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ABSTRACT

Jet in cross flow is an important issue in engineering practice, for example, it is used to improve
turbine efficiency in film cooling. In this study, the large eddy simulation and the spectrum analysis
are employed to analyze the vortices in a jet in cross flow. The results show that the Rortex method
more accurately identifies the vortex structures than other methods. In the analysis of the evolution
of the spatial vortex structures, it is affirmed that the spectrum analysis using the Rortex value can
effectively identify the characteristic vortex structures in a jet in cross flow.

1. Introduction

Mixing processes in a jet in cross flow (JICF) (Marga-
son, 1993) (in which a jet is injected into a uniform free
stream) are of fundamental importance in engineering
practice such as pollutant formation, chemical reactions
and film-cooling. In early numerical investigations of the
JICE, vortex methods (Coelho & Hunt, 1989; Cortelezzi
& Karagozian, 2001; Margason, 1970) and Reynolds-
averaged Navier-Stokes method (Demuren, 1993; Sykes
et al,, 1986) had been applied with rough vortex iden-
tification. Recently, JICF was studied carefully using
the large eddy simulation (LES). The effect of counter-
rotating vortex pair (CRVP) was investigated of a round
jet in cross-flow (Yuan et al., 1999). And the evolution
of mean velocities, resolved Reynolds stresses, and tur-
bulent kinetic energy along the centre line were also
analysed. The momentum and scalar fields of LES were
compared with the second order turbulence closure cal-
culations (Mengler et al., 2001). The detailed of the flow
topologies and turbulence scales in the jet-in-cross-flow
were presented using LES with a highly resolved grid
and well controlled boundary conditions (Ruiz et al.,
2015). Direct numerical simulation method (Grout et al,,
2011; Muppidi & Mahesh, 2007) was also employed to
investigate the mechanism of JICE.

In the engineering applications, the efficiency and
optimization of mixing processes has been strongly
investigated. For example, film-cooling technology has
been wildly used in combustion chamber and turbine
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blade to isolate hot gas and protect the surface (Gold-
stein, 1971). However, the physics of the mixing processes
are extremely complex. In the downstream of a single row
of film cooling holes, the cooling effectiveness drops due
to the mixing of mainstream and coolant flow. Mean-
while, most of the film cooling correlations in published
literatures were mostly focus on the blowing ratio (BR),
inclined angel, the shape of the hole and so on (Goldstein
et al., 1974; Gritsch et al., 1998; Hasan et al., 2003; Heid-
mann & Ekkad, 2008; Islami & Jubran, 2012; Islami et al.,
2010; Khajehhasani & Jubran, 2016; Ming Li & Hassan,
2015; Yuen & Martinez-Botas, 2003). In the film cool-
ing process, abundant vortex structures are generated and
transported owing to the interaction between the jet flow
and the cross flow (Kelso et al., 1996). The generation
and transportation of vortices affect the heat and mate-
rial exchange. The results of a spectral analysis indicated
a high correlation between the shedding period of the
CRVP and the film-cooling effectiveness (Chen et al.,
2020). Thus, further investigations of the vortex effect in
the jet in cross flow process are in great demand to help
to predict the cooling effectiveness distributions (Ekkad
& Han, 2013).

In previous studies, many vortex visualization meth-
ods (Chong et al., 1990; Hunt et al., 1988; Jeong & Hus-
sain, 1995; Zhou et al., 1999) are proposed based on the
velocity gradient tensor. Differ from these methods, Liu
and his collaborators proposed a novel method, Rortex
(Gao & Liu, 2019; Liu et al., 2018; Tian et al., 2018).
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The Rortex method makes it definite physical meaning
by different decomposition of the velocity gradient ten-
sor (Sun, 2019; Vaclav, 2007). Zhan et al. (2019) proved
that Rortex has better advantages than Q criterion in
hydraulic engineering application. In the current study,
four methods, Rortex, Q criterion, Lambda-2 criterion
and swirling strength are chosen to visualize the vortex
structures. Spectrum analysis is employed to determine
the generation frequency of vortex.

