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In our previous paper [V. Kolaf and J. Sistek, “Orbitally compact and loose vortex regions.” Phys. Fluids 35,
121708(2023)] the eigenvalue-based measure of orbital compactness of particle motion inside a vortex for compress-
ible flows has been proposed. Here, a complementary eigenvector-based geometric property of cylindricity (three-
dimensional /3D/ aspect) is introduced. This property is closely related to the local flow axisymmetry in the swirl
plane (two-dimensional /2D/ aspect) which explains the positive response of the vortex-identification A-criterion, and
closely related criteria swirling strength and Rortex (Liutex), for almost no vorticity and a large (without any limita-
tion) rate-of-strain magnitude. A relatively high correlation between orbital compactness, cylindricity, and widely used
vortex-identification criteria has been found for several flow examples.

The well-known vortex-identification A-criterion,'™ iden-
tifies a vortex by the existence of complex eigenvalues of the
velocity-gradient tensor (VGT), that is, by a positive value of
the discriminant A. Assuming complex eigenvalues of the
VGT, the corresponding local instantaneous streamline pat-
tern is spiraling or closed on the so-called swirl plane spanned
by the complex eigenvectors in a local reference frame mov-
ing with the point.

In connection with the A-criterion, there is a fundamen-
tal statement in Chong et al.! (note that the term "rate-of-
deformation tensor" is employed for the VGT): "a vortex core
is a region of space where the vorticity is sufficiently strong
to cause the rate-of-strain tensor to be dominated by the ro-
tation tensor, i.e., the rate-of-deformation tensor has complex
eigenvalues.” This statement has been recalled in full many
times in the literature dealing with vortices.> 1 However,
this statement—of the otherwise excellent paper by Chong et
al.'—is incorrect as the first part of the statement does not
represent a necessary condition for the second one.

According to the A-criterion, a vortex may be positively
identified by negligible vorticity and extremely large (without
any limitation) rate-of-strain magnitudes, and not necessarily
by the relative vorticity dominance as stated above. What is
behind the existence of a vortex according to the A-criterion
for negligible vorticity is local flow axisymmetry in the swirl
plane. It can be easily verified by considering the VGT of
the deviatoric form representing negligible rigid body rota-
tion aligned with an unlimited stretching (or contraction) in
the swirl plane, and perhaps even combined with an arbitrary
simple shear, that is, by considering the VGT of the following
form:

S -0 ¢
VGT=| o FS vy (Y]
0 0 +£2§

or its transpose.

Vorticity, denoted as @, is non-zero but negligible, strain
rate S is arbitrarily large, both @ and § are positive parame-
ters such that S >> , a superimposed simple shear is given
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by arbitrary values of ¢ and y. The discriminant of the char-
acteristic equation reads A = (IIp/3)3 + (I1Ip/2)?. Here IIp
and I1Ip denote the second and third invariants of the devia-
toric (traceless) form D of an arbitrary VGT input. Consider-
ing the deviatoric form allows us to identify vortices in both
compressible and incompressible flows.!” On closer examina-
tion, by evaluating A for non-zero vorticity, @ > 0, one finds
that the VGT (1) has always complex eigenvalues (S +iw) for
stretching or (—S +iw) for contraction in the swirl plane as
A>0,

I 6,2 40 24
A727a) +3a)S +3w°S". 2)

The discriminant A is always positive, despite the negligible
vorticity and despite the unlimited stretching or contraction
(S >> ). Moreover, A is not a function of a superimposed
simple shear appearing in (1) as ¢ and y do not enter /Ip and
I11p, and hence do not enter the expression for A.

The same conclusion for almost no vorticity and an ex-
tremely large (without any limitation) rate-of-strain magni-
tude holds for the closely related vortex-identification criteria
having a basis in the already mentioned A-criterion: swirling
strength'®!® and Rortex (Liutex).?>?! Behind the positive re-
sponse to vortex existence of all the three mentioned criteria
stands the dominance of axisymmetry in the swirl plane as al-
ready shown through Egs. (1) and (2). Hence, by no means,
the vortex existence according to the A-criterion is based
on the condition of high vorticity-to-strain-rate ratio. This
was partially treated regarding Rortex (Liutex) and swirling
strength in Refs.?2?

