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ABSTRACT :

A Discrete Vortex Method has been developed at the Department of Aerospace Engineering,
University of Glasgow, to predict unsteady, incompressible, separated flows around closed
bodies. The basis of the method is the discretisation of the vorticity field, rather than the velocity
field, into a series of vortex particles which are free to move in the flow. The grid free nature of
the method allows analysis of a wide range of problems for both stationary and moving bodies.
This paper presents a brief description of the method and presents the results of a validation
programme on bluff bodies undergoing forced transverse oscillations. The results demonstrate
that the method successfully predicts the vortex lock-in phenomena around the resonance point,
as well as capturing the various states of the flow field expected above and below vortex lock-in.
Results are presented for the fluctuating lift coefficients, surface pressure coefficients and phase
angle, for a square cylinder undergoing transverse oscillations over a range of frequencies and
amplitudes. The results from the vortex method show good agreement, both qualitatively and

quantitatively, with results from various experimental data.

1.0 Introduction.

The vortex induced oscillation of a bluff body is an important phenomenon when considering
fluid-structure interactions. Due to the complex nature of the flow field, this problem continues
to attract researchers investigating fundamental questions surrounding the influence of body
motion on the formation and shedding of vortices. Vortex induced oscillation occurs when the

natural vortex shedding frequency is transferred to the body frequency, an effect termed “vortex

1 Postgraduate Researcher : Department of Aerospace Engineering.
2 Lecturer : Department of Aerospace Engineering.

Calculation of the Flow Field around a Square Section Cylinder undergoing Forced Transverse Oscillations using a Discrete Vortex
Method. : TAYLOR + VEZZA (1998) Page |






lock-in”. Knowledge of the fluid motion and forces induced on the body during vortex induced
oscillation, as well as the extent of the lock-in region, are of paramount importance and have a

significant impact on structural design.

Accurate prediction of the flow fields for such problems using computational techniques is
becoming increasingly important, especially as the complex nature of the problem make the
development of a general analytical model difficult. Reasonable predictions of vortex induced
vibration have been obtained using lift oscillator or wake oscillator models. [1-2]. However,
many of these models have been developed for analysing the flow around a circular cylinder. The
analytic galloping theory of PARKINSON [3], also discussed by NOVAK [4], is formulated on
the basis of a quasi-steady force, and is not applicable when the frequency of the body oscillation
is close to the natural vortex shedding frequency. When this is the case, vortex induced
oscillation and galloping can not be considered as separate phenomena. Attempts have been
made to combine analytical models for vortex induced motion with galloping models, as in
CORLESS et al [5], though these models are still somewhat dependent on the geometry of the
bluff body under consideration. Computational methods however, are much less case dependent
and offer a much more general means of analysing a wide range of problems. Although the
accurate prediction of the vortex induced oscillation presents a challenge to computational
methods, recent developments in both software and hardware make the use of these methods ever

more valuable and accessible to the civil engineer.

Discrete vortex methods have undergone significant development in recent years and have
proven to be particularly well suited to the analysis of incompressible, unsteady and highly
separated flow fields. Comprehensive reviews of vortex methods are given in [6-8]. The method
is based on the discretisation of the vorticity field, rather than the velocity field, into a series of
vortex particles. Each of these particles is of finite core size, and carries a certain amount of
circulation. Particles are tracked in the flow field that they collectively induce. The Lagrangian
nature of the method significantly reduces some of the problems associated with more traditional
grid based methods, such as numerical diffusion and difficulties in achieving good resolution of
small scale vortical structures. The concentration of vortex particles in areas of non-zero vorticity

enables vortex methods to capture these small scale structures in more detail.

This paper presents a two dimensional discrete vortex method (DVM) that has been developed at
the Department of Aerospace Engineering, University of Glasgow. The model was originally
developed to analyse the dynamic stall phenomena on aerofoils undergoing a pitching motion [9-
11]. The DVM presented herein employs a novel surface shedding model, involving partial

release of the nascent vortex particles into the wake, which has been a major factor in solution
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quality to date. The grid free nature of the method makes it well suited to the analysis of bodies
undergoing oscillatory motion.

The DVM has now successfully been generalised to model the flows around bluff bodies, with
extensive validation of the method on static square and rectangular section cylinders successfully
completed and presented separately [12]. There is a large amount of experimental and
computational research on oscillating circular cylinders, however computational activity on
square cylinders is significantly lacking despite numerous published experimental results. For
this reason, along with the logical continuation of an ongoing validation exercise, the first part of
which is presented in [12], the square cylinder was employed to validate the DVM on oscillating
bluff bodies.