2. Models and configuration

The eigenvalues (1) of the velocity gradient tensor (V)
satisfies the following equation:

MEPA2+ QL+ T=0 (1)

Here, P, Q and T are three invariants of the velocity gra-
dient tensor. The velocity gradient tensor can be decom-
posed into two parts as follows:

o1 |
Vi = (Vi vl + SV = vwh=S+Q (2

Here S is the symmetric part known as the rate of strain
and 2 is the anti-symmetric part known as the vorticity
tensor.

The Q criterion (Hunt et al., 1988) is directly derived
as follows:

1
Q= 5(||9||2 —1ISI1%) (3)

The Q criterion defines Q > 0 to represent the existence
of a vortex. In other words, the vorticity magnitude is
greater than the magnitude of the rate of strain in the
vortices areas.

If the unsteady and viscous terms in the incompress-
ible Navier-Stokes equation are ignored, then $* + Q? =
—V(Vp)/p. Here p is pressure and p is density. The
Lambda-2 criterion (Jeong & Hussain, 1995) is defined as
the second largest eigenvalue o of $* + Q2 with o < 0.
When there are two negative eigenvalues, the pressure is
a minimum in the plane formed by the corresponding
eigenvectors of these two negative eigenvalues.

If Equation (1) has complex eigenvalues, then the
velocity gradient tensor can be decomposed as follows:

Ay 0 0
Vv = [Vr v vei] | O Acr Aci | [Vr Ver Vci]_l 4)
0 _)\ci )\cr

Here Ay, Ay % ik are eigenvalues, v, v, & iV, are the
corresponding eigenvectors. Swirling strength (Zhou
etal., 1999) is defined as A, since it represents an instan-
taneous angular velocity in the local surface coordinate
system formed by the three eigenvectors.

Rortex (Liu et al., 2018) represents the local fluid
rotation. In the Rortex method, By applying a coordi-
nate rotation A (Equation (6)), the rotation axis in the
local coordinate system is the Z axis, and the rotation
intensity can be obtained in the local coordinate system
(Equation (7)).

Vy-7=AF (5)
oUu JU 0
X 0dY
Vi = AviaT = | 2V 9V (6)
X 0dY
ow aw W
X dY 09z
2B—a), a?—p*><0
R= 2 2
0, ac—B >0

G
2 Y 00X 0X 0dY
pod (2 2)
2\0X 0Y
R=FR7 7)
The BR is defined as follows:

BR = pctic/ pootioo (8)

Here u, represents the coolant jet velocity, 1, represents
the cross-flow velocity, and p, and poo represent the jet
flow and cross-flow densities, respectively.

The film-cooling effectiveness is scaled by temperature
and is defined as follows:

n= (Tad,w — Too)/(Te — Teo) %)

Here T,4, represents the adiabatic wall temperature,
T, represents the coolant jet flow temperature, and Too
represents the hot cross-flow temperature.

Figure 1 shows the configuration and boundary con-
ditions of the simulation. Base on the square jet diameter
and the cross-flow velocity, the Reynolds number, Re =
PUoo/D is approximate 9300, where D = 12.7 mm is the
diameter of the square jet hole.

The numerical simulation is performed using ANSYS
Fluent 15.0. The LES Smagorinsky-Lilly model with con-
stant C; = 0.1 is employed as the turbulence model
with SIMPLE (Semi-Implicit Method for Pressure Linked
Equations) as the pressure-velocity coupling algorithm.
Pressure interpolation, convection and viscous dis-
cretization schemes are all second order. Time discretiza-
tion scheme is bounded second-order implicit. The relax-
ation factor of pressure is 0.5, the relaxation factor of
density is 1, the relaxation factor of body force is 1, and
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Figure 2. Grid independence test, mesh 1 (-), mesh 2 (-), mesh 3 (-).

the relaxation factor of momentum is 0.6. To ensure that
the Courant number is less than 1.0, the non-dimensional
time step is set to approximate 0.17D/u.. Statistical data
sampling were obtained over a period of 90000D/
when the statistically steady state has been reached. The
velocity profile with a boundary layer at the inlet bound-
ary is obtained in a straight channel numerical simulation
without the jet hole. The Rortex, Q criterion, Lambda-2
criterion and swirling strength are calculated using User
Defined Functions.

