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ABSTRACT
The influence of initial geometry on the formation, devel-

opment, and decay of a vortex loop behind a polygonal disk
at a Reynolds number Re = 20,000 is investigated. The co-
herence of the loop is strongest in the wake of a circular disk,
remaining strong and maintaining its shape far downstream.
Meanwhile, as the number of sides of the polygonal disk de-
crease, topological changes to the vortex loop are observed,
and a faster transition to turbulence, as compared to the circu-
lar disk.

INTRODUCTION
The dynamics of coherent structures around flat plates are

of particular interest in aero- and hydrodynamic applications,
as they have a relationship with the drag on a body. Specifi-
cally, impulsively-started plates can be used to model biologi-
cal phenomena, such as flapping wings or fins. Understanding
the formation of a vortex loop and its dynamics can help us
further understand and develop turbulence models, which can
be used for practical design considerations, such as reducing
the drag on vehicles.

Fernando & Rival (2016) investigated the forces and on
impulsively-started circular and square plates at a Reynolds
number of Re = 40,000. The transient drag forces on the
square plate have a faster settling time and smaller overshoot
than those on a disk. The drag forces settle to a steady-state
response within a distance travelled of s = 10l for the square
plate, where l is the side length of the square. Meanwhile, tran-
sient drag forces on the circular plate settle beyond s = 20l.
Using dye visualizations, they examined the structure of the
vortex behind both plates. Examining the plane aligned with
the primary axis of the square plate, the vortex ring formed is
noted to convect further behind the square plate than the circu-
lar plate, which is noted to remain attached to the disk as far
as s = 5l.

Higuchi et al. (1996) used dye visualizations to investi-
gate the wake formation behind triangular, square, hexagonal,
and octagonal plates, at Reynolds numbers Re = 2600−4200.
Due to the non-uniform self-induced velocity, the initial vor-

tex structure behind each plate was noted to be arched in the
axial direction, with pairs of counter-rotating longitudinal vor-
tices inducing inwards motion of the vortex at each corner. In
the initial formation stage, individual shear layers roll up along
each edge of a plate, each growing and arching until only the
edges of the roll-up are connected to the corners of the disk.
At this point, the individual structures combine to form one
vortex loop, which eventually convects away from the plate.
The vortex loop visualizations appear to contain two notable
properties. First, as the number of sides of the polygonal disks
increase, the vortex loop appears to be more coherent. The vor-
tex structure breakdown occurs earlier for the triangular and
square disks than the hexagonal and octagonal disks. Second,
the vortex formation, and even breakdown, appear to match the
dihedral group symmetry Dn of their plates. In the initial for-
mation stage, the vortex loop maintains a similar shape to the
polygonal plate, as it is still connected to the plate. However,
even as the vortex structure breaks down, the dihedral symme-
try remains; in the case of a square plate, a range of 0−45◦ is
sufficient to describe the full 360◦ vortical structure, through
reflections and rotations.

Similar to vortex loops generated by impulsively-started
disks, previous works have studied vortex loops generated by
non-circular jets (Gutmark & Grinstein, 1999; Ghasemi et al.,
2013). The corners of square ducts passively promote the
formation of counter-rotating vortices, which promote axis
switching in the vortex. The speed and location of axis switch-
ing, and subsequent transition to turbulent flow, depends on
initial conditions, such as Reynolds number and initial turbu-
lence level. Overall, geometries with sharper edges, such as
triangles, circles, and rectangles, were associated with a faster
transition to turbulent flow than circular or oval nozzle geome-
tries (Grinstein & DeVore, 1996).

The effects of geometry for a steady turbulent wake were
examined by Nedić et al. (2015) at Reynolds number Re =
82,000. Using pairs of hot-wire measurements at a fixed radial
distance, they extracted azimuthal energy at the radial distance
where vortex energy is at its strongest. They found that the
relative amount of fluctuating energy contained in the m = 1
mode depends on flat plate geometry. For example, at x = 10l,
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Figure 1. Rendering of the experimental setup.

where l =
√

A is the square root of the area of the plate, the
relative amount of fluctuating energy in the m = 1 mode is
73% for a disk, while for fractal plates, it decreases from 63%
to 55% with increasing fractal iteration.