The results presented in this paper are from the application of the DVM to a square section
cylinder undergoing forced transverse oscillations at various amplitudes and frequencies.
Calculations using forced oscillations allow the effect of oscillatory frequency and amplitude on
the flow characteristics to be investigated. The results obtained demonstrate the capability of the
method to accurately predict the flow field around oscillating bodies, including vortex lock-in
close to the resonant vortex shedding frequency, and the amplitude and frequency dependency of

the response.

2.0 Discrete Vortex Method : Theory and Numerical Implementation.

The vortex method is based on a representation of the Navier-Stokes equations, for two
dimensional incompressible flow, in vorticity and stream function form. A solution of these
equations is provided by discretising the flow field into a series of vortex particles. By employing
the Biot-Savart law, the velocity of each particle can be found. The body is defined by a series of
nodes that are connected to form panels, giving a polygonal representation of the surface.
Boundary conditions are implemented to ensure zero mass flow through each panel, hence giving
the vortex strength, v, at each body node. The y values represent the entire vorticity distribution
on the body surface. Vortices are then released from the body into the wake, where convection
and diffusion of the vortex particles are calculated using an operator splitting technique. A more

comprehensive description of the method and numerical implementation are given in [9-11].

As the body is assumed to be rigid, the motion of a body reference point, c, is calculated and the
position of the body nodes modified accordingly using a reference coordinate system (Fig. 1). In
the calculations presented herein, the body is given a sinusoidal motion in the transverse

direction (normal to the freestream velocity) with a fixed amplitude. However, the model is such
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that any single or combined motion, either transverse, longitudinal or rotational, can easily be
applied. The acceleration that accompanies the body motion produces extra forces acting on the
vortex particles resulting in additional surface pressure gradients. These are accounted for in the

calculation of the pressure distribution on the body surface [9-11].

For a flow field containing N particles, the Biot-Savart law gives an operation count of O(N2),
which becomes prohibitive as N increases. A fast algorithm using a zonal decomposition
algorithm is included in the DVM which results in a greatly reduced operation count of
O(N+NlogN) [13]. All of the calculations presented herein were performed on a Silicon Graphics
Indigo workstation, typically using a 150MHz IP22 R4400 processor, with 16Kb cache size and
64Mb main memory size. A calculation around a square cylinder undergoing a forced transverse

oscillation for 9000 timesteps requires approximately 33hrs CPU.3

3.0 Results and Discussion.

The flow fields around bluff bodies with square cross section undergoing forced oscillations have
been computed using the DVM. The body forcing is sinusoidal in nature with a fixed amplitude,
usually presented as an amplitude ratio, a/L, where a is the amplitude of the oscillation and L is
the side length of the square cylinder (Fig. 1). The period of the body oscillation is represented
non-dimensionally as a reduced velocity, U, defined as U/NiL, where U is the freestream
velocity and N, is the frequency of the body oscillation. Results are presented for oscillations in
the transverse direction with a range of amplitude ratios from 0.05 to 0.25, with reduced
velocities typically between 4.0 and 11.0. All calculations were performed using an impulsively
started flow field, at a Reynolds number of 20000. A non-dimensional timestep, AtU/L, of 0.02
was used, with the nascent vortex particles being created a distance 0.0025L from the surface.
The body surface was represented by 160 equal length panels. The nascent vorticity was
discretised using 7 vortices per panel to ensure overlapping of the vortex particles and provide

accurate resolution of the vorticity distribution on the body surface.

The strong dependency of the flow field on the amplitude ratio and reduced velocity a division
into three distinct flow regimes, namely vortex lock-in, below lock-in and above lock-in. Above
lock-in, the flow approaches quasi steady form as the dominance of the forcing oscillation
diminishes. Below lock-in, the flow is dominated by the effects of the imposed oscillation and,
depending on amplitude, the concentrated vorticity which is generated at the shedding frequency

can lead to a complete suppression of the natural vortex shedding mode. Lock-in is defined as the

3Stationary square at 0° incidence used 25hrs CPU for 7000 steps (12.9secs/step compared with 13.2secs/step in
oscillating case). Note that the CPU is not significantly increased in the calculation with body motion.
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reduced velocity range around the resonant frequency (the Strouhal number of the stationary
cylinder, shown to be 0.128 from DVM results [12]) when the natural vortex shedding frequency

transfers to the body frequency.

