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ABSTRACT

Localised pressures induced by strong winds are often critical in low-rise structures such as gable
roofed warehouses, especially under oblique wind directions. This study investigates the mean
pressure distributions around gable roof buildings. Tests on three different roof pitches of 1:5, 2:5 and
3:5 were Investigated. Wind tunnel tests, 3D steady Reynolds-averaged Navier-Stokes (RANS) and large
eddy simulation (LES) were critically compared. Under perpendicular wind attack angles, intense flow
separation is observed on the roof with a lower roof pitch due to the sharp edge. Under oblique wind
directions, conical vortices occur and lead to high suction areas, mainly on the long leading edge, short
leading edge and roof ridge. There is a general tendency for high suctions to reduce significantly when
the roof pitch becomes steeper. It is observed that when the buildings are subjected to perpendicular
wind directions, simulation results from RANS show good agreement with the experimental results.
However, at oblique wind attack angles, RANS simulations are incapable of reproducing vortices that
occur at roof corners and long leading edges. It is noted that a scale-resolving turbulence model such
as LES is required to reproduce complex flow features.

1. Introduction

Wind loading is one of the most critical factors in designing a low-rise building such as a gable-roofed
warehouse. Many parameters, such as wind direction and building geometry, can affect the localised
pressure on the building’s surface. Under oblique wind attack angles, conical vortices are generated
and lead to large suctions on the roof, which may cause severe damage and should be given sufficient
attention during building design. Previous studies related to conical vortices on different building
geometries can be found, such as a flat roof building (Tryggeson and Lyberg, 2010), curved roof
building (Franchini et al., 2005), and saddle roof building (Dong and Ye, 2012). The motion of corner
vortices has been proven to be closely related to the wind direction. Roof pitch is a well-known factor
among the various parameters related to building geometry and has been extensively investigated
over the last several decades. Hoxey et al. (1993) summarised that the pressure changes brought by
building geometries were not reflected in current wind loading design codes after investigating gable
roof models with roof angles of 14° and 26°. Xu and Reardon (1998) found that the 30° hip roof had
the highest suction pressure at the roof corner compared to the other two hipped roof models having
15° and 20° roof angles. A more comprehensive study was later conducted by Prasad et al. (2009), who
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considered gable, hipped and flat-roof buildings. They found that gable and hipped roof buildings
having a critical roof angle of 45° had the least peak suction pressures on the roof compared to the
other roof angles. In the above studies related to roof pitch, only perpendicular wind directions were
considered, and the conical vortices resulted from oblique wind direction were not included. The
influence of roof pitch on the wind flow around low-rise buildings under both perpendicular and
oblique wind directions has rarely been investigated. It is necessary to conduct a more comprehensive
study to identify the critical areas, especially the high suction areas of a low-rise building having
different roof pitches under various wind directions, which is of great importance for building design.
The study presented in this paper concentrates on the variation of pressure distribution brought by
different wind directions around three gable roof models having three roof pitches of 1:5, 2:5 and 3:5,
respectively. A boundary layer wind tunnel is used in this study in conjunction with numerical
simulations performed with steady Reynolds-averaged Navier-Stokes (RANS) simulation and large
eddy simulation (LES).

2. Experimental Setup

The experiments were carried out in the Boundary Layer Wind Tunnel within the school of civil
engineering at the University of Sydney. The test section of the boundary layer wind tunnel is 20 m
long, 2.5 m wide, and 2 m high. The atmospheric boundary layer was created by a combination of
spires and grass carpets. The building models having roof pitches of 1:5, 2:5 and 3:5 was constructed
from plywood with smooth surfaces, as shown in Figure 1(a). Different wind attack angles could be
achieved by rotating the turn table. The wind direction is defined as 0° when the direction is parallel
to the roof ridge and 90° when the direction is perpendicular to the roof ridge, as shown in Figure 1(a).
Seven directions were investigated in this study, ranging from 0° to 90° at 15° intervals. The building
models were made at a scale of 1:20, and the height of the eave H was kept constant for all the models.
A total of 90 pressure taps were used on the external surfaces, and the pressure tap distribution is
shown in Figure 1(b). The same pressure tap distributions were utilised for the other three models.
The mean wind velocity and turbulence intensity of the approaching flow was measured with a hot-
wire probe. Time averaging was conducted for a period of 120 s with a sampling rate of 1000 Hz. The
mean wind velocity and turbulence intensity measure from experiments is used as the simulation inlet
conditions of this study. The aerodynamic roughness length was estimated to be 0.0003 m (0.006 m in
full-scale), corresponding to open terrain conditions according to Australian Wind Standard AS 1170.2
(Committee, 2011). The reference point was selected at the height of the building eave (H,.; = H),
with the reference mean velocity U,.r = 8.5 m/s and a reference turbulence intensity of 19%.
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Figure 1. (a) Schematic view of the model and (b) Pressure tap distributions on the external surfaces.
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3. Simulation Setup

