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Abstract

Because roofs provide a large area to collect solar energy, they can be exploited to arrive at an architectural element
that can act as a solar collector and participate in the improvement of thermal comfort. i this axis and in order to
show the importance of radiative exchanges i thermosyphon systems and the choice of roofing construction
materials; a 3D numerical study is carried out on the natural convection coupled with radiative exchanges m an
mclined air channel (using the commercial computational fluid dynamics sofiware FLUENT). Emuissivity values
tested correspond to those of some building materials. From our results we aftirm that the emissivity of the external
roofing aftects the dynamic and thermal behavior of the channels mtegrated under the roof. So a good choice of
material roofing is recommended in order to getting a maximum air heating by solar radiation.
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1. Introduction

The addition of a solar heating or cooling system to
a dwelling 1s an attractive solution for the economy and
the rational use of energy. Passive techniques are highly
recommended as they allow the regulation of
environmental conditions using natural means.

Solar architecture exploits and promotes the
accumulation of solar heat and uses natural or forced
heat circulation of the air, and we can avoid the use of
devices of high energy consumption, which can be
realized by heating the outside air to raise the
temperature of living rooms in winter or the release of
hot air by creating a stream of air during the summer.

At the base of the thermosyphon principle a wide
variety of systems has been developed to achieve a
better exploitation of solar energy, among these systems
we can cite for example the Trombe walls, the solar
chimney and the solar roofs.

The Trombe wall was used for the first time by
Professor F. Trombe and architect J. Michel [1]. Then
several researches were realized to 1mprove its
performances by proposing to add a blade of air [2], to
use a double cover [3] and to integrate protections
(curtains) [4]. As well as new configurations have been
proposed [5, 6, 7].

According to Guohui Gan [8]; if solar energy is used for
passive cooling, the solar chimney 1is preferable
compared to a high wall, so several research works have
been done to develop this system [9, 10, 11, 12, and 13],
show its effectiveness [14], and improve its performance
[8, 15, 16, and 17].

Solar roof ventilation can work better than a
Trombe wall in hot chimates as it provides a large
surface area for collecting solar energy and, as a result,

air with higher temperatures [2]. For this, several studies
have been carried out with the aim of improving the
efficiency of such systems by proposing new
configurations [18, 19, 20, 21, and 22]. The addition of
radiative barriers can also improve its effectiveness [23].
In hot and humid climates, the small differences in
temperature between outside and inside affect the
efficiency of solar air conditioning systems. As a result, a
new strategy has been proposed [24], which consists of
combining a solar roof with a vertical chimney. This
system has been studied experimentally and
theoretically. According to the results obtained, the
authors stated that the system can generate large
differences in temperature.
Increasing the heat exchange surface with air without
affecting the dimensions of the solar system is one of
these improvements, which was the goal of a series of
recent numerical studies [25, 26, 27, 28, and 34] and
whose objective is the study of the dynamic and thermal
behavior of a channel placed under a roof of a building
which plays the same role as a solar collector while
looking at the effect of the different parameters (the
temperature difference and the distance between the
two plates, the inclination, the effect of the radiative
exchanges between surfaces, etc.) on its efficiency.
According to the literature, radiative exchanges do
not attract the attention of researchers; although it has
about 30% of total heat exchange in thermosyphon
systems (see Table.1). Therefore, we find it useful to
conduct this study to show their importance and the
importance of the choice of building materials; through
studying the walls emissivity effect on the heat exchange
in an air channel integrated under roof. So in this paper,
we tried to approach the real conditions of a solar roof
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by studying the effect of the emissivity of materials on
the behavior of such a system. The natural convection
coupled with the radiative heat transfer is numerically
studied
dynamics software (FLUENT), where the governing

using a commercial computational fluid
equations are discretized using the finite volume
method, the SIMPLE algorithm is used to couple the
speed and the pressure. The geometry is created and
meshed by using Gambit 2.2.30. A flow condition has
been imposed on the wall which is more realistic; the
emissivities tested are those of certain materials used in
the construction of roofs.

After a results validation, we have shown the effect of
walls radiation on temperature and velocity distribution.
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After that, we have presented the emussivity effect of
roofing materials on Nusselt number and convection
coeflicient. Through this study, we recommend a good
selection of roofing material construction in order to
improve the exploitation of solar energy in thermal
comfort amelioration.

2. Conception and principle of the studied model

Our general idea is based on the transformation of
one of the architectural elements, which 1s the roof, into
a living element by integrating a ventilated air space.
This element can contribute to the improvement of the
thermal comfort in the rooms by air conditioning in
summer and heating in cold period (See fig.1).

