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ABSTRACT

A newly proposed vortex identification method, namely, Rortex, is used to visualize the vortex structures around an in-stream deflector with
a large eddy simulation. A comparison with the well-known vortex identification method, the Q criterion, indicates that the Q criterion and
Rortex can both capture the main vortex structures in the flow field. However, both the modified Q criterion and the wavelet analysis reveal
that Rortex excludes the shear information on the deposited sand surface, while the Q criterion cannot. As a result, Rortex is more suitable
for vortex identification.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5124245., s

Recently, a new vortex definition, namely, Rortex,1–3 was pro-
posed by Liu and his collaborators. Unlike previous methods pro-
posed by many researchers,4–6 which are based on velocity gradi-
ent tensor, Rortex has a definite physical meaning due to different
decomposition of the velocity gradient tensor.7,8 The objective of
this study is to investigate the validity and advancement of Rortex
in a complex practical problem, other than in DNS cases, in an intu-
itive way. Three methods, Rortex, the Q criterion,4 and the modified
Q criterion proposed in this paper, are chosen to visualize the vor-
tex structures around the deflector (commonly used as an in-stream
structure in open channels) in an equilibrium deformed bed condi-
tion obtained from experiments. The open channel scouring exper-
iment was selected as the research object because of the complex
flow structure and the existence of a great amount of vortex genera-
tion and transportation. Due to the presence of in-stream structures,
the flow pattern becomes complicated and unsteady, and the flow
structure is completely three-dimensional.9 Unlike predictions via
the traditional sediment transport equation,10–12 this type of flow
structure induces additional and different bed scouring character-
istics. The generation and transportation of vortices affect sediment
transport. Hence, it is essential to perform vortex visualization in the
postprocessing part of design and analysis.

λ, the eigenvalues of the velocity gradient tensor, are computed
by solving the cubic characteristic polynomial det(∇v⃗ − λI) ≙ 0,

which can be written as

λ
3
+ Pλ

2
+Qλ + R = 0, (1)

where P, Q, and R are three invariants of the velocity gradient ten-
sor and I is the identity matrix. The vortex identification method
based on invariants of the characteristic equation [Eq. (1)] has
Galilean invariance. Furthermore, the velocity gradient (∇v⃗) can be
decomposed into two parts as follows:

∇v⃗ =
1

2
(∇v⃗ +∇v⃗T) + 1

2
(∇v⃗ −∇v⃗T) ≙ S +Ω, (2)

where S is the symmetric part known as the rate of strain and Ω is
the antisymmetric part known as the vorticity tensor.

The Q criterion is directly derived based on the second invari-
ant Q of the velocity gradient tensor given in Eq. (1) with the
following expression:

Q ≙
1

2
(∥Ω∥2 − ∥S∥2), (3)

where Q > 0 represents the existence of a vortex. According to
the definition, the Q criterion defines vortices as areas where the
vorticity magnitude is greater than the magnitude of the rate of
strain.
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Rortex, which represents the local fluid rotation, was proposed
by Ref. 1. First, the local rotation axis r⃗ is determined by computing
the eigenvector corresponding to the real eigenvalue,

∇v⃗ ⋅ r⃗ ≙ λr r⃗. (4)

Then, after a coordinate rotation Q, the local coordinate system
with the rotation axis r⃗ as the Z axis is established, and the rotation
intensity can be obtained in the local coordinate system,

∇V⃗ ≙ Q∇v⃗Q
T
≙

⎡⎢⎢⎢⎢⎢⎢⎣
∂U
∂X

∂U
∂Y

0
∂V
∂X

∂V
∂Y

0
∂W
∂X

∂W
∂Y

∂W
∂Z

⎤⎥⎥⎥⎥⎥⎥⎦
. (5)

The axis of rotation r⃗ is the direction of R. The expression is as
follows:

R ≙ {2(β − α), α2 − β2 < 0,

0, α2 − β2 ≥ 0,

α ≙
1

2

√
(∂V
∂Y
−
∂U

∂X
)2 + (∂V

∂X
+
∂U

∂Y
)2,

β ≙
1

2
(∂V
∂X
−
∂U

∂Y
),

R⃗ ≙ Rr⃗.

(6)

Unlike the previous decomposition of the velocity gradient,
∇V⃗ can be decomposed into the pure rotation part and the rest as
follows:

∇V⃗ ≙ R⃗ +
Ð→

NR, (7)

where R⃗ stands for the local rigid rotation and
Ð→

NR represents the
nonrotational part. Apart from the fact that R⃗ can better represent

the fluid rotation effect,
Ð→

NR has a chance of expressing the effect of
shear and convected velocity.

The open channel scouring experiment was conducted in a
recirculating flume located in the Hydraulics Laboratory at the Hong
Kong Polytechnic University. The width of the flume was 0.2 m, and
the length was 9 m. The flume slope was 0.007. For this case, the flow
depth D = 0.055 m, the average inlet velocity was 0.1 m/s, and the
sediment layer was 0.03 m thick. Uniform-sized sand (d50 = 0.5 mm)
was used in this experiment.