Assuming a standard double decomposition of the VGT in
terms of the sum of vorticity tensor €2 and strain-rate tensor
S, the vortex boundary is found for the ratio of the (Frobe-
nius) norms ||2]|/||S|| equal (everywhere at the boundary)
to one for the Q-criterion?* and at least to (approx. mini-
mum value of the ratio ||€2]|/||S|| at the boundary of) 0.58
for the more tolerant )Lz—criterion,25 see Fig. 3 in Ref.!? In-
terestingly, the magnitude ratio ||€2||/||S|| may turn out to be
negligibly small, ||| << ||S]|, for the recently proposed Ror-
tex (Liutex) by Liu et al.?Y while the so-called Q-criterion,
also recently proposed by Liu et al.%%, is based on the idea
that “vorticity overtakes deformation in vortex”, that is, by
the condition ||€2|| > ||S||, the same condition as required for
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the widely used Q-criterion.”* Weak and dissipating vortices
may be, unlike the criteria Q and A, requiring a significant
value of the ratio ||€2]|/||S]|, better covered by the most tol-
erant VGT-based criteria such as the complex-domain-based
criteria (A-criterion, swirling strength, and Rortex/Liutex).

The local flow axisymmetry in the swirl plane is a 2D as-
pect while the cylindrical axisymmetry (shortly, cylindricity)
of the flow is a 3D aspect. The perfect cylindricity conve-
niently expressed in the frame of strain-rate principal axes is
described by the VGT of the form (1) without an additional
superimposed simple shear (¢ = y = 0), that is, by the tensor
form

FS -0 O
VGT=| o FS 0 |. 3)
0 0 =28

Such a local axisymmetry is fulfilled provided that (i) the
strain-rate tensor (i.e. the symmetric part of the VGT) is ax-
FS —o0
® FS
resents a 2D uniform radial contraction or stretching (coupled
with a perpendicular uniaxial stretching or contraction in the
third direction) and (ii) the vorticity vector coincides with the
axis of strain-rate axisymmetry (recall that the associated vor-
ticity tensor is given by the antisymmetric part of the VGT).

isymmetric as the strain rate of the submatrix rep-

Let us show that the necessary and sufficient condition for
an arbitrary VGT-input with non-zero vorticity to be axisym-
metric is the orthogonality of eigen-basis vectors. The con-
clusion obtained in 3D can be reduced to the 2D axisymmet-
ric case. The orthogonality is understood with respect to the
usual dot product for complex vectors. The orthogonality con-
dition is equivalent to the condition that the VGT represents a
so-called normal matrix as shown below. That is, redenoting

‘ ‘ Acr + iz’ci
0

(G)CD = | Ver+ ivci Ver _‘ ivc[ V‘r
0

where (Aq +1i4.,A,) denotes the eigenvalues and (v, +
iv¢;,v,) stands for the associated eigenvectors. The condi-
tion that the discriminant of the characteristic equation for G
is positive, A > 0, implies that G has complex eigenvalues
(Aei > 0). The time period for completing one revolution of
the streamline is given by 27/A,;, and therefore, the quantity
A is taken to be defined non—negative.19 As mentioned ear-
lier, for including compressible flows, the discriminant con-
dition, A > 0, holds for deviatoric quantities.!” The swirling-
strength criterion'®!? is given by the imaginary part A.;. This
criterion is one of the most widely used and studied even from
the viewpoint of the dynamics of vortices, and its evolution
equation has been recently derived.?’

Here we deal with the departure from the full 3D cylindrical

the abbreviation VGT simply by G, this condition reads
GG’ =G'G or (GG'-G'G)=0. 4)

Let us examine the 3x3 matrix (GG” — G”G) in the ref-
erence frame of strain-rate principal axes for not necessarily
divergence-free input G with non-zero vorticity (otherwise ar-
bitrary)

S1 —w3
G=| o S -—o|, %)
- o S3
0 2a5(S1 —S2) 2(S3 —S1)
GGT -GT'G= | 2w5(81 - $2) 0 201 (S, — S3)
20, (83— S1) 20:(S2—S3) 0

)

According to the structure of the symmetric matrix (6), the
condition (4) is satisfied only by the perfect cylindricity of G
expressed by (3). In this case, S| = S» = FS, §3 = £25, 0 =
@, =0, w3 = . Note that the principal strain-rate differences
in (6) describe just a deviatoric motion assumed already for
simplicity in (1), and in its special case (3).

