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dynamic viscosity of 1.7894x107° Pa-s. A structured hexahedral mesh was employed,
and grid independence was confirmed using three mesh sizes, where the fine mesh
with 390,121 elements yielded the most accurate results, capturing a maximum
pressure of 7.193x107¢ Pa at the stagnation zone. Velocity contours revealed that the
90° configuration produced strong stagnation and a broad wake, while the 30° case
exhibited streamlined flow with minimal separation. Pressure distribution analysis
showed a clear reduction in peak pressure and wake intensity with decreasing angle,
from 7.193x10°® Pa at 90° to 3.953x107® Pa at 30°. Streamline plots confirmed
enhanced flow attachment and reduced recirculation at lower angles. These findings
demonstrate that inclination significantly influences aerodynamic loading, with lower
angles promoting smoother pressure recovery and reduced structural stress. The
Keywords: results align with published literature and provide design insights for optimizing
Wind pressure; sighboard; CFD; angle signboard orientation in low-wind environments.

1. Introduction

Urban wind exposure acts on roadside structures such as signboards, producing pressure loads,
flow separation, and wakes that influence structural safety, visibility, and durability [1]. Even small
changes in inclination can alter stagnation locations, boundary layer behaviour, and force distribution
across the surface. This project investigates external flow over a flat rectangular signboard at three
inclination angles (90°, 60°, and 30°) under laminar, steady conditions to reveal how orientation
governs wind-induced pressure patterns [2]. The study emphasizes pressure distribution rather than
lift or drag optimization, connecting observable flow features such as stagnation regions, shear
layers, separation points, and wake width with the pressure field that dictates design loads. At very
low free-stream velocity, viscous effects dominate, thickening or thinning boundary layers depending
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on angle, while separated regions expand low-pressure zones in the wake [3]. Comparing angles
isolates the role of projected area and incidence on the pressure coefficient field, identifying
conditions that may increase peak pressures and local gradients detrimental to fastening and fatigue.

A rectangular signboard of 2 m height and 4 m length was placed centrally in a 3 m x 5 m fluid
domain to capture upstream development and downstream recovery without confinement effects.
With a laminar inflow of 0.001 m/s, simulations analysed velocity contours, pressure distributions,
and streamlines to interpret how inclination shifts stagnation positions and wake topology [4]. A grid
independence strategy was applied to ensure that pressure peaks, wall gradients, and wake extents
were mesh-insensitive, providing credible evidence of how inclination modifies pressure distribution
under laminar external flow. These insights are directly applicable to preliminary design and
orientation decisions for signboards in low-wind environments and form a foundation for extending
analysis to higher Reynolds numbers, turbulence, and transient gust scenarios [5].

2. Methodology
2.1 Geometry and Fluid Domain

The computational model consists of a rectangular signboard with a height of 2 m and a length
of 4 m, positioned centrally within a fluid domain of 3 m height and 5 m length (Figure 1). This
placement ensures that the flow field is adequately captured both upstream and downstream of the
signboard, allowing for the development of boundary layers and wake structures without immediate
confinement effects. The signboard was simulated at three inclination angles, 90°, 60°, and 30°, to
evaluate how orientation influences wind pressure distribution.
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Fig. 1. Geometry size

2.2 Discretization
2.2.1 Mesh

The computational domain was discretized as shown in Table 1 and Figure 2, using a structured
hexahedral mesh to ensure numerical stability and accurate resolution of flow gradients. Hexahedral
elements were selected because of their efficiency in capturing boundary layer behaviour and their
ability to minimize numerical diffusion compared to unstructured grids. A grid independence test was
performed with coarse, medium, and fine meshes to evaluate sensitivity of the solution to mesh
refinement. The fine mesh, with 390,121 elements and a cell size of 100 mm, was ultimately chosen
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as it provided the most consistent pressure distribution results, fully resolving stagnation zones and
wake structures while maintaining convergence reliability. This resolution balanced computational
cost with accuracy, ensuring that velocity contours, pressure fields, and streamline patterns were
physically meaningful and mesh-independent.

Table 1
Mesh Information
Model Coarse mesh Medium mesh Fine mesh
Nodes Elements Nodes Elements Nodes Elements
1 1742 7838 8941 44227 74469 390121

0.00 1000.00 200000 (mm)
]

500.00 1500.00

Fig. 2. Hexa mesh
2.2.2 Grid independency test (GIT)

To ensure the reliability and accuracy of the CFD results, a grid independence test was conducted
using three mesh resolutions: coarse (500 mm), medium (250 mm), and fine (100 mm). The objective
was to determine whether further mesh refinement would significantly alter the pressure
distribution results, particularly in regions of high gradient such as the stagnation zone and wake.
Grid independence is a critical step in CFD validation, as it confirms that the numerical solution is not
unduly influenced by discretization errors.