3.1 Analysis of Lift History.

The DVM results for the time history of the lift coefficient at various amplitudes and reduced
velocities demonstrate clearly the different flow regimes discussed above, and also show
interesting features of the flow field. Sample lift histories are shown in Fig. 3 for the 0.10
amplitude ratio case, at four different reduced velocities. For the case below vortex lock-in, with
reduced velocity, U=5.0, the lift history is quite irregular with a significant modulation of the
amplitude. This arises as both the natural vortex shedding frequency and the body frequency are
significantly different (stationary square Strouhal number of 0.128 corresponds to a reduced
velocity of 7.8), and each has a significant effect on the lift history. As the body frequency
becomes closer to the natural shedding frequency, but still in the region below lock-in, the
characteristic beating due to two slightly different forcing frequencies is clearly demonstrated in
the case with U=6.75. The beating frequency is approximately equal to the difference between

the body and shedding frequencies.

In the lock-in range, the lift history is close to sinusoidal, with only one dominant frequency
present and with very little modulation of the amplitude of the lift coefficient. This is clearly
demonstrated in the results from U=8.0. The upper end of the lock-in range is much less distinct
than the lower end, as the higher reduced velocity has less effect on the shedding frequency due
to the lower energy oscillations of the body. This results in a range of reduced velocities where
the flow condition is moving in and out of the resonant vortex lock-in. The lift history for U,=8.3
clearly demonstrates this effect. The first part of the time history, up to non-dimensional time of
approximately 120, demonstrates results typical of the vortex lock-in region, that is high
amplitude and fairly regular lift oscillations. The later part of the time history is more
representative of results above vortex lock-in : the lift amplitude has reduced significantly, and
increased in irregularity as the vortex shedding and body frequencies become distinct. However,
the lift is much more regular and sinusoidal when compared to the case below lock-in due to the
lesser effect of the body forcing oscillation. This is consistent with a flow which is increasingly
quasi-steady in nature above lock-in at higher reduced velocities. Analytical models have been
developed for quasi-steady flow [3, 4], in which the lift on the moving body is taken to be the

same as that on a stationary cylinder at angle of attack a, in a flow with velocity U (Fig. 2).
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3.2 Vortex Shedding Frequency Measurements.

Spectral analysis was performed on the lift histories with the results being used to ascertain the
reduced velocity range at which vortex lock-in occurs for each amplitude ratio. Away from lock-
in, the vortex shedding frequency and the body frequency can be seen as two distinct peaks in the
frequency analysis. At vortex lock-in, the shedding frequency is modulated to the body
frequency, and a single peak is seen in the frequency analysis. Both of these phenomena are

demonstrated in the results of the DVM calculations, samples of which are given in Fig. 4.

The vortex shedding frequency, ng, is estimated from these power spectra, and is shown, divided
by the body frequency, Np, plotted against U, in Fig. 5. The straight lines in the figures show the
ratio between the Strouhal number of the stationary body and Nj. Outside of vortex lock-in, the
ratio ng/N}, should be approximately on this line. In the lock-in region, the ratio becomes equal to
unity as the shedding frequency is transferred to the body frequency. This is clearly demonstrated
in the results from the DVM. Compared with experimental data [14, 15], the region of vortex
lock-in is well predicted for both the 0.1 and 0.15 amplitude ratios. The most noticeable feature
of the results is the wider lock-in range as amplitude ratio increases. Again, this effect is well
predicted by the DVM.

3.3 General Flow Field Visualisation.

The flow field around the oscillating body is presented (Fig. 6 and 7) at different stages of the
oscillatory cycle, for the reduced velocities U=6.0, below vortex lock-in, and U,=8.0, in vortex
lock-in. The results are shown as velocity vectors and in general provide good qualitative
representations of the flow field. Compared to the results on a static square [12] a much greater

modulation of the wake is clearly discernible.

In the U=8.0 case, the vortex shedding frequency is quite clearly the same as the body frequency
demonstrating the vortex lock-in phenomena. This is apparent from Figs. 7a and 7e, where the
body is at the same stage of the oscillation cycle. In both cases, a vortex is forming close to the
rear face, due to the shear layer that is shed from the lower side face. If the same comparison is
made between Figs. 6a and 6e, it is clear that vortex shedding occurs at a different frequency to

the body oscillation, as illustrated by the dissimilar stages of the shedding cycle.