Both structures (1) and (3) have a pair of complex conjugate
eigenvalues. The existence of complex conjugate eigenvalues
of the VGT in general ensures the largest volumetric region of
a vortex core among the widely used local region-type crite-
ria Q, A2, A, and A,; for all practical purposes.19 Recall that
the streamline pattern (in a local reference frame moving with
the examined point) is spiraling or closed on a swirl plane
spanned by the complex eigenvectors. Within the critical-
point theory these points are elliptic ones (focus or centre).
The eigen decomposition of the VGT in the domain character-
ized by complex conjugate eigenvalues (shortly, the complex
domain indexed as CD) reads'?

-1
0.0 | |
Aer—iAei O | | Ver+iVei Ve —ivVei v @)
0 A \ |

axisymmetry, that is, from the perfect cylindricity, of vortical
flows. Previous studies®®? dealt with the 2D symmetry as-
pects in the swirl plane only, using the ratio of real-valued
dual-eigenvectors representing the orthogonal elongated di-
rections in the swirl plane. Thus, the dual-eigenvectors were
employed in Refs.?82% as a substitute for a pair of complex
conjugate eigenvectors. Further, the departure from the 3D
cylindrical axisymmetry (perfect cylindricity) has been al-
ready investigated in Kolaf and Sistek®® though using much
less satisfactory approach (partially based on dual eigenvec-
tors) than the one described below.

The departure from the perfect cylindricity expressed by
the inequality (GG — G”G) # 0 can be examined through
the non-orthogonality of eigen-basis vectors within the com-
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plex domain through the corresponding determinant of unit-
eigenvector matrix. The determinant of unit-eigenvector ma-
trix has its geometric interpretation which can be derived from
the geometric interpretation of a determinant itself given by
the associated volume of a parallelepiped, which is here ge-
ometrically defined by the three unit eigenvectors. The value
of the determinant can be negative or even complex, hence the
decisive quantity representing the volume is the absolute value
of the determinant, and it ranges between 0 and 1. The former
holds for (at least two) coincident unit eigenvectors, the latter
for orthogonal unit eigenvectors. Consequently, in the present
context, this volume serves as the cylindricity measure in the
complex domain, and it is labelled as 7 below,

T = |Det(unit-eigenvector matrix)|. 8)

Extreme situations theoretically possible are as follows:
|Det(unit-eigenvector matrix)| = 0, the corresponding eigen-
basis volume is equal to 0, and the cylindricity T = 0 (i.e., its
minimum value); [Det(unit-eigenvector matrix)| = 1, the cor-
responding eigenbasis volume is equal to 1, and the cylindric-
ity T =1 (i.e., its maximum value). This approach is directly
applicable to the departure from the local flow axisymmetry
in the swirl plane (spanned by the associated complex eigen-
vectors) where the two unit complex eigenvectors are deci-
sive. The determinant of the corresponding 2D matrix repre-
sents the area of a parallelogram (again ranging between 0 and
1) instead of the whole eigenvector-based volume of a paral-
lelepiped including the real eigenvector. Note that only perfect
cylindricity, T = 1, is based on the eigenvector orthogonality.
The difference (1 — 7) expresses how far the local geometry is
from the perfect cylindricity.

There is no limitation to apply the cylindricity as a local
measure everywhere the Eulerian local region-type vortex-
identification schemes based on the VGT can be effectively
employed (within the “complex-domain envelope”).

Alongside with the local eigenvector-based geometric
property of a vortex, the already introduced cylindricity, we
have to recall the recently proposed local eigenvalue-based
geometric property of a vortex, namely the orbital compact-
ness. The orbital compactness requires that the separation of
swirling material points inside a vortex is bounded and re-
mains small. The idea of orbital compactness introduced in
Ref.!® for incompressible flows has been recently extended
and the measure of orbital compactness has been proposed
in Ref.3! for compressible flows. Orbitally compact and
loose vortex regions have been distinguished. Their bound-
ary is set very permissively and expressed through the intro-
duced eigenvalue-based measure of orbital compactness. The
investigation®! shows that some vortex-identification criteria
are too permissive, more or less ignoring the inherent vor-
tex property of orbital compactness. What is important in the
present context is that the property of orbital compactness has
been introduced as eigenvalue-based geometric property, and
the relation towards eigenvector-based cylindricity is basically
complementary, as schematically depicted in Fig. 1 for an ar-
bitrary VGT input within the complex domain.

