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Abstract: This paper addresses the modeling of convective and radiative heat transfer to achieve
an acceptable level of indoor temperature. The results presented were obtained in a pilot project
in which an energy-efficient house was built on a site located west of Algiers. The main objective
was to perform a numerical simulation to investigate how the temperature of the heat-transfer
fluid circulating in the floor heating system affected the temperature of the indoor air and also how
surface radiosity affected the temperature profile of the indoor air. The study employed the finite
element method integrated into the Comsol Multiphysics software. The model was validated using
experimental data reported in the literature for the pilothouse at the same meteorological conditions.
An error of about 2.32% was apparent between the experimental and theoretical results. Results
showed that the increase of the heating transfer fluid temperature from 30 to 50 °C produced the
same temperature of about 15.1 °C taken at a 50 cm height inside the room. The air temperature
remained stable, with an insignificant variation after 72 h of heating. Surface radiosity increased
as a function of time and reached an almost constant value of 380 W-m~2 after 72 h because of the
stability of the air temperature by convection.

Keywords: underfloor heating; surface radiosity; thermal comfort; bioclimatic habitat; solar energy;
energy efficiency; Comsol Multiphysics

1. Introduction

Extensive studies have been carried out to reduce energy consumption in heating and
cooling systems. This reduction can be obtained through ventilation, heat sinks, insulation
improvement, the use of solar panels, and the use of energy-efficient appliances.

Energy efficiency and the integration of renewable energy to reduce energy con-
sumption in buildings have produced a new generation of buildings called zero energy
balance (ZEB). Ferrante and Cascella [1] reported that high-performing and zero-energy-
balance buildings cannot be achieved by technology alone but are possible using integrated
designs that combine passive tools, such as high-thermal mass brick-wall structures, high-
reflective materials, solar shading devices, and ventilation strategies, with solar and wind
energy microgeneration.

Investigations reported in the literature showed that zero energy balance and zero
local CO; emission residences are highly feasible if built in areas benefiting from the
Mediterranean climate [1]. They can be achieved by applying energy-efficient solutions
that, at the same time, use local materials and traditional construction processes. The result
is high-quality performance buildings, located within recognizably urban environments.

Renewable energy is widely used to provide comfortable and healthy environments.
Experimental investigations are useful for standardized methodologies [2,3]. Floor radi-
ation, in particular, is used for heating and cooling applications. In recent years, several
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researchers have investigated radiant floor heating/cooling systems. These studies have
demonstrated that a lower temperature of the floor surface is sufficient to ensure thermal
comfort and that the temperature limit would be the dew point in the area in question.
Spaces such as atriums and lobbies often have glass facades; thus, a huge amount of
sunlight is directed at the floor [4]. Zhai et al. [2] investigated the green building at the
Shanghai Science Research Institute, in which 150 m? of tubular evacuated solar collectors
had been installed to generate heat for the floor heating system. The authors reported that
the ratio of greenhouse gas emissions from the heating area was about 1/3 in cold weather.
Temperature control feedback was then used to measure the internal load changes. The
effectiveness of the proposed system, in which the indoor thermal environment was set
and controlled at acceptable conditions for comfort, was demonstrated by a laboratory test
and Transient Systems Simulation Program (TRNSYS) simulation [5,6].

Applying a radiant floor cooling system would help prevent condensation from
occurring on the floor surface in hot and humid weather. It is necessary to assess whether
a floor influences the thermal comfort of the occupants. Lim et al. [7] reported that the
effect of condensation on the floor surface depends on the control or the composed control
system used in the absence of a drying system. This may affect the cost of construction
in the area subject to environmental assessment. In order to choose the appropriate floor
surface temperature range and material, several investigations were carried out focusing
on human body physiological responses, including the instance of the buttocks in contact
with the flooring materials used in the ONDOL floor heating system [8].