34 RMS Lift Coefficient, Cp,rms.

The variation of the rms lift coefficient, C s, with U; over a range of amplitudes is compared

with experimental data [16, 17] in Fig. 8. The variation of Cy s can be explained by considering
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the different flow regimes. At low Uy, below lock-in, concentrated vorticity is generated and shed
at the body frequency, resulting in the natural vortex shedding mode being suppressed. This leads
to a reduction in the fluctuating lift force on the body, an effect which is magnified with
increasing oscillation amplitude. In the lock-in region, Cpms gradually increases until the
maximum value is reached at the resonance point. Just above lock-in, the sharp decrease in the
CLmms corresponds with the separation of the vortex shedding and body frequencies. An
interaction occurs between the vortex formation and the rear corners on the square which reduces
the strength of the vortex, producing the decrease in Cpps. As U is increased further, the flow
approaches a quasi steady form, with Cp s gradually approaching the value found on the
stationary body (equal to 1.37 in the DVM and 1.12 in LU, CHEN et al [16]4).

The results from the DVM demonstrate the variation discussed above and show generally good
agreement with experimental data. It should be noted that some of the discrepancies can be
attributed to the differences in the range of U; for which lock-in is assumed. For example, the
0.25 amplitude ratio case has a lock-in range of approximately U,=5.5 to 12.0 in the experiments
[14, 17], whereas the DVM lock-in range is from 4.5 to 9.0. It can be shown that the lock-in is
somewhat sensitive to Reynolds number, with a larger range of U; expected at lower values. The
Re employed in the DVM was chosen to be representative of all the experimental data being used
for comparison but differs from each dataset to some degree. The results for the lowest amplitude
ratio, 0.05, are more difficult to interpret as only a very small lock-in region was predicted at
U=7.5. Also, the vortex shedding is more dominant making the effects of body oscillation

sometimes difficult to detect.

3.5 Pressure Distribution on Body Surface.
3.5.1 Surface Pressure Coefficient.

The surface pressure coefficient, Cp, around the body is shown in Fig. 9 for various reduced
velocities, at an amplitude ratio of 0.25. For comparison purposes Cp, around a stationary square
at 0° incidence is also shown. In each figure, the corners of the body are indicated (see Fig. 2).
Two of the three results shown are in the vortex lock-in region (U=7.5 and 7.75) with the third
(U=8.5) just above lock-in. The DVM results demonstrate good agreement with the

experimental data [14] and exhibit the correct trends as U; is varied.

The C, varies only slightly through the resonance region, however one noticeable feature is the

significantly increased suction on the side faces when compared to the Cp on the stationary body.

4various experimental data shows that Cy s is generally within the range 1.20 to 1.35 [12].
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During lock-in, the vortices shed from the body are stronger due to the effect of the body
oscillation, giving rise to the higher suction on the side faces. Above lock-in, the Cp, on the side
faces reverts to values closer to those seen on the static body, although there is a significant
reduction in the base suction. LU and CHEN et al [16] found a similar effect with a reduction in
the drag coefficient at reduced velocities just above lock-in. A conjectured reason for this effect
is the significant interference of vortices forming from the side faces with the rear corners of the
body at reduced velocities just above lock-in. This interference tends to move the vortex

formation further downstream, reducing the base suction.

3.5.2 RMS Fluctuating Pressure Coefficient on Body Surface.

The rms fluctuating pressure on the body surface, Cprms, is shown in Fig. 10 for various reduced
velocities at an amplitude ratio of 0.1, with the results from the static body shown for
comparison. It should be noted that the measurements of fluctuating pressure have not been
corrected to account for acceleration effects (due to the pressure transducer not being mounted
flush to the cylinder surface), though the errors are only expected to be significant at low reduced
velocities [14]. However, previous comparisons between various experimental data have
indicated that there can be a wide variation in the Cprms results (Fig. 10a). Allowing for the wide
scatter of data, the DVM results exhibit the correct trends with reduced velocity. For instance, in

the lock-in region, Cpmys is noticeably greater, with a maximum at the resonance point.

Below lock-in, Cprmys is generally reduced slightly, as the flow is dominated by the body motion.
The results towards the rear corners of the body do however show a tendency for increased
Cprms- The relative angle of incidence of the freestream flow as the body oscillates, causes the
shear layer to begin to reattach to one of the side faces of the body. Before full reattachment,
however, there will be a significant interaction between the shear layer and the rear corner,
leading to the higher Cpms in this region. Above lock-in, the Cpmys begins to approach the results
seen on the static model. The reduced velocities for the above lock-in case used in the DVM are
different from the experimental values due to differences in the upper lock-in boundary (see
section 3.1). The results of calculations just above lock-in are used (Ur=8.5 and Ur=9.0) which

demonstrate the change in Cpys as the flow state changes.