The measure of orbital compactness is explicitly sensitive
to the local compressibility impact through the explicit depen-

_ (EIGENVECTOR\ (EIGENVALUE\ (EIGENVECTOR -1
(VGT)eo = ( matrix ) ( matrix ) ( matrix )

CYLINDRICITY ORBITAL
and COMPACTNESS
2D AXISYMMETRY

FIG. 1: Two complementary eigen-based geometric
properties of a vortex derived from different parts of the
eigen decomposition of the VGT within complex domain
(marked by the subscript CD in the figure).

dence on the first VGT invariant reflecting positive or negative
uniform dilatation.?' There is no limit to describe the extreme
behavior of real flows (e.g., shock waves) provided that reli-
able local VGT data are available, for example, from detailed
numerical simulations.

The parameter ¢ of orbital compactness for incompress-
ible flows reads 6 = 1 —3(A,/ lm-)z indicating compactness
o =1 for A, = 0. Only positive values of ¢ indicate that the
examined point is a part of an orbitally compact vortex region.
Any negative outcome represents an orbitally loose vortex re-
gion. More negative values of 6 mean orbitally looser vortex
regions.

The two complementary geometric properties are indepen-
dent. For example, an extreme case of the perfect cylindricity
(T = 1) may be combined with no orbital compactness and
vice versa. All four extremal situations given by extreme val-
ues of both parameters for incompressible flow are stated be-
low. Let us recall for simplicity the VGT structure (3) rep-
resenting an incompressible flow under the already employed
condition S >> . As a result we obtain the case of perfect
cylindricity, T = 1, but the measure of orbital compactness
o is extremely negative (6 — —oo) indicating an extremely
orbitally loose vortex region. On the contrary, for the oppo-
site condition @ >> S, the VGT structure (3) results again in
perfect cylindricity, T = 1, with an almost ideal orbital com-
pactness (6 — 1). Note that the limiting case ¢ = 1 repre-
sents a rigid-body rotation for incompressible flow. More-
over, the situation (1) for @ >> S, now coupled with a much
stronger simple shear, that is, satisfying || >> © >> §
and/or |y| >> @ >> S, leads to an almost ideal orbital com-
pactness (o — 1) coupled with an almost zero cylindricity
(T — 0). And finally, the case (1) for |¢| >> § >> ® and/or
|y| >> 8§ >> o gives an extremely negative & (G — —oo)
indicating an extremely orbitally loose vortex region with an
almost zero cylindricity (7 — 0).

The above configurations of extreme values of 7 and o are
schematically depicted in Fig. 2. It should be emphasized that
this schematic of streamlines stands behind the tensor forms
(1) for the lower streamlines in Fig. 2 and (3) for the upper
streamlines in Fig. 2. The picture would be different for dif-
ferent tensor structures and resulting extreme situations. For
example, the usual shear appearing in the swirl plane, which
may be considered as “inherent vortex shear”, makes the local
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SPIRALING STREAMLINES forming
a surface of solid of revolution
and becoming axially or radially
EXTREMELY LOOSE

IT

RIGID BODY ROTATION resulting
in CIRCULAR STREAMLINES in the
swirl plane and COMPACT winding

S
rd
—o0 (o) 1
SPIRALING STREAMLINES undergoing Asymptotic CIRCULAR STREAMLINES
EXTREME SHEAR of planes parallel to in the swirl plane while undergoing

the swirl plane and becoming EXTREME SHEAR of parallel planes,
EXTREMELY LOOSE COMPACT winding

FIG. 2: Local streamline features at extreme situations for
the given examples of VGT.

spiraling of streamlines in the swirl plane (or their projection
onto the swirl plane) more elliptic and lowers the angle be-
tween the corresponding complex eigenvectors as well as the
cylindricity outcome.

Recall that both complementary eigen-based vortex prop-
erties, orbital compactness and cylindricity, are defined ex-
clusively for the complex domain (4. > 0). Therefore, all
the four extreme cases of the VGT discussed in the previous
paragraph are still identified as part of a vortex according to
the complex-domain A-criterion,'™ as well as according to
the other A-based criteria: swirling strength!®!° and Rortex
(Liutex).202! Also note that unlike the well-known vortex-
identification criteria not based on the complex domain Q and
A2, the swirling strength and Rortex (Liutex) suffer from the
“disappearing vortex problem”,'%2332 the clearly counterintu-
itive phenomenon appearing by increasing the vorticity mag-
nitude for an otherwise fixed tensor configuration.

