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In this paper, we examine fluid flow and associated dispersion around a
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circular cylinder under progressive surface wave motion. The flow field and vortex shedding
patterns were studied using flow visualization and Particle Image Velocimetry (PIV).
Several patterns of vortex shedding were identified around a single cylinder. The vortex
shedding patterns under progressive wave motion are similar to those observed in planar
oscillatory flow, except in the way the vortices form and in the orientation they take.
The observed vortex patterns in progressive wave motion are more unstable than those in
planar oscillatory flow. Using particle tracking and the Lagrangian dispersion method, the
dispersion coefficients were calculated for various flow regimes. The observations confirm
the calculations in general. It was also found that wave steepness can affect the shedding
pattern. The vortices tend to shed more frequently in a wave direction at low wave
steepness.

© 2014 Sharif University of Technology. All rights reserved.

1. Introduction

The study of flow patterns around circular cylinders
in oscillatory flow has wide applications in engineering,
from the design of cylindrical structures against wave
forces, in which variation of in-line and lift forces are
directly dependent on the vortex shedding pattern, to
transport and dispersion in oscillatory environmental
flow [1]. An important example of such environmen-
tal flow is flow around stems of plants in aquatic
canopies by surface wave motion [2]. Surface waves can
greatly enhance the dispersion and mixing of nutrients,
chemicals, and suspended particles in canopies, and
has a direct impact on the circulation of food and
other materials in the ecosystem. Many emergent
aquatic plants in coastal areas and lakes where surface
waves are frequently observed have a round stem free
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of leaves, so they can be modeled as long cylinders
against the flow. To study how dispersion is affected
by the presence of aquatic plants, an understanding
of dispersion around a single cylinder is essential.
Although the hydrodynamics of oscillatory flow around
a single cylinder have been studied in detail, e.g. [3],
there is a lack of information about how the presence
of the cylinder affects the dispersion in such flow. On
the other hand, the flow field of a surface wave varies
in both time and space, whereas, previous studies
focused only on time-dependent flow. These mark
the motivation for the present study. Here, we study
the flow and the associated dispersion around a single
cylinder under surface wave motion, and examine the
differences with flow patterns from a purely time-
dependent flow.

The structure of the flow around a cylinder
in oscillatory flow depends mainly on the Keulegan-
Carpenter number (KC = UpyaxT/d) and the Stokes
number, or viscous parameter, 3 = d?/Tv, or, alterna-
tively, Reynolds number (Re = KC x 3), where U,,ax
is the maximum oscillatory velocity, T is the period of
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Table 1. Flow patterns around single circular cylinder in oscillatory time-dependent flows [3,5] and progressive wave

(current study).

Williamson [3] (1985)

Obasaju et al. [5] (1988)

Progressive wave

(current study)

KC range Pattern KC range Pattern KC range Pattern
2<KC<4 Symmetric non-shedding - - - -
1< KC<T7 Asymmetric non-shedding 4 < KC < 8 Asymmetric 6 < KC <8 Double-shooting
T<KC<15 Single-pair® 8 <KC <15 Transverse (single-pair) 8 < KC < 15 Single-pair
15 < KC < 24 Double-pair 15 < KC < 22 Diagonal (double-pair) 15 < KC < 24 Double-pair
24 < KC < 32 Three-pair 22 < KC < 30 Third vortex (three-pair) - -

32 < KC < 40 KC > 30

Four-pair

Quasi-steady (four-pair) - -

2: Single-pair regime means two vortices shed in each period of flow. Other regimes are defined the same way.

oscillation, d is the diameter of the cylinder, and v is
the kinematic viscosity of fluid [1]. It is expected that
flow regimes around a cylinder remain roughly similar
over the range of subcritical Reynolds number (Re <
3 x 10%) [3]. Planar oscillatory flow around an isolated
circular cylinder was visualized by [3-6]. In experiments
conducted by Williamson [3] (1985), a circular cylinder
was oscillated in still water and six predominant flow
regimes were identified for 2 < KC < 40, 8 = 255 (see
Table 1). Obasaju et al. [5] (1988) made observations of
flow patterns around a circular cylinder for 4 < KC <
55 and 100 < B < 1665. The observations in the two
studies were almost the same for a similar range of
parameters (Table 1). Numerical simulations of the
oscillatory flow around a cylinder were made by [1,7-
11]. The numerical simulations, in general, reproduced
more details of flow than experimental observations.

