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Abstract
Developments in construction engineering (new materials, construction techniques) facilitate the
design of very flexible, light structures with low damping which unfortunately results in higher
susceptibility of these structures to wind action. It is therefore necessary to use more accurate
scientific tools in the engineering phase of these structures. Analytical methods for considering
wind effects on structures encounter difficulties with respect to mathematical formulations of
aerodynamic forces. In this paper a 2D numerical model has been described which considers the
fluid domain with respect to a cylindrical obstacle. This 2D model has been discretized using
the finite volume method, and numerical simulations have been undertaken in order to describe
the unsteady flow conditions within the analyzed domain. The simulations have been performed
with boundary conditions characterizing the flow past a cylindrical obstacle. The results have
been compared with the literature data from similar experiments. On the basis of the flow
characteristics obtained, as well as the spatial distributions of the flow parameters, a model for
further 3D analyses was selected. Next, a 3D numerical study of unsteady flow forces acting on a
slender cylinder has been analyzed. Toward the end, a two-way fluid solid interaction approach
has been utilized, which incorporates a computational fluid dynamics approach combined with
computational solid dynamics.
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1 Introduction

Wind can cause many dangerous phenomena which can lead to the catastrophic
collapse of a structure. The Tacoma Narrows Bridge disaster in 1940 and the
devastation of three cooling towers at Ferrybridge in 1965 are very expressive
examples of the destructive power of wind action. In the first case a flutter was
the agent of destruction and aerodynamic interference in the second [1]. In design
process of some structural members such as towers and masts, certain aeroelastic
phenomena including vortex shedding and the lock-in phenomenon, cross-wind
galloping, wake galloping, torsional divergence, flutter and buffeting have to be
taken into account [1–3].

The vortex shedding phenomenon is to be considered within this paper. It
was noted first by Strouhal that the so-called Bernard-Kármán vortices, being
generally a pattern of alternately appearing, repeatable and swirling vortices on
the leeward side of a blunt body, have their own frequency of formation, which is
proportional to the wind velocity [4]. The vortex shedding phenomenon can be
thus described by a similarity number, the so-called Strouhal number [5]

Sh =
a

vt
=
af

v
, (1)

where a is the characteristic dimension, v is the steady ambient velocity of the
uniform flow, t is the period of tested phenomena, and f = 1/t the frequency of
the vortex shedding.

It should be added that the Strouhal number is used not only in civil engineer-
ing in the design processes, but is also widely applied in mechanical engineering
for the purpose of different flow analyses, as for example a flow around a vibrating
body (aerofoil, the rod, thermowell), flow through a blade ring seated in a rotor
disc and flow around a rotating propeller or screw propeller, etc. [6].

The published papers, relating to non-stationary flows in civil engineering
topics, have become more and more focused on numerical works [7–12]. These ex-
perimental studies and analyses are widely described in [8,9,13–15]. Zdravkovich
has indicated that real flows around cylinders in most practical applications are
exposed to many disturbances and have been quantified by a set of influencing
parameters [16]. However it has been emphasized that detailed experimental data
is required for the correct classifications of the parameters. The typical examples
of the most frequently encountered influencing parameters include free stream
turbulence, surface roughness, the wall blockage (it is observed only in experi-
ments), small gaps between the cylinder and the flow channel walls, the aspects
ratio (ratio of the height to the diameter of the cylinder) and the free end, trans-
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verse and streamwise oscillations [16]. The current knowledge of the flow above
the free end of a finite-height circular cylinder, which is fixed to lateral surface at
its bottom, has been reviewed by Sumner in [17], who focuses on models of the
flow field, measurements of the local velocity field and numerical simulations.

Fluid solid interaction (FSI) or fluid structure interaction1, is a relatively
new tool, which helps to solve physical problems involving interactions between
a structure and the fluid flow around the structure. The deformation of the struc-
ture is caused by fluid (air) flow and the behaviour of the fluid stream is affected
by the structure deformation.

Two approaches to couple the characteristics of the solid and of the fluid are
found for the purpose of the FSI analysis. The first one is the monolithic ap-
proach. Fluid and solid domains are considered in this case as one domain and
a single solver is responsible for the solution of the governing equations [18]. The
second one is named as partitioned approach [19–21]. Here the task is divided
into three subtasks referred to respectively as the fluid, the solid and the mesh.
The flow equations are solved by the computational fluid dynamics (CFD) [23]
solver and the response of the solid body is obtained by using the computational
solid dynamics (CSD) [24] solver. This solution technique is more popular among
FSI users because of the good stability conditions of the solution and calculation
economics [22].