Other researchers have investigated the radiant floor heat transfer process using
analytical solutions. Yu et al. [9] presented an analytical solution using a hydronic radiant
modification to enhance the thermal performance of thermally activated building systems
(TABS), and it is highly recommended. Monte [10] studied the transient response of one-
dimensional multilayered composite conducting slabs to a sudden temperature variation
in the surrounding fluid. The author applied the method of variable separation using the
partial differential equation of heat conduction to describe the thermal field of layers and
set the heat exchange between the composite slab and the surrounding fluid.

Lu and Tervola [11] proposed a new analytical approach of heat conduction in a
composite slab subject to periodic temperature changes. Explicit solutions provided in-
sights into the interaction between amplitude decay, time shifts, and signal amplitude.
Beck et al. [12] carried out a research study that focused on solutions for the partial heating
of rectangular solids using the time partitioning method, and it provided verification and
precision features that were more than satisfactory.

Tests were carried out to establish the impact of direct solar radiation and the change
in the air that was brought about by the fan and rug. The cooling capacity of the test
was then assessed. The findings showed that the floor cooling potential is at direct solar
radiation between 32 and 110 W-m~2. The maximum surface temperature was 26 °C on the
part of the floor that was not exposed to solar radiation. The analysis was limited because
the amount of solar radiation that affected the floor was low in that season of the year [13].

To achieve more practical findings valid for an underfloor heating system for winter
conditions, Acikgoz et al. [14] employed the sidewalls of an experimental chamber. As a
matter of fact, radiant floor cooling systems remove heat from the system via convection
and long or shortwave radiations. In doing so, these systems control the environment.
Shortwave radiation heat transfer is brought about by direct sunlight-based radiation,
whereas longwave radiation heat transfer is brought about by inside heat sources in
buildings, particularly walls. Even though the impact of direct solar radiation on radiant
floor cooling loads has been studied mathematically and experimentally, the impact of
internal wall surface temperatures on cooling loads in different wall configurations has
not been thoroughly covered [15]. Zhao et al. [16] reported that the interior wall surface
temperatures of various nontransparent constructions would surpass 28-35 °C because
of the solar radiation on the walls. This demonstrates how radiant floor cooling loads are
affected by the impact of wall surface temperatures.
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Laouadi [17] developed a two-dimensional model for radiant system prediction to pre-
cisely estimate the circuit tubing—concrete contact surface temperature needed to compute
the thermal capacity and the ceiling/floor temperatures for moisture condensation, thermal
comfort, and controls. Weber and Johannesson [18] used a simplified star network and a
triangular network to describe heat transfer in thermally activated building constructions.
Heat transfer within the radiant medium was solved using one-dimensional numerical
modeling already integrated into the energy simulation Comsol Multiphysics® software,
and a two-dimensional analytical solution was developed and integrated into the software.

Other numerical and experimental investigations were focused on analyzing the
characteristics of the floor temperature gradient. Holopainen et al. [19] simulated floor
heating simulation using an uneven nodal network with the finite-difference heat balance
method. The authors showed the benefits of placing the densest grids on the steepest
curves of the temperature gradient.

As far as energy consumption is concerned, thermal comfort can be obtained through
radiant cooling systems rather than the traditional AC system. Top-hung windows are
widely used in metropolitan structures in Australia and Indonesia. In Australia, it has been
recorded that a small top-hung window can be valuable for accomplishing warm solace by
diminishing the effect of outside air [20].

Sattari and Farhanieh [21] carried out a sensitivity analysis to clarify the influence
of the design parameters on a floor heating system. For this purpose, a finite element
model was built for a typical room equipped with the aforementioned heating system.
Transient conduction, convection, and radiation mechanisms of heat transfer were taken
into account in the analysis. It was observed that the design parameters had different
effects on the performance of the radiant heating system. It is worth noting that the
floor cover composition and thickness were the most significant parameters affecting the
heating system.

