9th Asia-Pacific Conference on Wind Engineering
Auckland, New Zealand
3-7 December 2017

Numerical Investigation on the Unsteady Behaviour of a 5:1 Rectangular Cylinder
due to a Periodic Gust
B. Wu1,2, L.L. Zhang1,2, S.P. Li1,2 and H.H. Li2
1

Key Laboratory of New Technology for Construction

of Cities in Mountain Area, Chongqing 400045, China
2

School of Civil Engineering,
Chongqing University, Chongqing 400045, China

10

10X3 18

24

25

30X4

33X2

25

24

18 10X3

10

Introduction

30X4

100

Two-dimensional URANS simulation is performed to study the
effect of periodic gust on the unsteady flow around a 5:1
rectangular cylinder. The numerical method is firstly validated by
comparing the results with experimental ones in a uniform flow.
The effects of pulsating frequencies fe of periodic gust on surface
pressure distributions, drag and lift forces, vortex shedding
frequency and wake mode are investigated.

increase its stiffness. The 0.7 m long center portion of the model
is made individually and the scanners are instrumented in this
part to measure fluctuating surface pressures on five cross-wind
surfaces, with sixty taps on each surface. Pressure taps
distributions are shown in figure 1.
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Unsteady convection flow pass bluff bodies have been a subject
of numerous engineering applications. Most researchers were
concerned with the circular cylinders. Excellent reviews on
circular cylinders have been written by Zdravkovich [1] and
Williamson [2]. However, the study on rectangular cylinders has
not been widely conducted, even though the flow over
rectangular cylinders is also an important fundamental problem
of engineering interest.
In order to provide useful information on the aerodynamics of a
wide range of bluff bodies of interest in civil engineering, a
Benchmark on the Aerodynamics of a Rectangular 5:1 Cylinder
(BARC) was announced [3]. As the geometry is very simple, a
detailed analysis of the flow dynamics can be carried out. Taking
into this consideration, the ensuing discussion in this paper
concerns a rectangular 5:1 cylinder.
Bruno [4] has summarised the results obtained by the
contributors during the first four years of BARC. The results are
mainly obtained under a nominally common set-up, i.e., a
uniform flow, in both wind tunnel experiments and numerical
simulations. However, periodic gust exists in many engineering
applications, such as offshore exploration, marine hydrodynamics
and power generation and so on. Armstrong [5], Griffin & Hall
[6] revealed that the vortex intensity, shedding frequency, mean
and fluctuating lift force of circular cylinders were changed in a
perturbed flow. Tanida et al [7] made out that there is a vortex
shedding lock-on phenomenon for a circular cylinder in pulsating
gusts, namely the vortex shedding frequency is half of the
oscillation frequency. This paper aims to study the unsteady
behaviour of a BARC configuration in periodic gusts. The
pulsating frequencies varies from 0 Hz to 40 Hz, while the
pulsating amplitude is fixed at 0.2 um, where um is the mean
velocity of the gust.

Figure 1. Pressure taps distributions along one cross-wind surface

The fluctuating pressures on the surfaces are measured
simultaneously by DMS 3400 pressure scanners, which are
mounted directly inside the model to keep the tubing length (0.2
m) to a minimum ensuring a good frequency response up to 256
Hz. Then, the pressures could be integrated over a strip to obtain
the total fluctuating forces. The tests are conducted in smooth
flow (turbulent intensity<0.5%).
Numerical Calculation Details
Settings
The numerical calculations are carried out using ANSYS Fluent
15.0 code. The turbulent simulations are based on SST k-ω,
pressure-velocity decoupling is achieved by the SIMPLEC
algorithm. Bounded Central Difference scheme for convective
terms and the Second-Order Implicit scheme for unsteady terms
are used. Time step Δ = 0.005s is proved to be time-independent
by several tentative calculations [8]. The convergence criteria are
that if the normalized residual is less than 10−5, the iteration
process stops.
The periodic gust includes a pulsating component with timevarying sinusoidal and is defined as follows:
(1)
u (t )  u m   u sin(2 f e t )
Where u m is the time-averaging mean velocity, u is the
pulsating amplitude, fe is the pulsating frequency. In the present
study, u m =10m/s, u =2m/s.
The rectangular is 0.5m width (B) and 0.1m height (D), with the
side ratio of B/D=5. The corresponding Re based on B is in the
range of 2.68×105~4.02×105.

