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ABSTRACT

The research aims at studying the wind-induced pressure on an 8° low-slope gable roof by
means of wind tunnel tests and ANSYS Fluent simulation analysis. Direct pressure
measurements were obtained from the experimental tests, and the resulting pressure
distribution and aerodynamic flow were interpreted by the numerical model. The four roof
configurations examined were a closed roof, a single opening, two openings and four
openings. These cases were then tested experimentally under the same conditions in an
open-circuit wind tunnel at the College of Engineering at the University of Baghdad with a
fixed wind velocity of 38 m/s. Pressure coefficients were calculated from the pressure taps
located over the windward wall, leeward wall and gable roof surfaces. A steady,
incompressible RANS formulation numerical model was then constructed in ANSYS Fluent
2025 R1 with the standard k-¢ turbulence model. Increasing the number of openings on the
roof resulted in improved interaction between the external separated flow and the internal
air volume and resulted in a noticeable redistribution of the pressure over the roof surface.
The CFD results were compared with the experimental measurements, and the results were
very good, with a high R? = 0.996, an RMSE = 0.069 and a ME = 0.051. Based on the
results, it can be concluded that the openings of a roof can have a significant impact on the
aerodynamic pressure response of low-rise gable roofs and that the openings should be
taken into account when assessing roof pressures due to wind.

Keywords: Computational fluid dynamics (CFD), Gable roof, Pressure coefficient, Roof
openings, Wind engineering.

1. INTRODUCTION

The sensitivity of low-rise industrial and agricultural buildings to the pressures imposed on
their roofs by wind forces is particularly high, due to separation of the wind flow in the area
around sharp roof edges, creating strong local suction (Simiu and Scanlan, 1996).

The suction can also be the most important load on light weight cladding, fasteners, eave
areas, ridge areas, and other roof features, more so than the overall wind load on the building
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itself. It is therefore important to assess local pressure coefficients for wind-induced roof
uplift and cladding performance. This study concerns with an 8° low rise gable roof and the
pressure coefficients generated over the roof surfaces and walls (Aynsley et al., 1977;
Stathopoulos, 1984; Dyrbye and Hansen, 1997; Tieleman, 2003).

Aerodynamic behavior is also influenced by the roof opening. The wind-pressure pattern
over a low-rise gable roof is generated by the interplay between indoor/outdoor geometry
and incoming wind. As the flow reaches the windward wall, it stagnates, and another portion
of the flow is accelerated and separates near the roof edges, as it flows over the inclined roof
surface. The mechanism results in positive pressure on the windward wall and negative
pressure over the roof surface and leeward area (as illustrated in Fig. 1) (Cook, 1985;
Holmes, 2020)
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Figure 1. Schematic representation of the main aerodynamic mechanisms controlling roof
pressure, including stagnation, flow separation, shear-layer reattachment, wake formation,
and vortex generation.

So, the roof pressure field should not be taken as uniform, as there can be local suction over
the edge of the roof, which may be more significant aerodynamically than the aerodynamic
demand of the wind on the whole building. This flow behavior is altered by all roof openings,
as they allow for interaction between the separate flow from the outside and the volume of
air inside. This interaction can lead to a redistribution of the pressure around the opening
areas and alter the local suction response above the roof (Ginger et al., 1997; Kopp et al.,
2008; Holmes and Ginger, 2012). Therefore, roof openings mustn't be treated as
architectural or service elements only, but also as aerodynamic flow paths, particularly when
they are situated in high-suction roof areas (Kopp et al., 2008; Demir and Aktepe, 2025).
The aerodynamic response of the gable-roof model was evaluated through wind tunnel
testing and CFD simulation in ANSYS Fluent (Al Salmani et al., 2019). The experimental
measurements provided local pressure data, while the CFD model was used to interpret the
associated pressure distribution, velocity variation, flow separation, streamline behavior,
and wake development around the roof (Cermak, 2003; Blocken, 2014). This combined
approach is particularly useful for roof-opening problems because pressure taps quantify
the local aerodynamic response, whereas CFD explains how the external separated flow
interacts with the internal cavity through the openings.
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CFD predictions of separated flow around bluff bodies are sensitive to the computational-
domain dimensions, mesh resolution, boundary conditions, near-wall treatment, and
turbulence-model formulation. Accordingly, the numerical model was validated against the
wind-tunnel measurements before it was used to interpret the aerodynamic mechanisms
associated with the investigated roof-opening configurations (Murakami, 1997; Tominaga
etal, 2008; Lateb et al., 2013).