3. Validation

The grid independence test is conducted for the case
with a BR of 0.5. Three different meshes are selected
for comparison: mesh 1 with averaged y+ = 2.40, mesh
2 with averaged y+ = 1.59 and mesh 3 with averaged
y+ = 0.72. All the three meshes have approximately
5,000,000 cells. Figure 2 shows the time-averaged stream-
wise velocity profiles calculated using the three meshes.
The calculated velocity profiles are similar for the mesh
2 and mesh 3, while the velocity profiles of mesh 1 have
differences near the wall region at X/D = 3, X/D =5
and X/D=38. Therefore, mesh 2, with approximately
5,000,000 grid cells and averaged y+ = 1.59 is selected
for the subsequent simulations.

The validation of the numerical simulation is veri-
fied by comparing with the experimental results. Figure 3
shows film-cooling effectiveness of Kohli and Bogard
(1997), and Figure 4 shows the velocity and turbulence
profiles of Pietrzyk et al. (1989). The film-cooling effec-
tiveness is a little lower near the jet hole because of the
shedding of the vortex. The velocity profiles are in good
agreement with the experimental measurements, except
in the u direction of the line (Y/D = 0, Z/D = 0.3),
which may be due to the interaction between the jet
flow and the cross flow. Therefore, the LES with dynamic
Smagorinsky-Lilly subgrid-scale model is reliable.

4, Results and discussion
4.1. Comparison of vortex identification methods

Extracting the values of Rortex, Q criterion, Lambda-
2 criterion and swirling strength of each cell in the
case, plotting them in the X-Y frame, we can obtain the
correlation between Rortex and the other three quanti-
ties, as shown in Figure 5. The fitting method is poly-
nomial. For the correlation of Rortex - Q criterion
and Rortex - Lambda-2 criterion, cubic polynomial has
the best effect; for the correlation of Rortex - swirling
strength, quadratic polynomial is the best. As can be
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Figure 3. Comparison of the experimental measurements of Kohli and Bogard (1997) with the film cooling effectiveness from the
numerical simulations at (a) BR = 0.5, (b) BR = 1.5.

0.8 il
. —cal_u/U —cal_u/U - —cal_u/U
0.6 o exp_u/U o eXp_U/U ; a eXp_u/U
- -~cal_w/U ~—cal_w/U 06 -—cal_w/U
> exp_w/U cexp_WU||  , > exp_w/U|
02 =
S 0.2 ./,0:)77‘07’\6\0\ .
0 = : o i kgponitgls? P
Y/D=0,Z/D=0 Y/D=0,Z/D=0.15 . Y/D=0,Z/D=0.3
70'2—3 1 1 3 >0‘2,3 1 1 3 =3 ] 1 3
X/D X/D X/D
1 0.5 0.5
o8] —cal_u/U B Sqrt(k)/U | —cal 9 Sqrt(k)/U | —cal
5 ° exp_u/U ° exp ’ ° exp
0.6 args
& [ealvll 1 osl v/p=0,2/D=03 03 Y/D=0,2/D=0.15
04t X/D=3.26, ° exp_v/U
ool ZHD=0.15 ~cal wil || o2 ;
° exp_w/U e e
0} oo eRBReHR e mmmm o
-0.2 0 0
-2 -1 0 1 2 -4 -2 0 2 4 -4 -2 0 2 4
Y/D X/D X/D
1
—cal_u/U
0.8 I
L o exp_u/U
os| X/D=0.74, --cal_v/U
- Z/D=O.15 S, o eXp__V/U
g /'j"'cal_w/U
25 &x ’g*g' |2 exp_w/U
0 \\099,7
-0.2
-2 1 0 1 2
Y/D

Figure 4. Comparison of the experimental measurements of Pietrzyk et al. (1989) with velocity and turbulence profiles from the
numerical simulations at BR = 0.5.

seen from Figure 5, Rortex has a highest correlation with ~ corresponding to the determined Rortex value can be
swirling strength, followed by Q criterion, and Lambda-  obtained, as shown in Table 1. In the following text, we
2 criterion is the last. According to the fitting formu-  choose Rortex = 300 for BR = 0.1 and Rortex = 600 for
las in Figure 5, the values of the other three methods  BR = 0.5 to visualize the vortex structures.
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Rortex =300

Swirling strength =280

Figure 7. The vortex visualization by Rortex, Q criterion, Lambda-2 criterion and swirling strength at BR = 0.5.