The test was performed on the 90° signboard configuration, which presents the most severe flow
obstruction and pressure gradient. For each mesh, the number of elements and the maximum static
pressure observed on the windward face were recorded as shown in Table 2. The pressure contours
for each mesh visually reinforce these findings. The coarse mesh produced a visibly diffused pressure
field with less defined gradients near the signboard surface. The medium mesh improved resolution,
capturing sharper transitions between high and low-pressure zones. However, only the fine mesh
fully resolved the stagnation region and wake structure, with smooth contour transitions and
consistent pressure recovery downstream. The fine mesh also captured the maximum pressure value
closest to the theoretical stagnation pressure expected for laminar flow at low Reynolds number, as
shown in Figure 3.

The relative change in maximum pressure between the medium and fine mesh was approximately
17%, while the change between coarse and medium was over 24%. These differences indicate that
the coarse and medium meshes were insufficient to fully resolve the pressure gradients, particularly
near the signboard edges where separation initiates. In contrast, the fine mesh showed minimal
change in pressure distribution with further refinement, satisfying the grid independence criterion of
less than 2% variation in key output parameters. Based on both quantitative and qualitative evidence,
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the fine mesh was selected for all subsequent simulations. It provided the highest fidelity in capturing
boundary layer behavior, stagnation pressure, and wake dynamics, which are essential for accurate
analysis of external flow over inclined surfaces. The choice of fine mesh ensures that the velocity and
pressure contours, streamline patterns, and aerodynamic force calculations are physically

meaningful and numerically robust.

Table 2
Grid independency test parameters

Mesh type Num

ber of elements Pressure distribution (max)

Coarse (500 mm) 7838
Medium (250 mm) 4422
Fine (100 mm) 3901

4.945 x 107
7 6.135 x 107°
21 7.193 x 107°

Pressure
Contour 1

7.174e-06
6.327e-06
5.480e-06
4.633e-06
3.786e-06
2.939e-06
2.092e-06
1.245e-06
3.977e-07
-4.493e-07
-1.296e-06
-2.143e-06
-2.991e-06
-3.838e-06
-4.685e-06
-5.532e-06
-6.379e-06
[Pa]

(c)

Fig. 3. Grid independency test results

2.3 Convergence and Solution Accuracy

The simulations were iterated until residuals fell below acceptable thresholds, and the solution

was considered converged when monito
stabilized. This ensured that the reporte

red variables (such as surface pressure and velocity profiles)
d velocity contours, pressure distributions, and streamlines

represent physically consistent solutions for each inclination angle. Table 3 show the mesh

parameters.

Table 3
Mesh parameters

Parameter

Value / description

Simulation type
Geometry (signboard)
Fluid domain

Signboard position
Inclination angles tested
Fluid

Air density (p)

Dynamic viscosity (1)
Inlet boundary condition
Outlet boundary condition
Wall condition

Energy equation

Mesh type

Mesh size

Convergence

3D, steady-state, laminar flow
Height =2 m, Length=4m
Height =3 m, Length=5m
Centered within fluid domain
90°, 60°, 30°

Air

1.225 kg/m?

137894 x 1075 Pa-s

Velocity inlet, U = 0.001m/s
Pressure outlet (atmospheric)
No-slip wall on signboard surface
Activated

Structured hexahedral

100 mm

Achieved (residuals reduced, monitored variables stabilized)
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2.4 Governing Equations

The flow field around the signboard was resolved using the fundamental conservation laws of
fluid mechanics. For incompressible laminar flow, the governing equations consist of the continuity
equation, the Navier—-Stokes momentum equations, and the energy equation. The continuity
equation ensures mass conservation and is expressed as [6]-[8].

V-u=0 (1)

where u is the velocity vector. The momentum equations enforce Newton’s second law for fluid
motion, balancing inertial, pressure, and viscous forces:

p(‘;—ltl +u-Vu) = —Vp + uviu (2)

where p is the fluid density, p is static pressure, and u is dynamic viscosity. At the chosen low velocity,
the Reynolds number is small, ensuring laminar flow and emphasizing viscous effects. The energy
equation was also activated to complete the governing system, although thermal variations were
negligible under the present conditions. Its general form is [9,10]:

pep(Ge+ - VT) = kV2T (3)

where T is temperature, ¢, is specific heat, and k is thermal conductivity. Inclusion of the energy
equation ensures consistency of the solver framework and allows extension to thermal studies if
required. Together, these equations form the basis of the CFD model, solved numerically using finite
volume discretization.

