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Abstract. This paper aims to study the using of the open source software OpenFOAM for simulations of wind flow around
bridge decks through validation of the results provided by it. Simulations of external flow around a bridge deck section
were carried out using the software OpenFOAM and Large Eddy Simulation (LES) turbulence modeling. As a result
of the simulation, the aerodynamic coefficients and Strouhal number, were obtained and compared to reference values.
Before study the flow around the bridge deck section and in order to validate the results provided by the code for a
simpler case, the simulation of flow around a circular cylinder for Reynolds number Re = 1000 was also performed. A
mesh convergence study was done seeking to find an appropriate mesh for this case. Both the results of the simulations,
the external flow around a bridge deck section and the flow around a circular cylinder, have shown agreement with the
benchmark results present in the literature. It was also possible to notice the importance of the mesh convergence study, as
having an inadequate mesh leads to misleading results. Therefore, the software OpenFOAM combined with Large Eddy
Simulation for turbulence modeling showed to be an effective tool for dealing with this kind of problem.
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1. INTRODUCTION

Engineering advances towards designing and constructing suspension and cable-stayed bridges with increasingly
larger spans, as well as taller skyscrapers. These structures are becoming more susceptible to the effects of wind, being
wind loading one of the critical parameters for the design of long-span bridges (Goering and Ramponi, 2019). Therefore,
it is of great importance to conduct studies related to wind action during the design phases. One approach to perform this
type of study is through Computational Fluid Dynamics (CFD) simulation.

With computational analysis, it is possible to optimize wind tunnel experiments, reducing costs and saving time, as
one of the objectives of CFD is to reduce the number of experiments. Additionally, CFD simulations enable the testing of
various scenarios, including those considered very challenging or almost impossible to reproduce experimentally, such as
atmospheric flows (de Oliveira Fortuna, 2000).

The computational techniques for fluid dynamics for the quantitative prediction of flow characteristics has become an
important topic of research, given their practical interest in engineering applications. With the advance of computational
technology, CFD (Computational Fluid Dynamics) simulation of numerous complex problems in various engineering
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areas, such as fluid-structure interaction, became possible.

Given that turbulent flows are present in the vast majority of fluid dynamics problems, the study of turbulence is of
great importance in CFD. Turbulent flows occur on the most varied scales, on large scales, as in the case of atmospheric
and oceanic flows, and also on much smaller scales, as in the flow of the wind around an airplane or a car (Davidson,
2015). Wind flows around civil structures are turbulent flow problems, and therefore, for a more accurate study of such
situations, turbulence must be considered in obtaining the numerical solution.

In this sense, this paper aims to study the using of the open source software OpenFOAM and the turbulence model
Large-Eddy Simulation for solving problems of wind flow around bridge decks through validation of the results obtained.
Two types of simulations were conducted: the flow simulation, with Re = 1000, around a circular cylinder of unit
diameter, and the flow simulation around the deck of the Great Belt East Bridge, where Re = 3 x 105. The obtained
results were compared with some reference values found in the literature.

This paper is structured as follows: Section 2 presents the mathematical description of incompressible flow and the
Smagorinsky LES turbulence model. In Section 3, the calculation of aerodynamic coefficients and the Strouhal number is
presented. Subsequently, Section 4 introduces the addressed problems, providing detailed specifications of the parameters
used, as well as the boundary conditions. The results are shown and discussed in Section 5, and finally, in Section 6, a
conclusion for the present work is provided.

2. MATHEMATICAL DESCRIPTION

The equations that govern fluid dynamics, considering isothermal and incompressible flows, are the continuity equa-
tion (1) and the Navier-Stokes equations (2), also known as the equations of conservation of linear momentum,
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where u; are the velocity components, ¢ is time, p is pressure e Re is Reynolds number, which is given by:
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in which U is the freestream velocity, L is a characteristic length and v is the kinematic viscosity.
2.1 Turbulence modeling

The methodology of Large-Eddy Simulation (LES), developed by Smagorinsky (1963), involves the direct resolution
of the largest scales of the flow while modeling the smaller scales, responsible for kinetic energy dissipation. In terms
of computational cost, LES simulations are less demanding than Direct Numerical Simulation (DNS) while being more
computationally intensive compared to simulations employing Reynolds-Averaged Navier-Stokes (RANS) models.