3.6 Phase Angle and Frequency-Response Component of Lift.

The phase angle, ¢, is defined as the angle by which the lift force leads the body displacement.

From this definition, the lift is capable of sustaining free oscillations of a spring mounted
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cylinder, when ¢ is within the range 0°<¢<180°, the so called negative damping condition. The
characteristic distribution for ¢ with varying U; is demonstrated in the results from the DVM
shown in Fig. 11. The most noticeable feature is the sudden increase from negative to positive
phase angle through the lock-in region. It is clear that positive ¢ required for vortex induced
oscillations only occurs once the reduced velocity is above the resonance point. This is also
demonstrated in free oscillation experiments [15, 22]. The slope of the phase angle distribution
also tends to decrease with increasing amplitude, giving further indication of the increased lock-

in range at higher amplitude.

The results from the DVM demonstrate good agreement with experimental data (Fig. 12),
although these data show a wide variation, highlighting the sensitive nature of the unsteady flow
field. In addition, variations in the experimental flow conditions, such as Reynolds number, and
variations in the static Strouhal number, may have had a strong effect on the results obtained
from the oscillatory tests. However, the DVM results are within the range of experimental data,
with the only discrepancy being the smaller predicted lock-in range at higher amplitudes
discussed earlier. A favourable comparison can also be made with results obtained from a 3D
CFD method [23] at amplitude ratios of 0.10 and 0.25.

The component of the lift history at the body frequency, or “frequency-response” component,

may be expressed as
L,(t) = Ly cos(2nN, ¢ +¢) (1)

where Lo is the amplitude of the frequency-response component. This may be non-

dimensionalised to give the frequency-response component of the lift coefficient

Cy (1) = Cpy cos(2N, £ +0) (2a)
where
L,
Cpo= %pUz L (2b)

is the amplitude of the frequency response component of the lift coefficient. Cyj, can be written

in complex notation
Cuy (1) = Re|(Cpyp +iCpyy )™ ] (20)

where Cp4Rr and Cppy are the real and imaginary components of the amplitude of the frequency-

response part of the lift coefficient. These complex components can obtained from (2)
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Cpr =Cocos0
Cpp1 = Cposing =

It may be noted that the condition for vortex induced oscillation is for Cyp to be positive.

Comparisons of the frequency response amplitude, Crg, with various experimental data are
shown in Fig. 13. The most noticeable feature of the results is the approximate correspondence of
the peak Cyo with the resonance point, and the increasing peak value with amplitude. The DVM
results demonstrate good agreement with experiment, although the wide range of data should
again be noted. Another feature to be noted is the Cyg values below lock-in tend to be higher than
those above lock-in. This is indicative of the body oscillation having a more dominant effect on

the lift force at the higher frequencies.

Good agreement between the DVM results for Cyp1 and experiments have also been obtained
(Fig. 14). Again, comparison is affected by the large variation in different experimental results.
The results show that the value of U, at which Cp,j becomes positive increases with amplitude as
found in experiments. Allowing for differences in the experimental results, the reduced velocity

at which Cyp becomes positive is also well predicted.

4.0 Conclusions.

A Discrete Vortex Method (DVM) has successfully been developed at the Department of
Aerospace Engineering, University of Glasgow. The method is based on the discretisation of the
vorticity field, with vortex particles shed from the body surface tracked in the flow field in a

Lagrangian manner.

The DVM has been successfully used to predict the flow field around a square section cylinder
undergoing forced transverse oscillation. The resonance phenomena of vortex lock-in is
demonstrated, with the results showing good agreement with experimental data for fluctuating
lift and surface pressures, as well as phase angle. The trend of these quantities at different

amplitudes and reduced velocities are demonstrated in the results of the DVM.

These results continue a successful validation programme and further enhance the capability of
the DVM. Future research is aimed at using the DVM to analyse a wider range of geometries
relevant to the field of wind engineering, such as suspension bridge deck sections. Also intended

for future research is the inclusion of an dynamic solver, to allow analysis of aeroelastic
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problems. The results obtained thus far on both static and oscillating bodies, indicate that the

DVM developed at the University of Glasgow is becoming a powerful tool for determining the

sectional aerodynamic and aeroelastic characteristics of bodies, typical of those found in the field

of wind engineering.
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