The mixing mechanism in wave motion consists
of dispersion and turbulent diffusion. Turbulence is
mainly the result of flow separation over the cylinder.
Dispersion takes place in longitudinal and transverse
directions and is the result of combined effects of flow
diversion and vortex shedding. Dispersion in pure
surface wave motion in the absence of any obstacle was
studied by [12-14]. Yasuda [12] (1984) analyzed the
longitudinal dispersion process from the start to the
stationary stages in an oscillatory current. The time
variations of the dispersion coefficient for an instan-
taneous point and line-source releases were found to
be oscillatory [12-13]. Similarly, Law [14] (2000) used
random walk simulations and investigated longitudinal
dispersion due to the mass drift caused by progressive
surface waves in the absence of cylinder(s). He showed
that the magnitude of the dispersion coefficient is
generally an order of magnitude larger than that due
to the Stokes drift alone. A nearly constant dispersion
coefficient was obtained, only after a lengthy period of
time, to the order of 1000 periods.

This study investigates flow and dispersion
around a single circular cylinder in surface wave
motion. The focus of previous studies was on the

hydrodynamics of time-dependent, oscillatory current
around a cylinder. To the best of our knowledge, there
are no documented studies visualizing the flow around a
circular cylinder in surface wave motion, where the flow
varies both longitudinally and temporally, and the as-
sociated dispersion. In this work, we present the results
of an experimental study of such a flow in a wave tank.
We use the Particle Image Velocimetry (PIV) technique
to find the velocity field around a cylinder and employ
a Lagrangian particle tracking technique to quantify
the associated dispersion. Section 2 introduces the
laboratory experiments and the Lagrangian method for
particle tracking. Results of PIV measurements and
flow visualizations are given and discussed in Section
3. Concluding remarks are given in Section 4.

2. Methods

2.1. Laboratory experiments

The flow visualization and PIV measurements were
conducted in a 9 m long, 0.3 m wide glass walled
wave flume, with a depth of 0.6 m, as shown in
Figure 1. A 25 cm long Polyamide cylinder was secured
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Figure 1. Experimental setup: (a) Top view; and (b) side
view.
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to a thin false bottom secured in the middle of the
channel. Cylinder diameters of d = 0.63,1.0,1.2,1.5
and 2.0 cm were tested in the experiments. The water
depth, h, was 21 cm, the tested wave periods were
T =1.14,1.46 and 1.86 sec, and the tested wave heights
were H = 3.6,3.3 and 1.4 cm; these ranges correspond
to0 6 < KC < 24 and 20 < B < 310. The wave
steepness, H/L, where L is wavelength, was less than
2.5% in all the experiments. The cylinder was placed
in the center of the test section (see Figure 1(a)).

For PIV, we used a two-mega pixel HD CMOS
video camera (SONY-HDR-SR10) installed about 1
m above the water surface and two projectors of 500
W placed at the two sides of the flume. We used
8 — u m sprinkled glitter powder as the visualization
agent on the water surface. We added a small amount
of clay to the water to make a body of white colored
water. As the clay concentration was below 0.5%,
the suspension had negligible effects on water density
and kinematic viscosity. When seen from above, the
particles looked dark in the background white water
(Figure 2). The flow in a test section of about 330x 185
mm? was recorded in each experiment for at least 20
wave periods, at a rate of 25 frames per second. The
video was converted into single images of 1920x1080
pixels? using MATLAB. Cross correlation analysis was
performed for interrogation areas of 64x64 pixels with
50% overlap to obtain the velocity field. In the case
of planar oscillatory flow around a circular cylinder,
the normalized lift force frequency (lift frequency/wave
frequency) for KC = 24 is 4 [15]. For a wave period of

Figure 2. Flow sequence around an isolated cylinder for
a full cycle for KC=9.4 and d = 1.5 cm

1.14 sec, the lift frequency (or corresponding vortex
shedding frequency) is about 3.5 Hz. The video
recording at 25 frames per second (25 Hz) is, therefore,
adequate to capture vortex shedding.