Wind-induced pressures on low-rise buildings have been widely investigated. Nevertheless,
comparatively few experimental and numerical studies have considered low-pitched gable
roofs with multiple roof openings, particularly when the reference wind velocity is
established from long-term local wind records. The present study therefore examines the
aerodynamic response of an 8° low-rise gable roof under four configurations: a closed roof,
one opening, two openings, and four openings. Wind-tunnel tests were performed at a
reference velocity of 38 m/s, obtained from an extreme-value analysis of Baghdad wind-
speed records. Surface pressures were measured at 34 pressure taps distributed over the
roof and wall surfaces.

A corresponding CFD model was developed in ANSYS Fluent 2025 R1 to reproduce the
experimental conditions and supplement the measured data with detailed flow-field
information. The investigation addresses surface-pressure coefficients, local roof suction,
pressure redistribution, airflow exchange through the openings, and downstream wake
development. The numerical predictions were assessed through direct comparison with the
wind-tunnel measurements. The resulting analysis provides a clearer understanding of how
the number of roof openings modifies the aerodynamic pressure response of low-rise gable
roofs and supports the assessment of wind loads on similar roof systems.

2. MATERIALS AND METHOD
2.1 Wind Tunnel Facility and Reference Flow Condition

The tests were carried out in an open-circuit subsonic wind tunnel at the College of
Engineering, University of Baghdad. The test section is 0.70 m wide, 0.70 m high, and 1.50 m
long. This size was enough to place the roof model inside the tunnel with side clearance for
the airflow. Fig. 2 shows the tunnel layout, the model position, and the actual facility. Airflow
was supplied by a downstream axial fan with a 55 kW motor. The fan speed was controlled
by a Delta C2000+ VFD. The speed was adjusted before taking the pressure readings
(Cermak, 2003; Tieleman, 2003).

A reference wind velocity of 38 m/s was adopted in this study. This value was selected from
the extreme-value analysis of nearly 35 years of Baghdad wind-speed records and was used
in both the wind tunnel tests and CFD simulations (Palutikof et al.,, 1999). The
corresponding dynamic pressure was calculated using Eq. (1) (Solari, 1993):

1

where q is the dynamic pressure, p is the air density, and V is the reference wind velocity
(White, 2016). For p = 1.182kg/m?® and V = 38 m/s. The resulting dynamic pressure is
approximately 854 Pa. This value was used as the reference pressure for converting
measured surface pressures into non-dimensional pressure coefficients and for maintaining
consistency between the experimental and numerical analyses (Holmes, 2020; ASCE,
2022).
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A pitot static tube and a Dwyer Series 475 Mark II digital manometer were used for checking
the reference flow. The fan speed fixed up the velocity to reach the dynamic pressure of 854
Pa. Figs. 3 and 4 show the measuring and control devices used in this step. The pressure
readings were then taken under the same wind conditions for all roof-opening cases
(Cermak, 2003; Tieleman, 2003).

Axial Fan System Diffuser Test Section Flow Conditioning Inlet Contracti

Diffuser ' 1.50 m y ' Flow Conditioning ; Inlet Contraction
200 m Test Section Length 1.00 m 1.50 m

<«—— Airflow Direction

(b)
Figure 2. Open-circuit wind tunnel used in the experimental investigation: (a) schematic
layout of the tunnel components and roof-model position inside the test section; (b) actual
wind tunnel facility at the Department of Aerospace Engineering, University of Baghdad.
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Figure 3. Reference-flow verification and control system: (a) Dwyer Series 475 Mark III
digital differential manometer; (b) Pitot-static tube arrangement
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Figure 4. Electrical control panel and Delta C2000+ Variable Frequency Drive.
2.2 Roof Model and Opening Configurations