Table 1. Correspondence of the threshold of each method.

Rortex Q Lambda-2 Swirling strength
300 88000 —70000 280
550 230000 —210000 490
600 260000 —250000 530
650 300000 —290000 570

By comparing the vortex structures in Figures 6 and
7, it is confirmed that the value of Q criterion, Lambda-
2 criterion and swirling strength corresponding to the

selected Rortex value determined by the above method
is correct. All the four methods have a high similarity in
the identification of the global vortex structures, but there
are still differences in local areas.

To further illustrate this local difference, Figure 8
shows the vortex group in the evolution region of the
downstream at the case BR = 0.5. The overall vortex
structures are all basically the same, but there are still
some differences, as shown in the red square. Both of Q
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Figure 8. Vortex visualization by Rortex, Q criterion, Lambda-2 criterion and swirling strength with different values and 3D streamlines

at BR = 0.5.

criterion, Lambda-2 criterion and swirling strength have
a zigzag crown vortex structure on the windward side. In
contrary, a smooth vortex structure is identified by the
Rortex method. In general, there are few zigzag edges in
the vortex structure of non-obstacle flow field, because
the existence of vortices represents local rotation, and
the zigzag edge indicates that the fluid has undergone
severe twisting disturbance. And the streamline here is
smooth without distortion. This proves that the zigzag

vortex structure is unrealistic. Therefore, it is more accu-
rate to use Rortex method than other methods to analyze
the characteristics of the vortex structures.

4.2. Analysis of vortex evolution

In order to quantitatively study the periodic phe-
nomenon, the measurement points for Rortex value near
the jet hole are selected, and the power spectrum density
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Figure 9. The vortex visualization by Rortex method and the
monitoring points at BR = 0.1.

analysis is employed. The dominant vortex structures are
generated around the jet hole as shown in Figure 9. Mon-
itoring point 1 is placed at the transmission path of the
horseshoe vortex and shear vortex, and monitoring point
2 is placed at the point where the two vortex structures
have already merged.

In Figure 10, the shedding process of the horseshoe
vortex is shown at BR = 0.1. The horseshoe vortex visu-
alized by Rortex method marked with red line sheds from
the wall and can maintain the structural integrity when
passing through the jet hole. At T = 15ms, the horse-
shoe vortex sheds from the leading side of the hole and
the middle of it is raised by the jet flow with its two sides
still kept on the wall surface. At T = 17 ms, it is clearly
seen that the horseshoe vortex is totally raised up and
shed off. However, the hovering vortex generated inside
the jet hole keeps close to the inner wall and does not shed
off.

Figure 11. The horseshoe vortex by Rortex method of the periodic times at BR = 0.1.
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Figure 13. The shear vortex by Rortex method of the periodic times at BR = 0.1.

The shedding period of the horseshoe vortex is
observed in Figure 11. It can be seen that the horse-
shoe vortex structures in different times are similar and
have obvious periodicity. Therefore, the shedding of
the horseshoe vortex is a relatively stable periodic phe-
nomenon. The horseshoe vortex sheds from the wall with
a period of approximately 17 ms, therefore the frequency
of this periodic phenomenon is estimated to be 1/ 0.017
s = 58.8 Hz.

Figure 12 shows the shedding process of the shear vor-
tex by Rortex method at BR = 0.1. The shear vortex is
marked with the red line. As shown in the Figure 12,
the shear vortex is formed at the rear of the jet hole
at T = Oms. At first, the middle of it starts to disen-
gage from the jet hole at T = 1 ms. As the shear vortex
transports to the downstream region, it is distorted and
passing through monitoring point 1 at T = 3 ms. Eventu-
ally, the shear vortex sheds from the jet hole at T = 4 ms.

Meanwhile, a shed shear vortex is also passing through
the monitoring point 2.

In Figure 13, it can be seen that the shedding period of
shear vortex is relatively stable, but the shape of the shear
vortex is not. There are 4 complete cycles in 0.023 s, so
the shedding period of shearing vortex is about 0.0055 s,
and the frequency is about 180 Hz.

