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Abstract: The two-dimensional particle image velocimetry (PIV) data are inevitably contaminated by noise due to
various imperfections in instrumentation or algorithm, based on which the well-established vortex identification methods
often yield noise or incomplete vortex structure with a jagged boundary. To make up this deficiency, a novel method was
proposed in this paper and the efficiency of the new method was demonstrated by its applications in extracting the two-
dimensional spanwise vortex structures from 2D PIV data in open-channel flows. The new method takes up a single
vortex structure by combining model matching and vorticity filtering, and successfully locates the vortex core and draws
a streamlined vortex boundary. The new method shows promise as being more effective than commonly used schemes in

open-channel flow applications.
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INTRODUCTION

Turbulent flows, in both natural environments and engineer-
ing applications, involve various scales of motion which play
an essential role in generation, distribution, and dissipation of
turbulent energy as well as in transportation of mass, heat, and
momentum (Adrian and Marusic, 2012; Chen et al., 2014a;
Zhong et al., 2016). Among these multi-scale structures
(Baidya et al., 2017; Jiménez, 2018), the vortex has long been
recognized as a prominent feature in both closed-channel flow
and open-channel flow (Dong et al., 2018; Zhong et al., 2017).
Though a vortex still eludes precise definition (Kolat, 2007), it
is generally held that ‘a vortex exists when instantaneous
streamlines mapped onto a plane normal to the vortex core
exhibit a roughly circular or spiral pattern when viewed from a
reference frame moving with the center of the vortex
core’(Robinson, 1991). Vortical regions in various turbulent
flows are unanimously characterized by high vorticity, low
pressure, and compact streamline (Epps, 2017). In open-
channel flows, the vortex in the streamwise-wall-normal plane,
called a spanwise vortex, attracts enormous attention due to its
importance in momentum convection and the convenience in
experimental observation.

Extraction of the spanwise vortex from background turbu-
lence can be achieved based on either local or global infor-
mation of the velocity field. Local approaches of vortex identi-
fication employ a specific point-wise indicator to determine
whether that point falls inside/outside a vortex. Global ap-
proaches, on the other hand, examine the overall topological
feature of the flow to draw the boundary of a vortex.

Earlier local vortex extraction methods used vorticity as a
point-wise indicator. To eliminate the contamination of shear
effect (Cucitore et al., 1999; Kolar, 2010), recent local
approaches turn to other indicators based the velocity gradient
tensor, e.g., A (Chong et al., 1990), O (Hunt et al.,
1988), A2 (Jeong and Hussain, 1995), A (Zhou et al., 1999),
and Q (Liu et al., 2016; Zhang et al., 2018). While these
indicators are useful in quantifying vortex strength, it is still

difficult to select a proper universal threshold for them in non-
uniform flows where vortices exhibit a broad spectrum of
variation in size and strength, e.g., a higher value may lead to
blurring of weaker vortices, and conversely, a lower one may
result in cluttering of stronger vortices (Dong et al., 2016).
Such difficulty has been partially overcome by normalization of
the average indicator with its root-mean-square in cases where
enough samples of the flow are available for statistical analysis
(Cao et al., 2017; Chen et al., 2014b; Wu and Christensen, 2006;
Zhong et al., 2015). In experimental studies, another disad-
vantage of the local-based vortex extraction methods becomes
evident: a small change in spatial resolution may induce signif-
icant deviation in vortex identification (Gao et al., 2011).

Global methods offer a more intuitive approach to extracting
vortex. For example, through pattern-recognition and model-
matching technique, a vortex is recognized by fitting the target
flow against a standard model (Chen et al., 2013; Stanislas et
al., 2008). Note that global methods for vortex extraction are on
the dependence of the transitional velocity of an observer
(Cucitore et al., 1999). While simple and straightforward in
concept, the global methods suffer from limitations due to the
arbitrariness in selecting reference frames, model vortex, and
other subjective parameters.

A combination of the advantages of local and global ap-
proaches provides a new way to enhance the effectiveness of
vortex extraction. Dong et al. (2016), for instance, developed a
A2-scheme coupled with vortex filaments and accurately found
the vortex structure. Unfortunately, this method cannot be used
for identifying spanwise vortex as calculation of the vortex
filaments is impossible in the two-dimensional velocity field.

Extraction of a spanwise vortex in open-channel flows fur-
ther complicated by the coexistence of shear and rotation, the
interaction between various structures, the influence of channel
bed and water surface (Roussinova et al., 2010; Zhang et al.,
2015), and the variation of a vortex in size, shape, and strength
(Hurther et al., 2007; Komori et al., 1989). This is particularly
true when PIV data are used for vortex analysis (Singha and
Balachandar, 2011). Though PIV has long been used as an
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efficient and effective fluid velocity measurement technique,
the measured data are inevitably contaminated by noise due to
various imperfections in instrumentation or algorithm, e.g.,
limited interpretation window, uneven distribution of tracer
particles, and non-uniformity in light intensity of the laser
sheet. Based on such measurement data, well-established vortex
methods often yield incomplete vortex structures with a jagged
boundary (Nezu and Sanjou, 2011). Precise quantification of a
spanwise vortex in open-channel flows necessitates the devel-
opment of a novel extraction method.

