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Abstract. With the advancement of computational technology and numerical techniques, Computational Fluid
Dynamics (CFD) has been playing a fundamental role in solving problems of wind-structure interaction. Aiming
at the optimization of the structural design from the reduction of the costs of experimental tests directed with
computer simulations, this article presents an analysis of the feasibility in the use of an open access CFD tool,
OpenFOAM, for the calculation of the dynamic pressures due to the action of the wind in buildings. CFD
simulation was coupled in conjunction with the structural analysis model to evaluate the efforts and displacements
by using the Finite Element Method.
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1 Introduction

In context of optimization search, regarding the structural design and dimensioning, the more realistic
evaluation of the wind action and its interaction with the structures is very significant at each structural element
response generated by the dynamic pressure effects. Li et al. [1] developed a simple expression, generated by wind
tunnel tests, to evaluate coefficients for the wind-induced torques on L-buildings. Li et al. [2] presented a study
that evaluate experimentally the surface pressure schemes for non-uniform buildings in real problems, Huang et
al. [3] presented a computer vison-based vibration measurement method for wind tests of aeroelastic high-rise
building models and Zou et al. [4] investigated torsional aeroelastic effects on high-rise buildings due to forced
vibration wind tunnel tests. However, there are some disadvantages of applying these experimental tests, difficulty
of considering some physical parameters like temperature gradient, difficulties in accuracy data measurements,
scale effects, high cost for operation and demands a long time for execution.

With the difficulties in clarifying the complex 3D flow fields around a building using wind tunnel procedures
and the growth of high performance and low cost of computers, the computational wind engineering (CWE)
paradigm has become a powerful field of studies in fluid-structure interaction, where for the 3D flow fields, it is
mandatory to understand both numerical analysis and turbulence theory. In this scenario, the Computational Fluid
Dynamics (CFD) methodologies coupled with some potential and flexible method for evaluating the behavior of
deformable solids, like the Finite Element Method (FEM) or Boundary Element Method (BEM) are the most
profitable numerical tools for evaluating the combined spatial time PDEs in the complex above-mentioned problem
and, for general application, they are superior than analytical or experimental procedures of analysis, where the
term is Fluid-Structure Interaction (FSI).

The vast majority of CFD system available with these foregoing characteristics are commercial/licensed
software with have high cost and “closed access™, that is, do not allow the owner to make any change into the
source code, as introducing a new experimental turbulence model or coupling external FEM that simulates the
deformable building for aeroelastic effect assessments. In this sense, the objective of this article is to analyze the
feasibility of using OpenFOAM for the calculation of dynamic pressures due to the action of wind in buildings,
where it is calibrated and compared the CFD analysis with experimental model by wind tunnel database developed
by Tokyo Polytechnic University (TPU). In addition, it is coupled this CFD open-source in conjunction with a
homemade system via FEM based on displacements methods to evaluate the structural response. The FEM is
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presented in dynamics formulation with the implicit Houbolt method [5] for the solution of the motion equations,
and Euler-Bernoulli beam theory is considered for the spatial frame elements for simulating beams and columns,
which is the most adequate structural elements applied for design building.

2 Methodology

The motivation for the development of this work was the need to optimize the structural design from a
reduction in the costs of experimental tests directed with computer simulations, using open access CFD and FEM
tools. The code chosen for processing the CFD simulations was OpenFOAM, version 9.0, which has pre and post
processing to solve problems of mechanics of continuous media. This simulation system is a non-commercial
(free) tool in which it has C++ source code, the main reason for this choice, as it allows the user to modify,
implement or create custom objects such as boundary conditions, turbulence models, solvers, coupling with an
external physical model, etc.

2.1 Governing equations and computational approach

The OpenFOAM system recurs to Eulerian approach, in which fluid is treated as continuum movement as
expressed by mass conservation and Navier-Stokes equations. By considering that wind ow is turbulent, the choice
for a turbulence model is mandatory. In the OpenFOAM tool, several turbulence models of the type RANS
(Reynolds Average Navier Stokes) and LES (Large Eddy Simulation) are available. These models cover a
relatively large set of flow problems that include time-dependent variables, fluid-structure interaction and heat
transfer. The turbulence model adopted to perform the simulations in this work was the standard k — & in which is
classified as two-equations model based on the Boussinesq hypothesis. It is the most commonly used in which
presents satisfactory results for fluid flows around obstacles and requires low processing consumption when
compared to other turbulence models and is relatively accurate.

