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Abstract

The extensive use of mechanical ventilation systems is severely impacting the environment as these systems are one
of the major sources of greenhouse gas emissions. Natural ventilation can effectively replace mechanical ventilation
systems if the performance of the former is enhanced. The performance of a natural ventilation system depends on
many factors such as the geometry of the building, opening size, shape, and positions. The studies related to
quantitative analysis of natural ventilation performance in buildings are limited. Even though some of the studies
have investigated the performance of natural ventilation in flat-roof buildings, however, completely ignore gable roof
buildings. Considering the widespread usage of gable roof structures it is highly significant to investigate the natural
ventilation performance in gable roof buildings. Thus, in this work, the quantitative assessment of natural ventilation
performance in gable roof buildings has been investigated and compared with the flat roof buildings using
computational fluid dynamics (CFD). Six different configurations based on the relative locations of the windward
and leeward openings were considered for both roof shapes. Numerical simulations were carried out using ANSY S-
FLUENT software to investigate the ventilation performance for each of the configurations. The three parameters
selected for evaluating the natural ventilation performance are normalized average velocity magnitude (V*), velocity
homogeneity index, H, and normalized volumetric flow, Q*. The results showed that the flat roof configurations have
higher values of V* and H which infers that flat roof configurations have better natural ventilation performance than
gable roof configurations. Moreover, among the six configurations tested the configuration with windward opening
below the mid-height and the leeward opening above the mid-height of the building wall has the best natural
ventilation performance. The configuration with the windward opening at the mid-height and leeward opening below
the mid-height of the building wall has the highest volume flow rate.
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Introduction

Ventilation is an integral part of the building construction. In buildings, ventilation is accomplished primarily
by two modes natural ventilation and mechanical ventilation. Natural ventilation is becoming a preferred
choice due to its various advantages over mechanical ventilation. To operate mechanical ventilation systems
energy is required however natural ventilation consumes no energy. Moreover, mechanical ventilation
systems emit greenhouse gases which are a major cause of concern as the threat of global warming looms on
the planet Earth. Natural ventilation is of two types- wind-driven which is basically due to pressure gradient
and buoyancy-driven due to temperature gradient. It facilitates the exchange of internal and external air in
buildings. As the heat is carried away from inside the building it helps in maintaining a thermally
comfortable indoor environment. Furthermore, due to the mixing of internal and external air, the
concentration level of pollutants inside the building lowers which improves the indoor air quality. Natural
ventilation also helps in expelling harmful contaminants inside the building.

Buildings are one of the important elements of the urban infrastructure. As the wind interacts with buildings
the wind environment around it is significantly affected which results in a change in the pressure distribution
influencing the natural ventilation. The flow field produced by the wind is significantly affected by the
geometry of the building [1-4]. Buildings have different geometry due to the shape of the roofs. Various
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building geometries are- flat roofs, gable or pitched roofs, arched or curved roofs, and sawtooth roofs.
Among these flat and gable roof structures are most common. The roof shape has a remarkable impact on the
wind-induced flow field eventually affecting the natural ventilation. Various studies have been conducted in
the past to investigate natural ventilation in flat and gable roof buildings. Three methods- full-scale
measurements, wind tunnel experiments, and numerical simulations are primarily carried out in natural
ventilation investigations. Katayama et al. [5] employed both full-scale measurements and wind tunnel
experiments however; lino et al. [6] used wind tunnel experiments and numerical simulations to analyze the
cross-ventilation characteristics in flat roof buildings. Ohba et al. [7] and True [8] also investigated cross-
ventilation in flat-roof buildings. Karava et al. [9] carried out a series of experiments to study cross-
ventilation. The results of numerical simulations of cross-ventilation problems are affected by different
parameters. Ramponi and Blocken [10] attempted to analyze the impact of these parameters. The influence
of building length on cross-ventilation was investigated by Chu and Chiang [11]. Cross-ventilation through
vertical openings was studied by Manolesos et al., [12]. A systematic study on the comparison of single-
sided and cross-ventilation was undertaken by Zhang et al., [13]. Furthermore, Moey et al., [14] attempted to
study the effect of non-aligned openings on cross-ventilation. Gable or pitched roof buildings are most
commonly used in schools, hospitals, and residential and commercial buildings. Although many researchers
considered flat roof buildings in the investigation of cross-ventilation however, some researchers also
worked on gable roof buildings [15, 16]. The effect of internal pressure on the cross-ventilation was
investigated by Karava et al. [17]. Most of the studies considered ventilation or airing through windows
however, cross ventilation through doors in a gable roof building was studied by Kobayashi et al., [18]. A
series of wind tunnel experiments were performed by Yi et al., [19] to study the indoor airflow pattern in a
naturally ventilated dairy burn. The wind-induced flow field around an isolated gable-roof building with and
without openings was studied by Xing et al. [20]. Hayati et al., [21] also performed both wind tunnel
experiments and numerical simulations to investigate airing through doors. Apart from the flat and gable
roof structures, the investigation of natural ventilation through buildings with arched roofs [22] and sawtooth
roofs [23, 24] has also been carried out previously.