Zhai et al. [2] reported that the floor surface temperature is the parameter that most
affects the heating/cooling capacity of radiant systems in a subtropical humid climate
in Shanghai. In addition, considering comfort and air condensation, the floor surface
temperature of a radiant floor system should be kept within certain temperature ranges
during heating or cooling. The floor surface temperature should not be lower than 19 °C in
summer, while it should not exceed 29 °C in the winter season. Therefore, floor surface
temperature is the most important parameter in the design and energy assessment of
radiant floor systems.

Radiant heating systems provide a thermal atmosphere that is more beneficial than
convective heating systems. There are several research speculations that have recognized
the significance of producing better thermal comfort [22]. According to Li [23], ventilation
by layers improved the quality of indoor air, thermal productivity, and thermal comfort.
More importantly, Lin et al. [24] found no significant distinction in the general thermal
sensation between convective and radiant heating systems, regardless of the fact that the
air flow was higher in the space warmed by the convective heating system. Hu et al. [25]
examined the temperature dispersion of a floor heating (FH) system, a radiator, and a
fan coil unit operating continuously. The results revealed that even though the thermal
environment of the FH system was the most satisfying, still, no significant variation in
thermal comfort was observed between the different terminals.

A pilot project by the name of “Mediterranean Energy Efficiency in the Construction
Sector (Med-Enec)” was carried out by a consortium formed by the National Center for
Integrated Building Studies and Research (EPST/CNERIB) and the Renewable Energy
Development Centre (EPST/CDER) of Algeria. This project was carried out within the
framework of the energy efficiency application in industrial construction and energy saving
in buildings [26]. Imessad et al. [27] conducted a study on a pilothouse, built for the Med-
Enec project, to evaluate the impact of thermal masses of eave and night ventilation to
cover the energy demand for cooling. The authors concluded that the energy demand for
cooling was more affected by thermal transmittance values than by the envelope thermal
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mass. A guideline was proposed and recommended for the optimum overhang length
for south-facing windows. It was found that the combination of both natural ventilation
and horizontal shading devices improved thermal comfort for occupants and significantly
reduced the energy demand for cooling.

This paper investigates the influence that surface radiosity in underfloor heating
systems exerts on thermal comfort in buildings. An analysis is made of the individual and
combined effects on thermal comfort of surface radiosity and the natural convection of
air flow inside the rooms. The behavior of surface radiosity in buildings is analyzed as a
function of time. Therefore, a theoretical study of a floor heating system in a pilothouse
was carried out and validated with experimental data from a pilot project reported by
Benouali et al. [28] and Derradji et al. [29].

2. Description of the Pilothouse

The subject of this research, presented in Figure 1, is a rural prototype house, located
west of Algiers in Souidania. The geographical coordinates are 36°707 latitude, 2°914’
longitude, and 137 m altitude. The surface and volume of the pilothouse are about 80 m?
and 240 m?, respectively. The house was designed, taking into account certain bioclimatic
architecture principles, discussed in Sections 2.1-2.6 and was considered to be highly
efficient [28]. Figure 2 below shows a picture of the built-up pilothouse.
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Figure 1. Architectural plan of the pilothouse.
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Figure 2. Orientation of the pilothouse.

2.1. Construction Materials

The house walls were constructed using stabilized earth concrete (BTS). BTS brick
is an ecological building material with excellent moisture control, a long lifetime, good
insulation characteristics, excellent acoustic qualities, and an interesting thermal storage
capacity. To increase the useful life of the BTS bricks, a stabilizer (cement) was added with
a quantity volume ranging from 3% to 6%. This is an environmentally sensible alternative
to conventional materials.

