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One of the European Directive priorities is represented by the improvement of “building
performance requirements” and the development of new strategies for “very low energy
buildings” thanks to it is possible to reduce the energy consumptions due to the heat flux
transmitted through the envelope of buildings. This paper illustrates a numerical
investigation on a system that made possible this goal, in the specific a prototypal ventilated
roof for residential use, inclined of 15<respect to the horizontal plane and the results are
compared with a configuration with an inclination of 30< Due to geometric and thermal
symmetry the system has been studied considering a single side of the pitched roof. The
analysis is carried out on a two-dimensional model in air flow and the governing equations
are given in terms of k-¢ turbulence model. The investigation is performed to evaluate
thermo fluid dynamic behaviors of the ventilated roof as a function of the different
conditions applied on the top wall and the bottom wall of the roof in summer and winter
regimes. The problem is solved by means of the commercial code Ansys-Fluent on a
channel of 6 m of length. The comparison shows that the inclination of 30<is more
convenient both in summer and in winter due to the higher mass flow rate inside the channel.

1. INTRODUCTION

The worldwide attention for the safety of the environment
has made energy savings in buildings a focal factor, resulting
in the promotion of environmentally friendly solutions, using
technologies designed for keeping constant temperatures
inside buildings and to limit the energy usage. The most
important passive solution for temperature and humidity
comfort inside structures is the ventilated roof technology,
which is aimed at keeping constant indoor temperature with
limited energy consumption, whilst also increasing the useful
life of the roof structures, by protecting them from humidity
and mold.

When heating the covering exposed to the sun, the air
increases in volume and decreases in weight and moves to the
top of the roof and then escapes from the roof ridge, then
causing the suction of fresh air from the gutter. This gradually
removes the heat that develops on the roof covering,
preventing it from travelling through the building.

In winter, due to the air circulation, the insulation will be
always ventilated, and therefore dry and for these reasons there
won’t be inner condensation, so the performance, quality and
functionality of the roof are preserved.

Typically, the ventilated roof presents five principal
components [1]:

- Roof cover: the outermost, it represents an effective
barrier against the action of the rain and the capillary.

- Layer ventilation: It is placed immediately under the
mantle. It consists of a cavity which allows to the air to flow
along the channel for the entire length of the roof.

- Layer of thermal insulation: It consists of one or more
types of panels of insulating material.
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- Waterproofing: It prevents infiltration of rainwater
and percolation of condensation thanks to waterproof concrete.

- Structure: It supports permanent and accidental loads.
It must withstand exceptional events such as severe storms and
earthquakes.

Due to importance of this argument, a lot of studies were
made in the course of the years. In [2] the authors have
analyzed the thermal behavior of ventilated roofs with same
value of thermal resistance but different distribution of the
thermal layer insulation respect to the air opening,
demonstrating that this technology can reduce of almost 50%
the heat transfer between roof-construction.

For residential buildings in Northeast China [3] was also
numerically investigates the effect of different parameters on
thermal behavior of ventilated roof, such as ventilated air gap
thickness, roof slope, exhaust outlet size and absorption
coefficients of external roof surface.

Numerical analyses were made to understand the
consequence of variable solar radiation in summer and winter
[4]; during specific day in summer [5] to evaluate the
performance of pitched roof with tiled coverings in
comparison with unventilated systems and the results show
that wind plays an important role. Compared to the tiles, both
numerical and experimental analysis [6] were done in order to
investigate the properties and the impact that clay tile materials
have on the thermal performance of a ventilated roof. Due to
problem of interstitial condensation in flat roofs, some authors
[7] provide a method for evaluating the ventilation air flow
rates necessary to avoid it and this is possible with small size
fans with low energy consumptions, the efficacy of using this
device was also demonstrated by small scale experiments [8].

As alternative to a fan it could be possible change geometry
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of the roof, in fact laboratory measurements were conducted
[9] that show how temperature and flow conditions in the air
cavity are dependent on cavity height and roof inclination.
This last parameter was analyzed also in case of different
weather conditions in India [10], particularly during winter,
summer, and monsoon seasons, but the results show that the
roof inclination is not enough to guarantee the human comfort
condition.

This paper presents a numerical investigation on the effect
of inclination angle of a prototypal ventilated roof for
residential use, in order to evaluate thermo fluid-dynamic
behaviors of it. The analysis is carried out on a two-
dimensional model in air flow and the governing equations are
given in terms of k-¢ turbulence model. The problem is solved
by means of the commercial code Ansys-Fluent. Results are
given in terms of temperature and pressure distributions, air
velocity and temperature profiles along different sections of
the ventilated channel to estimate the differences between the
various conditions.