The investigated model represents an 8° low-rise gable-roof structure. The same external
roof geometry was maintained for all tested cases so that the aerodynamic influence of the
roof openings could be evaluated without introducing additional changes in roof slope or
building dimensions. The principal model dimensions were 0.35 m in width, 0.30 m in depth,
0.12 m in eave height, and 0.135 m in total height, as summarized in Table 1 and shown in
Fig. 5. Four roof-opening configurations were investigated: closed roof, one opening, two
openings, and four openings. Each roof opening had square dimensions of 4 cm x 4 cm, and
the openings were arranged on the roof surface to evaluate the influence of increasing roof
discontinuity on pressure redistribution and internal-external airflow interaction.

Table 1. Principal geometric dimensions of the investigated 8° gable-roof model.

Description Parameter Value
Building width B 0.35m
Building depth D 0.30m

Eave height h 0.12m

Total height H 0.135

Roof slope angle o 8°

=
L @
\"*\l\// o

Figure 5. Three-dimensional geometry and principal dimensions of the investigated 8°
gable-roof model.
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As shown in Fig. 6, between the closed and open roof cases, four configurations were
presented together to allow direct comparison. Preserving the same external dimensions for
all configurations ensured that the practical aerodynamic changes were mainly related to
the number of roof openings rather than unrelated geometric changes (Li et al., 2025;
Demir and Aktepe, 2025).

e

(d)

Figure 6. Geometric definition of the roof-opening configurations: (a) closed roof; (b) one
opening; (c) two openings; and (d) four openings. B and D represent the building plan
width and length, respectively; H is the eave height; h is the roof rise; b and d are the roof-
opening width and length, respectively; and e; and e, denote the distances from the roof
opening to the roof ridge and roof edge, respectively.

2.3 Blockage Ratio and Reynolds Number Similarity

The model position inside the wind tunnel was checked with the available test-section area
then the pressure measurements were started. The roof model was mounted at the center
of the 0.70 m x 0.70 m section, leaving approximately 0.20 m clearance on both sides. As
shown in Fig. 7, this placement provided enough lateral space for the flow to pass around
the model while keeping the tested cases under the same geometric conditions. The blockage
ratio was slightly higher than the commonly recommended 10% value; however, this
limitation affects all opening configurations in the same manner because the model position,
tunnel dimensions, and reference velocity were not changed during the tests. Therefore, the
comparison among the closed, one-opening, two-opening, and four-opening cases was
treated as a consistent comparative assessment (Cermak, 2003; Tieleman, 2003).
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Figure 7. Wind tunnel blockage representation and geometric arrangement of the roof
model inside the test section.

The blockage ratio was calculated using Eq. (2):

Am

p= 2)
where £ is the blockage ratio, 4,, is the projected frontal area of the model normal to the
airflow, and A; is the cross-sectional area of the wind tunnel test section. The test-section
area was calculated as 0.70m X 0.70m = 0.49 m% This parameter was included to
document the geometric relationship between the roof model and the available flow area
inside the tunnel and to support the interpretation of the measured pressure coefficients
under the adopted experimental arrangement (Cermak, 2003; Tieleman, 2003).
The Reynolds number was calculated to assess the aerodynamic similarity of the
experimental condition (Munson etal., 2013; Fox etal., 2015). Using the reference velocity
of 38 m/s, air density of 1.182 kg/m?® dynamic viscosity of 1.81 X 107 Pa-s, and
characteristic model height of 0.1669 m, the Reynolds number was obtained from Eq. (3):

VH
== 3)
where R, is the Reynolds number, V is the reference wind velocity, p is the air density, H is
the model height, and u is the dynamic viscosity of air. The number of Reynolds was about
4.13 x 10°,it’s suitable for sharp-edged bluff-body flow, as shown in Fig. 8. Therefore, the
test condition was used for comparing the measured pressure coefficients with the CFD
results (Lee, 1975; Melbourne, 1979).