Geometry is also known to affect the steady drag force
on plates. Nedić et al. (2015), for example, demonstrated
that plates with the same frontal area, but with higher fractal
geometry (therefore more complex perimeter geometry) had
larger drag coefficients. For impulsively started flows, Fer-
nando et al. (2020), measuring circular disks, found that in-
viscid added-mass models do not alone account for the total
forces on disks during impulsive motions, underestimating re-
sultant forces by 20% at high accelerations. Additional models
must, therefore, be developed to accurately estimate residual
forces.

The vast majority of our understanding of the underlying
dynamics of vortex formation and decay to turbulence comes
from studying circular disks. In this study, we are interested
to discover to what degree the initial geometry of a body gen-
erating a vortex loop has on the large-scale structures that are
generated. Specifically, our objective here is to determine the
geometry and coherence of the initial vortex loop behind a
plate as it breaks down into turbulence, and to understand what
aspects of the initial geometry drive any observed changes.
Moreover, understanding the nature of the generated turbu-
lence, and relating that to the geometry and initial conditions,
would help understand how these conditions can be controlled.

EXPERIMENTAL SETUP
Experiments were performed in an acrylic octagonal wa-

ter tank with a circumscribed diameter of 200 mm, with a ren-
dering provided in fig. 1. A set of circular and polygonal plates
(triangle, square, pentagon and hexagon) was pulled vertically
by a servocylinder from rest at a constant acceleration rate of
12.5 mm/s2, to a steady-state velocity of U = 750 mm/s. The
servocylinder has a maximum stroke length of 300 mm. Each
plate has a thickness of 3 mm and area of A = 1250 mm2,
therefore with corresponding characteristic length l =

√
A =

35.4 mm. Using the steady-state plate speed as a characteris-
tic velocity, the experiment has an associated Reynolds num-
ber of Re = 27,000. Plate properties are shown in table 1.
While all plates have the same area of A = 1250 mm2, as the
number of sides decreases, the sharpness of the discontinu-
ities therefore increases, and the plate perimeter increases from
P = 125.3 mm for the circular plate to P = 125.3 mm for the
triangular plate.

Images were gathered using two Photron Fastcam Mini

Table 1. Plate properties .

Shape
√

A (mm) P (mm) Dh (mm)

Circle 35.4 125.3 39.9

Hexagon 35.4 131.6 38.0

Pentagon 35.4 134.8 37.1

Square 35.4 141.4 35.4

Triangle 35.4 161.2 31.1

ϕ = 30
◦

ϕ = 0
◦

ϕ

r

Figure 2. Top view of triangular plate and coordinate system
of experimental setup.

WX50 cameras at a rate of 1500 s−1. Using Particle Image
Velocimetry (PIV) with DaVis 10.1.0, vorticity was calculated
in the region surrounding the plate in a plane at a fixed angle ϕ

in a range (r/l,x/l) ∈ [−1.5,1.5]× [−0.25,4.25]. The coordi-
nate system is provided in fig. 2, using a cylindrical r−ϕ − x
coordinate system, with the plate travelling a distance s in the
x-direction. Measurements were performed in r− x planes in
increments of ϕ = 5◦. Five repeats were performed for each
plate at each orientation.

Due to the Dn dihedral symmetry of each polygonal plate,
and assumed symmetry of each vortex loop, PIV was only per-
formed in the range of the fundamental domain of each plate.
For example, behind a triangular disk, experiments were per-
formed at azimuthal angles ϕ ∈ [0◦,60◦], which, with suffi-
cient rotations and reflections, can describe the full 360◦ field.
Due to the PIV setup, these experiments also captured results
at ϕ ∈ [180◦,240◦], with corresponding ranges for all other
plates.

BULK FLOW RESULTS
Circulation

Circulation Γ behind each plate is plotted in fig. 3, with a
circular marker denoting the point where the plate transitions
from constant acceleration to constant velocity. Circulation is
calculated by integrating the vorticity field behind each plate
in the half-plane, over (r,x) ∈ [0, l]× [−0.25l,xplate], and aver-
aging the field circulation over all measured azimuthal angles.
Geometry does not appear to play a major role on the circula-
tion of the vorticity field, as circulation patterns for all shapes
collapse to approximately the same curve.

