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Abstract 

In this work the authors have studied the applicability of the 2D URANS 
approach adopting a block structured mesh and Menter’s SST k-omega 
turbulence model for the aspect ratio 4 rectangular cylinder. As a first step, a 
verification study is carried out for the mesh refinement level and the time step 
size. Then, the static response for a 0º angle of attack is considered for validation 
purposes. The vortex induced vibration response is computed based on the out-
of-phase component and phase angle of a one degree of freedom heave forced 
oscillation simulation at different reduced velocities. Finally, the flutter 
derivatives are evaluated based on the results of forced induced oscillations in 
both heave and pitch degrees of freedom. The computational results obtained 
herein have been in agreement with both experimental and numerical data 
available in the literature. The proposed methodology based on 2D URANS is 
less computer power demanding than a 3D LES approach, while it keeps a good 
accuracy level, which is of particular interest in the frame of industrial 
applications. 
Keywords:  CFD, rectangular cylinder, URANS, vortex shedding, flutter 
derivatives. 

1 Introduction 

Fluid structure interaction problems in rectangular cylinders have been 
extensively studied as test cases in CFD fluid structure interaction problems due 
to its intrinsic interest, as rectangular members are present in many structures as 
also the geometry of the cross-section of buildings and bridge decks can be close 
to the rectangular one, with different aspect ratios. Besides this, it is a simple 
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geometry and the profusion of experimental based research allows an accurate 
validation of the numerical results. 
     Rectangular prisms show aeroelastic phenomena such as vortex-induced 
vibration (VIV), torsional flutter, galloping and coupled flutter as it has been 
described by Takeuchi and Matsumoto [1], and their response is different 
depending on the width to depth ratio (B/H). 
     The number of references in the literature regarding experimental studies on 
rectangular cylinders is plentiful. In the same manner, form 1990 the number of 
Computer Fluid Dynamics based studies on the response of fixed rectangular 
cylinders is large and just as a minimal sample the works by Shimada and 
Ishihara [2] or Bruno et al. [3] are highlighted. 
     On the other hand, the number of published references dealing with the 
numerical simulation of Fluid Structure Interaction (FSI) problems is not so 
extensive. In an early application authored by Murakami et al. [4], the results of 
forced oscillations and wind-induced free oscillation of a square cylinder using a 
3D LES approach were reported. The work led by Tamura [5], Tamura and Itoh 
[6], and Tamura and Ono [7] on the oscillations of rectangular cylinders and 
turbulence effects must also be highlighted. Also in Mendes and Branco [8], the 
computed values for the ܪଵ∗ and ܣଶ

∗  flutter derivatives of the B/H=4 rectangular 
cylinder are reported employing a 2D approach with no turbulence model. In [9], 
the numerical results for the ܣଶ

∗  flutter derivative of the B/H=4 rectangular 
cylinder using a 3D LES approach are reported. Later, Sun et al. [10] published 
the complete set of 18 flutter derivatives for the B/H=4 rectangular cylinder 
using a 2D URANS (Unsteady Reynolds Averaged Navier-Stokes) modeling and 
a k-ω turbulence model; also the effect of the incoming flow level of turbulence 
was studied. Finally, Shimada and Ishihara [11] reported the responses of ratios 
2:1 and 4:1 rectangular prisms subject to forced and free wind-induced 
oscillations. The authors in the last reference adopted a 2D URANS approach 
and a modified k-ε turbulence model to study the aerodynamic instabilities of 
interest avoiding the burdensome 3D numerical simulations. 
     The motivation of the current piece of research is to explore the applicability 
of a 2D URANS approach using Menter’s SST k-ω turbulence model in 
combination with a low Reynolds strategy in the proximity of the bluff body; 
which can be accomplished by means of the open source OpenFOAM solver. A 
block structured mesh has been employed since they are particularly suited for 
the automatic grid generation in the context of parametric and optimum design 
problems. The phenomena of interest are the prediction of the VIV as well as the 
computation of the flutter derivatives of rectangular cylinders. As a case study, 
the B/H=4 rectangular cylinder has been chosen due to the existing experimental 
and computational references in the literature for validation of the results. 