The bed topography was measured through an automatic mea-
sure system (Fig. 1). The accuracy of the system was ±0.1 mm for
horizontal displacements and ±2 mm for vertical measurements. All
the sample points for topography were 5 mm apart in the stream-
wise and transverse directions. The rectangular deflector with a
thickness of 0.06 m and a width of 0.08 was 5 m away from the
inlet.

FIG. 1. Recirculating flume and automatic measure system.

FIG. 2. Streak line comparison between experimental (left)
and numerical (right) results.
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The commercial software ANSYS Fluent is used for the numer-
ical simulation. The volume of fluid (VOF) model with the geo-
reconstruct method is used for capturing the free surface. The
large eddy simulation (LES) turbulence model with the dynamic
Smagorinsky-Lilly subgrid-scale model is used, and the Werner-
Wengle wall functions are adopted for the near-wall treatment. The
SIMPLE method is used to couple the pressure and velocity. The
spatial discretization method is bounded central differencing, and
the time discretization method is first order implicit. The computa-
tional domain is meshed using about 3.9 × 106 cells. The average Y+

is about 8, while the other two directions are about 2 times larger.
The velocity profile at the inlet boundary is obtained from a straight
channel numerical simulation.

An eigenvalue-based method is used to calculate the Rortex
value in a relatively efficient way. The Intel math kernel library
(MKL) is used for matrix-related calculations. To implement the
above two points in ANSYS Fluent, a method of calling a dynamic
link library (DLL) with user defined functions (UDF) is adopted.
With this method, the value of Rortex and its three xyz components
at each grid point can be obtained.

The reliability of the numerical simulation is verified by
comparing with the streak lines observed in our open chan-
nel scouring experiment (Fig. 2). The particle track method is
adopted in the numerical simulation to get the streak lines at the
points near the bottom around the corner. Compared with the
streak line observed from the experiment using a dye tracer, the

FIG. 3. Streamwise and spanwise velocity comparison.
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FIG. 4. Relationship between Rortex and Q.

corresponding numerical streak lines were similar and both have a
three-dimensional spiral shape. The differences may be due to the
slight errors in the coordinates of the measuring point.

For a further model-validity verification purpose, the spur dike
flow experiment conducted in Ref. 13 is studied. The whole length of
the flume was 18 m, and it was 0.9 m wide and 0.4 m deep. The com-
putation setting is the same as described above; it has the same Y+

except the computational domain is meshed using about 4.9 × 106

cells. Figure 3 presents the comparisons of streamwise velocity and
spanwise velocity intensities between the experimental and numeri-
cal results along lines 1 to 6. As shown in Fig. 3, the simulation was
generally consistent with the measurement, except at line 1, which
may be due to the deviation of the velocity profile at the inlet bound-
ary between the computationalmodel and the experiment condition.
This proves the numerical model is reliable.

Extracting the Rortex and Q values of each cell in the open
channel scouring case, plotting these two types of values in the X-
Y frame, we find that there is a correlation between them in the left
picture of Fig. 4.

Part of the data points deviate from the fitting curve in the left
picture of Fig. 4 possibly because the value of Q is based on the dif-
ference between vorticity and rate of strain, which cannot represent
the pure rotation. To test this hypothesis, we choose to screen the Q
criterion. The above refers to the symmetric tensor Swith nine com-
ponents, which can be divided into two classes: the relative extension
and angle strain. We prefer to choose an angle strain that repre-
sents the cell deformation as the standard to screen the Q value; the
screening equation is

QModified ≙ {Q (angle strain < α ∗max(angle strain))
0 (else) , (8)

where the angle strain is 1
2
(∂ui
∂xj

+
∂uj
∂xi
). The parameter α of QModified

affects the screening effect. As shown in Fig. 5, we find that 0.6
is the optimal value. The parameter α is set to 0.6 to exclude the
major deformation part. After the screening, it is obvious in the right
picture of Fig. 4 that the point of greatest deviation is suppressed,
and the degree of correlation between Q and Rortex is enhanced.
The deformation could cause the Q value to be misevaluated at
some point. However, the Rortex value excludes deformation and
is unaffected.

After different Rortex values are tested to display the vortex
structures, the Rortex value is determined to be 25, and the corre-
sponding Q value is 400 according to the above correlation equation
between Rortex and Q. In general, except for the shear stress layer
area and deposited sand surface (area 1 and area 2 in Fig. 6, respec-
tively), the vortical structures shown by the two methods are similar.
In the experiment, the dye tracer indicates that there is no vortex
structure near the surface of the sand deposition; hence, the vortical
structures shown by the Q value are not correct in this area. Figure 6
shows the detailed vortex structures near the deflector by Q, Rortex,
and QModified. After screening the Q value, the QModified result obvi-
ously improved near the deposited sand surface. There are almost
no vortices existing on the scouring slope, which is the same as the
Rortex results. It is also consistent with the phenomena observed in
the open channel scouring experiment.