The circulation being self-similar across all plates is con-
sistent with existing literature; from an added-mass perspec-
tive, since all plates have the same area, the same volume of
fluid is displaced by each plate. With the same volume of fluid
displaced, the same amount of circulation is introduced into

2



13th International Symposium on Turbulence and Shear Flow Phenomena (TSFP13)
Montreal, Canada, June 25–28, 2024

Figure 3. Circulation Γ of flow field behind each plate.

Figure 4. Kinetic energy E of flow field behind each plate.

the field.

Kinetic Energy
Kinetic energy E behind each plate is plotted in fig. 4.

Kinetic is calculated by performing a volumetric integral on
the absolute velocity of the flow field behind each plate, over
all measured angles of ϕ .

While the kinetic energy behinds all plate collapses to the
same curve for all plates over distances travelled of s/l ∈ [0,3],
the kinetic energy of the flow behind the triangular plate drops
off beyond s/l > 3, while all other kinetic energy profiles re-
main consistent. The reduction in kinetic energy behind the
triangular disk could be associated with the dissipation of ki-
netic energy, as the vortex loop behind the triangular disk may
begin breaking down to turbulence. An investigation into the
vorticity distribution behind each plate is necessary to better
understand the underlying phenomena.

Vorticity Distribution
Figure 5 displays snapshots of the vorticity field from

a single run when the plate has travelled distances of s/l =
0.5,1.5, and 3.0. Three cases are displayed: around a circu-
lar plate (left), and triangular plates at ϕ = 0◦ (centre) and
ϕ = 30◦ (right). In the case of the circular plate, the snapshots
show a pair of counter-rotating vortices that remain symmetric
and circular. As the plate travels along, the vortices grow in
size, but snapshots still contain a pair of distinct, circular, co-
herent primary vortices by s/l = 3. Similar results were found

for all runs at all tested azimuthal planes ϕ behind the circular
plate.

In the case of the triangular plate, along the ϕ = 0◦ plane,
while the pair of vortices remains symmetric, they no longer
remain circular as they breakdown. At s/l = 1.5, the vortices
appear stretched and no longer have distinct circular contours,
and by s/l = 3, they are mostly broken down. In the case of
planes of non-symmetric cross-sections, such as the ϕ = 30◦

plane, the vortex loop is not symmetric, with the vortex trail-
ing closely behind the triangle’s point, while lagging further
behind its flat edge. These characteristics are consistent with
the flow visualizations of Higuchi et al. (1996). By s/l = 3,
the vortex loop is stretched out into patches of vorticity, and
no longer contains clear, distinct vortices in any measured az-
imuthal plane ϕ .

Snapshots behind the square plate are shown in fig. 6.
Similar to the results of the circular plate, there is a distinct
pair of vortices at all snapshots. However, the vortices behind
the square plate are less coherent than those behind the cir-
cle at similar distances travelled. By s/l = 3, the vortex loop
is showing signs of breakdown, as each vortex is stretched
out. While all cross-sectional planes behind the square plate
are symmetric, comparing planes at different azimuthal an-
gles shows that the vortex loop is not axisymmetric. Similar
to the triangle, and the findings of Higuchi et al. (1996), the
vortex loop trails closely behind the plate along its vertices
(ϕ = 45◦), while it lags further behind the plate along its flat
edges (ϕ = 0◦). This phenomenon is most prevalent in the
case of the triangular plate, which has the sharpest edge dis-
continuities.

While visually it is evident that the vortex loop behind the
triangular disk breaks down to turbulence quicker than behind
the circular disk, traditional quantifiable values for the flow
field, such as circulation and kinetic energy, show no differ-
ence. A quantifiable metric would be useful to evaluate loop
coherence. One such metric is proposed and tested on the cur-
rent dataset in the following section.

COHERENCE OF VORTEX LOOPS
To quantify the coherence of the vortex loop, we propose

a coherence metric of

C12 =
1

∆ϕmax

∫
∆ϕmax

0
C12(∆ϕ)d(∆ϕ), (1)

in which C12(∆ϕ) is the 2-dimensional correlation coefficient
between two vorticity fields ω1 and ω2, each separated by an
angle ∆ϕ . A perfectly axisymmetric vortex ring will return a
coherence value of C12 = 1 at any given time, while a fully
turbulent wake, with zero correlation between any azimuthal
planes, should have C12 = 0.

