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Abstract. A numerical investigation of the aerodynamic characteristics of a
streamlined box girder was conducted based on computational fluid dynamics
(CFD). The SST k- turbulence model was employed to simulate the flow field
around the girder. The time histories of the three-component aerodynamic forces,
the distribution of mean surface pressure, as well as the pressure and velocity
contours of the flow field were systematically analyzed. The results reveal the
flow behavior of the incoming air as it passes over the girder surface and eluci-
date the intrinsic relationship between flow characteristics and wind pressure
distribution. The study provides a clearer understanding of the aerodynamic
mechanisms governing the wind-resistant performance of streamlined box gird-
ers and offers a valuable reference for their aerodynamic design and optimiza-
tion.
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1 Introduction

Streamlined box girders are widely used in modern long-span bridges because their
optimized geometry can effectively reduce aerodynamic drag and improve
wind-resistant performance. With the continuous increase in bridge span and structural
flexibility, wind-induced effects such as vortex-induced vibration (VIV), flutter, and
buffeting remain major concerns in bridge design, especially under complex wind
environments including mountainous terrain and coastal regions. Recent reviews have
highlighted that non-uniform inflow and turbulence characteristics in exceptional
terrain can significantly amplify unsteady aerodynamic loads on bridge decks!'!. Wind
tunnel testing has traditionally been regarded as the most reliable approach for evalu-
ating the aerodynamic behavior of bridge girders. However, experimental studies are
often limited by Reynolds number effects, model simplifications, and high testing
costs, motivating the increasing use of computational fluid dynamics (CFD) as a
complementary or alternative tool. Advances in numerical wind engineering have
demonstrated that CFD can provide detailed information on aerodynamic forces, sur-
face pressure distributions, and wake flow structures that are difficult to capture ex-
perimentally!?!
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Among various turbulence modeling approaches, the SST k—w model has been
shown to perform well in predicting separated flows and near-wall behavior for bridge
deck sections. Its applicability to streamlined box girders has been validated through
comparisons with wind tunnel tests and full-scale measurements’**. Recent CFD
studies have further employed the SST k&~ model to investigate unsteady aerodynamic
forces and vortex shedding characteristics of box-girder-type decksll. Vortex-induced
vibration remains a critical issue for streamlined box girders, as lock-in phenomena can
cause persistent oscillations and fatigue damage. CFD-based forced-vibration simula-
tions have been successfully used to extract acrodynamic damping and predict VIV
responses®l. More recent numerical investigations have focused on the influence of
auxiliary components and mitigation measures on pressure distribution and flow
structures!’8], High-fidelity simulations, such as large-eddy simulation (LES), have
also been applied to reveal three-dimensional wake characteristics of twin-box and
streamlined girders®.

Based on the above background, the present study conducts a CFD-based numerical
investigation of the aerodynamic characteristics of a streamlined box girder using the
SST k—w turbulence model, aiming to clarify the internal relationship between flow
features, surface pressure distribution, and wind-resistant performance.

2 Numerical Simulation Model

2.1  Model Configuration

The streamlined box girder prototype adopted for the present investigation is geomet-
rically replicated as a scaled physical model, the detailed configuration of which is
illustrated in Figure 1. In order to rigorously verify the numerical simulation accuracy
and effectively eliminate the adverse influences induced by Reynolds number dis-
crepancies between the numerical and experimental studies, the numerical model
established herein is designed to be geometrically consistent with the experimental
model, both following a unified scale ratio of 1:80. Based on this proportional scaling,
the cross-sectional dimensions of the scaled box girder model are determined as fol-
lows: the overall width (B) is set to 387.5 mm and the vertical height (D) is fixed at 50
mm. Moreover, to ensure the precise reproduction of the actual acrodynamic profile of
the prototype box girder and avoid the distortion of flow field characteristics caused by
the simplification of structural details, the guardrail structures on both lateral sides of
the main girder are completely preserved and meticulously modeled in the numerical
setup without any geometric simplification. For comprehensive geometric parameters
and dimensional details of the box girder cross-section, refer to the detailed illustration
presented in Figure 1.
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Fig. 1. Model configuration (unit: mm).

2.2 Numerical Methodology

The computational domain illustrated in Figure 2 extends 60B in the transverse direc-
tion and 30B in the vertical direction, resulting in a blockage ratio of approximately
0.25%, which is sufficiently small to minimize confinement effects. To enhance mesh
quality and accommodate structural motion, the flow field is subdivided into three
subdomains: a rigid region, a deformable region, and a stationary region. The rigid
region employs body-fitted quadrilateral meshes with an initial wall-normal spacing of
1x107°* m, which move synchronously with the structure to accurately resolve near-wall
flow features, including flow separation, reattachment, and vortex shedding. The de-
formable region enables mesh deformation associated with structural vibration through
dynamic meshing techniques, while the stationary region consists of fixed structured
grids defining the outer boundaries of the computational domain. The lateral and ver-
tical extents of the stationary region are sufficiently large to suppress boundary inter-
ference.

A hybrid meshing strategy is adopted, combining structured quadrilateral elements
in the vicinity of the girder with unstructured quadrilateral elements in the transition
zones, as shown in Figure 3. Boundary conditions are specified as no-slip walls on the
girder surfaces, a uniform velocity inlet at the upstream boundary, a pressure outlet at
the downstream boundary, and symmetry conditions at the upper and lower boundaries.
The numerical simulations are conducted using the finite volume method implemented
in ANSYS Fluent, With turbulence modeled by the SST k—® model.