R,
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Figure 8. Reynolds-number behavior for bluff-body aerodynamic flow.
2.4 Pressure Tap Layout and Measurement System

Surface pressure was recorded at 34 locations on the model. Eight pressure taps were
installed on the windward wall, eight on the leeward wall, and eighteen on the two roof
slopes. The tap positions were selected according to the expected aerodynamic response of
the model, with closer attention given to the windward roof edge, the ridge region, the
vicinity of the roof openings, and the wall surface. The selected locations covered the regions
where the largest pressure changes were expected, particularly near the windward edge,
ridge, roof openings, and wall surfaces. This arrangement was used unchanged for the closed
roof and for the one-, two- and four-opening configurations so that the measured responses
could be compared on the same basis. Each pressure tap was connected to the acquisition
system by a flexible tube routed through the interior of the model, as illustrated in Fig. 9.
Keeping the tubes inside the model prevented them from interfering with the approaching
airflow or changing the exposed roof geometry during testing (Cermak, 2003; Tieleman,
2003).

The pressure signals were measured using miniature differential pressure sensors
integrated into a custom-developed data acquisition system. Fig. 10 shows the main
components of the pressure-measurement system. The setup included miniature differential
pressure sensors, a custom acquisition unit, and a computer used for recording and
processing the measured signals. The recorded pressure differences were then converted to
pressure coefficients using the reference dynamic pressure adopted for the experiments.
The pressure coefficient was calculated using Eq. (4):

Gy =" @)
" q
In Eq. (4), C, is the pressure coefficient, P is the measured pressure relative to the reference

pressure, and q is the reference dynamic pressure. The use of non-dimensional pressure
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coefficients allowed direct comparison between wind tunnel measurements and CFD
predictions for all roof-opening configurations (ASCE, 2022).

= 3) Roof model
Gable roof, 8° slope
<

1) Pressure taps
Connected to internal
pressure points on the
roof and walls

2) Internal tubing
Flexible plastic tubes
for pressure
transmission

4) Outlet routing

Tubes routed toward
the pressure

acquisition system

P —— <

______

All tubes connected to the
pressure acquisition system

5) Pressure tubing connections ]

Figure 9. Pressure-tap locations and internal tubing connections within the gable-roof
model.

Before recording each measurement, the airflow was allowed to stabilize under the
prescribed test conditions. The pressure at each tap was then monitored for approximately
120 s, and the reported pressure coefficient was determined from the mean stabilized
pressure value. This averaging procedure minimized the influence of short-term pressure
fluctuations and provided representative mean pressure coefficients for comparison with
the corresponding CFD predictions.

Figure 10. Pressure measurement and data acquisition system: (a) differential pressure
sensors; (b) custom-developed acquisition unit; (c) computer-based recording and post-
processing arrangement.

2.5 CFD Model and Numerical Setup

The numerical simulations were conducted to simulate the aerodynamic conditions of the
wind tunnel experiments performed in this work in ANSYS Fluent 2025 R1. The
computational domain was also established using the same dimensions of the test-section
as were used in the experiments, i.e., width of 0.70 m, height of 0.70 m and length of 1.50 m,
thus maintaining the same blockage environment, model position, and reference flow
condition. The roof model was placed in the center of the computational domain, with the
upstream boundary set to be a velocity inlet and the downstream boundary set as a pressure
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outlet, as seen in Fig. 11. The side walls, top wall, floor and roof-model surfaces were defined,
based on the physical wind tunnel setup. It was decided to use this domain consistency to
facilitate direct comparisons between the CFD pressure coefficients and the wind tunnel
measurements (Richards and Hoxey, 1993; Richards and Norris, 2011; Blocken, 2014).

—
014 m
(Top clearance) i VELOCITY
040 m - INLET
PRESSURE = 5 (Upstream) | 4—— | (Wind enters)
0.70 m 0.75m =
OUTLET \ . F—
(WMexi(s)"Hw—-—* \ g
% 020 m i
i e Both side:
e T W4 T Deos)
Yy (Both sides) (On floor)
0.70 m
1.50 m DIMENSIONS
Length =150m
Width =070m
z Height =070m

CLEARANCES
Upstream (to inlet)
Downstream (to outlet)

=040m
=075m
=020m
=0.14m
=0m

L,

Figure 11. The CFD computational domain and boundary-condition arrangement
reproduce the wind tunnel test section and roof-model position.