Although various studies have been carried out in the past to investigate the cross-ventilation flow only a few
studies have attempted to investigate the natural ventilation performance quantitatively. Diaz-Calderén et
al.[25] evaluated the performance of natural ventilation using three parameters namely, normalized average
velocity magnitude (V*), velocity homogeneity index (H), and normalized volumetric flow (Q*). However,
their study mainly focussed on flat-roof buildings. Since gable roof buildings are also quite prevalent in both
urban and rural areas hence, the evaluation of ventilation performance in gable roof buildings is highly
crucial. Therefore, in the present study, the ventilation performance in gable roof buildings is evaluated
quantitatively and compared with flat roof buildings. The study primarily aims to identify a suitable
configuration with optimum ventilation performance.

Methodology-Numerical simulation
The detailed methodology adopted to perform the numerical simulations has been discussed in this section.
Building models and configurations

In the present study, the natural ventilation performance of flat and gable roof buildings is analyzed
numerically. The gable roof building model considered herein has a width (w) of 6 m, length (I) of 12 m, and
eave height (h) of 6 m respectively, and a roof pitch of 5:10 (Figure 1(a)). Furthermore, for the flat roof
building model, the width (w) and length () are kept the same i.e. 6 m and 12 m respectively. However, the
height (h) of the flat roof model is set as 6.75 m (Figure 1(b)) to ensure the same volume for both flat and
gable roof buildings.

The analysis is performed for six different configurations each for flat and gable roof buildings. These
configurations are chosen such that the openings are located in opposite facades and are non-aligned.
Further, the opening size for all the configurations is identical i.e. 6 m x 1.2 m (wxh). The vertical positions
of the openings on the windward and leeward facades of these six configurations namely A, B, C, D, E, and
F are shown in Figure 2.
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Computational domain and grid

The computational domain created for performing the numerical simulations has a downstream length of 15h
and lateral and vertical lengths are set as 5h each where h is the height of the building model (Figure 3(a)).
These dimensions are specified based on the best practice guidelines suggested by Franke et al., [26] and
Tominaga et al., [27]. Furthermore, the upstream length has been kept at 3h as suggested by Blocken et al.,
[28] (Figure 3(a)).

Hybrid mesh is developed with tetrahedron and hexahedral elements near and away from the building model
and prism layers are generated near the solid boundary (Figure 3(b)). The mesh density was made finer near
the building model. Numerical simulations are performed by employing similar grids for both the flat and
gable roof building models.

5:10(26.6°)

fi,l / f f, 6.75
\ | N . ‘L
12 T~ —
\1/ 6/" "
(All Dimensions are in m)

(a) (b)

Figure 1. Schematic view of the building model (a) Gable roof (b) Flat roof

Boundary conditions and solver settings

For the simulations, the inlet velocity profile employed was based on the logarithmic law as given in
Equation 1

U(y) :ﬂln[mj Equation 1
K Y,

Where, the friction velocity wyp, is 0.347 m/s, which is determined from the reference velocity (U =10
m/s) at a height (yei=h=6 m) [29], the aerodynamic roughness length (y,=0.0001 m), and y is the height
coordinate and k is Von Karman constant (x=0.4).

The profile of the turbulent kinetic energy at the inlet is given by

k(y)=a(l, (y).u(y))2 Equation 2
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In Equation 2, as recommended by Tominaga et al., [27] the value of ‘a’ was selected as 1 (a=1) and the
profile of streamwise turbulent intensity is chosen according to the equation (3) as obtained by [30].

1
I - =
’ (y) In[ y J Equation 3

Yo

At the inlet, the profile used for the turbulent dissipation rate (g) and the specific dissipation rate (®) are
defined in Equations 4 and 5 respectively

e(y)= K(u¢ Equation 4

o(y)=——7"~ Equation 5

Where Cp is an empirical constant taken as 0.09.