Figurel. Representative 3D diagram of the roof incorporating a ventilated air space.

3. Description of the studied configuration

The physical model studied is an inclined channel of an
angle 0, formed by two parallel plates distant from H. of
length L. = 1.36m and width 1 = 0.68m.

The channel is traversed by an upward flow of air,
entering with ambient temperature (Fig. 2).

Figure 2.  Descriptive diagram of the flat plate channel.

4. Equations governing the phenomenon

As a consequence of the large scales of roof-
mtegrated solar systems, the Rayleigh number is usually

Ra >10°, the studied convective flow is transient or
completely turbulent [29].

So the equations must be written using Reynolds
decomposition. Taking into account simplifying
assumptions, the equations governing the problem take
the following form:

- Equation of continuity:

ou,

— = i=1,2 1
ail 0’ 1 ) ’3 ()

- Equation momentum

Uan_ 16P+6 0+ )6[71
j aX] P aXi 6X] v Ot aX]
+giB (T —Tp) (2)
Where
)

Uy = CH? (3)
- Energy equation:

_ 0T _ d @+ )6T 4

jaxj B 0x; oT G 0x; )
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Since the use of the K-& model gives realistic velocities
and temperatures as required by the theory [30], it 1s
chosen as a closure model where K and € can be
calculated by the following equations [31]:

Uak_ 0 ( +vt>6k N ou; 6[71+6LT]-
jaxj _ax]- v o/ 0%; Ve ox; | 0% 0x;
B v, OT
+Bgip_rta_xj € %)

Uaa_a (+vt)as +C1£s ay; 6[71+6LT]-
jaxj _ax]- v 0./ 0%; p K"t 0x; | 0%, 0%
C1€C3£ € B V¢ GT
p k pgi Pr, 0x;
C e 6
- ZSE ( )

The model constants have the following values [31]:

C, = 0.09,
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ox = 1.0,
o, = 1.3,
Ci, = 1.44,
Cye = 1.92,
C3. = 1.

Radiative mechanisms are governed by the radiative
transfer equation. It reflects the fact that the local
variations of the intensity I(7,§) result from a balance
between attenuation by absorption and diffusion, and
reinforcement by own emission and diffusion in the
direction considered from all directions [32].

The Radiative equation is written [31]:

dI(#,3) .. oT*
+ (a + 0)I(#,5) = an? —

ds

o 4m . L - ,
+Ef0 I(r,s)(Z)(s s)d() (7

5. Boundary conditions

The upper plate 1s subjected to a constant heat flow
while the lower plate is supposed adiabatic as shown in
the figure below (Figure 3). The air passing through the
channel enters and exits at the pressure and at the
ambient temperature. The side walls are adiabatic.

Pa,Ta

Figure 3. Descriptive diagram of the boundary conditions.

6. Results and discussion
0.1. Validation of results
The comparison between our numerical results and
experimental ones of J Khedari et al [26] show that the

maximum difference is 7% for the air temperature (fig.

4).
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Thus, the radiative model is validated by the numerical
work of H.F. Nouanégué and E. Bilgen [28] and the
experimental work of Krishnan et al [35]. Table.1 shows
a comparison of the ratio between the radiative flux and
the total flux (denoted (q./qr)) of this work and the works
cited, where ¢, is the radiative flux and qr is the total flux.
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Figure 4. Temperature profiles through the channel for different positions (L is the length of the channel).

Table 1 : Validation of radiatif model

Author Present work H.F. Nouanégué et al (2009) Krishnan et al
[28] (2004) [35]
H (m) qr/qT qr/qT qr/qT
0.0175 0.361 0.333 0.347
0.037 0.405 0.439 0.436

0.2. Eftects of radiative exchanges on the dynamic and
thermal field

In the above, we set the thickness of the channel at
the optimum value which is equal to 0.07m [34]. The
ambient pressure is taken equal to 1.01325 107 Pa. The
ambient temperature 1s 30 ° C.

Fig. 5 represents the effect of radiative exchanges on
the thermal field in a longitudinal section where (a)
corresponds to a pure convection (&, = &; = 0) and
(b) corresponds to a natural convection coupled to the
radiation (&, = 0.93, &, = 0.90). According to this
figure, it can be seen that the radiative exchanges have
an effect on the temperature distribution; this 1s also
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affirmed by Ko, Min Seok [33], It is clear that the air
layer near the bottom wall 1s warmer in case of coupled
transfer; this 1s explained by the fact that the lower plate
heats up by radiation and transfers this heat to the air
passing through the channel (see Fig. 5).