ANSYS FLUENT version 18 (Fluent, 2009) was used in this study to perform the steady RANS and LES
computations. The building models were created according to the sizes of the models used in the wind
tunnel tests. The distances were 3H (0.825 m) from the building model to the top and the sides of the
domain and 15H (4.125 m) for the downstream length, where H (0.275 m) was the height of the tallest
building in this study. All the blockage ratios were below 3% for different roof pitches with this domain
shape. The inlet conditions in the simulation were imposed based on wind tunnel measurements, and
Symmetry boundary conditions were imposed on the sides and top of the domain. The 3D steady RANS
equations are solved in combination with the k — w shear stress transport (SST) turbulence model.
The SIMPLE algorithm is used for pressure-velocity coupling. The pressure interpolation is of second
order and a second-order upwind scheme discretises all the other transport equations. Convergence
is obtained when the scaled residuals level off and reach a minimum of 10~> for all dependent
variables. The dynamic Smagorinsky-Lilly model is selected as the sub-grid scale model to perform LES
simulation. The SIMPLE algorithm is also used for pressure-velocity coupling. The pressure
interpolation is of second-order and a bounded central differencing scheme is applied to discretise the
momentum equation. Bounded second-order implicit is used for transient formulation. Tetrahedral
and hexahedral elements are used near and away from the building, respectively. Additionally, prism
elements are imposed near solid boundaries to capture boundary layers, as shown in Figure 2. After a
series of sensitivity tests, the mesh details used for RANS LES are displayed in Table 1. All the LES
simulations were performed with a time step size of 6 X 10~° s and a sampling duration of 2 s. Due to
the page limit, details about sensitivity tests are not presented in the paper and can be found in the
authors’ previous study (Xing et al., 2018b).

(a) - ()

Figure 2. Mesh details (a) on the longitudinal cross-plane around the building and (b) near the building corner.

Table 1. Mesh details for RANS and LES

Maximum  Minimum  First grid height Stretchratio  Average y*  Total mesh

mesh size mesh size of inflation of inflation around number
(m) (m) layer (m) layer building
RANS 0.05 0.005 0.00002 1.1 0.2 703,000
LES 0.05 0.005 0.00006 1.2 0.8 451,000
4. Results

4.1 Perpendicular wind direction 90°

In Figure 3, numerical results obtained from the k — w SST turbulence model and the experimental
results measured from the wind tunnel tests are compared on building models under a wind direction
of 90°. The x-axis is the dimensionless distance along the mid-line of the building model, and the y-axis
is the corresponding pressure coefficient. Generally, simulation results show good agreement with the
experimental results, especially on the roof, which is a critical zone due to flow separation. Except for
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some underestimation of line D in the leeward part of the building with a roof pitch of 3:5, CFD has
good performance in all other parts using the k — w SST turbulence model. The positive pressure
coefficient in line A of the windward wall and the absolute value of the negative pressure coefficient
in line D of the leeward wall slightly increase with the roof pitch becoming steeper. However, the
variations are minimal compared to the significant changes in the pressure coefficient on the roof. On
the upwind roof, the absolute values of the suction pressure reduce a lot with the roof pitch gradually
increasing. In addition, the pressure coefficient on the downwind roof changes into a relatively
constant value of around -0.5 when the roof pitch rises from 1:5 to 2:5 and 3:5.