Another classification of the FSI solution procedures depends on a mesh treat-
ment integrating the conforming mesh methods and non-conforming mesh meth-
ods. The conforming mesh methods are required to conform meshes to the inter-
face, because the interface is treated as a physical boundary condition, where the
interface location is a part of the solution. In the non-conforming mesh methods,
the interface conditions and location are set as the model constraints, so that the
fluid and the solid equations can be solved independently of each other [25].

The main focus of the paper is the 3D numerical analysis of unsteady flow
forces acting on a slender mast using two-way FSI tools.

2 Model description

2.1 The set of CFD balance equations

The four balance equation system that consists of one mass balance equation
and three momentum balance equations has been described in the papers [23,26].

1‘Solid’ goes into ‘structure’ when a body is very thin and instead of 3D finite elements a 2D
finite elements are used for discretization [6].
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A general formulation of the balance equation has been used in the so-called non-
indexed notation, which denotes vector v = viei and tensor t = tijei

⊗

ej , where
e, ej are the versors (i, j = 1, 2, 3) and the symbol

⊗

denotes the Kronecker
product.

The set of CFD balance equations (mass and momentum conservation equa-
tion) for simulated cases is:

∂

∂t

{

ρ
ρv

}

+ div

{

ρ (v − w)
ρv

⊗

(v − w)

}

= div

{

0
t

}

+

{

0
ρb

}

(2)

where: ρ = ρ (x, t) – fluid density, generally dependent on time t and location
x, v = viei – fluid velocity, w = wiei – mesh velocity, t = tijei

⊗

ej – total

stress flux, b – mass force of Earth gravity, δij =

{

1, i = j
0, i 6= j

– Kronecker delta,

t – the time.
Here mesh velocity w represents the velocity of the discretization in domain of
the finite volumes. The total stress flux has been defined by

t = −pI+2µd − 2

3
µIdI, d =

1

2

(

gradv + grad⊤v
)

, p = ρRT (3)

where: p – thermodynamical pressure, I = δijei
⊗

ej – unit tensor, µ – dynamic
viscosity, d – deformation rate tensor, Id = d11 + d22 + d33 – the first invariant
of the deformation rate tensor, R – gas constant, T – temperature.

2.2 The set of CSD balance equations

The problem of vibrations in constructions has been discussed in [27,28], the
modal vibration and harmonic analysis used by the finite elements method (FEM)
of discretization in [24] and the problem of the determination of the non-stationary
load coming from wind flow is explained in [20].

The set of CSD (computational solid dynamics) governing equations has been
created by analogy from the CFD set of governing equations in the Euler descrip-
tion as follows [6,26]:

∂

∂t

{

ρ
ρv

}

+ div

{

ρv

ρv
⊗

v

}

= div

{

0
σ

}

+

{

0
ρb

}

, (4)

where σ – Cauchy stress tensor. The mesh velocity w is not included in the CSD
set of balance equations, therefore, the solid part has been simulated using FEM.
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The stress and strain, calculated in CSD, will be expressed as second princi-
pal invariant of stresses and strains and with respect to the modal analysis the
momentum balance expressed in a form useful to computational applications [6]

Mq̈+Kq=Fext , (5)

where q is the displacements vector, Fext is the excitation force matrix, and over-
dots represent the second time derivative. M and K are the mass matrix and
stiffness matrix, respectively dependent on the Cauchy stress tensor σ, respec-
tively [8], defined as follows:

M =

∫∫∫

Ve

N⊤ρNdV , (6)

K =

∫∫∫

Ve

(

N⊤B⊤DBNLN + N⊤(BNL)⊤DBNLN + N⊤B⊤

NLDBN
)

dV , (7)

where Ve is the volume of the solid element, B and BNL are the linear and non-
linear strain-displacement transformations matrices, D is the material properties
matrix, N is the shape function matrix, ρ is the density of the solid, and the
symbol ⊤ denotes the transpose of a matrix [6].

3 Two dimensional CFD analysis

3.1 Description of 2D model used in validation process

At this point, the 2D case of laminar flow past a cylinder has been conducted in
order to form a comparison with results presented in the literature. It is assumed
that the cylinder is rigid and fixed and for this reason, within computational
fluid dynamics set of equations for the 2D case, mesh velocity does not occur and
the 2D model was discretized using a finite volume. The air flow characteristics
of a circular cylinder in the 2D unsteady uniform cross flow are simulated nu-
merically by means of the laminar model. This approach is justified by the fact
that in the laminar model the vortices are not dissipated and therefore generate
greater pressures on the mast surface, which gives a safety margin during the
design process.