Fig. 6 shows the variation of the temperature along
the thickness for three positions taken along the
channel. From this figure it is noted that the radiative
exchange decreases the maximum temperature of the
upper plate from 323.83K to 317.18K on the one hand,
and on the other hand it increases the maximum
temperature of the lower plate from 305.60 K to about
313.22 K which also allows to heat more air layers
located near the bottom plate, it allows us to say that the
radiative exchanges can heat the mner face of the roof
and that the ventilation of the roof is not only the ideal
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solution and you have to make a good choice of
materials.

Fig. 7 represents the velocity field in a longitudinal
section for the two cases, (a) pure convection (ehp =
Ep = 0) and (b) convection coupled to the radiative
transfer (fhp = 0.93, Ep = 0.90). This figure shows
that the maximum speeds (of the air zone near the
upper plate) decrease under the effect of radiative
exchanges (Due to the decrease In temperature
differences between the wall and the heated air);
however, this speed increases for the rest of the field
compared to the case of pure convection.

In fig. 8 we represent the variation of the velocity along
the channel for pure convection (a) and convection
coupled with radiative exchanges (b). It is noted that
close to the channel inlet (section 0.15L), the speed is
high in the case of the coupled convection because the
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radiative exchanges increase the temperature of the
lower plate which increases the differences in
temperatures between the air and the walls and
consequently the buoyancy forces. At the center and at
the outlet of the channel (section 0.50L and 1.00L), it 1s
observed that close to the hot wall the velocities
decrease in the case of convection coupled with
radiation, which 1s due to the decrease of the
temperature differences ( responsible for the convective
movement) because of the cooling of this wall. Close to
the cold wall the radiative exchanges increase the speed
which due to the elevation of the differences of the
temperatures because of the heating of this last wall.

Figure 5. Effect of radiative exchanges on the temperature field, (a) without radiation, (b) with radiation.
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Figure 6. Effect of radiative exchanges on temperature profiles, (a) without radiation, (b) with radiation.
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Figure 8. Effect of radiative exchanges on velocity profiles, (a) without radiation, (b) with radiation.
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0.3. Impact of the walls emissivity

Given the importance of the emissivity of materials
in radiative exchanges, it was considered useful to test its
effect to see how the choice of materials can affect the
behavior of such a system. Thus the emissivity of the
upper and lower plates was chosen in a way that allows
us to get closer to a real roof. Hence we varied the
emissivity of the upper plate between 0.02, 0.93, which
correspond to those of the polished Zinc and tle, and
the emissivity of the lower wall have been varied
between 0.25 and 0.90 which correspond respectively to
the panel of calcium silicate and white wood. So we

tested three cases that are based on the change of

materials, these cases are grouped in Table 2.
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0.53.1. Lftect of emissivity on the exchange coeflicient
and the Nusselt number.

Fig. 9, Fig. 10 and Fig. 11 represent the exchange
coeflicient (a) and the number of Nusselt on the upper
plate (b) for tests 1, 2, and 3, respectively.

For test 1, we notice that; for higher emissivity top
plates the increase of the emissivity of the lower plate
(by fixing that of the upper plate) increases the exchange
coeflicient and consequently the Nusselt number of the
upper plate (see Fig. 9). This 1s because when the upper
plate is of high emissivity it provides a significant
radiative energy to the lower plate, the latter heats up
which allows it to release a quantity of radiative heat,
which allows heating the upper plate hence the increase
of the exchange coefficient.

Table 2: Tested cases

tested case Upper plate Bottom plate
materials eMissivity &, materials emissivity &,
1 Tile 0.93 Calcium silicate panels 0.25
Tile 0.93 ‘White wood 0.90
2 Polished zinc 0.02 ‘White wood 0.90
Tile 0.93 ‘White wood 0.90
3 Polished zinc 0.02 Calcium silicate panels 0.25
Polished zinc 0.02 ‘White wood 0.90
=
0.0 OIZ ' Dl-i OTG OIEI TIO 112 1I-1
(a) Position (m)
130 —I
130
120 =4 =0.93, ‘ch=o'25
110 ] 2y =0.93, acp=O.90
No radiation
bd
S0 | T L T T I T T
oo oz (= 2 o0.a o 1.0 1.2 1.4
(b) Position (m)

Figure 9. Effect of wall emissivity on the exchange coefficient (a) and the local Nusselt number of the upper wall (b),
case of test 1.
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The test 2 shows us that for low emussivity of the
upper plate the exchange coefficient and the Nusselt
number keep values close to those of the case of pure
convection even 1if the emissivity of the lower plate is
high. So we can say that the emissivity of the upper plate
has a significant effect in radiative exchanges (see fig.10).

pp=0.02, 3 =0.90
+=0.90
No radiation

T T
06 o8

Position {m)

(@

— np=0.02, ¢ =0.90

P )

e s,,p=0 93, ecp=0 90
No radiation

Nu

Position (m)

(b)

Figure 10. Effect of wall emissivity on the exchange
coefficient (a) and the local Nusselt number of the
upper wall (b), case of test 2.