This metric is similar to the approach of Johansson et al.
(2002), who found the correlation C12( f ,∆ϕ) of hot-wire at
various angles of azimuthal separation to measure the coher-
ence of azimuthal modes in steady wakes. In the absence of
steady-state, high-frequency hot-wire measurements, we use
image correlations over several repeated runs, integrating over
all degrees of separation ∆ϕ , to quantify the loop coherence at
each timestep.

Vortex loop coherence for each plate is shown in fig. 7.
Specifically, the vorticity fields on each half-plane, for (r,x) ∈
[0, l]× [−0.25l,xplate], are used to calculate the correlation be-
tween planes at all measured azimuthal planes ϕ .
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Figure 5. Snapshots of vortex evolution behind circular plate (left), and triangular plates at ϕ = 0◦ (centre) and ϕ = 30◦ (right).

Figure 6. Snapshots of vortex evolution behind square plate at ϕ = 0◦ (left) and ϕ = 45◦ (right).

Figure 7. Vortex loop coherence evolution behind each plate.

All vortex loops achieve their peak coherence at small dis-
tances travelled, around s/l = 0.25, after which they gradually
decay. The circular disk has the highest peak loop coherence
of C12 = 0.91, while the peak loop coherence decreases with
increasing plate perimeter, as the triangular disk has the small-
est value, at C12 = 0.76. At a distance travelled of s/l = 3, the
circular plate has a loop coherence of C12 = 0.75, while the tri-
angular plate has a loop coherence of C12 = 0.37. At s/l = 1.5,
where the loop behind the triangular disk is clearly deformed,
C12 = 0.52. Comparing results to the vorticity snapshots in
fig. 5, decreasing values of C12 appear to be a sign of vortex
breakdown.

At all distances travelled, the vortex loop behind the cir-
cular disk had the highest coherence, followed by the loops be-
hind the hexagonal, pentagonal, square, and triangular plates,
respectively. With constant plate area, loops are less coherent
behind plates with larger perimeters and sharper discontinu-
ities. After nearly four characteristic lengths travelled, the cir-
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cular plate’s coherence value is still higher than the peak value
behind the triangular disk.

In addition to the peak coherence, the drop in loop coher-
ence is steeper for plates with larger perimeters. After travel-
ling s/l = 4, C12 decreases by 0.20 for the circular plate, while
it decreases by 0.33 over the same distance for the triangular
plate.

We propose that a coherence value around C12 = 0.5 is a
reasonable threshold, below which the transition to turbulence
begins in vortex loops. Of the measured plates, only the vor-
tex loops behind square and triangular vortex loops cross be-
low this threshold. The square plate crosses below this thresh-
old around s/l = 3.0, while the triangular plate crosses this
threshold earlier, around s/l = 1.6. The full breakdown of vor-
tex rings towards turbulent wakes appear to be associated with
lower coherence values, around C12 = 0.35, which is only ob-
served in the triangular plate, around s/l = 3.3, and will occur
beyond s/l > 4 in other polygonal and circular plates.

CONCLUSIONS
In this work, we examined the coherence of vortex loops

generated by impulsively-started flat plates of various geome-
tries. While plate geometry plays a minor role in circulation
and kinetic energy of the resultant flow field, it plays a ma-
jor role on the distribution of vorticity. This altered vorticity
distribution leads to less coherent vortex loops, which, in turn,
break down faster.

Using a coherence metric C12, we found that loop co-
herence is consistently higher for plates with smaller perime-
ters. The sharp discontinuities in low-order polygons, such
as triangles and squares, are associated with lower peak val-
ues of C12, and steeper decreases in C12 than geometries with
smaller perimeters and smoother geometries, such as circles
and hexagons. This decrease in C12 indicates the faster break-

down in vortex loops towards turbulence behind plates with
sharper discontinuities. Coherence metric values can be used
to identify critical transition points of vortex loops, with tran-
sition to turbulent vortex loops occurring around C12 = 0.50,
and vortex loop breakdown occurring around C12 = 0.35.
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