The 2D fluid domain used for the simulation (rectangular shape has dimen-
sions 20 m×4 m) is shown in Fig. 1. The model, which contains 38098 quadrilat-
eral finite volumes is presented in Fig. 2. Air properties are assumed as constant
due to low variability in the environmental density (see Tab. 1). The following
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Figure 1: Fluid 2D domain used for simulation.

Figure 2: Model discretization of the flow area.

Table 1: Air properties (at inlet).

Parameter Unit Value

Density kg/m3 1.225

Viscosity kg/(m s) 1.7894×10−05

Temperature ◦C 20

Pressure Pa 101384

Gas constant J/(mol K) 8.3144598(48)

boundary conditions are assigned in the model. The velocity on the external
surface of the cylinder equals zero, as in [23] and is a typical condition applied at
a wall. Velocity-inlet and outflow are correspondingly assigned to surfaces at the
inlet and outlet of the domain. The lateral edges of the domain are treated as
wall with full-slip conditions. In order to simplify the simulation, it is assumed
that the upstream velocity is constant and uniform. Velocity at the inlet was
calculated from Eq. (1), where a = 0.1 m (diameter of the mast), Sh = 0.18
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(according to Tab. E.1. in [29] for a circular cross-section), f = 16.68 Hz. The
f frequency was calculated for the geometry of the mast used for the purpose of
FSI analysis, which is presented in the next paragraph. In consequence velocity
at the inlet equals to 9.83 m/s.

4 Results of internally unsteady flow

In Fig. 3, static pressure for a time 30 s of simulation is shown. It can be observed
that the highest value of pressure occurs on the leading side of air flow against
the mast, which stays constant for the duration of the simulation. On the trailing
side of the mast the static pressure has a negative value. The minimum value
of static pressure oscillates alternately depending on time on the trailing side of
mast.

Figure 3: Static pressure in 30 second of simulation.

The frequency of the set vortices is independent of air properties and is dependent
on flow velocity. In Fig. 4, the velocity magnitude for the 30 s of simulation of
the mast area is shown. The flow behind the mast is vortical and asymmetrical
and the so called Bénard-Kàrmàn vortices occur. The vortices form alternately.
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Figure 4: Velocity magnitude in 30 second of simulation.

5 Discussion and comparison with the literature

In Fig. 5 the distances between the vortices are shown and are compared to the
distances from Fig. 6, where the flow past cylinder in the subcritical range is
presented [1]

Figure 5: The distances between the vortices.

According to Flaga [1] the distance, l, between the two neighboring vortices is
approximately l ≈ 4.3D (D = 0.1 m – diameter of the mast) which is consistent
with a distance of approximately 0.43 m. The distance between the two rows of
vortices, h, in most cases is equal to h ≈ 0.28l, but the range is between 0.25–0.53.
In the case of this simulation it is equal to 22/43 = 0.51 and is within the range
given in [1].

In order to check the validity of the results the Strouhal number obtained in
the present paper for 2D simulation was marked on the diagram of the Strouhal-
Reynolds Number relationship for circular cylinders (Fig. 7), taken from [30]. It
is worth mentioning that the diagram in Fig. 7 has been created as a result of
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Figure 6: The flow past cylinder in the subcritical range [1].

experiments on rigid circular cylinder [31] and the sketch consists of the major
regimes of interest for the entire range of Reynolds numbers, Re. It should
be noted that periodicity of the vortex street vanishes at a distance of circa 48
diameters downstream from the cylinder according to [30] and this is also observed
in the current analysis.

Figure 7: Comparison of Sh vs. Re from [30] to 2D results.

6 FSI analysis

In this section the two-way fluid structure interaction analysis is conducted using
the partitioned method. The model contains a fluid part – air (air properties are
available in Tab. 1.) and a solid part – a mast (refer to Tab. 2 for the mast material
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properties). Visualization of the domain geometry and the assigned boundary
conditions is shown in Fig. 8. The response of the mass in the calculations is
assumed to be linear and elastic.

Table 2: Mast steel properties.

Parameter Unit Value

Density kg/m3 7850

Coefficient of thermal expansion 1/◦C 1.2×10−05

Young’s modulus GPa 200

Poisson’s ratio – 0.3

Tensile/compressive yield strength MPa 250

Tensile ultimate strength MPa 460

Figure 8: Boundary conditions – inlet, outlet no-slip wall and full-slip wall.