Fig. 11 shows the effect of the emissivity of the walls
of the heat transfer coefficient (a) and the local Nusselt
number of the upper wall (b) in the case of test 3, here it
1s confirmed that in the case of a low emussivity of the
upper plate (regardless of the emissivity of the lower
plate) the exchange coefficient and the Nusselt number
are not affected by the radiative exchanges, which allows
us to say that the upper plate is still the major supplier of
heat in the form of convective or radiative exchange.

0.3.2. Eftect of emissivity on temperature profiles

Fig. 12 represents the effect of emissivity on the

temperature profiles.
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The effect of the emissivity of the bottom plate appears
for large emussivity of the top plate, where the radiative
heat exchange cools the upper heat plate and the
bottom plate. But for low emuissivity of the latter, the
effect of the emissivity of the lower plate becomes
negligible which gives the importance of the materials of
the outer cover of the roof.
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Figure 11. Effect of wall emissivity on the exchange
coefhicient (a) and the local Nusselt number of the
upper wall (b), case of test 3.

0.3.3. Litect of emissivity on velocity profiles

The dynamic field is also affected by the emissivity
of the canal walls (Fig. 13). It is very clear that for a low
emissivity of the upper plate the velocity profiles are no
longer affected even if the lower plate is of high
emissivity, but when the upper plate 1s of high emissivity
we can see the effect of the emissivity of the lower one.
So we can say that the emissivity of the outer covering of
the roof affects the dynamic thermal behavior of
integrated channels under roof, and its effect 1is
significant compared to the emissivity of the bottom
plate.
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Figure 12. Effect of emissivity on temperature profiles.

7. Conclusion

Natural convection with radiative exchange has been
studied in an attic channel. A series of validation tests
was carried out. These validation tests were carried out
on a flat plate channel experimentally studied by ]J.
Khedari et al [26], the numerical results obtained are in
good agreement with those obtained by this author. The
results of the radiative model were validated by those of
H.F. Nouanégué et al (2009) [28]. In this paper we have
tested the effect of the choice of materials through their
emissivity. From the results obtained, the following
conclusions were drawn.
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Figure 13. Effect of emissivity on speed profiles.
Radiative exchanges between surfaces have a

significant effect, so this must be taken into account
in heat transfer studies.

The thermal and dynamic behavior 1s affected
considerably by the radiative exchanges and the
emissivity of the walls

In  numerical simulation, thermal boundary
conditions have a considerable effect on the analysis
of the effect of radiative exchanges, so realistic
boundary conditions must be chosen.
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o

o

The emissivity of the upper plate has a dominant
effect on the convection coefficient and the Nusselt
number compared to that of the lower plate.

The emissivity of the roof's outer cover affects the
dynamic and thermal behavior of the roof-integrated
channels, and its effect is significant compared to the
emissivity of the lower plate.
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Nomenclature

TEOTNS T A Iw““\Qg
&

Thermal diffusivity, m”.s™

Channel width, m

Channel length, m

Heat capacity, J. kg " K™
Channel thickness, m
Gravity acceleration, m. s
Turbulent kinetic energy, m”. s™
Dissipation, m”.s’
Pressure, Pa

Heat flux, W
Temperature, °C, K
Radiative intensity

X velocity, m. s

Y velocity, m. s

7 velocity, m. s

X,V,z Cartesian coordinates

7 Vector position

3 Direction vector

5 Vector direction of dispersion
a Absorption coetficient

n Refractive index

O Coeflicient of dispersion

1)} Phase function

o Solid angle

Greek letters

=1

Coethcient of thermal expansion isobaric , K
Dynamic viscosity, Pa. s

Kinematic viscosity, m”. s '

Density, kg. m™

Density at reference temperature Tw kg, m™
Thermal emissivity

Tilt Angle, (°)

Constant of Stefan-Boltzmann, W. m*.K"

Dimensionless numbers

Pr
Ra

Prandtl number
Rayleigh number
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Indices

a atmospheric

0 Reference

L Based on the channel length

t turbulent

T Based on temperature

r radiative

hp hot plate

cp cold plate

i,j index concept coordinates
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