2.2. The Lagrangian particle tracking method
for dispersion calculations

We incorporated the measured velocity fields from
PIV into a particle tracking method to calculate the
dispersion coefficient in the presence of a cylinder. Dis-
persion of materials in water flow is mainly the result
of molecular diffusion, turbulent diffusion, and shear
induced dispersion [16]. When obstacles are present,
mechanical diffusion is an additional mechanism [17].
Mechanical diffusion arises from tortuous flow paths
of fluid particles between cylinders. This mechanism
is common in porous media and aquatic canopy flows,
and unsteadiness adds to its complexity, as is the case
in this study. In mechanical dispersion, the obstruction
of the flow path by soil or plant stems creates variations
in flow paths, and the wake regions in lee sides of the
obstacles contribute to the dispersion. On the other
hand, molecular diffusion and vortex shedding affect
the dispersion through particle trapping, and reduce
spatial heterogeneity in the local velocity field. The
macro-scale dispersion is the result of the combined
effects of the above mechanisms. In the particle
tracking method, we take a stochastic approach to find
a description of the dispersive process, based on the
random nature of the smaller-scale data [18]. In a
Lagrangian description, the motions of individual fluid
elements produce, in sum, the flow field [19].

For the purpose of analysis, we assume each
fluid particle moves along a trajectory vector X =
X(t,z0,t0), where X = xy when ¢ = ty. The displace-
ment vector of the particle during a time interval of 7
is:

Y (7,20,t0) = X(to + 7,20,%0) — o

to+T
- / V(t, w0, to)dL, (1)

to

where V (¢, o, o) is the particle velocity at time ¢ given
that it was originally at x¢ at time to. Y (7,z0,%0) is
a random function of time and an indirect function of
space, zp [20]. Y (7, z¢,t0) can be decomposed as:

Y(tax()at()) = <Y(t,$0,t0)> +Y’(t,$0,t0), (2)

where (Y (¢,z0,10)) is the expected value (as a function
of time) of the displacement, while Y'(¢,x0,t0) is the
displacement fluctuation from the mean value. The
angle brackets, (), denote the ensemble mean, or
average, over many trials.

The second moment tensor
Y/(t,z0,t0)) is the fluid particle

(Yil(tv Zo, tO)
displacement
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covariance (or variance) [19]. This tensor describes
the spread of the particle displacements around the
mean motion over time. Differentiating the covariance
with respect to time gives the dispersion tensor:

Dyj = d(Y](t,z0,t0)Y; (t,z0,t0))/dt, (3)

which is the average rate of particle spreading over
time [18,20-22]. Although 0.5D;; is known as the
dispersion coefficient tensor [20], we use D;; as a
dispersion tendency, or, simply, dispersion tensor, in
the rest of this paper.

Particle tracking is a suitable tool for dispersion
calculations when the velocity field is completely avail-
able. Knowing the trajectories of fluid particles, one
can find the tendency of a patch of a conservative tracer
to disperse from its initial position. The ensemble mean
may be computed by following the released trials in the
full domain and averaging the displacement vector over
the trials to find the dispersion tensor in the capsulated
domain [18,20]. This can also be done by tracking
particles released continuously with a small time lag
from a fixed point and averaging the displacement
vector over time [22]. It is expected that both methods
give similar results if the domain is homogeneous.
Another interpretation of a particle trajectory vector,
as a random variable in time, is the position that one
particle takes at some later time. With this definition,
the average can be also taken over a period of time in
one experiment [16].

The PIV measurement provided the velocity field
at a rate of 25 Hz in our experiments. The data can be
used to draw the fluid streak lines in the flow field. For
accuracy of velocity and better data resolution around
the cylinder, we had to limit the video recording win-
dow to a certain size. Due to dimensional constraints, a
particle released from an arbitrary point may run away
from the recording domain over time. Moreover, the
released particles near the test section boundaries may
escape the test section at an early stage of recording.
To overcome these difficulties, we take the trajectory
of particles released from a fixed point as a random
variable in time [22]. The procedure of calculating the
dispersion tensor, thus, becomes as follows:

1. PIV measurements provide the Eulerian velocity
fields in the full domain over 20 wave periods at
time steps of 0.04 sec (1/25 sec).

2. Virtual particles are released from the same point,
each at a time with a time lag of 0.04 sec.

3. The trajectory vector of each particle is calculated
from Eq. (1).

4. Care is taken when the particle is close to the
cylinder. In these cases, a reflective boundary
condition is used to find the trajectory after the
particle hits the cylinder.