2 Outline of the numerical formulation 

The time averaging of the equations for conservation of mass and momentum 
gives the Reynolds averaged equations of motion in conservation form [12]: 
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where ܷ is the mean velocity vector, ݔ is the position vector, ݐ is the time, ߩ is 
the fluid density, ݑ

,  is the fluctuating velocity and the over-bar represents the 
time average, ܲ is the mean pressure, ߤ is the fluid viscosity, ܵ is the mean 
strain-rate tensor. From the former equation, the specific Reynolds stress tensor 
is defined as: 

             ߬ ൌ െݑప
ఫݑ,
,തതതതത, (2) 

which is an additional unknown to be modeled based on the Boussinesq 
assumption for one and two equation turbulence models. 

߬ ൌ ்ߥ2 ܵ െ
2
3
ߜ݇ (3) 

where ்ߥ is the kinematic eddy viscosity, ܵ is the mean strain-rate tensor and ݇ 
is the kinetic energy per unit mass of the turbulent fluctuation. 
     In this work the closure problem is solved applying Menter’s k-ω SST model 
for incompressible flows [13]. 
     For the simulations where forced oscillations of the bridge deck have been 
imposed, the Arbitrary Lagrangian Eulerian (ALE) formulation has been applied. 
The conservation of mass and momentum equations are written as follows [14]: 
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where ܷ is the grid velocity in the i-th direction. 
     The forced displacement is imposed at the bluff-body boundary and the mesh 
control is achieved computing the motion of the grid points solving the Laplace 
equation with variable diffusivity using a quadratic distance based method. 

3 Forced oscillations in heave 

Forced oscillation of a bluff body allows analyzing its vortex-induced response 
as well as torsional flutter. Next, a brief summary of the fundamental 
formulation is going to be presented following [11], whose notation is employed 
in the following. 
     Forced displacement is imposed on a bluff body, in a single degree of 
freedom, according to the following expression for heave: 
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݄ሺݐሻ ൌ ݄ ሻݐሺ߱݊݅ݏ (5) 

where ݄ሺݐሻ, positive upwards, represents the forced oscillation in heave, ݄ is the 
displacement amplitude, ߱  is the forced vibration angular frequency and ݐ is 
the time. 
     The main components of the unsteady wind force acting on the oscillating 
bluff-body are the vortex-shedding frequency component and the forced 
frequency component.  
     The forced oscillation frequency content of the unsteady lift force (or 
moment) can be written as: 

ሻݐሺܨ ൌ ܨ ݐሺ߱݊݅ݏ  ሻߚ (7) 

where ܨ is the amplitude of the unsteady lift at the excitation frequency, and ߚ 
is the phase shift with respect to the forced oscillation. 
     Applying the Fourier decomposition of the unsteady lift force per unit of span 
length, ܨ and ߚ can be obtained: 

ሾܽ, ܾሿ ൌ
1
ܶ
න ݏሻሾܿݐሺܨ ߱ݐ, ݊݅ݏ ߱ݐሿ݀ݐ
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ܨ ൌ ඥܽଶ  ܾଶ (8.b) 

ߚ ൌ ଵሺെܾି݊ܽݐ ܽ⁄ ሻ (8.c) 

And the forced frequency component of the unsteady lift force acting on the 
bluff-body is: 

ሻݐሺܨ                     ൌ ܨ ݏܿ ߚ ሻݐሺ߱݊݅ݏ  ܨ ݊݅ݏ ߚ ሺ߱ݏܿ  ሻ (9)ݐ

where ܨோ ൌ ܨ ݏܿ ூܨ is the in-phase component and ߚ ൌ ܨ ݊݅ݏ -is the out ߚ
of-phase component. The out-of-phase component is of great importance since it 
plays the role of the aerodynamic damping, while the in-phase component plays 
the role of the aerodynamic stiffness. When the out-of-phase component is 
positive, it acts as negative aerodynamic damping indicating that self-excited 
oscillation may take place. 