To obtain the LES equations, a filter is applied to equations (2) and (1), decomposing the velocity u;(z;,t) into the
sum of a resolved velocity @;(z;, t) and a residual velocity, or unresolved velocity, u; (x;,t). By applying this filter, the
following equations are obtained:
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where 77 is the residual stress tensor. This tensor can be modeled in multiple ways.
In the Smagorinsky model, the residual stress tensor is written as:
1 = =215y (6)

The residual stress 7;; and the filtered rate-of-strain tensor .S;; are related by the proportionality coefficient v, known

as eddy viscosity. The eddy viscosity is based on the mixing length hypothesis and is expressed as:
v =128 (7

where S is the characteristic filtered rate of strain, defined by:

S = (QSZjSz])1/2 (8)



27th ABCM International Congress of Mechanical Engineering (COBEM 2023)
December 4-8, 2023, Florianépolis, SC, Brazil

The term [, is given by:
ls =CsA ©)]
where C; is the Smagorinsky coefficient and, in this model, it is equal to 0.17. O term A represents the grid dimension.

3. AERODYNAMIC COEFFICIENTS

Aerodynamic coefficients are dimensionless quantities used to describe the extent to which a body submerged in a
flow is subjected to aerodynamic forces and moments. The primary aerodynamic force coefficients are the drag coefficient
(Cp) and the lift coefficient (C,), shown in equations (10) and (11), respectively. The moment coefficient (C'5;) is shown
in equation (12).
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where Fp is the resultant force in the direction of the flow, F, is the resultant force in the direction perpendicular to the
flow, M is the resultant torque moment, p is the density of the fluid and A is a reference area. The term % pU?, common
to equations (10), (11), and (12), is referred to as the dynamic pressure of the free stream flow.

The Strouhal number S, shown in equation (13), is a dimensionless parameter that describes the frequency of an
oscillatory phenomenon relative to the fluid velocity. In this context, it is related to the frequency of the vortex shedding
present in turbulent external flows. It is given by,
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where f is the frequency of the vortex shedding (in pairs).

4. CASE STUDIES

In this section the simulations performed will be described. It was studied two cases, the flow around a circular
cylinder and the flow around a cable-stayed bridge deck section.

4.1 Flow around a circular cylinder, Re = 1000

A study was conducted on the flow around a circular cylinder with Re = 1000, aiming to assess the performance of
OpenFOAM for turbulent external flow problems. This type of problem is widely used to validate CFD codes due to the
extensive amount of existing experimental and numerical studies available. Thus, the obtained results were validated by
comparing them with some results found in the literature.

Subsequently, Fig. 4 illustrates the problem domain along with the boundary conditions. At the inlet, the Uy velocity
was imposed, while a homogeneous Neumann boundary condition was applied for the pressure (g—ﬁ = 0). At the cylinder
surface the no-slip condition condition was used. At the top and bottom surfaces it was applied the symmetry condition.
Finally, for the outlet surface, a homogeneous Neumann condition was imposed for velocity (g—g = 0), while for presssure
it was used static pressure equals zero (p = 0). The simulation time was 30 s with a time step At of 1.8 x 10~4 s. For the
convective term, the numerical scheme QUICK (Quadratic Upstream Interpolation for Convective Kinematics), developed
by Leonard (1979) was employed.

The parameters used for this problem are shown in Tab. (1).

Table 1. Parameters used for the simulation of flow around the cylinder.

Parameter Value | Unit
Fluid density (p) 1.0 | kg/m?
Dynamic viscosity (1) 0.01 | Ns/m?
Flow velocity (Up) 10.0 m/s
Characteristic length (L) 1.0 m
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Figure 1. Domain and boundary conditions for the problem of flow around a circular cylinder.

To determine the mesh to be used, a mesh convergence study was conducted. Four different meshes were tested: one
with 64,890 nodes (65k), 85,312 nodes (85k), 111,506 nodes (111k), and 179,992 nodes (180k). The parameter used to
assess the convergence of simulation results was the C'p. The reference value used is 1.62 and it was obtained from Braun
(2007). Table 2 exhibits the mesh convergence test results.

Table 2. Mesh convergence test results for the flow around a circular cylinder problem.

Mesh 0)5) Relative Error (%)
65k 1.6287 0.54
85k 1.6235 0.22
111k | 1.6249 0.30
180k | 1.6223 0.14

According to the conducted mesh convergence study, all meshes exhibited low relative errors, below 1%. Therefore,
considering the accuracy of the results and the lower computational cost, it was decided to employ the 85k mesh.

The 85k mesh is shown in Fig. 2 and Fig. 3. It consists of 85,312 nodes and was generated with Gmsh, a mesh
generator software. It is a structured mesh and has a higher refinement around the obstacle and in the wake of the flow.
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Figure 2. Computational mesh for the flow around a circular cylinder with 85312 nodes, generated with Gmsh.