Left & Right (to walls)
Top (to ceiling)
Bottom (to floor)

The flow field was assumed to be steady, three-dimensional, and incompressible, which is
appropriate for the present low-speed wind-tunnel conditions. The mean flow around the
roof model was simulated using the Reynolds-Averaged Navier-Stokes (RANS) equations,
while the standard k-¢ turbulence model was selected as the turbulence closure for the
separated external flow around the sharp-edged roof geometry (Launder and Spalding,
1974; ANSYS Inc., 2025).

The standard k-¢ turbulence model was selected because it has been extensively validated
and widely adopted for external aerodynamic simulations of sharp-edged bluff bodies,
particularly for predicting mean aerodynamic quantities, including pressure distributions,
under steady-state conditions. Several turbulence approaches were considered when
defining the numerical model. SST k-w and RNG k-¢ can give additional information close to
separated and recirculating regions, while LES can resolve time-dependent turbulent
structures. These methods, however, demand finer grids and considerably longer
calculations. The present CFD work was concerned mainly with the mean pressures
measured on the roof and walls. On this basis, the standard k- model was used for the four
opening arrangements. Its predictions were checked against the pressure-tap readings
rather than accepted without experimental verification. The resulting comparison gave R? =
0.996, RMSE = 0.069, and ME = 0.051. A finite-volume formulation was used to solve the flow
equations (Ferziger and Peric, 2002; Versteeg and Malalasekera, 2007). In addition to
the surface pressures available from the wind-tunnel tests, the CFD solution provided
information about the flow in the surrounding and internal regions of the model (Blocken,
2014).

A uniform velocity of 38 m/s was imposed at the inlet, while the downstream boundary was
specified as a pressure outlet. The tunnel floor, ceiling, side walls, and model surfaces were
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treated as stationary no-slip walls to reproduce the experimental arrangement. The roof
openings remained open within the fluid domain, allowing airflow between the internal
space and the external region. The same geometry and reference-flow conditions were
adopted in the numerical and experimental models, providing a consistent basis for direct
comparison of the resulting pressure coefficients (Richards and Hoxey, 1993; Franke et
al., 2007). At the adopted reference velocity, the Reynolds number was approximately 4.13
x 10°, This value lies within the range commonly associated with relatively weak Reynolds-
number effects on the mean surface-pressure coefficients of sharp-edged low-rise bluff
bodies (Simiu and Scanlan, 1996; Stathopoulos et al., 2014).

Previous wind-engineering studies have shown that, beyond this range, the mean surface-
pressure coefficients become relatively insensitive to further increases in Reynolds number.
As illustrated in Fig. 8, the adopted Reynolds number falls within the Reynolds-independent
region, indicating that the measured pressure coefficients are not expected to be
significantly influenced by further increases in Reynolds number. Therefore, the adopted
flow conditions were considered appropriate for the comparative aerodynamic assessment
performed in the present study (Simiu and Scanlan, 1996; Stathopoulos et al.,, 2014).
The mesh was generated with unstructured tetrahedra, and additional refinement was
applied in the region near the surface of the roof, near the roof opening edges, near the
windward roof region, near the roof ridge and near the wake region. The locations were
optimized to account for the main pressure gradients and separated-flow characteristics
that were anticipated to be present around the sharp edges of the roof and around the
boundaries of the openings. The grid density was increased around the model of the building
(as illustrated in Fig. 12), and surface elements were reduced to high density in the regions
that contained roof openings, for better local pressure variation extraction. For the steady
RANS simulations, this mesh configuration gave a good compromise between the numerical
resolution and the computational effort required (Tominaga et al.,, 2008; ANSYS Inc,,
2025).

() (b)

Figure 12. Computational mesh used in the CFD simulation: (a) overall mesh distribution
within the computational domain; (b) local surface mesh refinement around the gable-roof
model and roof openings.