The present paper proposes a novel vortex extraction method
by combining model matching and vorticity filtering for a
single vortex structure. For analysis of vortex structure based
on PIV data, the new method shows a better adaptation to
vortex strength, a more precise and streamlined delineation of
vortex boundary, and enhanced accuracy in portraiting vortex
structure.

NEW EXTRACTING METHOD FOR A SINGLE
VORTEX STRUCTURE

The new identification algorithm, which combines the
techniques of model matching and vorticity filtering, follows a
series of steps as described below.

Step 1. Locating the vortex core.

The core of a vortex can be found by examining the fluctuat-
ing flow velocity in its surrounding grid nodes, as shown in Fig.
1, where (i, j) represents the center of a vortex, either prograde
(Fig. 1a) or retrograde (Fig. 1b). Note that the fluctuating veloc-
ity is derived from Reynolds decomposition, which has been
proven to be useful for vortex visualization (Carlier and
Stanislas, 2005).

A vortex core is recognized if the following conditions are
satisfied (Chen et al., 2013),

w(i=1,7)<0.ui+1,j)> 0, as a prograde vortex, @)
Vi, j=1)>0,v(i,j+1)<0

and

”,(i - l’j) > 0’”,(1. +1, j) <0 , as a retrograde vortex, 2)
Vi, j-1)<0,v'(i,j+1)>0

where u” and V' represent streamwise and wall-normal fluctua-
tion velocity, respectively. Note that zero velocity is expected
at a real vortex centroid. The reason why the criterion involves
no requirement at (Z, j) lies in that it is tough for a vortex core
with zero velocity to fall precisely to a grid node in practical
measurement. The relaxation of restrictions may lead to the
presence of two or more neighboring nodes competing for a

vortex core. In such cases, the point with the least velocity is
chosen as the vortex core among all the candidates, denoted as
(m, n).

Step 2. Calculating vorticity in an area around the vortex core.

The choice of vorticity as a vortex indicator will be
discussed in the subsequent section.

A square or rectangle centered at an identified vortex core is
used to enclose a specific area where a vortex may exist, denot-
ed as Dy,

D, = {(I’J)

Ie[m—Am,...,m,...,m+Am] (3)
J e [n —An,...,n,..‘,n+An]

where Am and An are integers that specify half the size of the
target area in x (streamwise) and y (wall-normal) directions,
respectively, and their values can be estimated based on the size
of spanwise vortex structure.

Vorticity matrix on Dy, is given as follows,

@, e @, @, 5 4011
, 4)
o, = 2 e (Y D 5 a1
a)ZAmH,l wZAmH,l wZAmH,ZAnH

where ke [1, ..., 2Am+1], le[1, ..., 2An+1], and,

_1fou’ o) )
wD'U_Z(ay E)x)

where u’, V' are streamwise and wall-normal fluctuating veloci-
ties, respectively.

Step 3. Vorticity filtering.

A two-dimensional template, wr, is used for vorticity filtering,

@, ... o @,

(6)
Wy =| @, @, @,
a)ni,l tee wm',j b a)ni,nj

where ie[1, ..., ni], je[l, ..., nj], ni and nj are odd numbers

(thus setting a vortex core exactly at center). In practice, a
proper w7 can be chosen based on the averaged flow field, as
will be discussed in the subsequent section.
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(a) prograde vortex

Fig. 1. Spanwise vortex core model (Chen et al., 2013).

(b) retrograde vortex
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Matrix expression of the enhanced vorticity distribution,
Wpost, 18 as follows,

nj o ni

0 kD)= 33| 0rli.jxay k=" wi g -2

j=1 i=1

> (D)

where ke [1, ..., 2Am+1], le[1, ..., 2An+1]. For the edge of the
measured velocity field, zero paddings are used to ensure calcu-
lation.

To facilitate the determination of a universal threshold for
the entire flow, the enhanced vorticity is further normalized by
its maximum absolute value as follows,

& 1

‘post ‘
s
POSY gy

The nodes in Dy at which @’pes is above the threshold are
recognized as within a vortex. The determination of the thresh

a)post’ ajposte [*l, 1], (8)
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old will be discussed in the subsequent section.

SIZE OF FILTER TEMPLATE AND THRESHOLD OF
VORTICITY

Effectiveness of vorticity as a vortex indicator

Observation of open-channel flow reveals that vorticity is a
valid indicator to display the spatial scope of a vortex. This is
illustrated in Fig. 2, which shows two typical velocity fields
obtained from open-channel flow PIV measurement, one with a
prograde vortex and the other a retrograde one. Streamwise
fluctuation velocity along the y-axis and wall-normal fluctua-
tion velocity along the x-axis are indicated with red lines in Fig.
2. Typical vortical flows characterize the velocity distribution,
i.e., it remains zero at vortex core, begins to increase along the
axis, reaches maximum somewhere, and then turns to drop. As
a minimum requirement, an effective vortex extraction scheme

needs to recognize at least the core vortex region extending to
the maximum velocity.
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Fig. 2. Vortex regions identified by different methods.