4.2 Flow around Great Belt East Bridge deck, Re = 3 x 10°

This section will address the problem of wind flow around the cross-section of a bridge deck, specifically the Great
Belt East Bridge. The boundary conditions are the same as those used for the flow around the cylinder problem. Figure
(4) illustrates the domain of the problem, where the bridge deck section has a width of B = 31.0 m and a hight of 4.4 m.
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Figure 3. Detail of the mesh for the flow around the cylinder, 85312 nodes.

The parameters used for this problem are shown in the Tab (3) and they were obtained from Braun (2007). The simulation
time was 30 s with a time step At of 104 s. For the convective term, the linear Upwind scheme was employed.
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Figure 4. Domain and boundary conditions for the problem of flow around the Great Belt East Bridge deck section.

Table 3. Parameters used for the simulation of flow around Great Belt East Bridge section.

Parameter Value Unit
Fluid density (p) 1.2 kg/m?
Kinematic viscosity (1) | 5.78 x 1074 | m?/s
Flow velocity (Up) 40.0 m/s
Characteristic length (L) 31.0 m

The computational mesh used was generated with snappyHexMesh, an OpenFOAM mesh generator, and consists of
185,612 nodes. It has a region of higher refinement that encompasses the deck as well as the vortex wake region. The

mesh is shown in Fig. (5) and Fig. (6).
5. NUMERICAL RESULTS

5.1 Flow around a circular cylinder, Re = 1000

In this section, the results of the flow simulation around the cylinder are presented. Figures (7) and (8) display the
velocity and pressure fields, respectively, at time ¢ = 30 s. From Fig. (8), we can observe the formation of the vortex

shedding.

Table (4) presents the drag coefficient as well as the Strouhal number. The obtained results exhibit high accuracy when
compared with the works of Braun (2007) and Costa (2018). Considering two decimal places in the C'p value there is an

error equal to zero.
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Figure 5. Computational mesh for the flow around the Great Belt East Bridge with 185612 nodes, generated with snap-
pyHexMesh.

Figure 6. Detail of the mesh around the cylinder, 185612 nodes.
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Figure 7. Velocity field for the flow around the cylinder at time t = 30 s.

5.2 Flow around Great Belt East Bridge deck

In this section, we present the results concerning the flow around the cross-section of the Great Belt East Bridge deck.
Figures (9) and (10) display the velocity and pressure fields, respectively, at time ¢ = 30 s. It is also possible to observe
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Figure 8. Pressure field for the flow around the cylinder at time t = 30 s.

Table 4. Drag coefficient and Strouhal number for the flow around the cylinder, Re = 1000.

Case Cp Sy

Present work 1.62 | 0.240
Braun (2007) 1.62 | 0.217
Costa (2018) 1.65 | 0.210
Wanderley and Levi (2002) | 1.5 | 0.235

the wake with alternating vortex shedding.
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Figure 9. Velocity field for the flow around the Great Belt East Bridge at time t = 30 s.

Tables (5) and (6) display the results of the drag coefficient and the Strouhal number, respectively, along with the
reference values. It can be observed that, unlike the previous case, in this instance, the C'p value did not closely match the
results of Braun (2002) and Costa (2018), but, on the other hand, it was very close to the value obtained numerically by
Kuroda (1997) (Error below 5 %). With respect to the value of S, the obtained result closely matched the experimental
study result in Larsen and Walther (1997), presenting an error of approximately 5%.

6. CONCLUSIONS

This study presented excellent results for the flow around the cylinder problem and satisfactory results for the flow
around the deck, showing close agreement with only a few reference values. Several factors could account for these
discrepancies in drag coefficient and the Strouhal number. These differences may be related to mesh refinement and the
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Figure 10. Pressure field for the flow around the Great Belt East Bridge at time t = 30 s.

Table 5. Drag coefficient for the flow around the bridge deck problem.

Case Cp
Present work 0.51
Braun (2002) 0.63
Costa (2018) 0.63
Reinhold et al. (1992) | 0.58
Kuroda (1997) 0.49

Table 6. Strouhal number for the flow around the bridge deck problem.

Case Sy

Present work 0.149
Braun (2002) 0.180
Costa (2018) 0.179
Larsen and Walther (1997) - Num. | 0.168
Larsen and Walther (1997) - Exp. | 0.158

choice of numerical schemes, particularly the scheme used for the convective term. Therefore, further investigation into
the causes of the inaccuracies observed in these simulations is left for future work.
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