In order to simulate the turbulent wind flow, this system of partial differential equations is solved numerically
in the OpenFOAM using the finite-volume method (FVM). The method for calculating the numerical solution
employed by the tool is Pressure-Implicit with Splitting of Operators (PISO). However, a modification was made
to the tool’s solver (Piso FOAM) to calculate the numerical solution. The objective was to change the time step
on-the-fly based on stability and convergence conditions, that is, to reduce the number of iterations with the
automatic adjustment of the time step during the conditioned processing by analyzing the Courant number. The
transient terms of equations are approximated by a Euler Implicit method and the central differences scheme
(second-order discretization) are used for both the advection and diffusive terms. To solve the linear systems of
the coupled equations, the Geometric-Algebraic Multi-Grid (GAMG) iterative method with Gauss-Seidel scheme
was adopted for the pressure equations.

2.2 Domain dimensions and initial and boundary conditions

The building adopted for the computer simulation has 10 floors considering the floor-to-floor distance of
three meters. The building has a ratio of width and depth of 1:2 and a ratio of depth and length of 2:3 according to
Figure 1.
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Figure 1. Building dimensions in (a) plan and (b) elevation. Units: meters
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Figure 2. Boundary conditions in plan. Units: meters

The correct choice of dimensions between the domain boundary and the building surfaces is extremely
important for the simulation, where the flow can propagate without causing neighbor influence. For initial
conditions, the Dirichlet condition is used for u and p. In the case of turbulent kinetic energy (k) and turbulence
dissipation rate (¢), the initial conditions are estimated in the same way as they are done in several works in the
literature. In this work, three types of boundary conditions were considered: inlet, outlet and rigid-wall boundaries.
At the inlet section (fluid entrance), the wind velocity profile u(z) is imposed. At outlet section (fluid exit), it is
imposed homogeneous Neumann (fully developed flow) conditions for all variables. For top and lateral planes, it
was adopted the symmetry boundary condition. The rigid walls and ground were modeled with boundary condition
without slip (no-slip) i.e, zero velocity conditions were used in these contours (Figure 2). In addition, to avoid
using too many grid points in the viscous sub-layer, the wall function is used near the walls for the turbulent
variables x and €.

2.3 Calculation of the pressure coefficient through CFD and experimental model by wind tunnel

The pressure distribution on the model surface can be represented in terms of the pressure coefficient given
by:
P x P co ( 1}

in which P, represents the relative pressure of a given point on the building facade, P,, is the freestream undisturbed
pressure and P, is the freestream dynamic pressure defined by: P, = 0.5pV,2. The static pressure sensor used to
monitor P,, was positioned on the upper part of the domain at the beginning of the inlet section of CFD model.

An aerodynamic database was developed by Tokyo Polytechnic University as part of the Effects of Wind on
Buildings and Urban Environment, the 21st Century Center of Excellence Program, funded by Japan's Ministry of
Education, Culture, Sports, Science and Technology. The objective of this database is to provide wind tunnel test
parameters in several different geometries of high and low buildings, in addition, providing results on the effects
of buildings in the neighborhood. All the necessary statistical values for the pressure coefficients were tested for
394 cases. These values include statistical data to be applied in the boundary conditions, graphs and temporal
series for the experimental model. These data were used to compare with the results of the CFD simulations. Since
many low-rise buildings are located in suburban areas in Japan and other countries, suburban terrain,
corresponding to terrain category III of the AIJ [6], was chosen as the tested wind field. This category has an
average exponent of the wind velocity profile of 0.20 m/s and a gradient height of 450 m. The test was carried out
with turbulence-generating towers, roughness elements and a floor mat upstream of the wind tunnel test section.
In addition, the wind tunnel testing laboratory at Tokyo Polytechnic University carried out essay with angles of 0°
to 100° directions for each 5° interval.

2.4 Structural model and fluid-structure interaction coupling

The building is formulated by using spatial frame finite elements, without considering slab rigidity, by the
classical beam engineering theory (Euler-Bernoulli hypotheses) in linear geometrical and material theory. The
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FEM concepts can be generated by Galerkin method [7], and considering inertia forces, then the governing
equations for the dynamics system are written in matrix notation as:

Kx, + Cx, + M%, =F, (2)

with n being the total number of degrees of freedom, K, C and M, indicate, respectively, stiffness, damping and
mass matrices [8]. The terms x,,, X, and ¥, are nodal displacement, velocity and acceleration vectors, respectively,
and F, is the nodal force vector that contains permanent loadings and wind forces that are automatically updated
with the CFD analysis. Equation (2), for generical applications, for example, nonlinear formulation, must be solved
by direct integration methods that use step-by-step numerical integration via finite differences scheme. It is applied
the unconditionally stable Houbolt method [5] with implicit integration schemes which considers cubic curves for
X, and ¥, in time t,,,4 = t, + At where t; ,,t; 4. t;. t;14 and t;,, are the time considered, with i being the present
time and At the time step.