Wind Tunnel Testing in a Uniform Flow

Domains and Boundaries

Wind tunnel tests were carried out in a closed-circuit-type wind
tunnel with a 2.4 m (width)×2 m (height) working section
(XNJD-1). The model, a rectangular cross-section 0.5 × 0.1 m2
(B/D=5:1), is made of glass fiber with several transverse ribs to

The computational domain reproduces the geometry of the
rectangular in scaling ratio 1:1, and is formed in ICEM and has
considered 10 B before, 20 B after, and 10 B up/down the
rectangular to ensure domain-independence, as is shown in figure
2.

Boundary conditions are set to reproduce the wind tunnel test
setup and also shown in figure 2, which are surrounded by Γmodel,
Γup, Γdown, Γin, and Γout and specified as follows:


Γmodel: no-slip wall conditions.



Γup and Γdown: symmetry conditions.



Γin: velocity-inlet conditions, wind flows normal to the
boundary and the incoming wind speed.



Γout: outflow conditions, allowing for a fully development
of the turbulence wake.
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Figure 2. Geometry and boundary conditions

Meshing
The mesh distributions of the computational domain are defined
through refining tests to ensure mesh-independent solutions. The
height of the first layer in the boundary is set to be 10-4 B and
therefore all the wall Y+ values are limited less than 1. A sketch
of the mesh distributions is shown in figure 3, the computational
domain is constructed with a total of 123,132 elements.

Figure 4. Comparisons of experimental and numerical pressure
coefficients along the surfaces (um=10.0 m/s, fe=0 )
Up: mean pressure coefficients; Down: fluctuating pressure coefficients
Middle: monitor points distributions, the monitor surfaces are marked
bold, and the side ones are projected to the lower one.

Unsteady Pressures

Figure 3. Meshing distributions. Left: entire computational domain; Right:
magnified view near the cylinder

Validations
Mean and fluctuating pressure coefficients along the surfaces
obtained from wind tunnel tests and numerical calculations are
compared in figure 4. Pressure coefficients are calculated as:

C p (t ) 

pi (t )  p 
0.5  u m 2

(2)

Where pi is the monitor pressure, p∞ is the reference pressure, um
is the time-averaging mean velocity, and ρ= 1.225kg/m3 the air
density.
It can be concluded that the numerical results agree quite well
with experimental ones. Moreover, the Strouhal number (St) is
0.111 and 0.115 respectively derived from experimental and
numerical results. Thus, the accuracy and reliability of numerical
method in present study is validated and hence formes the
foundation in presenting new results.

The effects of pulsating gust on mean and fluctuating pressure
distributions are shown in figure 5. On the side surface where
y/D=0.5, the minimum and maximum values of mean.Cp both
move forward to the leading edge as the pulsating frequency fe
increases. However, on the windward and leeward surfaces (x/B=
±0.5), the overall mean.Cp firstly raise to a peak in fe =0.44 f0,
and then drop gradually as fe increases.
The R.M.S value of Cp increase monotonously as fe increases
from 0 to 2.61 f0, and this trend holds for all the surfaces.
Fluid Forces
The effects of pulsating gust on drag and lift coefficients are
presented in figure 6, which are calculated as:
C d (t ) 

FD (t )
0.5  u m 2 DL

(3)

C L (t ) 

FL (t )
0.5  u m 2 BL

(4)

Where FD and FL are the drag and lift forces, respectively.
It is obvious that R.M.S.Cd increase approximately linearly with
fe, while mean.CL keep constant when fe changes. However, mean.
Cd and R.M.S.CL share a more complex trend with the increasing
fe. Two troughs align with two peaks are observed. The first
trough is reached around fe=0.5 f0, then comes to the first peak at
fe=f0. The second trough is reached at fe=2f0, while the
corresponding peak locates at fe= 2.61 f0. This trend is proved to
be related to the vortex-shedding frequency “lock-on”
phenomenon, which will be discussed in the next section.
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Figure 5. Effects of pulsating gust on mean and fluctuating pressure coefficients distributions along the surfaces