5. The trajectories are shifted in time, as if the
particles were released from the same point at the
same time.

6. Displacement vector, covariance, and dispersion
tensor are now calculated using Eqgs. (2) and (3).

3. Results and discussion

3.1. Flow patterns

Figure 2 shows the flow sequence around an isolated
cylinder for a full cycle for KC = 9.4. At t = 0 and
t = 5T/8, a counter-clockwise and a clockwise vortex
form in the upper left and the upper right corners of
the cylinder at the start of each half cycle, respectively.
These vortices are the result of a combination of the
transverse flow (see Figure 2, t = 4T/8) and the base
oscillatory flow. At other times, the velocity field is
stronger and the flow has an upward tendency as seen
at t = 37T/8.

Williamson [3] (1985) investigated the flow struc-
ture around a single cylinder in sinusoidally time-
dependent flow by monitoring the motion of aluminum
powder particles on the free surface. A circular
cylinder was oscillated in still water in a tank, and six
predominant flow regimes were identified in the range
of 2 < KC < 40, 8 = 255 in his experiments; these are
given in Table 1. Obasaju et al. [5] (1988) observed the
patterns for the range of 4 < KC < 55,100 < 8 < 1665.
Except for the slight differences in bounds of KC for the
given vortex observation, the observations were almost
the same for a similar range of parameters in the two
studies. Williamson [3] (1985) and Obasaju et al. [5]
(1988) state that even when KC and § are fixed, more
than one mode of shedding is possible, and the flow
may switch between different modes.

In this study, we examine flow patterns around a
cylinder in progressive wave motion for the range of 6 <
KC < 24 and 20 < 8 < 310. Although small vortices
could not be captured, due to apparatus constraints,
but the shedding pattern and the stronger vortices were
well visualized.

Three predominant vortex shedding patterns were
observed around the circular cylinder (Table 1). A
schematic of the observed vortices for different ranges
of KC are given in Figure 3, with an example of
measured vorticity field for each range given in Fig-
ure 4. Table 2 summarizes the predominant direction
of vortex shedding in these ranges. When 6 < KC < 8,
two small attached symmetric or asymmetric vortices
form in the lee side of the cylinder (see Figure 3(a)).
They reach maximum size at the end of the half cycle.
When the flow reverses direction, the attached vortices
split up and shoot out to the opposite side of the
cylinder. These vortices move a maximum distance of
2d (see Figure 4(a)) and then lose their strength and
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Figure 3. Vortex shedding patterns in progressive wave
motion: (a) Double-shooting regime in 6 < KC < 8; (b)

single-pair regime in 8 < KC < 11; (c) single-pair regime
in 11 < KC < 15; and (d) double-pair regime in

15 < KC < 24. Horizontal arrows show the wave orbital
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Table 2. Typical direction of predominant vortex
shedding in different flow patterns relative to the wave
direction («—).

KC Direction Strength
6 <KC<8 — Weak
< KC<11 1 Strong (vortex street)
11 <KC<15 /! Strong (vortex street)
15 < KC < 24 — Strong

disappear. This pattern repeats in the next half cycle.
This mode is named ‘double-shooting’ for the way the
vortices are detached from the cylinder. However, it
is essentially similar to the asymmetric and symmetric
regimes in time-dependent oscillatory flow (Table 1).
In some instances, the vortex of each cycle pairs with
the new vortex in the following half cycle to form a
single vortex. This is similar to the case KC < 8 in
time-dependent oscillatory flow [3].

The single vortex pairs observed in the range 8 <
KC < 15 are shown in Figure 3(b) and (c). When 8 <
KC < 11, a strong small vortex (vortex (1)) initially
forms in the lee side of cylinder (Figure 3(b)). Flow
associated with this vortex is nearly perpendicular to
the oscillation direction (see Figure 2 at t = 47/8).
Vortex (2) is the result of this transverse and the base
oscillatory flow. This vortex moves transversely and
leaves the cylinder flow field. When flow reverses,
vortex (1) disappears and a new attached vortex (3)
forms in the other side of the cylinder (Figure 3(b)).
Vortex (3) causes a flow sequence similar to vortex (1),
but on the other side of the cylinder. Accordingly,
vortex (4) is created and leaves the cylinder field

transversely in the same direction as vortex (2). Hence,
a vortex street forms (Figure 4(b)), as indicated by [3].
When 11 < KC < 15, one pair of vortices forms and
leaves the wake field at an angle to the main flow
direction (Figure 3(c)). The street direction has a
maximum angle of 45° to the wave direction in this
case. This regime is basically the single-regime, as
described by [3,5]. However, here we found another
shedding pattern (compare Figure 3(b) and (c)). It is
a formed vortex far from the cylinder due to a strong
attached vortex in each cycle (Figure 2 at ¢ = 0 and
t =5T/8).