In this connection (and also in view of practical applica-
tions), it is necessary to keep in mind one issue for both ge-
ometric properties proposed: they are not defined outside the
complex domain, and hence cannot provide a tool to resolve
the “disappearing vortex problem” or any other problems ex-
tending beyond the boundary of the complex domain.

Both eigen-based vortex properties, though indepen-
dent, are mostly well correlated with widely used vortex-
identification criteria Q and A, as shown in Fig. 3 using nu-
merical data of four different flow situations. These flow sit-
uations can be summarized as follows (for more details, see
Refs.>33%): a flow past a sphere (Re=300), a flow around an
inclined flat plate (Re=300), a hairpin vortex of boundary-
layer transition (Re=730, based on the displacement thick-
ness), and the reconnection process of two Burgers vortices

4

(circulation-based Re=10 000). The sphere and the plate prob-
lems were solved using the finite element method on unstruc-
tured meshes with 11 and 21x10° nodes, respectively, while
the boundary-layer transition and the Burgers problems were
solved using the finite difference method on structured grids
with 2.3 and 2x10° grid points. To avoid numerical noise
and identification of apparently false vortex regions, the eval-
uation is carried out within the rationally taken vortex enve-
lope regions given by very low positive thresholds of A; set
for each flow situation. As already mentioned, the complex
domain ensures the largest volumetric region of a vortex core
among the widely used local region-type criteria.'® These vor-
tex envelopes are explicitly depicted for the four different flow
situations in the first column of Fig. 3.

The following conclusion can be drawn: alongside with the
application of the complex-domain-based criteria, it seems ra-
tional to require a certain positive level of the geometric mea-
sures proposed (e.g., as employed in Fig. 3) to avoid the over-
identification of vortices in flow regions dominated by strain-
ing and shearing motions.

In this Letter, we have investigated two basic geomet-
ric properties of a vortex which are closely related to the
eigen decomposition of the VGT in the domain character-
ized by complex conjugate eigenvalues. From the view-
point of the eigen decomposition of the VGT, the two proper-
ties, the eigenvector-based cylindricity proposed here and the
eigenvalue-based orbital compactness®' proposed recently,
can be understood to be mutually complementary.

Let us remark on the compressibility aspect. Unlike the
eigenvalues and the eigenvalue-based orbital compactness, the
eigenbasis vectors are independent of a non-zero isentropic
compression or expansion given by a uniform dilatation and,
consequently, the same holds for the eigenvector-based cylin-
dricity measure.

The reliability of the eigen-based vortex characteristics is
closely connected to the accuracy of the VGT, and therefore,
these characteristics are more suitable for the local analysis of
numerically simulated data (such as DNS data) than experi-
mental ones. There are non-local vortex-identification meth-
ods that proved their usefulness for the interpretation of ex-
perimental data (such as PIV data), for example, Graftieaux
et al.,® which are not as sensitive to the accuracy of spatial
derivatives.

The applicability extent of the proposed measures in (high-
Reynolds number) turbulent and transitional flows is, in gen-
eral, just the same as the one of the Eulerian local region-type
vortex-identification schemes based on the VGT, see, e.g., the
review paper of Epps!? and the relevant references therein.

The proposed geometric properties and measures should
primarily restrict the relaxed assumption of the complex-
domain-based criteria which theoretically find a vortex for al-
most no vorticity and an extremely large (without any limita-
tion) rate-of-strain magnitude.

Regarding future possibilities, the combination of the ob-
tained metrics (e.g., their product) may be plausible for in-
compressible flows and orbitally compact vortex regions>!
(0 > 0) due to their corresponding ranges between 0 and 1.
In compressible flows, the orbital compactness may exceed 1
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FIG. 3: From left to right: Vortex envelopes based on very low positive threshold of A.;, compactness (0.5), cylindricity (0.5),
Q-criterion, and A,-criterion. The datasets are from top to bottom: a flow past a sphere, a flow around an inclined flat plate, a
hairpin vortex of boundary-layer transition, and the reconnection process of two Burgers vortices.

without any limitation for higher compression rates while the
cylindricity measure still keeps its “incompressible” range be-
tween 0 and 1. Consequently, their combination appears less
suitable.