Figure 6. Mean and R.M.S value of Cd and Cl as functions of fe/ f0
(fe is the pulsating frequency of oncoming flow, f0 is the natural vortex shedding frequency in uniform flow)

Vortex Shedding Frequency “Lock on”
The effects of pulsating gust on vortex shedding frequency are
shown in figure 7. Two approaches are applied to obtain the
vortex shedding frequency. One is the FFT spectrum of timehistory of velocity in wake, while the other is FFT spectrum of
CL(t). Within 0.75f0≦fe≦2.61f0, the vortex shedding frequencies
derived from wake velocities spectrums, as shown in figure 7(a),
are half the flow pulsating frequencies fe. This is the Vortex
shedding frequency “Lock on” as Tanida [7] had revealed for a
circular cylinder.
Outside the “lock on” regime, the vortex shedding frequency
firstly increases slightly from f0 in a uniform flow (fe=0) to about
1.2 f0 when fe=0.02~0.05 f0. It then drops continuously to zero
when fe is around 0.5 f0, indicating no obvious vortex shedding in
the wake. To Further study this phenomenon, figure 8 provides
the instantaneous vorticity contours. In a uniform flow, as shown

in figure 8(a), the distribution of instantaneous vorticity is
associated with alternating vortex shedding from the sides of the
cylinder, i.e., the Karman Vortex Street. However, symmetrical
vortex structures, instead of alternating ones, are observed at
fe=0.435 f0, as shown in figure 8(b). Thus no obvious vortex
shedding frequency is detected and mean.Cd , R.M.S.CL reach
their first trough around fe=0.5 f0.
Concerning the comparisons between the vortex shedding
frequencies derived from the two approaches, significant
differences can be noticed within the “lock on” regime. When
fe/f0=0.87, 1.0, 1.5, 1.74 and 2.0, there are more than one
dominant peak on the FFT spectrum of CL(t), as shown in figure
7(b). Introducing f1 and f2 to represent the first and second
dominant frequencies herein. Nevertheless, it is interesting to
f  f2
find that the value of 1
equals 0.5 fe for all these five
2

pulsating frequencies fe , which follow the “lock-on” derived
from figure 7(a). In fact, the multi peaks of CL(t) spectrum can be
explained form figures 8(c) & (d), as more than one vortex
structures are formed along the rectangular surfaces.

(a) derived from FFT spectrums of time-history of velocity in wake

Conclusions
The effects of periodic gust on the unsteady behaviour of a 5:1
rectangular cylinder are numerically studied. The pulsating
frequency fe of the periodic gust is proved to have significant
influence on vortex shedding frequency, pressure distributions
and fluid forces.


The minimum and maximum values of mean.Cp on the side
surface (y/D=0.5) move forward to the leading edge as fe
increases, and R.M.S.Cp increase monotonously as fe
increases.



When 0.75 f0≦fe≦2.61 f0, the vortex shedding frequencies
are fixed at 0.5fe, which is the so-called “lock-on”
phenomenon.



Mean.Cd and R.M.S.CL have two troughs and two peaks
with the increasing fe. The first trough is reached around
fe=0.5 f0 where symmetrical vortex structures, instead of
alternating ones, are observed. Within the “lock-on” regime,
Mean.Cd and R.M.S.CL reach the first peak at fe= f0 and the
second trough at fe=2 f0. At the upper boundary fe ≦2.0 f0,
the second peak is reached. On the other hand, R.M.S.Cd
increase approximately linearly with fe, while mean.CL
keep constant as fe changes.
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(b) derived from FFT spectrums of time-history of velocity lift
force coefficient Cl, f1 and f2 are the first and second dominant frequency
respectively
Figure 7. Vortex shedding frequencies as functions of fe/ f0
(fe is the pulsating frequency of oncoming flow, f0 is the natural vortex
shedding frequency in a uniform flow)
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