2.2. Insulation

The BTS wall density is about 1700 kg-m~3. The heat transfer coefficient (K,;) is
3.6 W-m~2.K~! when the wall thickness is 14 cm and 2.54 W-m2.K~! in the case of
29 cm [30]. In the case of the present study, additional insulation was required in the walls.
This was carried out as follows:

e In the external walls, an intermediate layer of 9 cm expanded polystyrene was used,
and a 1 mm thick layer of polyethylene film was added as a vapor barrier.

o  The ceiling was well insulated with 16 cm of expanded polystyrene, and a 1 mm layer
of polyethylene film was added for protection against moisture diffusion.
The floor was insulated with 6 cm of extruded polystyrene (XPS).
The characteristics of the material used in each wall of the pilothouse are collected in
Table 1.

Table 1. Constitution and thermal properties of the different walls in the pilothouse [31].

Composition Thickness (m) A W-m-1.K-1) Koy W-m—2.K-1)
SEB (BTS) EPS 0.14 1.3
External wall XPS 0.09 0.04 0.36
SEB 0.29 1.3
Concrete 0.05 1.75
XPS 0.06 0.04
Floor Concrete 0.15 1.75 0.54
Mortar + sand 0.03 1.15
Tiling 0.02 1.7
Mortar 0.03 1.6
- EPS 0.16 0.04
Ceiling Concrete 0.08 1.75 0.23

Plaster 0.04 0.35
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2.3. Orientation

The orientation of the building was designed to take advantage of active and passive
solar strategies. It also facilitated temperature moderation and the use of natural daylight.
As shown in Figure 2 and Table 2, the house facade, which contains Zone 1 (Room 1) and
Zone 2 (Room 2), was oriented to the south. The north is the coldest wall in the pilothouse;
it confines a bathroom, a kitchen, and one wall in Zone 3 (living room). This configuration
minimizes heat losses. West and east walls prevent overheating by the absence of openings
on the west side and exploit the summer winds on the north-east side for cooling.

Table 2. Composition of the different fagades.

Facade Composition Dimension
Room 1 Window 126 x 140 mm
Room 2 Window 170 x 140 mm
Living Room Patio Door 141 x 220 mm
2.4. Windows

Windows and frames usually represent the “weakest point” in an energy-efficient
building. Selecting appropriate windows can optimize the combination of natural lighting,
ventilation, noise control, and security. Windows in the pilothouse were double-glazed
with polyvinyl chloride (PVC) frames, as it has better insulating properties than aluminum.

The characteristics of the windows are:

e  Heat transfer coefficient of the glazing, Ko =1 W-m~2-K™1;
e  Heat transfer coefficient of the frame, Kr=12 W-m 2K 1
e  Heat transfer coefficient of all window elements, K, = 1.2 W-m—2.K~1,

The frame occupied 20% of the total window area [31].

2.5. Thermal Bridges

Thermal bridges are discontinuities in any thermal barrier. They are more pronounced
when the material creating the bridge is high thermal conductive. To minimize heat loss and
limit the risk of condensation, Algerian DTR standards recommend choosing appropriate
materials so as to guarantee that the thermal bridge is estimated lower than 20% of thermal
transmittance losses [31].

2.6. Natural Cooling

Because the pilothouse is located on a site with a moderate climate, the use of natural
ventilation, which is a passive cooling technique, can afford significant potential for energy
savings. The natural ventilation system was ensured by openable windows to supply
outdoor air at night. In addition, there are awnings on the windows, which help to block
out the sun’s rays in summer.

2.7. Solar Heating System (Combisystem)

Combisystems are solar heating systems that provide heat for both domestic hot water
(DHW) and space heating (SH). The combisystem installed in the pilothouse was designed
for a single family. The room heating was provided by radiant floor heating (RFH). This
system is an efficient way to achieve thermal comfort in buildings and boasts low energy
consumption. The heating system included 8 m? of solar thermal collectors located on the
house roof and oriented south at a slope of 45°. The collector tilt angle was oriented higher
than the latitude of 36° 707’ at Souidania as the system is mainly intended for heating in
winter. The storage capacity ensuring the distribution of hot water was 300 L. The proper
functioning of the combisystem was supplied by a differential bypass valve connected to
the radiant floor.
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The radiant floor heating (RFH) consisted of a floor slab embedded with serpentine
tubes supplied with hot water by a circulating pump and distribution piping. The floor
heating coil pipes were made of high-quality cross-linked polyethylene (PEX) for:

Flexibility: they can bend into a wide radius turn if space permits.