2. MATHEMATICAL MODEL

The physical domain under investigation, reported in Figure
1, is two-dimensional and due to geometric and thermal
symmetry the system has been studied considering a single
side of the pitched roof. The computational domain is shown
in Figure 2, it has finite dimensions, reported in Table 1, and
it is composed by the ventilated channel and two storages
located at the inlet and the outlet of the channel. Thanks to that
it is possible to understand what happens near the section of
the thermal disturbance produced by the heat applied on the
upper of the cavity to simulate the free-stream condition of the
flow.
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Figure 1. Ventilated channel

Lx

Figure 2. Computational domain

Table 1. Dimensions of the computational domain

Dimension [m]
L 6.00
Lx=Ly 3.00
b 0.10

h 0.10

0 15°

The assumption made for the channel are to consider a 2D
flow, a steady-state turbulent regime, negligible viscous
dissipations and thermophysical properties constant with
temperature, except for the density, which produces buoyancy
forces, for which the Boussinesq’s approximation was made.
The governing equations can be written as:

Mass conservation
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In the k-¢Eqns. (7) and (8) [11], the first two terms represent
the kinetic energy transport of turbulence and the dissipation
kinetic energy rate by convection. Third and fourth terms
represent transport of these quantities by diffusion. Gy

((pu’iu'j) (6uj/6xi)) represents the rate of generation of

turbulent kinetic energy due to mean velocity gradients, p¢ is
the destruction rate of the turbulent kinetic energy and G,
(,6’ gi(ue/Pr)(AT/ axl-)) is the rate of generation of turbulent
kinetic due to buoyancy. Terms symbolized by D in k-equation
and £ in g-equation are used to consider the behavior near the
wall; i and > are the wall damping functions in g-equation.

The Surface-to-Surface radiation model (S2S) was chosen.
The convergence criteria of 10 for the residuals of the
velocity components and of 107 for the residuals of the energy
were assumed.

3. NUMERICAL SOLUTION

The thermophysical analysis presented in this document is
characterized by coupled, non-linear, partial differential
governing equations which are solved with finite volume
method implemented in the commercial code Ansys Fluent
[12]. The numerical model simulated is an inclined channel,
with the upper and the bottom lines simulating respectively the
properties of all layers above and under the ventilated channel.
In this work, summer and winter regims are studied with the
following operating conditions:
- Summer: operative temperature equal to 300 K, bottom
wall of the ventilated cavity is considered isothermal
with T =298 K.

- Winter: bottom wall of the ventilated cavity is
considered isothermal with T =293 K.

In both cases a uniform heat flux on the top wall of the
channel is applied, considering 3 hours (9:00, 12:00, 15:00) of
a typical summer and winter day (Table 2).

Values of heat flux are obteined by the PVGIS database [13].
Furthermore, the bottom wall and the top wall of the ventilated
channel simulate the properties of structure layers under the
cavity and of structure layers above the cavity, respectively.

Table 2. Heat flux values

Time [h] gs [W/m?] qw [W/m?]
9:00 774 331
12:00 888 409
15:00 493 101

The geometric model and the mesh of the computational
domain are realized with the software Gambit [14]. As the
choice of mesh is a compromise between the calculation time
and the quality of the solution, it is important to evaluate a
sensitivity of the mesh so three type of grid calculation was
evaluated (Table 3). Along specific characteristic sections of
the domain a values evaluation of temperature (Figure 3) was
made and the obtained results demonstrate that the mesh2
represents the best choice.

Table 3. Analyzed grids

Mesh Calculation cells
1 21162
2 39402
3 62202
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Figure 4. Summer air temperature fields at the end of the
channel

4. RESULTS AND DISCUSSION

In this work a study on thermo-fluid dynamic behaviors of
a ventilated roof (which thermophysical characteristics of the
material are reported in Table 4) inclined of 15° respect to the
horizontal line, in summer and winter conditions, was
presented. As depicted in the Figures 4 and 5, the temperature
of the air inside the ventilated channel reaches highest values
of 353 K, in summer, and 322 K, in winter, at 12:00 near the
upper boundary layer of the cavity.