The calculations continued until the residuals reached the specified limits and the monitored
roof pressures became nearly unchanged from one iteration to the next. A residual target of
1073 was applied to the continuity, momentum, turbulent kinetic energy, and turbulence
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dissipation-rate equations. Convergence was not judged from the residual history alone;
pressure values on selected roof and wall locations were also checked before the final results
were exported. Fig. 13, shows the residual development during the solution process and
indicates that a stable numerical state had been reached before extracting the pressure
coefficients. Computed static pressures were then normalized using the same reference
dynamic pressure adopted in the wind-tunnel analysis, which provided a consistent basis
for direct comparison between the numerical and experimental results (Blocken, 2014;
ANSYS Inc., 2025).
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Figure 13. Residual convergence history was adopted for the CFD solution.
3. RESULTS AND DISCUSSION

Four roof conditions were examined for the 8° gable model: a closed roof and roofs
containing one, two, or four openings. The experimental results are expressed in terms of
wind-tunnel pressure coefficients, while the numerical results are presented through CFD
pressure contours. Attention is given to the changes in roof suction, surface-pressure
distribution, airflow through the openings, and wake development. The discussion considers
the windward and leeward walls, the roof slopes, the windward roof edge, the ridge region,
and the boundaries of the openings. This section first describes the general aerodynamic
behavior of the investigated roof model and then discusses the pressure response for each
opening configuration (Kopp et al., 2008).

3.1 General Aerodynamic Behavior of the 8° Gable Roof

The general aerodynamic response of the 8° gable-roof model was controlled by the
interaction between windward-wall stagnation, flow acceleration over the roof surface,
separation near the windward roof edge, and wake formation behind the leeward side.
Under the approaching flow, positive pressure developed mainly on the windward wall,
while suction dominated the roof surfaces because the flow accelerated over the inclined
roof and separated near the roof edges. As shown in Fig. 14, the flow first impinges on the
windward wall and forms a stagnation region, then accelerates over the roof surface,
separates near the roof edges, and develops a recirculating wake downstream of the building
model. The maximum suction occurs near the windward roof edge and ridge-adjacent
regions. The leeward roof and wall surfaces then show gradual pressure recovery as the
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separated flow reattaches and develops into the wake region. This pattern agrees with the
aerodynamic behavior of sharp-edged low-rise buildings, where local roof suction is
governed by edge separation, vortex formation, and flow instability near the roof perimeter
(Kawai and Nishimura, 1996; Holmes, 2020).

2. Flow acceleration
m DlREGT'N over the roof
—N (increased velocity)

ey 7
3. Flow separation

Roof suction
(negative pressure)

1. Windward
stagnation =
(positive pressure)

1. Windward stagnation 2. Flow acceleration 3. Flow separation 4, Wake region 5. Downstream flow
(positive prossure) over the roof at roof edges (recirculation) recovery
Wind imoinges on the windword Air occolerotos over the roof Flow sepoerates ot the roof Separated shear layers ol up | Farther downstream the fiow
warll s creades a stagnation surfaoe dus 1o reduction in edges forming shesr ayors Into vortices in the lee side, SIows down and prasse
region with igh pastve stalbic pressuro (Bornouts and vortices, Gausing roof crealing o receculoling woke partially rocovers
pressure effect) suchon. region.

Figure 14. Principal airflow and pressure features around the 8° gable-roof model
3.2 Pressure-Field Response for Different Opening Configurations

The pressure contours in Fig. 15 show a common feature in all four cases: the windward
wall remained under positive pressure, whereas the roof surfaces were mainly subjected to
suction. The closed roof produced the broadest continuous suction band across the two
slopes. Adding one opening caused only a limited change around its immediate location.
Most of the remaining roof retained a pressure pattern close to the closed-roof case. With
two openings, the affected area became wider, and the differences were concentrated mainly
along the opening edges.