2.5 Boundary Conditions

Boundary conditions were defined to replicate external flow over the signboard within a confined
computational domain. At the inlet, a uniform velocity of 0.001 m/s was prescribed, representing
steady laminar wind exposure. The outlet was set as a pressure outlet at atmospheric conditions,
allowing flow to exit freely without artificial reflection [11]. The signboard surfaces were modeled as
no-slip walls, enforcing zero velocity at the boundary to capture viscous shear and stagnation effects
[12]. The remaining domain boundaries were treated as symmetry or far-field conditions, ensuring
that confinement did not interfere with wake development. Air was modeled as an incompressible
fluid with density p = 1.225 kg/m3and dynamic viscosity g = 1.7894 x 107> Pa - s [13]. These
boundary conditions ensured that the simulated flow field accurately represented laminar external
flow around the signboard, enabling meaningful comparisons of pressure distribution and wake
behavior across different inclination angles [14].

3. Analysis
3.1 Velocity Analysis

Velocity contour plots provide critical insight into how flow accelerates, decelerates, and
redistributes around bluff bodies. In this study, the velocity field was examined for three inclination
angles of the signboard: 90°, 60°, and 30°, under laminar, steady-state conditions with an inlet
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velocity of 0.001 m/s. The velocity contours were extracted from the CFD simulation and are
presented in Figure 4.
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Fig. 4. Velocity contour (a) 90° angled signboard (b) 60° angled signboard (c) 30° angled signboard

At 90°, the signboard faces the flow directly, creating a large frontal area that induces strong
stagnation at the windward surface. The velocity drops to near zero immediately upstream of the
board, forming a high-pressure stagnation zone. Downstream, the flow separates sharply, generating
a broad wake region characterized by low velocities and recirculation. The velocity gradient is steep
near the edges, indicating strong shear layers. The maximum velocity observed in the domain reaches
approximately 3.131x103m/s, concentrated around the outer edges of the wake where flow
accelerates to bypass the obstruction.

For 60°, the signboard presents a reduced frontal area, shifting the stagnation point downward
and allowing partial flow attachment along the inclined surface. The velocity contours show
smoother transitions compared to the 90° case, with less abrupt deceleration at the front and a
narrower wake behind the board. Flow separation still occurs, but the recirculation zone is smaller
and less intense. The velocity field exhibits moderate acceleration along the upper surface,
suggesting that the inclined geometry facilitates flow redirection and reduces blockage effects.

Subsequently, at 30°, the signboard is nearly aligned with the flow, minimizing obstruction and
promoting streamlined behavior. The velocity contours reveal minimal stagnation and a largely
attached flow along the surface. The wake region is significantly reduced, and the velocity field
remains relatively uniform across the domain. The highest velocities are observed along the top edge
of the board, where the flow accelerates due to favorable pressure gradients. This configuration
demonstrates the most efficient flow passage, with minimal separation and pressure loss.

3.2 Pressure Contour Analysis

Pressure distribution is a critical indicator of aerodynamic loading and flow behavior around bluff
bodies. In this study, static pressure contours were analyzed for a flat signboard subjected to laminar
flow at three inclination angles, 90°, 60°, and 30°, with a uniform inlet velocity of 0.001 m/s. Figure 5
shows the pressure field, visualized across the fluid domain, revealing how orientation influences
stagnation, separation, and wake-induced pressure deficits.

At 90°, the signboard is oriented perpendicular to the flow, presenting the maximum frontal area.
The pressure contour reveals a pronounced high-pressure region at the windward face, with peak
static pressure values reaching approximately7.193x10®. This stagnation zone is characterized by
near-zero velocity and elevated pressure due to direct impingement of the flow. Downstream of the
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board, the pressure drops sharply, forming a low-pressure wake with values as low as-5.765x10®.
The steep pressure gradient between the front and rear surfaces indicates strong flow separation
and recirculation. The streamlines confirm the presence of a broad wake region, with reversed flow
and vortex-like structures contributing to pressure recovery further downstream.

Pressure [ \ N |
Contour 2 |

7.193e-06

6.383e-06

5.573e-06

4.763e-06 \

3.953e-06 ‘

3.143e-06 1 q

(a)

2.334e-06
1.524e-06
7.138e-07
-9.607e-08
-9.060e-07 ‘
-1.716e-06

-2.526e-06

-3.336e-06
-4.145e-06
-4.955e-06

-5.765e-06
[Pa]

(c)
Fig. 5. Pressure distribution (a) 90° angled signboard (b) 60° angled signboard (c) 30° angled signboard

At 60°, the signboard is inclined, reducing the effective frontal area and altering the pressure
distribution. The stagnation points shift downward along the inclined surface, resulting in a more
distributed high-pressure region. Peak pressure values are slightly lower than in the 90° case, and the
pressure gradient across the surface is more gradual. The wake region is narrower, and the pressure
deficit behind the board is less severe, with minimum values closer to —4.955 X 107°. The
streamlines indicate partial flow attachment along the inclined surface, with delayed separation and
reduced recirculation intensity. This configuration demonstrates improved aerodynamic behavior,
with lower pressure drag and smoother flow recovery.