4 Computation of the flutter derivatives 

Flutter derivatives are non-analytical parameters which relate motion-induced 
forces and the velocities and displacements of the structure. As a consequence, 
these parameters have been traditionally identified using wind tunnel tests, and 
more recently from numerical based simulations. 
     According to Sarwar and Ishihara [15], the aeroelastic forces on a bridge 
deck, considering two degrees of freedom (heave and pitch) can be written as 
follows, using Scanlan’s formulation: 

 
 www.witpress.com, ISSN 1743-3533 (on-line) 
WIT Transactions on Engineering Sciences, Vol 82, © 2014 WIT Press

88  Advances in Fluid Mechanics X



ௌܮ ሺݐሻ ൌ
1
2
ܤଶܷߩ ቈܪܭଵ∗

ሶ݄ ሺݐሻ

ܷ
 ଶܪܭ

∗ ሶߙܤ ሺݐሻ

ܷ
 ଷܪଶܭ

ሻݐሺߙ∗

 ∗ସܪଶܭ
݄ሺݐሻ

ܤ
൨ 

(10.a) 

ܯ
ௌ ሺݐሻ ൌ

1
2
ଶܤଶܷߩ ቈܣܭଵ∗

ሶ݄ ሺݐሻ

ܷ
 ଶܣܭ

∗ ሶߙܤ ሺݐሻ

ܷ
 ଷܣଶܭ

ሻݐሺߙ∗

 ∗ସܣଶܭ
݄ሺݐሻ

ܤ
൨ 

(10.b) 

where ܮௌ ሺݐሻ is the aeroelastic lift force per unit of span length, ܯ
ௌ ሺݐሻ is the 

aeroelastic moment per unit of span length, ܭ ൌ ሺ߱ܤሻ ܷ⁄  is the reduced 
frequency, ݄ሺݐሻ is the heave oscillation and ሶ݄ ሺݐሻ is its time derivative, ߙሺݐሻ in 
the torsional rotation and ߙሶ ሺݐሻ its time derivative, ܪ

∗ and ܣ
∗ ሺ݅ ൌ 1,… ,4ሻ	are the 

flutter derivatives. 
     Assuming prescribed harmonic forced oscillations ݄ ൌ ݄  ሻ andݐሺ߱݊݅ݏ
ߙ ൌ ߙ  , are the amplitudes of the oscillationsߙ ሻ, where ݄ andݐሺ߱ఈ݊݅ݏ
and also that motion-induced forces are linear functions of the movement; after 
some manipulation, the following expressions are obtained for the identification 
of the flutter derivatives: 
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where ܮ and ܯ are the amplitudes of the fluctuating lift and moment acting of 
the bluff-body, ߶ and ߶ெ are the phase lags of the aeroelastic lift or moment 
with respect to the prescribed oscillation and ݍ is the dynamic pressure. 

5 Geometry, numerical modelling and model validation 

A rectangular section with a width to depth ratio ܤ ⁄ܪ ൌ 4 and sharp edges has 
been chosen as the case study for computing its forced oscillation response. 
     The flow domain size adopted in all the simulation reported herein is 41B by 
30.25B. As boundary conditions, a constant velocity inlet has been set at the left 
side while a pressure outlet at atmospheric pressure has been imposed at the right 
side. The upper and lower boundaries have been defined as slip walls. A 
turbulence intensity of 1 % has been chosen along with a 0.1B turbulent length 
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scale for the incoming flow. The simulations have been conducted using the 
open source software OpenFoam. The URANS and turbulence model equations 
are discretized with second order central finite difference schemes except for the 
convention terms for which a linear upwind scheme was selected. The Euler first 
order bounded implicit scheme was set for the first time derivative terms. 
     A 2D block structured regular mesh has been generated taking special care in 
the definition of the refined grid around the deck cross-section in order to obtain 
target values for the non-dimensional first grid height (ݕା ൌ ሺߜଵݑ∗ሻ ⁄ߥ , where ߜଵ 
is the height of the first prismatic grid layer around the deck and ݑ∗ is the friction 
velocity) close to 1. In this manner, no wall functions are required. 
     A grid independence study has been conducted for three different grids 
namely Coarse, Medium and Fine grids, for the static rectangular cylinder with 
0º angle of incidence The Reynolds number of the simulations reported herein is 
about 105. In table 1, the data of these three grids, along with the Strouhal 
number and the mean values and standard deviations of the force coefficients are 
reported. All the computations have been carried out imposing a maximum 
Courant number of 1. 
     The definition of the force coefficients in this work is the following: 

ܥ ൌ
ܦ

1
ܷߩ2

ଶܤ
															 ܥ ൌ

ܮ
1
ܷߩ2

ଶܤ
ெܥ ൌ

ܯ
1
ܷߩ2

ଶܤଶ
(12) 

In the former expressions, ܦ is the drag force per span length, positive 
windward, ܮ is the lift force per span length, positive upwards, and ܯ is the twist 
moment per unit of span length, positive in the clock-wise direction. The 
standard deviation of the force coefficients is identified with the prime symbol in 
the following. 

