature difference between the
water and the surroundings. The water temperature was around 19 ◦C and the surface
temperature and air temperature of the space were 28 ◦C–30 ◦C. The third image (Figure 8C)
shows the temperature after one hour.

Finally, Figure 9 shows an example of a combination of the operating modes for
8 l

min . Thanks to the surface temperatures and the different shape factors, it was possible
to determine the mean radiant temperature (see Equation (8)).
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Figure 9 is an example of the data treatment during the three periods. First, transition
time appears at the beginning, this was period 1 (see Figure 9). The duration of period 1
was around 30 min. Period 2 (mode 1 in Figure 9) began when the heat pump was on.
During period 1, it was possible to guarantee a constant temperature difference due to the
heat pump’s operation. Also, mode 2 is essential to ensure the free running when the water
is not controlled (heat pump is off).

4.2. Comparison of Flow Effect

The operating modes described above and the flow rate, which is the only regulation
variable of this system, are represented in Figure 10. This figure shows three experimental
cases belonging to the cooling mode, in which the operating modes were combined for the
same test with a given flow.

All the tests combined operating modes 1 and 2 for different proposed flow rates. The
main difference was the average water temperature. This difference refers to the thermal
jump between the driven and the return water. As the total discharge flow was reduced,
the temperature gradient between the discharge and the water return was higher than in
the other cases.
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4.3. Identification of Parameters and Validation

As previously mentioned, the model parameters have been obtained with the results
of the experimental prototype of the radiant roof system. The parameters to be determined
were the coefficients K and n (see Equation (5)) of the convective film coefficient in heating
and cooling mode. These parameters were determined by applying least squares to a
subsample of the results obtained.

Figure 11 shows the total heat flux, absorbed when the cover was in cooling mode (left)
and dissipated when in heating mode (right). In both cases, it was a function of the water
temperature difference for various flow rates tested. The total heat flux was measured for
different water flows and water temperature differences (see Figure 10).
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For both heating and cooling mode, as the flow through the radiant cover was reduced,
the thermal jump of the water between the inlet and the outlet was higher for the same
given total heat flux. As described in Equation (5), the total absorbed heat flux was broken
down into convective heat flux and radiant heat flux. The radiant heat flux varied as a
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function of the thermal jump between the average water temperature (TW) and the average
radiant temperature (Trad) of the cell in which the radiant ceiling is located. Figure 12 shows
the behaviour of radiant heat flux in both cooling (left) and heating (right) mode compared
to LMTDrad. Also, it is necessary to know the emissivity of the material used. Emissivity is
estimated by an identification procedure using a comparison between experimental data
and estimation from the model. Starting from the premise that construction materials have
an emissivity between 0.7 and 0.9. The emissivity obtained was 0.85.
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This linearity in the results obtained translated into a radiant transfer coefficient that
was practically constant for both the cooling and heating modes. It was observed that,
at the same temperature difference, the radiant heat flux obtained was higher in heating
mode than in cooling mode. It implies an average hrad of 4.6 W
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As shown in Figure 13, convective heat flux was higher in cooling than heating mode
for the same difference in water temperature. This occurred because the cooling mode
stimulated air movement (cold ceiling) due to a buoyancy effect. Also, the results of
Figure 13 allow for an estimation of the convective heat transfer (Equation (5)). Figure 14
shows the results of the convective heat transfer evolution.
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Figure 14. Obtaining model parameters. Naperian logarithm (convective heat flux) vs. Naperian
logarithm (LMTDcv).

It was possible to adjust the expression (see Equation (5)) using data from Figure 14.
Experimental data were divided into two groups: group 1 identified the coefficients (40% of
the experimental data) and group 2 validated the expressions (60% of the data). Coefficients
for Equation (5) were different for heating and cooling modes. Equation (12) shows the
result for cooling mode and Equation (13) for heating mode.

hcv1 = e1.8127·LMTDcv
0.4596 (12)

hcv2 = e0.83·LMTDcv
0.2975 (13)

The validation of the proposed model in cooling mode is given by executing the model
with the input data (air temperature, temperature of surrounding surfaces, water flow, and
water inlet temperature). There were two results that needed to be validated: total heat
flux and water outlet temperature. Figure 15 compares the estimated and measured values
of total heat flux (left) and water outlet temperature (right).