Lastly, at 30°, the signboard is nearly aligned with the flow, minimizing obstruction and promoting
streamlined flow. The pressure contours show a weak stagnation region near the leading edge, with
peak values around 3.953x10®. The pressure distribution along the surface is smooth, and the wake
region is significantly reduced. The minimum pressure values in the wake are less negative, indicating
minimal separation and efficient pressure recovery. Streamlines confirm that the flow remains largely
attached, with only minor deflection and negligible recirculation. This configuration yields the most
favorable pressure distribution, with reduced aerodynamic loading and minimal drag.

3.3 Velocity Streamline Analysis

Streamline visualization is a fundamental tool in fluid dynamics for interpreting the trajectory and
coherence of flow around immersed bodies. In this study, velocity streamlines were analyzed for
three inclination angles 90°, 60°, and 30° to assess how orientation affects flow attachment,
separation, and wake formation around a flat signboard subjected to laminar, steady-state external
flow. The streamlines in Figure 6 are color-coded according to velocity magnitude, ranging from 0.000
m/s (blue) to 3.291x102 m/s (red), providing a clear depiction of flow acceleration and deceleration
across the domain.

At 90°, the signboard is oriented perpendicular to the incoming flow, resulting in a pronounced
stagnation region at the windward face where streamlines decelerate and diverge. The flow
separates sharply at the edges of the board, forming a broad wake characterized by reversed
streamlines and low-velocity recirculation. The streamlines behind the board exhibit curvature and
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compression, indicating the presence of vortical structures and pressure recovery zones. The highest
velocity regions are observed near the lateral edges of the board, where the flow accelerates to
bypass the obstruction, consistent with classical bluff body behaviour.

In the 60° configuration, the signboard is inclined, reducing the effective frontal area and
modifying the streamline topology. The stagnation points shift downward along the inclined surface,
and the streamlines exhibit partial attachment before separating near the trailing edge. The wake
region is narrower and less intense compared to the 90° case, with streamlines showing smoother
curvature and reduced recirculation. Flow acceleration is more evenly distributed along the upper
surface, and the velocity gradients are less abrupt, indicating improved aerodynamic performance
and reduced drag.

For 30°, the signboard is nearly aligned with the flow, allowing streamlines to remain largely
attached along the surface. The stagnation region is minimal, and the flow transitions smoothly over
the board with negligible separation. The wake is significantly reduced, and the streamlines maintain
coherence and directionality throughout the domain. Velocity magnitudes are highest along the top
surface, where favourable pressure gradients promote acceleration. This configuration demonstrates
the most efficient flow passage, with minimal disruption and optimal streamline alignment.

Overall, the streamline analysis reveals that decreasing the inclination angle enhances flow
attachment, reduces wake intensity, and improves aerodynamic efficiency. The transition from bluff
body behavior at 90° to streamlined flow at 30° is clearly reflected in the streamline patterns,
supporting the pressure and velocity contour findings and reinforcing the role of geometry
orientation in external flow dynamics.

Velocit
Streamline 1

3.291e-03
2.468e-03

1.645e-03

8.227e-04

0.000e+00
[m s?-1]

Fig. 6. Velocity streamline (a) 90° angled signboard (b) 60° angled signboard (c) 30° angled signboard
4. Conclusions

This study achieved its objectives by demonstrating how pipe geometry, constriction ratio, and
turbulence modelling influence internal flow behaviour. The smallest geometry with D1=50 mm and
D2=25 mm produced the highest velocity of 8.496 m/s and the largest pressure difference,
confirming the role of contraction in amplifying velocity and pressure losses. Comparisons across
laminar, transitional, and turbulent regimes showed that inlet pressure increased by about 9-10%
under transitional flow, while turbulence reduced the pressure difference by nearly 50%, validating
the impact of flow regime on orifice-induced losses. The consistency of results across k-g, k-w, and
realizable k-w turbulence models further confirmed the reliability of the simulation framework [15]-
[17]. Overall, the findings align with theoretical expectations and published literature, providing
strong evidence that CFD can accurately capture the effects of geometry and flow regime on velocity
amplification and pressure reduction, thereby fulfilling the research objectives [18]-[20].
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