These values can be found in the temperature profiles,
Figure 6(a) and (b). In fact, the temperature evaluated along
the central line of the cavity increases near the outlet section
of it and this value is the higher when the thermal flow
resulting from the growth of the radiation increases. Peak
values are equal to 325 K at the 9:00, 327 K at the 12:00 and
317 K at 15:00 in the summer case and equal to 310 K at the
9:00, 313 K at the 12:00 and 311 K at 15:00 in the winter case.

From the profiles of the temperatures inside the channel,
along the transversal sections, situated at 1 m (sez-1), 2 m (sez-
2), 3 m (sez-3), 4 m (sez-4 )and 5 m (sez-5 )from the beginning
of the channel, Figure 7(a) and (b), it is possible to note that
the difference in its values is more significant in summer case
respect to the winter case, in fact in the first case the range of
values are equal to 304-323 K during the summer and to 302-
311 K during the winter.

About the velocity, the analysis made on the central line,
Figure 8 (a) and (b) of the ventilated channel shows an
important decrease of the profile after the inlet section, hence
the values are almost constant in both summer and winter
cases.
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The highest values of velocity are equal to 0.54 m/s, 0.56
m/s and to 0.43 m/s at the 9:00, 12:00 and 15:00, respectively,
in the summer configuration, and are equal to 0.35 m/s, 0.39
m/s and 0.10 m/s at the 9:00, 12:00 and 15:00, respectively, in

the winter configuration.
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Figure 5. Winter air temperature fields at the end of the
channel

In Figure 9(a) and (b) it is possible to see that the along the
cross-sections of the channel, the differences between the
values are not as evident as for the central line, in fact the range
of values, near the upper layer of the channel, in summer case
is equal to 0.30-0.34 m/s while it is 0.43-0.50 m/s in winter
configuration.

For better understand the behavior of the analyzed
ventilated channel with an inclination of the roof equal to 15°
respect to the horizontal plane, a comparison, Figures 10-14,
with a configuration having same materials and properties but
with different inclination of the channel, specifically equal to
30° [15], was made. Due to brevity, in this paper are reported
only the evaluations made at 12:00.



Table 4. Thermophysical characteristics of the material in the ventilated roof

No. of layer Description of layer Thickness [m] p [kg m?] cp [J Kgt K7 AW m!tKY
1 Brick tiles 0.035 1920 835 0.72
2 Wooden planking 0.01 510 1380 0.12
3 Air (ventilation layer) 0.1 1177 1600 0.026
4 Cement mortar 0.015 1860 780 0.72
5 Brick and concrete floor slab 0.3 1600 880 0.81
6 Lime mortar and cement plastering 0.015 1800 1000 0.90
330 central line a comparison was made, in Figure 11, and in both
a2 b considered case (summer and winter) temperatures increase as
- the distance from the inlet section of the channel, but for the
320 L roof with less slope the values are higher respect the other case.
—_ i In particular, in the middle of the channel, during the summer
X 315 [ the temperature is equal to 309 K for the inclination of the roof
£t equal to 30and it is equal to 313 K in the 15°case, while in
FHor winter the values are 306 K and 307 K for inclination equal to
&a0s [ 30<and 15< respectively.
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By the comparison among the velocity profiles made along - sez-d
the central line, in Figure 10, it is possible to note that in both 002 L sezs ]
summer and winter configuration, due to the higher inclination . s
of the channel, in the case of 6 = 30°the velocity reaches I
higher values of it. As with the central line, the profiles of the oo L1 o L
velocity along the transversal sections also show high values 200 00 o 320 330 340 350
of the velocity in the configuration with the inclination of the T [K]

roof equal to 30°respect to the 15<inclined channel. In fact,
for example, at 1m from the inlet section of the 30 <inclined
channel, the velocity values are equal to 0.50 m/s and 0.70 m/s
during winter and summer case, respectively, while at the
same distance but for the channel inclined of 15 “respect to the
horizontal plane, the values of the velocity are equal to 0.31
m/s and to 0.44 m/s during winter and summer case,
respectively.

Like for the velocity also for the temperature along the
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(b) Winter configuration

Figure 7. Temperature profiles along transversal sections at
12:00

Another comparison is made between the different
temperature achieved by the tiles of the ventilated channel at
the 12:00, in Figure 12. The results show that the temperature
on the upper surface of the channel reach greater values due



the higher thermal flow resulting from radiation; specifically,
result for the inclination of the roof equal to 30<a value of
temperature equal to 324 K in winter and to 345 K in summer,
while for the roof inclined of 15°respect to the plane the
temperature of the tiles is 322 K in winter and 351 K during
the summer. So, in the summer case at 12:00, the values of the
temperature of tiles are higher in the case of 15°while at 15:00

the opposite happens.
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Figure 11. Comparison of temperature profiles along central
line at 12:00

During the winter, instead, at 9:00 a.m. the temperature
reached in the 15<inclined roof are higher than in the 30 <case,
vice versa at 12:00 and 15:00.