As shown in Fig. 7, the horseshoe vortex system (HV system)
can be observed above the bed along the outer edge of the scour-
ing slope. Experiments14,15 and numerical simulations16 have shown
that the HV system plays an important role in the development of
the scouring slope. The vector property of Rortex provides a new

FIG. 5. Influence of the parameter α on the fitting effect.
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FIG. 6. Differences among the Rortex, Q criterion, and modified Q criterion results.

insight into the HV system. The scatter diagram of Rortex on a
deformed surface 0.05D above the bed is shown in Fig. 8. The size of
each point is determined by the magnitude of Rortex, and the color
is determined by rθ, which represents the angle between Rortex and
the bed,

rθ ≙ ∣90○ − ⟨R⃗,Ð→nb⟩∣, (9)

where Ð→nb is the normal vector of the local bed surface. As shown
in Fig. 8, large wall shear stress occurs near the edge of the scour-
ing slope; meanwhile, the HV system (the dotted area) is observed

along the outer edge of the scouring slope. Furthermore, the color
of the HV system shows that the rotation axes of the vortices in the
system are mainly parallel to the sand bed surface. This series of tan-
gential vortices drives the water above the sand bed surface to rotate
on the normal plane, thus affecting the wall shear stress of the bed.
This may explain the influence mechanism of the HV system on the
development of the scouring slope.

According to the vortex visualization based on the Rortex value,
there are two main paths of vortex shedding near the deflector. One
originates from the shear stress layer near the edge of the deflector,

FIG. 7. Comparisons of the vortex structures induced by the
in-stream structures.

FIG. 8. Left: Rortex on a deformed sur-
face 0.05D above the bed; right: wall
shear stress of the bed.
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FIG. 9. Vortex visualization by Rortex
near the deflector.

FIG. 10. Wavelet variance of Rortex and Q criterion. (a)
Point 1; (b) Point 2; (c) Point 3.

and the other originates from the spiral flow at the bottom of the
scour hole. In the downstream area, the two groups of vortices blend
together and generate a new vortex group. Here, three points (red
points in Fig. 9) inside the vortex generation, transportation, and
interaction regions were monitored for the characteristics of spiral
flow.

Most phenomena in turbulence problems can be represented as
nonstationary series, which exhibit not only trends but also periodic
randomness and abruptness. For the study of this kind of nonsta-
tionary time series, wavelet analysis can clearly reveal the various
changing periods hidden in the time series and fully reflect the
changing trend of the system in different time scales. The main
period of the signal can be found by the wavelet variance, i.e., the
wavelet energy graph. Therefore, the Q value and Rortex value at
the three points are analyzed by a wavelet transform, and Morlet is
used as the wavelet basis. In Fig. 10(a) (Point 1) and Fig. 10(b) (Point
2), the main periods of the minimum scale of Rortex are 0.23 s and
0.3 s, respectively, which are consistent with the 0.3 s vortex gener-
ation period directly observed in Fig. 9. The minimum main period
of Q criterion in Fig. 10(a) is not clear, ranging from 0.17 s to 0.3 s.
The first peak of Q criterion in Fig. 10(b) is consistent with that of

Rortex. In Fig. 10(c) (Point 3), both Rortex and Q criterion deviate
from 0.3 s due to the interaction of vortices. Comparing the local
average angle strain rates at the three points in Table I, the Q cri-
terion and Rortex capture the same main period at Point 2, which
has the smallest average angle strain rate. This further confirms
that the Q criterion is affected by shear deformation, as discussed
previously.

In general, the wavelet analysis of Q criterion and Rortex can
capture periodic phenomena with a period around 0.3 s. Further-
more, Rortex can give a clearer main period value than Q criterion
inside the high deformation region, which confirms the accuracy of
Rortex in capturing physical phenomena.

In conclusion, the comparison between Rortex and Q crite-
rion reveals that Rortex eliminates the shear deformation and can

TABLE I. Local average angle strain rate.

Point 1 Point 2 Point 3

Average angle strain (1/s) 56 25 38
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represent pure local rotation. The screened Q, i.e., QModified, gives a
similar result as Rortex, which confirms the above view. The vector
property of Rortex improves the understanding of the development
of the scouring slope. Through wavelet analysis, both Rortex and Q
criterion give the same main period in the low deformation region,
but Rortex could give a clear main period in the high deformation
region, while Q criterion cannot. Benefiting from the clear physi-
cal meaning of Rortex, the accurate flow data from the LES can be
processed to obtain an accurate vortex structure diagram that can
facilitate the analysis of the generation and transport of vortices and
their impact on the flow field.
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