The fluid pressure state (p) at a point acting on the external boundary of the structure (§) generates traction
(f) component which is given by ¢ = pn where n represents the components of the direction cosines, in matrix
notation. The nodal force can be expressed by the classical FEM relation:

F, = f NTtdS + f NTqd$ 3)
s s
where N7 is the transpose vector of the shape functions; q is the permanent loading vector applied in all the
boundary building (S = SU S ), with S and S being the boundary on the facade and in the whole building.

The present multiphysics FSI problem is evaluated with the partitioned treatment approach, following the
Felippa et al. [9] definition, which describes the advantages of customization, independent modeling, software
reuse and modularity facilities, in that can maintain the OpenFOAM and structure FEM programs decoupling but
developing intercommunication codes to connect them. The flowchart depicted in Figure 3 resumes the simple but
effective procedure applied in this paper for FSI using OpenFOAM and a homemade structural FEM program.

In fact that in Brazilian code requirements demands for design building small horizontal displacements and
low frequency vibration limits, less than 1 Hz, aeroelastic analysis is not taken into account herein. In consequence,
the building deformable configuration is not updated along the time step to the fluid scheme. Therefore, it is
simulated by rigid solid but the whole pressure actioning on the facade building is stored at each time and then
after being pos-processed in the structural FEM formulation. The present monoway interaction makes the FSI
independent, where the building design can be revaluated as many times as necessary, without CFD coupling
again.

3  Numerical results and analyses

3.1 Validation: CFD simulation

In order to validate the building model with CFD methodology, four meshes (A, B, C and D) were designed,
structured with hexahedral elements with 74850, 153708, 224448 and 304320 elements, respectively. The
positioning of building inside of domain must ensure that the results of the CFD simulation are not influenced by
the domain boundaries. The distance between the upstream building and the domain inlet should not be too small,
but it should not be too large due to the computational cost for processing the problem. Thus, to guarantee a good
numerical solution with lower computational cost, the optimal distance considered after several tests was of 145
meters.

The inlet velocity profile u(z) of the simulation domain corresponds to the same velocity profile used in the
Tokyo Polytechnic University experimental test. This experimental test was used with the wind direction at zero
degrees in relation to the axis orthogonal to the front facade of the building. The total time taken for each simulation
was t = 120 s and the maximum Courant number was limited to 0.5 and the time step was initialized to 1074,
The tolerance of the algebraic system solution for the variables u, v, w,p, k and € was 10™¢. It is also observed
that, as the mesh is refined, the numerical solution converges to a solution very close to the experimental one. This
is identified by calculating the relative error of the C,, temporal average in various positions of the front facade,
as shown in Tables 1.
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Table 1. Relative error of the temporal average of C,, for four mesh

Horizontal position [m]:

Mesh
5 7 9 11 13 15
A 18.92%  14.29%  12.82% 11.69% 12.00%  14.29%
B 9.46% 7.79% 6.41% 5.19% 5.33% 4.29%
C 6.76% 5.19% 3.85% 2.60% 2.67% 1.43%
D 2.70% 1.30% 0.00% 1.30% 1.33% 2.86%

It can be inferred that the mesh D (304320 elements) presented consistent results in relation to the
experimental test, with a relative error (average) of 1.6%, therefore the refinement used in the following
simulations had a minimum order of 3 X 107° elements. A qualitative comparison is depicted in Figure 3, showing
that the most relevant level with the greatest pressure variations occurs at two thirds of the total height of the
building, the level being used for quantitative analysis.