The roughness constant and roughness height for the building surfaces are taken as 0.5 and 0. Symmetry
boundary conditions were imposed on the sides and top of the domain with zero normal velocity and zero
gradients for all variables. The outlet of the domain was imposed with zero static pressure.

For the ground surface, the roughness constant Cs was assumed as 1, and the sand grain roughness height ks
could be determined using Equation 6 according to their relationship with aerodynamic roughness length, y,

9.793y,
K = C— Equation 6

S

To investigate the wind-driven natural ventilation in low-rise buildings the steady state flow simulations are
performed in commercial CFD software package ANSYS-FLUENT version 19. The 3D steady RANS
equations are solved using the k- SST turbulence model. For pressure-velocity coupling, the SIMPLE
algorithm was employed. The pressure interpolation is of the second order, and all other transport equations
are discretized by a second-order upwind scheme. Convergence is assumed to be obtained when all the
scaled residuals leveled off reached a minimum of 10 for Continuity, X, y, z momentum and k, and 10 for
o. Since oscillatory convergence was observed for the simulations hence, initial simulations were carried out
for 5000 iterations and the results were sampled and averaged over the last 500 iterations as also done by
[10]. Additionally, the stream-wise wind speed (U) was monitored at three different points in the domain- at
the center and upstream and downstream location of the building.
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Figure 2. Different building configurations with pair of non-aligned openings
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Figure 3. Computational domain (a) perspective view with dimensions (b) with generated grid

Validation

Validation is a crucial step in CFD simulations. The experimental work done by Karava et al. [31] to study
the cross-ventilation in a building using the PIV technique is considered as the benchmark for the validation
of current numerical simulations. Additionally, Ramponi and Blocken [10] also attempted to reproduce the
experimental results of [31] numerically. Hence, in the present work, the results obtained from the CFD
simulations are compared with both the experimental results of [31] and the results obtained from the
numerical simulations carried out by [10]. The configuration considered for this purpose comprises two
openings placed at the mid-height of windward and leeward facades. The variation of normalized streamwise
wind speed (U/Urr) along the horizontal line passing through the center of the windward and the leeward
opening is compared in Figure 4. The results obtained from the present CFD simulations are found to be in
good agreement with [10]. However, minor deviations can be observed between the experimental and the
numerical results. The reasons for the deviations can be attributed to the limitations of PIV measurements.

& [Karava
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Figure 4. Comparison of normalized streamwise wind speed (U/Urs) along the horizontal line passing
through the center of the windward and leeward opening obtained from PIV measurements and numerical
simulations
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Results and Discussion

To assess the natural ventilation performance in a living zone, Daiz et al. [25] proposed three parameters
namely the normalized average velocity magnitude (V*), velocity homogeneity index (H), and normalized
volumetric flow (Q*). The entire inner air volume of the building is considered to be the living zone in this
study. Here, the V* and H are related to indoor air distribution. The higher values of V* and H indicate better
indoor air quality. Further, Q* is associated with thermal comfort as it is a measure of heat-carrying capacity
from the living zone. Therefore, to investigate the natural ventilation performance in flat and gable roof
structures, the aforementioned parameters (V*, H, and Q*) are evaluated for each of the six configurations in
the living zone using numerical simulations.

The normalized average velocity magnitude can be defined as follows-
V*=—"2 Equation 7

Where Vay is the average velocity magnitude in the living zone and Uy is the reference velocity at the eave
height of the gable roof building (h=6 m).

The parameter velocity homogeneity index, H is estimated as given by Cruz-Salas et al. [32]

o
H :1—\/—V Equation 8

avg

where oy is the standard deviation of velocity magnitude in the living zone.

The normalized volumetric flow, Q* is mathematically expressed as
Q*=— Equation 9

where Q is the volume flow rate calculated using the CFD technique and Qrer = Ao Urer ; Ao is the opening
area.

Comparison of normalized average velocity magnitude (V*) in flat and gable roof configurations

It is worth mentioning here that, the higher value of V* signifies a better mixing of air in the living zone.
Hence, with the higher magnitude of V* the indoor air quality improves significantly which eventually
improves the natural ventilation performance. Therefore, simulations were performed to evaluate the V* for
both gable and flat roof buildings with all six different opening configurations and the results are presented
in Figure 5. It is observed that for both flat and gable roofs the highest value of V* is obtained for
configuration E, and the least for configuration D. The difference between the highest and the least value of
V* among the six configurations considered is noted to be 58.98% in flat roof buildings and 33.40% in gable
roof buildings. Another important observation is that the configurations having windward openings below
the mid-height (i.e. configuration E and F) show higher values of V*. Further, it is to be noted that, in general
V* is higher in the flat roof configurations as compared to gable roof, except for configuration D where the
V* is almost equal. For configuration E, the V* is found to be 17.69 % higher for flat roofs as compared to
gable roof buildings.
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Comparison of velocity homogeneity index (H) in flat and gable roof configurations