The mast is divided into 603 finite elements (20-nodal hexahedral elements –
SOLID186). The air domain was divided into 1146949 finite volumes (8-nodal
hexahedral volumes – FLUID30) using the cut cell method. A description of the
cut cell method can be found in [32–33].
The inlet and outlet conditions are the same as in the 2D case. The top surface
and lateral surfaces are treated as full-slip walls, while the bottom surface and
side surface of the mast are no-slip walls. The simulation is performed for the
time period of 5 s.
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In Figs. 9 and 10, the horizontal and vertical cross-sections with distributions
of the velocity in the y-direction (cross-stream) are presented. Vortices form

Figure 9: Distribution of velocity in y-cross-stream direction (horizontal cross-section) in
5 seconds of simulation.

Figure 10: Distribution of velocity the y-cross-stream direction (vertical cross-section) in 5
second of simulation.

alternately as in the 2D case, however, they disappear more rapidly. Figure 10
clearly illustrates the oscillations of the air flow. It can be observed that the
value of the velocity changes from positive to negative. It is also noteworthy that
the vortices form in different phases at different heights behind the mast. The
boundary layer flow around the base of the mast, the flow over the free end and
the oscillations of the mast cause distinct changes in the flow pattern along the
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cylinder height. Parallel eddy filaments have formed only at the lower part of the
mast. Thus, the wake on the leeward side of the flow is more complex than in
the 2D case.

Air velocities in the y-direction (cross-stream direction) also differ at different
height levels, (1 m, 1.5 m, and 2 m). This is portrayed for the points located at
aforesaid height levels and at a distance of 0.1 m behind the mast in Fig. 11. The
amplitude of the cross-stream velocity oscillates with visible peaks.

The velocity at the mast in the y-cross-stream direction at a point at the
top of the mast during the 5 second of the simulation is presented in Fig. 12.
It is observed that the amplitude of the velocity starts to decrease and increase
alternately as in the beat phenomenon [34]. The initial phase of the simulation
is characterized by the low values of the velocity amplitudes. After 2 s, the
amplitudes increased several times.

Figure 11: Air flow velocities in the y-cross-stream direction at 3 different levels at a distance
of 0.1 m behind the mast.
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Figure 12: The mast velocity in the y-cross-stream direction at point at the top during the time
interval 0–5 s of simulation.

7 Unsteady forces

The resultant force and the components of the resultant force in the mast, arising
due to unsteady pressures acting on the mast, are shown in Fig. 13. The force
resultant can be defined as

Force resultant = −
∫∫

pndA , (8)

where p is the unsteady pressures acting on the mast, n – vector normal to the
surface of the mast, and A – surface area of the mast.

The force resultant can also be written as a square root of the sum of the
squares of the components:

force resultant =
√

[force resultant(X)]2 + [force resultant(Y)]2 + [force resultant(Z)]2 . (9)

The force resultant (X) can be understood as a drag force obtained numerically
and the force resultant (Y) as the lift force. It should be noted that the force
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resultant (Z), aside from the initial phase of the simulation, has maintained a con-
stant value and is very low, as the wind action in the longitudinal direction of the
mast is small compared to the remaining directions X and Y. The force resultant
(X) values have started to oscillate around a slightly changing value after about
2.5 s. Although the force resultant (X) has the highest value of force, the force
resultant (Y) has the highest amplitude. This suggests that the forces in the
mast have very unsteady characteristics.

Figure 13: The resultant force and components of the resultant force due to unsteady pressures
acting on the mast.

8 Conclusions

Firstly, a 2D simulation of Bernard-Kármán vortex shedding formation phe-
nomenon has been conducted. The results of this 2D simulation, particularly
the distances between two neighboring vortices and two rows of vortices, are in
agreement with the literature sources.

As the 2D calculations validated the approach, a two-way fluid structure in-
teraction analysis has been performed for a mast immersed in a flow. In con-
sequence, the mast vibrations have been induced and vortices started to shed
from the body. The eddy filaments have formed only at the lower part of the
mast. The observed air flow behavior is different at different height levels behind
the mast. Vortices behind the mast form alternately and in the 3D simulation
they disappear quicker than in the 2D analysis. The amplitude of velocity at the
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point lying at the top of the cylinder increased significantly after 2 s of the flow.
The transverse and streamwise oscillations of the mast cause changes in the flow
pattern of the boundary layer around the base of the mast, along the cylinder
height and in the vicinity of the free end. The wake formed behind the mast
structure is thus complex. The differences between 2D and 3D results presented
and discussed within this paper demonstrate the complexity of the phenomena.
The changes in resultant force and its components that induce mast deformations,
suggest that the forces in the mast are unsteady as well.

Received in April 2017
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