Table 1:  Grid refinement study values and validation. 

Grid Tot. cells ܵ௧ ܥ ܥ´ ܥ´ ܥ´ெ 
Coarse 104000 0.145 0.31 0.009 0.27 0.046 

Medium 147600 0.145 0.31 0.012 0.28 0.046 
Fine 235200 0.145 0.31 0.011 0.29 0.045 

Experiments [16]  0.159 0.348 0.081 0.289 0.054 
 
     Table 1 shows very similar results for the three grids considered, which 
highlights the independency of the solution to the mesh density.  For the 
simulations hereafter the Medium grid has been retained since it offers similar 
accuracy to the Fine mesh with lower computational cost and its extra spatial 
resolution with respect to the Coarse mesh offers additional guaranties for the 
more demanding fluid-structure interaction simulations to be addressed in the 
present research. It is also plain that the numerical results reported herein are 
similar to the experimental ones reported in [16]. 
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6 Vortex shedding response 

The forced oscillation response of the B/H=4 rectangular cylinder has been 
computed. The amplitude of the oscillation is ݄ ⁄ܦ ൌ 0.02 as in the 
experimental tests conducted by Washizu et al. [17]. These forced oscillation 
simulations with constant flow speed and at different frequencies allow the 
identification of the reduced velocity regions where vortex-induced vibration can 
take place. The change in the out-of-phase component of the unsteady lift force 
from negative to positive values indicates that vortex-induced vibrations will 
occur due to the negative aerodynamic damping introduced in the system for 
positive values of ܥூ. 
     In figure 1 the out-of phase component of the lift coefficient computed by the 
authors is presented and compared with the experimental results reported in [17] 
and the numerical simulations in [11] and [15]. The numerical simulation has 
allowed an accurate identification of the vortex induced prone region of reduced 
velocities for the ratio 4 rectangular cylinder. 
 

 
 

 ூܥ

 
 U/(fB)

Figure 1: Out-of-phase component of the lift coefficient. 

7 Flutter derivatives computation 

The flutter derivatives of the ration 4 rectangular cylinder have been computed 
by means of forced oscillation simulations in heave and pitch degrees of 
freedom. In order to avoid the VIV prone region at a reduced velocity value 
close to 2, the ranges of reduced velocities considered in these simulations have 
been: for the heave-related flutter derivatives ܪଵ∗, ܪସ∗, ܣଵ∗  and ܣସ∗  the range of 
reduced velocities considered is (3, 6) as in [10], while for the pitch-related ܪଶ

∗, 
ଷܪ
ଶܣ ,∗

∗  and ܣଷ
∗  flutter derivatives the range of reduced velocities is (2,7). 

     In figure 2 four of the computed flutter derivatives are reported and compared 
with experimental results in [18] and numerical simulations in [10]. 
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Figure 2: Flutter derivatives of the B/D=4 rectangular cylinder. 

     The agreement of the numerical simulations reported in this work with the 
experimental values available in the literature is reasonable, particularly bearing 
in mind the intrinsic limitation of the 2D URANS approach adopted. In fact, the 
numerical results approximate with more accuracy the experimental data than 
previous simulations by Sun and co-workers, arguably due to the bigger flow 
domain and the higher density mesh employed in the present simulation. 

8 Conclusions 

A 2D URANS approach using a block-structured mesh and Menter’s SST k-ω 
turbulence model has been applied to the study of the fluid-structure interaction 
of a B/H=4 rectangular cylinder. The aeroelastic phenomena of interest have 
been VIV and the computation of flutter derivatives. A single set of heave and 
pitch forced oscillations has been considered for computing the responses of 
interest. 
     The reasonable accuracy of the numerical results obtained, compared with the 
available experimental data, has proved the feasibility of the proposed approach 
for identifying fluid-structure interaction responses, avoiding burdensome 3D 
LES simulations or the development of in-home sophisticated software. 
Therefore, this methodology is ready for being applied in the frame of parametric 
studies of bridge deck sections and, in the future, in the shape optimization of 
bridge decks considering aeroelastic constraints. 
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