From the analyzes carried out, the values of the mass flow
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rate of air inside the channel were obtained (Table 5).

This table show that, in agreement with the speed values
calculated in the center line and along the cross sections for
each geometric configuration, both in summer and in winter
cases, the value of the mass flow rate that crosses the channel
is higher in the roof with greater inclination.
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350 F /,/"” E
3452— " __,-—-—"é
340 F -7 E
A e
g3%0F 0=15%, 000

7 Xim]

ol b

3
0

3] =

Figure 12. Comparison of temperature profiles of the tiles
during summer and winter conditions at 12:00

Table 5. Mass flow rate during summer and winter

isummer [KQ/S] winter [KQ/S]
Time [h] 0=15° 0=30° 0=15° 0=30°
9:00 0.044 0.063 0.028 0.035
12:00 0.046 0.074 0.031 0.052
15:00 0.036 0.065 0.009 0.38

These results can be observed in the pressure profiles of the
air inside the ventilated channel in both configurations,
Figures 13 and 14, evaluated. This pressure is lower than the
atmospheric pressure thus the circulation of the air inside the
cavity increases and so the heat transfer from inside to outside
of it.

This air depression is more higher during the summer but,
considering the same climatic conditions, the inclination of the
roof made a substantial difference on the quantity of the air
mass flow inside the channel. In fact, for example as reported
in the Table 5, at 12:00 in the summer case the mass flow rate
of the roof inclined of 15<is equal to 0.046 kg/s while for the
channel inclined of 30<it is equal to 0.074 kg/s.

5. CONCLUSIONS

A numerical examination was realized to know the thermal
behavior of a prototypal ventilated roof for residential use
under variable solar energy which simulate summer and winter
conditions. The system is composed by a single side of the roof,
due to its geometrical and thermal symmetry, and it consists of
a ventilated channel on which bottom surface a constant value
of temperature is applied to simulate optimal indoor condition
in summer and winter periods, and on the top wall a heat flux
was applied to reproduce solar radiation operating at different
hours on typical summer and winter days. Then a comparison
with a different inclination of the same model was made.
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Analyzing the thermal behaviors, the study has revealed that

the temperature measured along the center line of the channel
and on the tiles growths a lot when the distance from the inlet



section increases, moreover the highest values are reached at
12:00 when the high value of the solar irradiation generates an
elevated quantity of the heat flux. Thanks to the comparisons
made, it is evident that during the summer in the channel with
an inclination of 15<higher temperature values are reached
compared to the roof with an inclination equal to 30< while in
the winter case the difference of the temperature between the
two analyzed configuration is not so evident.

The velocity increases in the channel due to the air heating,
specifically in the hottest hours, with values equal to 0.6 — 0.7
m/s that are almost constant. By the comparison of the two
analyzed configurations, the results show higher velocities in
the channel inclined of 30<

Thus, the results of the numerical simulation carried out
show the importance of the ventilated cavity to removes the
heat inside the channel, especially in summer regime because
the high thermal flow generates an optimal air-convective
condition into the cavity (Table 5); in winter, the effect of the
ventilated layer is very important to reach optimal thermal and
hygrometric conditions. This is important, for example, to
allow the melting of the snow and to avoid the problems
related to the water condensation for the materials.
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NOMENCLATURE

b channel width, m

h hipped roof height, m

L channel length, m

Ly, Ly inlet reservoir dimensions, m

Qs heat flux in summer, w/m?

Qw heat flux in winter, w/m?

T operative temperature, k

Ts temperature in summer regime, k

Tw temperature in winter regime, k

Tavg average value of the temperature in the exit
section of the channel, K

Thavg average value of the temperature on the top wall
of the ventilated channel, K

Vavg average value of the velocity in the ventilated
channel, [m/s]

Vimax maximum value of the velocity in the ventilated

channel, [m/s]

X, Y ,Z Cartesian coordinates

Greek symbols

0 roof inclination, ©
k kinetic energy of turbulence
€ turbulent kinetic energy dissipation