The VGT is a key quantity to describe and analyze the local
flow kinematics. The velocity gradient analysis is one of the
powerful tools in the research of vortices, see, among many
others, the original vortex-identification paper by Chakraborty
et al.'%, or, for example, the very recent paper of Arun and
Colonius®’ dealing with the head-on vortex ring collision.

This work was supported by the Czech Science Foundation
through Grant No. 23-06159S. It was also supported by the
Czech Academy of Sciences through RVO:67985840 and the
Strategy AV21 (Res. Prog. 22). The authors are grateful to
Ulrich Rist and Kudret Baysal (IAG, University of Stuttgart)
for providing the datasets of the hairpin vortex of boundary-
layer transition and the reconnection process of two Burgers
vortices. J. Sistek is a member of the Netas Center for math-
ematical modeling.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

DATA AVAILABILITY

The data that support the findings of this study are available
from the authors upon reasonable request.

REFERENCES

M. S. Chong, A. E. Perry, and B. J. Cantwell, “A general classification of
three-dimensional flow fields,” Phys. Fluids A 2, 765-777 (1990).

2U. Dallmann, “Topological structures of three-dimensional flow separa-
tion,” Tech. Rep. 221-82 A07 (Deutsche Forschungs- und Versuchsanstalt
fiir Luft- und Raumfahrt DFVLR-IB, Goettingen, Germany, 1983).

3H. Vollmers, H.-P. Kreplin, and H. U. Meier, “Separation and vortical-
type flow around a prolate spheroid—Evaluation of relevant parameters,” in
Proceedings of the AGARD Symposium on Aerodynamics of Vortical Type
Flows in Three Dimensions (AGARD, Neuilly-sur-Seine, France, 1983) pp.
1-14, CP-342.



AlIP
Publishing

Y

Two complementary eigen-based geometric properties of a vortex

4C. H. Berdahl and D. S. Thompson, “Eduction of swirling structure using
the velocity gradient tensor,” AIAA J. 31, 97-103 (1993).

SY. Pan and S. Banerjee, “A numerical study of free-surface turbulence in
channel flow,” Phys. Fluids 7, 16491664 (1995).

6G. Alfonsi, “Coherent Structures of Turbulence: Methods of Eduction and
Results,” Appl. Mech. Rev. 59, 307-323 (2006).

7L. G. Orf, B. D. Semeraro, and R. B. Wilhelmson, “Vortex detection in a
simulated supercell thunderstorm,” Atmos. Sci. Lett. 8, 29-35 (2007).

8C. F. v. Carmer, R. Konrath, A. Schroder, and J.-C. Monnier, “Identification
of vortex pairs in aircraft wakes from sectional velocity data,” Exp. Fluids
44, 367-380 (2008).

9S.-J. Lee and Y.-S. Choi, “Decrement of spanwise vortices by a drag-
reducing riblet surface,” J. Turbul. 9, N23 (2008).

108, Pierce, P. Moin, and T. Sayadi, “Application of vortex identification
schemes to direct numerical simulation data of a transitional boundary
layer,” Phys. Fluids 25, 015102 (2013).

I'P_T. Bremer, A. Gruber, J. Bennett, A. Gyulassy, H. Kolla, J. Chen, and
R. Grout, “Identifying turbulent structures through topological segmenta-
tion,” Commun. Appl. Math. Comput. Sci. 11, 37-53 (2016).

12B. P. Epps, “Review of vortex identification methods,” ATAA Paper 2017-
0989 (2017),
https://arc.aiaa.org/doi/abs/10.2514/6.2017-0989.

3], Liu, Y. Gao, Y. Wang, and C. Liu, “Objective Omega vortex identification
method,” J. Hydrodyn. 31, 455-463 (2019).

14F. De Gregorio and A. Visingardi, “Vortex detection criteria assessment for
PIV data in rotorcraft applications,” Exp. Fluids 61, 179 (2020).

I5N. Sharma, T. K. Sengupta, and J. R. Brinkerhoff, “Non-linear instability
analysis of the three-dimensional Navier-Stokes equations: Taylor-Green
vortex problem,” Phys. Fluids 32, 064102 (2020).

16p, Zhao and R. Piao, “Lattice Boltzmann method modeling of the evolution
of coherent vortices and periodic flow in a continuous casting mold,” Metals
12,572 (2022).