Direct routing of pipes: lower material cost; easier installation.

Ability to merge new PEX with existing copper and PVC systems.
Environmental benefits: PEX is more environmentally friendly than copper.
Longevity and inflammability properties of the installation.

The PEX used in the pilothouse has a thermal conductivity of A = 0.43 W-m~1.K~!
and a diameter of ® = 16 mm. Distribution piping was assembled in a loop in each zone
to achieve the desired thermal comfort. Figure 3 shows that the piping is attached to a
welded steel mesh with an insulation thickness of 6 cm of extruded polystyrene.

- '(bt 4"-’: 2

Figure 3. Floor piping presentation in Zone 1 (living room).

Pipes were placed at a distance of 15 cm between each other near to the external walls
and then increased up to 30 cm towards the floor center to prevent more thermal losses.

The piping system was embedded in approximately 26 cm of concrete slab to set the
temperature gradient up of the room. The 26 cm depth ensures the RFH storage and phase
functions essential for high solar productivity and thermal comfort.

The heated zones are: Zone 1, Zone 2, and Zone 3. As shown in Figure 4, there is
a distribution of piping under the surface of all the floor zones. This arrangement was
designed to ensure a uniform distribution of the temperature [30].
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Figure 4. Schematic diagram of the solar system.
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2.8. Operation Principle

The amount of energy provided by the sun varies according to the location, the time
of day, and the climatic conditions. The solar potential of Souidania (Algiers region) covers
the energy requirement for heating in the winter season [32]. According to the installation
diagram, presented in Figure 4, solar collectors cover an area of 8 m? oriented towards
the south with a 45° inclination (optimum angle for heating) [33]. These solar collectors
are connected in a parallel arrangement in order to increase the flow rate, as the system is
required to cover the need for space and hot water heating simultaneously.

The operating principle is described as follows: Heat produced by solar collectors
(1) is distributed to the tank (3) or to the serpentine tubes in the floor slab (4) through the
thermal fluid. This operation is ensured by a circulating pump (2). The pump will be
activated only if the solar collector hot temperature outlet reaches a certain temperature
level (35 °C). Priority is given to DHW when the top tank temperature reaches the set
point of 55 °C; the three-way valve (5) is switched on to supply the serpentine in the floor
directly with solar-heated water. This hot water is then circulated through the tubes. The
heat exchange to the room air takes place by radiation and by convection from the slab
surface. Due to the high thermal capacity in the floor slab, the system response tends to be
slow, but this is also an advantage for maintaining a more stable and comfortable indoor
environment. Solar thermal hot water systems require an auxiliary heat source, i.e., a gas
boiler (6), which provides auxiliary heat if one of the following basic conditions applies:

e Insufficient solar energy to heat the water.
e No solar energy to heat the water.

3. Modeling of the System

Numerical simulation was carried out to analyze how conduction, natural convection,
and radiosity influenced the temperature profiles of the air inside the chambers. Equa-
tions, which describe the different processes in the system, are presented in the following
subsections.

3.1. Mass Balance

The mass balance equation is expressed taking into consideration that m is the mass
fraction, and ! and U are the system speed (m-s~1) [34]:

(P ™)y div(pU my) = R1 + div(grad(m;)) M

3.2. Energy Conservation Equation

The energy conservation equation is defined considering S as the source term, and the
conservation of the amount of motion following x is as follows [34]:

a(glf") +div(p.Uxll) = —div(]) @)

Combining both Equations (1) and (2), Equation (3) becomes:

(PUX>

N
N + div(p.U U ) = —div[—p.grad(p.Ux)] + S (3)

These three equations may be expressed by the following generic equation:
If @ is any physical quantity, the conservation equation of @ is written:

9(p-¢)

5+ div(p.¢. U) = div[T. grad(qb)] @)
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3.3. Heat Transfer Equation

The heat flux density g is the energy exchanged with the surroundings through the
pipes of the heating system, the floor heating, and the house air by square meter (W-m~2).
The heat flux density equation g is defined by the following expression [30]:

g = KAT 5)
where K is the overall heat transfer coefficient.