In the range of 15 < KC < 24, a pair of vortices
shed in each half-cycle. Two trails of vortex pairs
convect away from the cylinder from opposite sides of
the cylinder and in an opposite direction. Figure 3(d)
shows the details of pairing in a full wave period. The
formed vortices in each half cycle may travel a distance
of 5d (Figure 4(c)).

It should be noted that only the dominant pat-
terns, i.e. those seen in more than 40% of the cycles
during the experiment duration of twenty periods, are
indicated in Tables 1 and 2. Some other observations
are worth noting here. Patterns may switch to other
modes as already seen in time-dependent oscillatory
flow [3,5]. The direction of shedding is not stable
either. A little disturbance may change the wake
mode and direction. This happens more frequently
when KC is close to the upper limit of the range
under consideration. At times, additional vortices
form around the cylinder, in addition to the dominant
wake pattern. Also, in some cases, a combination of
vortex street and shooting mode was observed (e.g. in
KC =11.5 when T = 1.14 sec).

Another parameter that may change the flow
pattern is wave steepness. For an identical KC number,
the wakes tends to shed more in the direction of flow
or switches to the lower KC pattern when the wave
steepness decreases. For instance, the wake for KC
= 11.5 and wave steepness of 0.5% tends to shed the
vortex in the double-shooting mode, whereas, for the
same KC, the wake sheds single-pair vortices when
wave steepness is increased to 2.5%. The direction of
shedding is not stable and little disturbance changes
the wake direction. The Stokes and Reynolds numbers
were not found to have significant effects on the flow
pattern in the ranges examined here.

3.2. Dispersion around cylinder

We follow the technique described in Section 2.2 to
examine dispersion of tracers virtually released into
the flow at a distance of 2d from the cylinder. The
numerical tests show that the dispersion is not affected
by the time of release. Also, the results are not
sensitive to the number of released particles. Figure 5
gives temporal variations of the longitudinal disper-
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Figure 4. Non-dimensional vorticity fields around a single cylinder at the end of each half cycle in different flow patterns:
(a) Double-shooting regime in 6 < KC < 8; (b) single-pair regime in 8 < KC < 15; and (c) double-pair regime in
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Figure 5. Sensitivity analysis of D, with respect to
number of particles released.

sion coefficient, D,,, from simulations, using different
numbers of particles for a no-cylinder condition. The
results almost coincide when the number of particles is
bigger than 30. In the simulations to come, we release
particles at an interval of 0.04 sec for a duration of 2T,

e.g. 93 particles for T = 1.86 sec. The first particle
was released when the water depth started to increase
from the mean level at the cylinder location. The start
time was chosen such that the wake is in the dominant
shedding pattern for a minimum of four wave periods.

Dispersion of mass around a cylinder in progres-
sive wave motion changes with the vortex shedding
pattern. Particle flow path changes when a particle
reaches the cylinder neighborhood. Tracer particles
released at a given point around the cylinder may take
different trajectories. When the shedding intensity is
high enough, tracers as far as 3d from the cylinder
are absorbed into the vortex street. Figure 6 shows
the particle trajectories realized for duration of 47T for
the case of no-cylinder. Particle trajectories form a
narrow line until the end of the fourth period. Particles
positions at four instances in a period are shown in
Figure 6. It shows that without molecular diffusion, the
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Figure 6. The particle positions at four instances during
a period (above) and the related trajectories after four
periods (below).

contribution of small transversal velocity fluctuations
and shear effect in lateral dispersion is not significant in
the flume in this case. The mass transport due to drift
velocity can be observed in the particle trajectories in
Figure 6.