The different distributions of pressure coefficient in Figure 3 result from the flow separation variation
intensity, which can be reflected by plotting the vorticity distribution on the mid-plane as displayed in
Figure 4. Vorticity is defined as the curl of the velocity vector (V X¥) and is regarded as a good indicator
to reflect the complexity of flow structure. It is observed in Figure 4 that the vorticity of flow separation
close to the sharp edge significantly reduces with the increase of roof pitch. This indicates that a more
intense flow separation can happen on the roof with a lower roof pitch due to the sharp edge. In
addition, two areas with high vorticities behind the roof ridges are observed on the downwind roof in
Figure 4(b, c).
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Figure 3. Pressure coefficient comparison between results from the simulation and wind tunnel test on
buildings under wind direction 90° with a roof pitch of (a) 1:5, (b) 2:5, (c) 3:5.

- - f \ ,
Figure 4. Vorticity distributions along the mid-planes around buildings under wind direction 90° with a roof
pitch of (a) 1:5, (b) 2:5, (c) 3:5.

4.2 Oblique wind directions

The pressure distribution contours on the roof with pitches of 1:5, 2:5 and 3:5 is displayed in Figure 5
under different wind directions. These contours are plotted based on the data obtained from wind
tunnel tests. It is seen that the position of the high suction area changes significantly with wind
direction. Generally, there is a tendency for the high suction areas on the roof to become less critical
with increasing roof pitches. A critical area with an extremely low-pressure coefficient of -2 is seen on
the front roof ridge with a roof pitch of 1:5 under wind direction 45°. When the roof pitch is raised to
3.5, the lowest pressure coefficient is around -1.2 under wind direction 15°, and most areas have a
relatively higher-pressure coefficient of around -0.5 or greater under various wind directions. The roof
pitch is proven to influence the intensity of vortices on the roof significantly. For a low roof pitch
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building, the contact edges between walls and roof are shaper than a higher roof pitch, which will lead
to a stronger flow separation and intensify the formation of vortices on the roof (Xing et al., 2018b).
Besides, the high suction areas mainly concentrate on the leading edge, short leading edge and the
front part of roof ridge due to the formation of roof corner vortices.
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Figure 5. Pressure coefficient contours under five different wind directions for buildings with a roof pitch of (a,
b, c,d, e) 1:5; (f, g h,i,j) 2:5; (k, |, m, n, 0) 3:5.

4.3 Comparison between RANS and LES

The different performances between LES and RANS are evaluated by tracking the development of
velocity vector in the near-building flow region around the building with a roof pitch of 1:5 under a
wind direction of 60° as displayed in Figure 6. It is clearly observed in Figure 6(a) that two vortices form
along the leading edge and short leading edge respectively. The vortices have certain angles with the
leading edges. Besides, wind streamlines separate when flowing over the sharp edges, generating flow
separation regions as observed in Figure 6(a). However, a large discrepancy can be found between LES
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and RANS in the generation of near-building flow regions as shown in Figure 6(b). Although RANS could
create flow separations near the sharp edges, the vortex along the long leading edge is not clearly
produced. The vortex size along the short leading edge is also significantly smaller compared to Figure
6(a), and the distribution tends to be parallel to the leading edge. A detailed comparison between
RANS and LES results can be found in the authors’ previous studies (Xing et al., 2018a, 2018b), and it
is shown that LES performs better in both the generation of flow structures around buildings and the
prediction of localised pressure coefficient compared to RANS.
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Figure 6. The developments of velocity vector on the roof éenerated by: (a) LES, (b) RANS.
4. Conclusions

This paper investigates the mean pressure distributions around gable roof buildings with three
different roof pitches of 1:5, 2:5 and 3:5 by wind tunnel tests, 3D RANS and LES. Simulation results
from RANS show good agreement with the experimental results when the buildings are under
perpendicular directions. When the building is under oblique wind directions, high suction areas
brought by conical vortices mainly concentrate on the long leading edge, short leading edge and roof
ridge. There is a general tendency for high suctions to reduce significantly when the roof pitch becomes
steeper. LES performs better in the simulation of roof corner vortices compared to RANS.
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