3.4. Surface Radiosity

Surface radiosity was used to describe the radiative flux of the surface. It is assumed
that the walls are diffuse and gray. For a surface element at the boundary of a cavity, the
nondimensional radiosity is given by the following equation [34]:

J = eM) + pG; (6)

Considering that M{ = ¢ T} and according to Kirchhoff’s law ¢ + p = 1, Equation (6)
becomes:
(1—-¢)G; =] —eoTt 7)

where 0 =5.675 x 1078 W-m~2.K~%.

The radiosity, J, of the low floor surface is the total flux emitted by this surface. This
total flux results from: (i) the reflection of part of the incident flux, G, which falls on this
surface (illumination); and (ii) the flux emitted by the surface itself due to its temperature T.

3.5. Resolution Procedure

The experimental study reported by Benouali et al. [28,35] indicated that thermal loads
were calculated by means of several inlet and outlet temperature measurements, which
were taken at their pilothouse using thermocouples placed on the envelope as well as in
certain elements of the heating system. All measurements were collected via a data logger.

The numerical simulation in the present study was carried out using the Comsol
Multiphysics 5.3a software [36]. The numerical model was built using a physics-controlled
2D sequential mesh with an extra-fine element size [37]. Each domain was discretized
using free tetrahedral elements [38,39], forming a nonstructural mesh that was linear in
the boundaries between layers [38], as shown in Figure 5. The grid cell exhibits a mesh of
291,107 nodes and 24,089 internal boundaries, with different mesh sizing of the heating
fluid areas, air flow, and walls, and a simulation time step of 30 min. Simulation time
was about 2 h 4 min and 33 s. It was performed on a Macintosh-type computer equipped
with an integrated i7 quad-core 4th-generation 2.0 GHz processor, boosted up to 3.2 GHz
during the calculation with 8 GB of RAM. This was again boosted up to 64 GB during the
calculation thanks to the hard disk type SSD and a 2 GHz Iris Pro graphics card.

Figure 6 shows the simulation results, obtained for this present work, of the air tem-
perature variation inside the room for 132 h of floor heating. It also shows the experimental
data results reported by Benouali et al. [28]. The input conditions in the simulation process
were set as follows: heating system off, room temperature at 0 °C, water temperature in
the heating circuit at 40 °C, and calculations taken at a 50 cm height. The volume flow rate
was kept constant at 17 I-'h~1-m~2. Remarkably, the temperature profile, for the simulation
results, distinguishes two different periods of time. In the first period, from 0 to 72 h, there
is a temperature increase from the heating starting point to the equilibrium point. This is
a two-range increment of 0.58 °C-h~! for the first 12 h of the day and 0.14 °C-h~! for the
next 60 h. This might be due to the air flow and the day-night temperature variation effect
occurring at a 50 cm height inside the room. In the second period (Figure 7), from 72 h to
132 h, the room temperature stabilizes at an equilibrium level of 15 °C, as reported in the
experimental work, and this is due to a decrease in the air flow velocity at the same height
of 50 cm.
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Simulation results were validated with experimental values from the 72nd hour for a
duration of 60 h. The experimental and theoretical temperature profiles shown in Figure 7
confirm the agreement between both sets of data. The maximum and average deviations
between experimental and numerical values were 0.75% and 0.35%, respectively.