:
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Fig. 2. The global view of the mesh
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3 Results and Analyses

3.1 Mean Pressure Distribution

Figure 3 presents the longitudinal distribution of the pressure coefficient E”p,- along the
upper and lower surfaces of the structure, plotted as a function of the normalized
streamwise coordinate X/B.

For the upper surface (Figure 3(a)), the pressure coefficient exhibits a pronounced
negative peak near the upstream edge (X/B = —0.4), indicating a strong local suction
associated with flow acceleration and separation effects at the leading corner. Down-
stream of this region, C'p,» gradually recovers and approaches a nearly constant value
over the mid-span section (—0.2 < X/B < 0.3), suggesting a relatively stable pressure
distribution. A slight pressure variation is observed close to the downstream edge,
which can be attributed to wake interaction and flow reattachment phenomena.

For the lower surface (Figure 3(b)), a similar trend is observed; however, the mag-
nitude of the negative pressure peak is significantly larger, with the minimum value
occurring around X/B =~ —0.3. This indicates stronger flow acceleration and pressure
reduction on the lower surface in the upstream region. The pressure coefficient then
increases steadily downstream, reaching a quasi-uniform distribution over the central
portion of the surface. Minor fluctuations near the trailing edge suggest the influence of
three-dimensional flow effects and vortex shedding.

Overall, the comparison between the upper and lower surfaces reveals clear asym-
metry in pressure distribution, particularly in the upstream region, highlighting the
combined effects of geometry and flow separation on the aerodynamic loading char-
acteristics.
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(b) Lower surface

Fig. 3. The mean value of wind pressure coefficient
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3.2 Fluctuating Pressure Distribution

Figurre 4 depict the spanwise (X/B) evolution of the fluctuating pressure coefficient ép,.
over the structural surface. Pronounced peaks in épi are evident at both spanwise
extremities (X/B = £0.5), a phenomenon directly tied to the intense shear events asso-
ciated with flow separation and reattachment at the structural edges, which drive vig-
orous pressure fluctuations. Within the mid-span platform region (X/B€[—0.4,0.4]), the
pressure fluctuations exhibit a more subdued, oscillatory profile.

Specifically, near the leading edge (X/B = —0.5), E'p,» rises sharply to its maximum
value, followed by a rapid decay between X/B =~ —0.4 and —0.3, corresponding to the
transitional phase of the separated flow as it propagates onto the platform section. A
distinct local elevation in E'pi occurs between X/B =~ —0.2 and 0, indicative of the
interplay between flow reattachment and secondary vortex structures in this zone. t‘p[
then declines and stabilizes from X/B = 0 to 0.2, before forming a second peak at the
trailing edge (X/B = 0.5) due to flow separation.

While the overall fluctuating pressure distribution patterns are consistent between
the two datasets, the lower curve exhibits a systematically reduced Q,i amplitude.
Furthermore, a flow feature is annotated near X/B = —0.3, highlighting a direct coupling
between the pressure fluctuations in this region and the underlying shear-layer flow
structures. This discrepancy underscores substantial variations in the energy distribu-
tion of surface pressure fluctuations under differing inflow conditions, offering critical
experimental insights to advance the understanding of flow-structure interaction
mechanisms.
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Fig. 4. The standard deviation of wind pressure coefficient
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3.3  Flow Field Characteristics

As shown in Figure 5 (a), a pronounced high-pressure region is formed at the upstream
tip of the structure due to flow stagnation, with the maximum pressure occurring at the
leading corner. Immediately downstream of this region, strong negative pressure zones
develop along both the upper and lower surfaces, indicating rapid flow acceleration and
local separation effects induced by the sharp geometry. The pressure gradually recovers
along the midsection of the structure and approaches near-ambient levels in the far
wake region. A relatively low-pressure wake is observed downstream of the trailing
edge, reflecting the combined influence of flow separation and vortex shedding.

The velocity contours in Figure 5 (b) further clarify the flow characteristics. The
incoming flow accelerates significantly along the upper and lower surfaces after
passing the leading edge, forming high-velocity shear layers adjacent to the structure. A
distinct low-velocity region appears in the near-wake downstream of the trailing edge,
corresponding to flow separation and energy dissipation. The asymmetric velocity
distribution near the leading edge suggests the presence of complex three-dimensional
flow structures and strong velocity gradients, which are consistent with the pressure
distribution observed in Figure 4(a).

Overall, the pressure and velocity fields demonstrate that the sharp-edged geometry
induces strong flow acceleration, separation, and wake formation, which play a dom-
inant role in determining the hydrodynamic (or aerodynamic) loading on the structure.
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a) Pressure contour
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(b) Velocity contour
Fig. 5. Flow field Characteristics
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4 Conclusion

A numerical simulation approach was employed to investigate the start-up performance
of a streamlined box girder. The results indicate that various flow separation and reat-
tachment phenomena occur as the airflow passes over the structural surface, leading to
a distinct wind pressure distribution: positive pressure is observed only in the windward
leading-edge fairing region, while negative pressure dominates the remaining surface
areas. In addition, a negative pressure zone is formed in the wake region of the struc-
ture. Therefore, during aerodynamic configuration selection and design, targeted
modifications to the start-up geometry can be implemented based on the wind pressure
distribution to improve the overall start-up performance.
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The images or other third party material in this chapter are included in the chapter's
Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.
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