The results obtained with the proposed model in cooling mode presented an average
relative error of 2.9% concerning the measured heat flux, thus verifying the efficiency and
quality of the proposed model. Also, the water outlet temperature was a key result of the
model. Figure 16 (right side) shows the acceptable estimation of the model. The analysis of
the water outlet temperature presented an average relative error of less than 0.6%, which is
why an exhaustive knowledge of it is guaranteed with applying the proposed model. Also,
the results obtained in heating mode showed an average relative error lower than that of
cooling, of only 2.4% concerning the measured heat flux. At the same time, the estimation
of the water leaving temperature only showed a mean deviation of 0.5%.
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Figure 16 shows the convective heat flux (left) validation and heat transfer coefficient
(right, hcv1 since Equation (12)) in cooling mode. Figure 17 shows the same results for
heating mode. In this case, the convective heat transfer coefficient was the hcv2 value
from Equation (13).

Figures 16 and 17 allow for analysis of validation results of convective heat flux. On
the one hand, the average relative error of the convective heat flux was 1.4%. This result
verifies the efficiency and quality of the proposed model. On the other hand, the relative
error of convective heat transfer coefficient estimation was 1.7%. This is considered an
acceptable error.

Finally, it is important to highlight that the estimation in heating mode is more accurate
than cooling mode. It is due to the difficulty of measuring the local effects of air movement
by buoyancy. However, the results prove the validity and robustness of the model.
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5. Discussion and Applicability of Results

The European project of conditioning open spaces to recover life in the street
UIA03-301-CartujaQanat of Urban Innovative Action (UIA) has generated the need to
develop new techniques for conditioning open spaces in order to characterise them. One
of the techniques is the heating/cooling of surfaces without the consumption of water.
For that, the studied solution has been designed, tested, and characterised. Results of this
study have allowed for the integration of this solution in a new open space, the project’s
pilot. The second stage studies the integration of the solutions studied in an open space.
This space is a semi-buried open space of 750 m2 (see Figure 18).

The climatic control solution of this space will be used as natural technique to produce
cold and hot water for intensive use in the summer and winter. Nevertheless, summer
weather conditions are extreme in Seville (the hottest zone in Spain), so the space is sized to
achieve thermal comfort in cooling conditions. Likewise, the systems of the pilot, even the
solution, can operate in heating mode, but there will be few hours of the year in which its
operation is required. The treatment proposed the generation of thermal comfort conditions
and reduction of solar gains, the entry of outside air into the volume to be conditioned, and
the impulsion of air, but it is impossible to achieve this without controlling the temperature
of the surfaces [39]. In this aspect, the cover of the souk plays a fundamental role. The
ceiling is the dominant form factor of the occupant. As it is an open space, the air near the
surface will be air at an outside temperature far from the space to be conditioned. So, the
convective effect of this solution is not attractive.

For this reason, in the first stage of the project, it was decided to study alternatives
that allow for achieving a hot or cold surface according to the needs. As a result of this
work, a radiant solution adapted to the outdoors is proposed. The solution presented in
this work has been modelled, tested, and characterised by building a coherent prototype.
All this to achieve a high level of knowledge of the system, especially the radiant effect, to
carry out the design and evaluation of the integration of the solution on the roof of said
space in the second stage of the project. Currently, this project is in the execution phase. So,
the real impact of the solution will be measured on-site in the future.
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This space’s comfort needs (summer conditions) have been obtained following the
procedure described by Santamouris et al. [40]. These can be summarised as follows: block
the solar gains inside the space, achieve an air temperature lower than 29 ◦C, control
relative humidity between 30% and 70%, and, above all, maintain an average radiant
temperature lower than or equal to 28 ◦C. All this was calculated for conditions of 39 ◦C
outside temperature, global horizontal radiation of 950 W/m2, and a wind speed of 4 m/s.
Now, the view factor between the occupant and the space’s ceiling is greater than 50%. The
rest is practically the floor and the half-buried walls. (see Figure 18). In order to guarantee
an average radiant temperature of 28 ◦C, the cover must be at a temperature lower than
26 ◦C. To achieve this effect, the solution proposed in this paper should be used. In winter
conditions, the comfort requirements would force the roof to maintain a temperature above
30 ◦C. As has been commented, the design of the space is done based on a summer regime.
It is due to the extreme climatic conditions