Figure 7(a)-(c) show the particle trajectories
around a cylinder for KC = 7.5, 9.4 and 22.7, re-
spectively. These plots are representative of the three
observed patterns, as discussed in Table 1. The plume
generated from real release will be similar (but not
identical) to the shape plotted in these figures [22].
When a cylinder is placed in the flow, vortex shedding
affects the velocity field with both the mechanical
diffusion and vortex shedding pattern contributing to
dispersion. In a double-shooting regime, e.g. 6 <
KC < 8, the vortices are weak and travel a maximum
distance of 2d. These vortices result in a weak
local lateral flow, which disperses particles transversely
(Figure 7(a)). In single-pair regime, i.e. 8 < KC <
15, the powerful vortex street pulls particles into the
shedding path above the cylinder and the fluid particles
move transversally while oscillating in a longitudinal
direction (Figure 7(b)). Vortex shedding in the double-
pair regime, i.e. 15 < KC < 24, is strong and has
a direction changing between 0 and 45 degrees. This
results in the patterns shown in Figure 7 (c).

Non-dimensional longitudinal and lateral co-
variances and dispersion coefficients for particles re-
leased from a point behind the cylinder are given in
Figure 8(a)-(d). As expected, longitudinal dispersion
is periodic in the no-cylinder case. Negative dispersion
coefficient values indicate the tendency of the particles
to shrink after expanding to a maximum amount at
the end of a half cycle (e.g. see Figure 6). When a
cylinder is placed in the flow, longitudinal dispersion
is still periodic, but with an increasing amplitude for
KC = 22.7 (double-pair regime) and KC = 11.7 (single-
pair regime). This is due to the strong vortex shedding
and collision of particles with the cylinder in these two
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Figure 7. The particle trajectories around a
single-cylinder for time of four periods after releasing.

cases. This is not the case, however, for KC = 6.1
(double-shooting regime). The longitudinal covariance
and dispersion coefficient for this regime are even lower
than those in the no-cylinder case. Fluid particles
in this regime tend to expand more laterally and, so,
dispersion along the wave direction is limited.

The lateral covariance and dispersion coeflicient
for a wave without a cylinder is very small. For all
flow regimes around a circular cylinder, the lateral
covariance increases with time. Maximum covariance
and dispersion coefficients happen in a single-pair
pattern with a transversal vortex street.

4, Concluding remarks

In this study, we investigated dispersion around an
isolated circular cylinder in progressive wave motion, in
the range 6 < KC < 24 and 20 < § < 310. Flow fields
and vortex shedding patterns were studied using si-
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Figure 8. Non-dimensional (a) longitudinal covariances,
(b) longitudinal dispersion coefficients, (c) lateral
covariances and (d) lateral dispersion coefficients for
particles released from a point behind the cylinder.

multaneous flow visualization and PIV measurements.
Several repeatable patterns of vortex shedding around
a single cylinder were detected. Double-shooting,
single-pair, and double-pair shedding patterns were
dominant in 6 < KC < 8,8 < KC < 15and 15 < KC <
24, respectively. We found that the vortex shedding
patterns in progressive wave motion are similar to those
observed in time-dependent oscillatory flow around a
single cylinder with only little differences in the bounds
of KC for given pattern. We also found that wave
steepness may change the patterns. For a given KC,
the wake tends to shed more in the direction of flow, or
switches to the pattern corresponding to the lower KC
range when wave steepness decreases. The direction of
shedding is not stable and little disturbance changes

the wake direction. The Stokes and Reynolds number
have no significant effects on flow patterns at the ranges
examined here. FExperimental data shows that the
Lagrangian dispersion method can well capture the
dispersion patterns around a circular cylinder. Disper-
sion coeflicients from this method encompass the main
sources of dispersion, i.e. the effects of vortex shedding,
mechanical, and shear dispersion. Furthermore, all
four components of the planar dispersion tensor can
be calculated at the same time by this method.

The subject still needs further work. As a subject
for future research, the problem of dispersion around
a group of cylinders has vast applications in dispersion
in aquatic canopies, and can be studied using this tech-
nique. On the other hand, the technique needs to be
refined to provide more reliable results. This requires
more sophisticated equipment for flow visualization
and more controlled experimental conditions. In our
experiment, a weak transverse flow was occasionally
observed, even when the cylinder was not in the flume.
Although this looks to result from the use of a closed
wave tank, one may want to eliminate any effect which
is not present in the field.
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