The four-opening arrangement produced the largest change in the roof contour. The
pressure field around the openings became less continuous, while the windward-wall
pressure remained nearly the same as in the other configurations. Suction near the openings
was also less concentrated than in the closed-roof case. This reduction may be attributed to
the additional paths through which part of the pressure difference between the internal and
external regions was relieved. Overall, the results indicate that the number of roof openings
influences both the local pressures near the openings and the broader pressure pattern over
the roof (Li et al., 2025; Demir and Aktepe, 2025).
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Figure 15. CFD pressure-field distribution for the 8° gable-roof model under different roof-
opening configurations: (a) closed roof; (b) one opening; (c) two openings; (d) four
openings.

In addition to the qualitative interpretation of the CFD pressure contours, the corresponding
pressure-coefficient (Cp) distributions obtained from both the CFD simulations and the
wind-tunnel measurements are presented in Fig. 18. The Cp comparison confirms that the
numerical model reproduced the principal pressure characteristics observed
experimentally, including the windward stagnation region, roof-edge suction, ridge-
pressure variation, and the pressure redistribution associated with the different roof-
opening configurations. Accordingly, the CFD pressure contours presented in Fig. 15 should
be interpreted together with the quantitative Cp comparisons shown in Fig. 18.

3.3 Velocity-Field Response for Different Opening Configurations

The velocity-magnitude contours presented in Fig. 16 illustrate the influence of roof
openings on the airflow distribution around the investigated roof configurations. In all cases,
the incoming flow accelerated as it approached the windward roof edge, producing a high-
velocity region above the roof surface as the boundary layer separated from the leading
edge. This acceleration was accompanied by a corresponding reduction in static pressure,
consistent with the pressure-field distributions presented in Fig. 15.

The closed model showed an uninterrupted external flow field. High velocity gradients
appeared above the windward roof slope and within the separate layer over the roof. The
introduction of one opening produced only a local disturbance, and the wider external
pattern remained close to that of the closed case. For the models with two and four openings,
the contour pattern changed more clearly near the roof openings. Velocity differences were

concentrated around the opening edges, while the high-speed region above the roof became
more dispersed.
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This behavior suggests that the openings altered the path of the airflow and redistributed
part of the flow through the internal space. It is preferable to interpret this as a change in
airflow path and local velocity distribution rather than as dissipation of external kinetic
energy, since kinetic-energy dissipation cannot be established from velocity-magnitude
contours alone.
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Figure 16. Velocity-magnitude contours for the closed and open roof configurations

The velocity contours show that the roof openings altered the local airflow pattern as well
as the external flow above the roof. These changes were most visible near the opening edges
and over the adjacent roof surface, particularly in the cases with two and four openings. The
observed velocity variations agree qualitatively with the pressure contours in Fig. 15 and
provide further explanation for the pressure changes recorded around the roof openings.

3.4 Streamline and Wake Development for Different Opening Configurations

Fig. 17 shows how the airflow moved around and through the roof models. In every case,
the flow left the surface near the windward roof edge and continued above the roof before
entering the downstream region. This behavior agrees with the suction pattern shown
previously in Fig. 15.

For the closed roof, the airflow passed only around the outside of the model. Behind the
ridge, the streamlines formed a recirculating region that extended into the wake. Because
the closed roof contained no openings, the internal space was isolated from the external
airflow. After one or two openings were introduced, part of the flow passed through the roof,
and the streamline pattern changed mainly around the opening edges. Local deflection of the
streamlines was visible in these regions, together with changes in the nearby recirculating
flow. Similar local variations were also evident in the pressure contours.
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Figure 17. Streamline distributions for the investigated roof-opening configurations

With four roof openings, the streamline pattern departed most clearly from that of the closed
model. Flow entered and left through several openings, producing local changes above the
roof and within the downstream wake. The windward positive-pressure region remained
visible, whereas the airflow over the roof was redirected in the vicinity of the openings.
Taken together, the streamline plots show that the openings changed the route followed by
the air near the roof, particularly around the opening edges and in the downstream region.
The observed patterns are qualitatively consistent with the pressure and velocity contours
presented in Figs. 15 and 16 and support the aerodynamic interpretation of the investigated
roof configurations (Kopp et al., 2008; Blocken, 2014; Tominaga, 2024).