EXPERIMENTAL TEST CFD SIMULATION

Mersh 3 (150705 ey

Mish © [224443 whorsiearils] Massh L 304320 sheirienis)

Figure 3. Isovalue curves of C,, in front of building, obtained from CFD simulations for all the present meshes
and the experimental test

3.2 Wind simulation at different angles of attack

The wind incidence angle («), measured between the wind direction and the largest side of the building, can
change the criticality of the structure in a given hypothesis. Thus, it is essential to perform several cases of wind
incidence with a certain range of parameter . The simulations were performed considering four angles of wind
incidence: 0°, 30°, 45° and 60°. Boundary conditions in these cases are the same as those applied in the previous
simulations for model validation Sect. 2.2. The distance between the upstream building and the domain inlet was
considered to 145 meters and total time of 120 seconds.

Tables 2 shows the calculation of the absolute and relative error of the C,,, temporal average obtained by the
CFD simulation in the four wind incidences. It should be noted that the experimental results on the front facade
with wind in the 60° direction are close to zero or equal to zero (according to position x = 5 m). In this way, the
relative error can be high even that absolute error is low, as occurs in the position x = 7 m, for example, which
the experiment resulted in 0.05 and the CFD simulation resulted in 0.06. In this case, the absolute error is 0.01,
which indicates consistent results, despite the relative error (average) being 12.5%.

Table 2. Relative error of C,,, for all wind incidences

Horizontal position [m]:
5 7 9 11 13 15
0° 2.70% 1.30%  0.00% 1.30% 1.30%  2.90%
30° 0.00% 1.90%  0.00% 150% 1.40%  4.10%
45° 4.60% 0.00%  0.00% 220% 2.00%  0.00%
60° - 20.00% 10.00% 6.30% 14.30% 12.00%

24
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3.3 Fluid-structure interaction results

In the present FSI interaction, it is considered zero velocity at the solid-fluid interface on the rigid building
surfaces, which indicates no-slip boundary condition. The whole model is not monolithic, but the small
deformations occurred in the building take to small modifications in the volume control, which is not considered
this variation in the CFD simulation at each time step. Following the procedure presented in the FSI, the
deformable building was modeled with the same dimensions as the CFD simulations, with 10 floors with ceiling
height of 3 meters each, all columns with dimensions 19 cm X 100 e¢m and beams 19 cm X 60 cm, permanent

loading ¢ = 10 kN /m applied in all beams.

Figure 4 illustrated the element positions and the wind direction. The properties of the material used are
elasticity modulus E = 28 GPa, density p = 25 kN/m?, Rayleigh damping € = 0.02 K, lumped mass matrix,
total time of t = 120 s and time step At = 10~*s. The wind profiles obtained by Standard NBR 6123:1988 model

[10] and CFD aerodynamics analysis are depicted in Figure 5.

F (kN)

Figure 5. Wind-force time-history profiles on the building facade due to CFD analysis

Internal forces on the base of the columns C1, C7 and C9 are showed in Table 3 where the steady state
pressures are used for the final FSI responses. It is noticed that the greatest differences occurred in C1, for normal

20,0m

F, (kN)

| WIND

F (kN)

“CFD

and M, moment efforts, with relative difference of 12% and -19%, respectively.

Table 3. Efforts on the base of columns due to wind forces from NBR [10] and CFD steady state analysis.

Normal force Bending Bending

moment moment
Column 7 () My(kNm) Mz (kNm)
Code/CFD Code/CFD Code/CFD
Cl 342.9/383.5 2.1/2.1 120.0/97.2
C8 951.8/951.8 0.0/0.0 136.7/111.7
C9 957.9/917.3 0.0/0.0 131.4/108.5
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Finally, the maximum horizontal displacements in direction y, which occurred on the top of the column 7
(C7), are plotted in Figure 6 along the time history for the FSI and the Standard NBR 6123:1988 [10], showing
higher value for the last procedure, with a relative difference of 23%, with 1:35 cm for NBR 6123:1988 [10]
procedure and 1.04 cm for the FSI coupled program evaluation.
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Figure 6. Horizontal displacements using NBR 6123:1988 [1] model and FSI model

4 Conclusions

This work has presented an effective coupling fluid-structure using CFD open-source code, OpenFOAM, and
homemade software based on the FEM for the calculation of dynamic pressures due to the action of wind in
buildings. In order to validate the building model with CFD method, the numerical results were compared with
experimental data by wind tunnel developed by Tokyo Polytechnic University. According to the computed results,
the values of the external pressure coefficients on the front and rear facade presented satisfactory accuracy results.
It is concluded that the OpenFOAM CFD tool together with the FEM analysis developed herein in this paper is a
good and low-cost alternative to estimate the dynamic pressures, efforts and displacements in buildings efficiently
and accurately.
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