4. Results and Discussion

The following subsections present the simulation results for a full week, between 9
and 13 January, 2011. The month of January was chosen because it is one of the coldest
months of the year in Algeria. These days represent the coldest week of the year. The
average outside temperature measured during this period is 10.5 °C, with a minimum
value of 5.4 °C and a maximum value of 16.5 °C. A wide daily fluctuation can be observed
outside, of up to 11 °C.

4.1. CFD Temperature Profiles during Floor Heating

Figure 8 shows the air temperature distribution for 132 h at a floor fluid temperature
of 40 °C and taken at a 50 cm height. Figure 9 shows the distribution of the average
air temperature inside the living room with the floor and the pipes for 132 h (5.5 days)
of heating. As shown in these figures, the simulation started with a heat transfer fluid
temperature of 40 °C. The air temperature inside the house was set at 0 °C taken at a 50 cm
height [40]. After 24 h of heating, the air temperature in the living room increased up to
10.5 °C. This increase continued up to 13.0 °C after 48 h of heating. After 70, 96, and 132 h of
heating, the temperature reached 14.5, 14.8, and 15.2 °C, respectively. The air temperature

in the living room stabilized at an average of 15.1 & 0.35 °C, taken at a 50 cm height, after
70 h of the heating cycle.
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Figure 8. Air temperature distribution over 132 h at a floor fluid temperature of 40 °C.

Figure 9A-F shows the distribution of the average air temperature inside the living
room with the floor and the pipes for 132 h (5.5 days) of heating. The air temperature
difference, from CFD simulations, between the ambient air in the living room and the hot
water in the floor heating system at different time steps is, namely: 0 h, 24 h, 48 h, 70 h,
96 h, and 132 h. In the first period, there is a low heat transfer inside the room between the
underfloor heating (hot source) and the interior space (air) and surfaces. This is because the
cold walls and the low floor experience thermal inertia. The walls, especially the high wall,
also suffer heat losses. Afterwards, during the second period, the temperature stabilizes
due to the low-velocity air flow (break flow), which already brought about a temperature
increase in the air inside the room. This temperature remains stable, but the temperature
difference between the underfloor heating system and the air inside the room is high due
to an increased heat loss occurring at the level of the high floor.
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Figure 9. CFD local air temperature gradient in the living room: (A) before heating; (B) after 24 h of
heating; (C) after 48 h of heating; (D) after 70 h of heating; (E) after 96 h of heating; (F) after 132 h
of heating.

4.2. Effect of Heating Fluid Temperature on the Room Air Temperature

Figure 10 shows air temperature variation versus time in the room at heat transfer fluid
temperatures ranging from 30 to 50 °C and at intervals of 5 °C. The temperature profiles
show the same trend as the heat transfer fluid temperature increases from 30 to 50 °C.
The effect of the heat transfer fluid temperature on the air temperature inside the room
taken at a 50 cm height is not significant as long as the initial heating fluid temperature
remains in the range of 30-50 °C, i.e., 10 °C below or over the nominal temperature set at
40 °C. Moreover, the air temperature increased and reached an almost constant value of
15.1 £ 0.35 °C after 72 h regardless of the initial heating fluid temperature, and the heating
system remained stable because of the thermal inertia of the floor. The internal temperature
showed an insignificant variation after stabilization, which demonstrates the reliability of
this system for heating and domestic hot water production.

Based on other work carried out on conventional radiator systems [41], underfloor
heating systems exhibit a uniform distribution of the temperature gradient in the house
compared to the radiator system, which presents weak heating far from the unique source.
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Figure 10. Variation of air temperature as a function of time with temperature variation in the heat
transfer fluid.