The proposed model requires design and sizing of the active ceiling to incorporate
active modules of solution (length and diameter of tubes), a number of modules connected
in series (circuits), and sizing of the hot/cold water production system. Also, it is possible
to estimate thermal behaviour in any operational conditions. Then, this section shows the
optimal way for integrating the solution.

The applicability of the proposed model and the correlations obtained based on
experimentation allow replicating the tested technology under any conditions and knowing
the system’s performance under different operating conditions. For this, NTU’s efficiency
method is proposed as it is most used for the design and dimensioning of heat exchange
systems [41,42]. Efficiency is the indicator that shows the quality of the future designs
carried out, and the NTU parameter is linked to the dimensioning of the element.

Efficiency is defined as the quotient between the temperature difference in the fluid
that circulates through the active surface and the maximum possible temperature differ-
ence. This water temperature difference corresponds to the difference in the water flow
temperature and the equivalent room temperature (See Equation (14)).

ε =
Twater in − Twater out

Twater in − Teq
(14)

The number of transfer units (NTU) is defined in Equation (15):

NTU =
U·A
Cmin

(15)

where Twater in [◦C] is the inlet water temperature and Twater out [◦C] is the outlet water
temperature of the radiant element, Teq [◦C] is the equivalent convective radiant tem-
perature linked to the room (see Equation (11)), U [ W

m2·K ] is the heat transfer coefficient
(see Equation (10)), A [m2] is the active surface of the radiant element, and Cmin [ W

K ] is
the thermal capacity of water flow inside the tubes. The active surface relates to the
size of the element. Also, the U-value is linked with the thermal characteristic of water
flow (convection).

Furthermore, the efficiency can be approximated as a function of the NTU using the
expression proposed by Bergman [37] in Equation (16):

ε = 1 − e−NTU (16)

The procedure allows for assessment in different operating conditions and designs.
The following results demonstrate the influence of design parameters. For example,
Figures 19 and 20 analyse the effect of size. Figure 19 shows the variation in efficiency
as a function of the number of modules for a series of possible flow rates. The number
of modules is the same as the length of the radiant exchanger. In this case, one module
corresponds to a linear tube length of 18 m. These results were calculated for a mean air
temperature of 25 ◦C, mean radiant temperature of 24 ◦C, and inlet water temperature of
15 ◦C. The results obtained were as expected. If the water flow is the minimum (2 l

min ),
the maximum length per m2 of active surface is required to achieve the same efficiency as
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the other cases. This result allows deciding which is the most interesting solution: a low
operation cost (pumping cost) or a high initial cost (diameter of tubes). Figure 19 shows
the efficiency of 80% when the water flow is 2 l

min and the length of the radiant exchanger
is 108 m. This length is linked to the surface of the radiant ceiling.
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On the other hand, Figure 20 shows the variation in efficiency as a function of the
number of transfer units (NTU).

In the cases of Figure 20, NTU is the combination of active surface and water flow
effects. Then, a higher NTU implies a greater linear length of tubes through which a low
flow circulates.

In addition to the results before, ε− NTU procedure allows evaluating the results for a
known solution (108 m of the radiant exchanger and water flow of 2 l

min ). Figure 21 shows
a series of curves of the total absorbed heat flux as a function of the LMTDcv (convective
excitation), where each curve refers to a value of LMTDrad (radiant excitation).
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It is possible to pre-design radiant elements and auxiliary equipment using Figure 21.
For example, a certain LMTDRad is desired due to the evaluation of any comfort index.
However, it is necessary to calculate the total heat flux required to obtain this LMTD. So,
Figure 21 facilitates obtaining total heat flux absorbed (cooling) or dissipated (heating) for
the water flow in different air temperature conditions. Total heat flux relates to the outlet
water temperature and the hot/cold water production system.