Fig. 2 also shows the vortex extraction results based on vor-
ticity, O, A, A (all after normalization) with a universal
threshold of zero. The result by pattern recognition is also
included. The analysis is based on a PIV database of the
turbulent open-channel flow by Yang et al., (2016). The C case
is selected and introduced briefly here. The case is uniform
flow in a smooth open-channel, where the slope, water depth,
aspect ratio, bulk mean velocity, friction velocity viscous length
scales, and friction Reynolds number are 0.0015, 33 mm, 7.56,
0.41 m/s, 0.022 m/s, 0.045 mm, 574, respectively.

It is seen that the identified vortex with vorticity (Fig. 2a, b),
0O (Fig. 2c, d), A (Fig. 2f), and A« (Fig. 2g, h), elliptical or
circular, exhibits a length scale (radius) of 100,40, 40 and 40 y=
(y+= Vlu~ is the viscous length scales, v is kinematic viscosity,
u~ = friction velocity), respectively. All methods successfully
identify the core vortex region. Clearly, vorticity is the most
effective indicator for determining the vortex spatial scope. The
pattern recognition method (Fig. 2i, j), however, failed to ex-
tract a vortex of a reasonable size.

Determination of the filter template’s size

The choice of a proper filter template is of principal im-
portance for vortex extraction in open-channel flows where
flow structures are complicated by the presence of sidewalls,
free surface, and bed slope. In general, a proper filter template
for prograde or retrograde vortices can be easily constructed
based on the average over respective vorticity fields. Determi-
nation of the size for a filter template, as well, evolves
experience-based knowledge. According to previous studies on
averaged spanwise vortex structure (Adrian et al., 2000;
Natrajan et al., 2007; Singha and Balachandar, 2011), its core
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spans a range of 30—50y+; its vorticity decreases from peak to
zero in the range of 100—150y~.

Fig. 3 shows typical prograde and retrograde vortices at a
mesh of 250y« x 250y+, with corresponding elliptical stream-
lines. Against these flow fields, a comparison of the vortex
extraction performance of the new method has been done by
varying the filter template size, with a mesh of 150y« X 150y~,
200y+ x 200y+, 250y x 250y« respectively. The probability
distribution functions ( pdf ) of @’ss are shown in Fig. 4.

It is seen that the probability distribution functions grow
‘taller and thinner’ as the size of the filter template decreases.
In the interval of (0.4, 1), however, the influences of the
template size become negligibly small. Thus, the value of 0.4
can be used as a threshold. Thought the filter template size
seems to exert no influence on the vorticity threshold, it also
plays an important role, e.g., an increase in size leads to
uniformization of the vorticity field in a weakly rotating region
and a reduction causes a concentration of the vorticity field.
Therefore, a recommended size for the filter template is
200y+x 200y=, which is slightly larger than the average size of
the spanwise vortex structure reported by previous studies
(Adrian et al., 2000; Natrajan et al., 2007; Singha and
Balachandar, 2011).

PERFORMANCE TEST OF THE NEW METHOD

The suitability of the novel method has been tested against
experimental data obtained with PIV in a fully developed turbu-
lent open-channel flow. Detailed information on the experi-
mental setup, measurement technique, and data description can
be found in Yang et al. (2016). Comparison has also been made
with the vorticity and A methods.
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Fig. 5. The distribution of spanwise vortex structures identified by the new method.

Fig. 5 shows the detection results of the new method (blue
and red regions represent prograde and retrograde vortex,
respectively). An examination of the flow field indicates that all
vortices are successfully identified with the new method, and
every vortex has a clear and streamlined boundary.

The difference between different methods becomes evident
when one takes a closer look at the vortex centered at
(200, 400) and (940, 120), as shown in Fig. 6, where the
contour lines indicate the vortex structure identified by the new
method. The contrast shows a plaque-like vortex by the
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Fig. 6. Different spanwise vortex ranges identified by the new method, vorticity, A method.

vorticity approach (Fig. 6a, c), and small vortex ‘patches’ by
the A method (Fig. 6b, d). As expected, the vortices extracted
with the new method show good agreement with the real flow.

CONCLUSIONS

The present paper proposes a novel method for two-
dimensional spanwise vortex identification from 2D PIV data in
open-channel flows. Compared with existing schemes, the new
method can adequately account for the differences of a vortex
in strength and size. Thus a streamlined description of the in-
tegrity of vortex structures becomes possible. Major conclu-
sions are summarized as follows:

(1) A combination of model matching and vorticity filtering
is useful for accurately determining a vortex core.

(2) Vorticity has been proven to be a valid indicator of the
spatial scope of a vortex. Normalization by the maximum value
facilitates the determination of an appropriate threshold.

(3) The size of the prograde/retrograde vortex filter template
is recommended as 200y x 200y+, which is slightly larger than
the average size of the spanwise vortex structure.
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