The spectrum analysis of Rortex values at point 1 and
point 2 are shown in Figure 14. The relative dominate fre-
quency: 60 Hz is corresponding to shedding frequency of
the horseshoe vortex and 180 Hz is corresponding to the
shedding frequency of the shear vortex in both measuring
points. It is worth noting that although the vortex struc-
tures corresponding to 60 and 180 Hz are found, there are
no corresponding vortex structures whose frequency are
120 and 240 Hz. Because the energy around 120 Hz is so
large at point 1, and then it moves to 150 Hz, we specu-
late that the 120 Hz is the frequency of the entire vortex
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Figure 14. The power spectrum density of Rortex values at BR = 0.1.

group. Both of 120, 180 and 240 Hz disperse from point
1 to point 2. In addition, the energy of 240 Hz is small at
point 1 but relatively large at point 2, but the frequency is
so high that we could not find the corresponding vortex
structure in the numerical results. We think it reveals the
evolution of a small vortex inside the vortex group.

The vortices visualized by Rortex method near the jet
hole and monitoring points at BR = 0.5 are shown in
Figure 15. In contrast to BR = 0.1, the horseshoe vor-
tex stays at the leading side of the jet hole and does not
shed from the wall when BR = 0.5, owing to the strong

retard effect of the jet flow. Instead, the hovering vortex
generated inside the jet hole sheds off. In Figure 16, the
shed process of the hovering vortex marked with the red
line is clearly shown. The hovering vortex is formed at the
leading side of the jet hole at T = 1 ms. At first, the mid-
dle of it starts to disengage from the jet hole and be raised
up by the jetflow at T = 2 ms, while its two legs are trans-
ported more quickly to the downstream region. As the
hovering vortex transported to the downstream region, it
is raised up with its two legs linked to the wall and passing
through monitoring point 1 at T = 5 ms. Eventually, the
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Figure 15. The vortex visualization by Rortex method and the
monitoring points at BR = 0.5.

T=2ms

T=3ms

hovering vortex mixes with the shear vortex and sheds
from the jet hole. In Figure 17, the shapes of the hovering
vortex of the periodic times are similar, so the shedding
period of the hovering vortex is about 0.005 s (200 Hz).

However, the shear vortex is strengthened by the
shearing effect and the shape of the vortex is not fixed,
so it is difficult to identify the generation of vortex from
observation.

In the spectrum analysis of BR = 0.5 as shown in
Figure 18, the dominant frequency is 200 Hz (0.005 s) at
both point 1 and point 2, corresponding to the shedding
frequency of the hovering vortex. The shapes of them are
similar indicating that both the points are affected by the
same group of vortex. Compared to the case of BR = 0.1,
point 1 and point 2 are completely inside the vortex struc-
tures. The power spectrum density of the main frequency

T=4ms T= 5ms

Figure 17. The hovering vortex by Rortex method of the periodic times at BR = 0.5.
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Figure 18. The power spectrum density of Rortex values at BR = 0.5.

is significantly prominent. Therefore, the spectrum anal-
ysis can be used to identify the shedding frequency of the
dominant vortex structures.

5. Conclusion

The jet-in-cross-flow of different values of BR is inves-
tigated by using LES, the vortex structures are identi-
fied using Rortex, Q criterion, Lambda-2 criterion and

swirling strength method. Compared with the four meth-
ods, all of them could give similar global vortex struc-
tures, while the Rortex method provides more precisely
local vortex structures without unrealistic parts.

The spectrum analysis based on Rortex value can
effectively identify the shedding frequency of dominant
vortex structures in the jet-in-cross-flow process. In the
case of two BRs (0.1 and 0.5), the dominant vortex struc-
tures has a relatively stable shedding period. When the
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BR = 0.1, the horseshoe vortex at the leading side of the
jet hole sheds off with a shedding frequency of 60 Hz,
and the hovering vortex is stable inside the jet hole. The
period of the shear vortex is relatively stable, but the
shape of the shear vortex varies. When BR = 0.5, due
to the enhanced retard effect of the jet flow, the horse-
shoe vortex is stable in leading side of the jet hole without
shedding off, while the hovering vortex is brought out
and shedding off with a frequency of 200 Hz owing to the
enhancement of the jet flow. The shear vortex is strength-
ened by the shearing effect and it is hardly observed.
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