3.5 CFD and Experimental Validation

The numerical predictions were compared directly with the wind-tunnel measurements at
matching pressure-tap locations on the roof and wall surfaces. The same four roof-opening
configurations were considered in both approaches. As illustrated in Fig. 18, the CFD data
reproduced the overall variation observed experimentally for the closed roof and the roofs
with one, two, and four openings.

The comparison gave R? =0.996, RMSE = 0.069, and ME =~ 0.051. These values indicate close
agreement between the measured and predicted pressure coefficients. Within the scope of
the present study, the results show that the adopted numerical setup was capable of
representing the principal mean-pressure trends across the investigated configurations.
This agreement supports the suitability of the adopted domain, boundary conditions, mesh
refinement, turbulence model, and pressure-coefficient extraction procedure for the present
roof-opening configurations (Tominaga et al., 2008; Richards and Norris, 2011; Li et al.,
2025)
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3.6 Comparison with ASCE/SEI 7-22 Provisions

The measured pressure-coefficient (Cp) distributions obtained from the wind-tunnel
experiments and the corresponding CFD simulations were interpreted with reference to the
critical roof zones specified in ASCE/SEI 7-22 for low-rise buildings. The results showed that
the locations of the highest suction, particularly near the windward roof edge and ridge-
adjacent regions, were generally consistent with the critical roof zones identified by the
code. However, the experimental and numerical results demonstrated that roof openings
modified the local pressure distribution through enhanced internal-external airflow
interaction and pressure redistribution, particularly for the two-opening and four-opening
configurations. Consequently, validated wind-tunnel testing and CFD simulations can
provide additional insight into localized aerodynamic effects that are not explicitly
represented by the generalized roof-zone pressure coefficients specified in ASCE/SEI 7-22
(ASCE, 2022; Kopp et al., 2008; Li et al., 2025).

Closed roof configuration
Wind tunnel

Closed-roof configuration

One roof opening configuration
Wind tunnel

Two roof opening configuration
Wind tunnel

Four roof opening configuration
Wind tunnel

(g) (h)
Figure 18. Comparison of CFD and wind-tunnel pressure-coefficient (Cp) distributions for
the investigated roof-opening configurations.

4. CONCLUSIONS

The experimental and numerical results showed that the 8° gable roof produced the main
aerodynamic features expected for a sharp-edged low-rise roof. Windward stagnation, roof-
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flow acceleration, suction over the inclined surfaces, separation near the roof edge, and wake
formation were clearly observed. Peak suction occurred near the windward roof edge and
in the region adjacent to the ridge. These areas therefore require particular attention when
assessing pressures on roof cladding. Roof openings changed the pressure pattern mainly in
the areas surrounding the openings and over the adjacent roof surface. These differences
were limited in the one-opening case but became more noticeable when two and four
openings were used. Among the examined cases, the four-opening model showed the largest
departure from the closed-roof pressure distribution. The same local changes were visible
in the velocity contours and streamline plots, especially near the opening edges and in the
wake behind the model. Comparison with the wind-tunnel measurements gave R? = 0.996,
RMSE % 0.069, and ME = 0.051. For the tested geometry and flow conditions, the results show
that roof openings should be included when wind pressures are assessed for similar low-
rise gable-roof buildings.
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NOMENCLATURE

Symbol Description Symbol Description

A Projected frontal area of the model, m?. q Dynamic pressure, Pa.

A¢ Wind-tunnel test-section area, m?. a Roof slope angle, deg.

B Building width, m. B Blockage ratio, %.

Cp Pressure coefficient, dimensionless. € Turbulence dissipation rate, m?/s3.

D Building depth, m. v Dynamic viscosity, Pa-s.

H Characteristic building height, m. p Air density, kg/m?3.

k Turbulent kinetic energy, m?/s?. U; Velocity component, m/s.

P Measured surface pressure relative to the | Re Reynolds number, dimensionless.

reference pressure, Pa. \' Reference wind velocity, m/s.
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