4.3. Effect of the Heating Fluid Temperature on the Surface Radiosity of the Floor

The variation of surface radiosity versus time and air temperature is presented in
Figures 11 and 12, respectively. The data were taken over a week at floor fluid temperatures
ranging from 30 to 50 °C at 5 °C intervals. In the first period from 0 h to 72 h, the radiosity of
the floor surface is subject to a variation of about 2.7% for each 5 °C increase in the heating
fluid temperature. Radiosity increases as a function of time and is subject to day-night
deviations. It reaches an almost constant value of 380 &= 5 W-m~?2 after 72 h due to the
thermal equilibrium prevailing in the room. Based on this result and the air temperature
variations presented on the gradient in Figure 11, it is clear that the variation in radiosity

exerts an insignificant influence on the air temperature during the first period and after
stabilization at 72 h.
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Figure 11. Radiosity versus time at different temperatures of the heating fluid.

The variation of radiosity surface area as a function of time and air temperature is
presented in Figure 13. The 3D graph shows the variation of radiosity per unit area, inside
the rooms heated by the floor heating system, as a function of time and air temperature.
Radiosity shows a linear trend with increases of up to the value of 15.1 °C as a function
of air temperature, and up to 72 h as a function of time. As previously mentioned, after

72 h of heating, radiosity per unit area remains stable as air temperature by convection
remains stable.
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Figure 13. Radiosity in 3D versus time and air temperature.

There are no explicit investigations in the literature that explain the influence of
natural convection on surface radiosity as a function of time, especially in graphical
data. The present study is, therefore, one of the first to develop this type of real practical
research on a large scale (pilothouse), and even in room spaces. Although there is no
representative equation for surface radiosity as a function of time, we can infer from the
graphs in Figures 10 and 11 that the evolution of radiosity follows the same trend as that
of convection, i.e., that the value of the radiative flux increases in the same way as the air
temperature increases as a function of time to equilibrium. Furthermore, by looking at how
radiosity behaves as a function of room air temperature and time, it may be concluded
that natural convection influences surface radiosity. In order to fully understand this
coupling phenomenon between convection and surface radiosity, it is necessary to analyze
the behavior of radiosity as a function of air temperature and time. The phenomenon is
new and has not yet been developed elsewhere before.

5. Conclusions

The modeling and simulation of the thermal behavior of a solar underfloor heating
system for residential buildings were investigated. Numerical simulation was carried
out using the Comsol Multiphysics® software, which applied a finite element method to
solve physical problems governed by partial differential equations. The simulation tool
developed was validated using the experimental data available in the literature, which was
obtained from a pilothouse study.
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The two-dimensional study has facilitated the investigation of the different mecha-
nisms of heat transfer in underfloor heating systems, namely: conduction, convection, and
radiation. The most significant results are summarized below:

e  The simulation data were well in agreement with the experimental data, and the
underfloor heating system maintained an average temperature of 15.1 & 0.35 °C taken
at a 50 cm height inside the room on stabilization after 72 h of heating.

e  When the heating transfer fluid temperature was increased from 30 to 50 °C, the
result was the same temperature of 15.1 & 0.35 °C taken at a 50 cm height inside the
room. The air temperature remained stable with an insignificant variation after 72 h
of heating. This was due to the thermal inertia exerted by the floor and confirms the
reliability of this floor heating system to supply heating and domestic hot water.

e During the heating process, surface radiosity increased as a function of time and
reached an almost constant value of 380 4 5 W-m~2 after 72 h because of the stability
of the air temperature by convection. Radiosity variation did not significantly influence
the trend in air temperature inside the room, despite the increase in heating transfer
fluid temperature from 30 to 50 °C or that of the day-night effect.
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Nomenclature

Acronyms

BTS (SEB) Stabilized earth bricks

CFD Computational fluid dynamics

Div Divergence

Grad Graduim

ONDOL Conventional floor heating system in the Korean language
Symbols

m Mass fraction (kg)

T Temperature (°C)

q Heat flux density (W)

S Collector area (m?)

R Thermal resistance (m?-K-W~1)

K Overall heat transfer coefficient (W-m~2-K~1)
t Time (s)

18] Velocity (m-s~1)

Greek symbols

A Thermal conductivity (W-m~1.K~1)

0 Density (kg-m_3 )

€ Emissivity
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