6. Conclusions

Thermal comfort in open spaces requires implementing different strategies, such as
solar protection or cold/heated surfaces. However, it is not easy to get cold/heated surfaces
effectively. This study proposes a new concept of radiant solutions adapted for outdoor
spaces. It could be used in winter and summer conditions. This conceptual solution is
made up of conventional elements integrated into a design adapted to this type of space.
The proposed conceptual solution has been described, and its experimentation was carried
out to evaluate its behaviour under different design and operation conditions. Also, a
simplified model for decision-making issues was developed, which has been validated
using experimental results.

The experimental work carried out has allowed for development and evaluation of a
radiant solution integrated into open spaces to improve their habitability. Results showed
that the radiant effect accounts for 40% of the system’s energy consumption in summer and
60% in winter. Also, it has shown that it is possible to achieve a homogeneous temperature
(±2 ◦C) on the ceiling’s surface by employing the tube exchanger embedded in it.

On the other hand, the experimental facility has allowed thermal characterisation
by a simplified model. Validation results confirmed the high quality and precision of its
estimations. The developed model allows users to obtain the exchanged heat flow and the
return temperature of the water as a function of the environmental conditions surrounding
that active surface and the design and operation parameters of that solution. In this way,
it is possible to obtain the impact of a modification of the density of embedded tubes on
the active surface or a change of operation in the form of flow variation and/ or variation
of the water inlet temperature. Validation results tested the reliability and robustness of
its estimation. The results obtained with the proposed model in cooling mode presented
an average relative error of 2.9% in regards to the measured heat flux, and the estimation
of water outlet presented an average relative error of less than 0.6%, which is why an
exhaustive knowledge of it is guaranteed when applying the proposed model. Furthermore,
the results obtained in heating mode showed an average relative error lower than that of



Appl. Sci. 2021, 11, 7998 23 of 25

cooling, of only 2.4% in regards to the measured heat flux. At the same time, the estimation
of the water leaving temperature only showed a mean deviation of 0.5%.

Finally, the proposed model allows for the design of the active ceiling through sizing
of the surface and definition of the water distribution inside the ceiling. The possibilities of
the model have been demonstrated in the developed application. The solution has been
integrated into a real space with more than 750 m2 of active ceilings in an open space.
Design parameters of the active surface have been selected to achieve the best performance
with minimum consumption.

It is necessary to control the radiant temperature of solar protection in open spaces
when the aim is climatic control. The experimental results have tested the proposed
system’s efficiency and have provided knowledge of the convective and radiant effects in
detail. In addition, the proposed model provides the thermal response of the solution to
variations in its design or operating conditions. So, different examples have been described
in the discussion section. Furthermore, this application included the usefulness of the
model for decision-making in design phases or even in optimal management of such
solutions. Finally, it is possible to design the integration of the radiant system into a new
space using the model developed.
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Abbreviations

Variable Description Units
mw Water flow m3

s
ρw Water density kg

m3

Cpw Specific heat of water J
kg·◦C

Qcv Convective heat flux W
Qrad Radiant heat flux W
P Total density heat flux W

m2

Pcv Convective density heat flux W
m2

Prad Radiant density heat flux W
m2

hcv Convective heat transfer coefficient W
m2·◦C

hrad Radiant heat transfer coefficient W
m2·◦C

LMTDcv Log mean temperature difference (convective) ◦C
LMTDrad Log mean temperature difference (radiant) ◦C
Trad Radiant mean temperature ◦C
ST Surface temperature ◦C
f View factor -
ε Emissivity -
σ Stefan–Boltzmann constant W

m2·K4

Tw Mean water temperature inside the circuit ◦C
Teq Equivalent convective radiant temperature ◦C
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Ta Mean air temperature ◦C
Twater in Inlet water temperature ◦C
Twater out Outlet water temperature ◦C
U Global heat transfer coefficient W

m2·◦C
A Active surface m2

.
m

(
kg
s

)
Operation water flow kg

s

NTU Number of transfer units -
ε Efficiency -
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