17V, Kol4¥, “Compressibility effect in vortex identification,” AIAA J. 47,473
475 (2009).

18] Zhou, R. J. Adrian, S. Balachandar, and T. M. Kendall, “Mechanisms for
generating coherent packets of hairpin vortices in channel flow,” J. Fluid
Mech. 387, 353-396 (1999).

19p, Chakraborty, S. Balachandar, and R. J. Adrian, “On the relationships
between local vortex identification schemes,” J. Fluid Mech. 535, 189-214
(2005).

20C. Liu, Y. Gao, S. Tian, and X. Dong, “Rortex—A new vortex vector def-
inition and vorticity tensor and vector decompositions,” Phys. Fluids 30,
035103 (2018).

21Y. Gao and C. Liu, “Rortex and comparison with eigenvalue-based vortex
identification criteria,” Phys. Fluids 30, 085107 (2018).

22y, Kolat and J. Sistek, “Stretching response of Rortex and other vortex-
identification schemes,” AIP Advances 9, 105025 (2019).

23V, Koléf and J. §istek, “Consequences of the close relation between Rortex
and swirling strength,” Phys. Fluids 32, 091702 (2020).

247 C.R. Hunt, A. A. Wray, and P. Moin, “Eddies, streams, and convergence
zones in turbulent flows,” Tech. Rep. CTR-S88 (Center for Turbulence
Research, Stanford, CA, 1988)
https://ntrs.nasa.gov/api/citations/19890015184/
downloads/19890015184.pdf.

25y, Jeong and F. Hussain, “On the identification of a vortex,” J. Fluid Mech.
285, 69-94 (1995).

26C. Liu, Y. Wang, Y. Yang, and Z. Duan, “New omega vortex identification
method,” Sci. China: Phys. Mech. Astron. 59, 684711 (2016).

27J. R. Canivete Cuissa and O. Steiner, “Vortices evolution in the solar atmo-
sphere: A dynamical equation for the swirling strength,” Astron. Astrophys.
639, A118 (2020).

28K. Nakayama, “Physical properties corresponding to vortical flow geome-
try,” Fluid Dyn. Res. 46, 055502 (2014).

K. Nakayama, Y. Ohira, and S. Yamada, “A new parameter in vortex iden-
tification and visualization: Symmetry of vortical flow,” in Proceedings of
the ASME 2014 International Mechanical Engineering Congress and Ex-
position. Volume 7: Fluids Engineering Systems and Technologies (ASME,
Montreal, Quebec, Canada, 2014).

30V, Koléf and J. §istek, “On the local axisymmetry of a vortex,” in Proceed-
ings of 16th Asian Congress of Fluid Mechanics, Lecture Notes in Mechan-
ical Engineering, edited by L. Venkatakrishnan, S. Majumdar, G. Subrama-
nian, G. Bhat, R. Dasgupta, and J. Arakeri (Springer, Singapore, 2021) pp.
175-183.

31V, Koldt and J. Sistek, “Orbitally compact and loose vortex regions,” Phys.
Fluids 35, 121708 (2023).

32V, Kolat and J. Sistek, “Disappearing vortex problem in vortex identifica-
tion: Non-existence for selected criteria,” Phys. Fluids 34, 071704 (2022).

3V, Kola and J. Sistek, “Recent progress in explicit shear-eliminating vortex
identification,” in Proceedings of the 19th Australasian Fluid Mechanics
Conference, edited by H. Chowdhury and F. Alam (Australasian Fluid Me-
chanics Society, Melbourne, 2014) article no. 274.

34V, Koldt and J. Sistek, “Vortex and the balance between vorticity and strain
rate,” Int. J. Aerospace Eng. 2019, 1321480 (2019).

37, Sistek and F. Cirak, “Parallel iterative solution of the incompressible
Navier-Stokes equations with application to rotating wings,” Comput. &
Fluids 122, 165-183 (2015).

361, Graftieaux, M. Michard, and N. Grosjean, “Combining PIV, POD and
vortex identification algorithms for the study of unsteady turbulent swirling
flows,” Meas. Sci. Technol. 12, 1422 (2001).

37R. Arun and T. Colonius, “Velocity gradient analysis of a head-on vortex
ring collision,” J. Fluid Mech. 982, A16 (2024).