From the same set of simulations as mentioned in the previous section, the velocity homogeneity index (H) is
evaluated for all the configurations. Figure 6 presents the comparison of the velocity homogeneity index (H)
for flat and gable roof buildings with various opening configurations. Here, the value of H is noted to be
highest for configuration E and lowest for configuration D irrespective of the shape of the building. There is
a 155%  increment of H is observed between the highest and the lowest value of H in flat roof
configurations as against a 145% increment in gable roof configurations. Similar to V*, irrespective of the
shape of the building, the value of H is found to be higher for configurations (i.e. configuration E and F) with
windward openings below the mid-height. Furthermore, for similar configurations, the magnitude of H is
higher in flat roofs as compared to gable roof buildings for all the configurations. For configuration E (with
the highest H), the value of H is 13.24% higher for the flat-roof building. Another important observation is
that although the difference in magnitude of V* between the flat and gable roof buildings for configuration D
is negligible, however, the flat roof has an 8.94% higher value of H than the gable roof structure. It is worth
noting here that the higher value of H signifies better natural ventilation performance.

Comparison of normalized volumetric flow (Q*) in flat and gable roof buildings

The investigation continued to evaluate the normalized volumetric flow (Q*), which is an important
parameter to measure the heat-carrying capacity. The higher value of Q* indicates that it carries away more
heat from the living zone leading to the cooling of the space which is beneficial in the summer season.
However, it is unwanted during the winter season. Hence, Q* is strongly related to the thermal comfort of the
living zone rather than the internal air quality. Figure 7 shows the comparison of the normalized volumetric
flow (Q*) for flat and gable roof buildings with six different non-aligned opening configurations. For both
flat and gable roof buildings, the normalized volume flow rate is found to be the maximum for configuration
D, where the windward opening is at the mid-height and the leeward opening below the mid-height. Q* is
the minimum for configuration E having a windward opening below the mid-height and a leeward opening
above the mid-height. The difference between the maximum and minimum value of Q* among the six
configurations is found to be 35.08% and 38.94% for flat and gable roof configurations respectively.
Furthermore, for configurations A, B, and C; Q* is higher in flat roofs. However, for configuration D, Q* is
higher by 2.89 % for gable roof building. For the rest of the configurations (E and F), Q* is noted to be
equivalent. Overall it can be said that for identical configurations the difference in Q* between the flat and
gable roof buildings is less significant.
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Figure 6. Comparison of velocity homogeneity index(H) in flat and gable roof buildings for six different
configurations
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Figure 7. Comparison of normalized volumetric flow (Q*) in flat and gable roof buildings for six different
configurations

Conclusion

In this work, a comparative study on the ventilation performance in flat and gable roof buildings has been
carried out. Six different opening configurations are considered for the present study. Numerical simulations
are carried out using ANSYS-FLUENT commercial CFD software. The parameters considered for
assessment of the natural ventilation performance are normalized average velocity magnitude (V*), velocity
homogeneity Index (H), and normalized volumetric flow (Q*). Among the six configurations analyzed for
both flat and gable roof buildings, the configurations having windward openings below the mid-height (i.e.
configuration E and F) show higher values of V* and H compared to other configurations. Furthermore,
irrespective of the roof shape, the peak values of V* and H are obtained for configuration E; where the
windward opening is located below the mid-height and the leeward opening is located above the mid-height.
As the higher value of V* and H signifies better air quality in the living zone, hence it can be concluded that
configuration E would provide the best natural ventilation performance in both flat and gable roof buildings.
Moreover, for both the roof shapes the least value of V* and H are noted in the case of configuration D
resulting in poor natural ventilation performance. In addition, it is found that irrespective of the location of
the openings, flat roof configurations have higher values of V* and H compared to the gable roof building.
Therefore, it can be concluded that the flat roof configurations have better natural ventilation performance
than gable roof configurations. Furthermore, the analysis of Q*, reveals that irrespective of the roof shape,
configuration D has the highest and configuration E the least volume flow rate. Hence it can be concluded
that configuration D has the enhanced capacity to carry away the heat from the living zone resulting in the
cooling of the inner space. Thus configuration D is suitable for the summer season. In contrast to that
configuration E, is preferred in the winter season as it has a lower heat-carrying capacity.
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