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Abstract: The Liutex core line method, first combined with the snapshot proper orthogonal decomposition (POD), is utilized in a
supersonic micro-vortex generator (MVG) wake flow at Ma =2.5 and Re, =5760 to reveal the physical significance of each POD
mode of the flow field. Compared with other scalar-based vortex identification methods, the Liutex core line identification is verified to
be the most appropriate approach that is threshold-free and provides full information of a fluid rotation motion. Meanwhile, the Liutex
integration is employed to quantitatively track the evolution of the vortices in MVG wake and is applied to the determination of the
effective control section of the MVG wake for the optimization study of MVG design. The physical mechanism of each POD mode for
multi-scale and multi-frequency vortical structures is investigated by using Liutex core line identification to give some revelations. For
the mean mode (mode 0) indicating the time-averaged velocity flowfield of the MVG wake flow, a pair of primary counter-rotating
streamwise vortices and another pair of secondary vortices is uniquely identified by two pairs of Liutex core lines with Liutex
magnitude. In contrast, mode 1 is featured by a fluctuated roll-up motion of streamwise vortex, and the streamwise component of the
MVG wake is demonstrated to be dominant in terms of the total kinetic energy contribution. Meanwhile, a dominant shedding
frequency of St =0.072 is detected from the temporal behavior of mode 2, which has the organized arc-shaped vortex structures
shedding from MVG induced by the K-H instability. Additionally, mode 4 subjects to low-frequency oscillations of the wall vortices
and thus takes a relatively lower frequency of St =0.044 .
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distortion, flow separation or aerodynamic force
fluctuations, resulting in the performance of aircraft
deteriorating and causing body oscillation. As a

Introduction
Flows such as turbulent boundary layers,
blunt-wakes, jets, and separated flows are dominantly

characterized by some coherent structures with
various spatial and temporal scales, which are posited
to be responsible for significant portions in mass and
heat transfer, turbulent mixing, flow noises and
aerodynamic drag, etc., and thus, these flow structures
are always considered the major objective of flow
control and optimal design for aircraft designers. In
particular, for supersonic flows, the presence of
unsteady and viscous effects such as shock waves,
turbulence, and their interactions may lead to flow
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convenient and effective passive device for most
control of shock-induced flow separation, micro-
vortex generator (MVGQG) is of particular interest in
many industrial applications. Due to its importance in
both scientific research and engineering applications,
many efforts on the study of the control mechanism of
the MVG wake and the distinct coherent structures
(vortices) have been devoted over the past decades.
Coherent structures are organized with large-scale
structures that persistently appear, disappear, and
reappear with a characteristic temporal lifespan,
although they are not explicitly steady in space or
time!'l. They also play an important role in random
and chaotic fluctuations with small scales, due to the
redistribution and partitioning of the turbulent kinetic
energy. Thus, it is obvious that a complete and precise
description of the characteristics of canonical coherent
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structures is vital to deeper understand the physics of
predicting and controlling their evolution in super-
sonic flows. Babinsky et al."” suggested a schematic
illustration of the various vortices in MVG wake by
their experimental study that a small horseshoe vortex,
a pair of primary streamwise vortices, a pair of
secondary vortices originating from the side-wall and
another pair of secondary vortices originating from the
top edges of the ramp are typical in coherent features
of the MVG wake. However, a different conceptual
model of the vortical organization evolution behind
the micro-ramp was given by Li and Liu®. They
noted that the streamwise vortices could generate
initially behind MVG, but decay in a short time and
become rather weak further downstream. However,
the curved shear layer around the wake quickly
becomes unstable and induces the K-H vortices, and
eventually develops into the vortex rings further
downstream.

In recent decades, some remarkable numerical
and experimental high-resolution techniques, such as
direct numerical simulation (DNS), large eddy
simulation (LES) and time-resolved particle image
velocimetry (TR-PIV) have been widely applied to the
accurate capture of unsteady flows at reasonable
spatial and temporal resolutions'®. It seems highly
feasible to extract the salient coherent structures from
numerous numerical and experimental information.
Such multi-dominant coherent motions, however,
bring many challenges in identifying the spatiotempo-
ral characteristics of each category of coherent
structure. Many identification techniques proposed
during the last several decades have been demon-
strated to receive some successes in identifying the
coherent structures. According to Lugt[s], Robinson'®,
an intuitive existence of a vortex can be verified by
closed or spiraling streamlines or path lines in fluid
flow. However, the streamlines or path lines are not
Galilean invariant and thus cannot be used for vortex
identification. A critical point theory was proposed by
Chong and Perry!” to judge the presence of the local
rotational motions. If the velocity gradient tensor of a
three dimensional flow field has a pair of complex
conjugate eigenvalues, the instantaneous streamline
pattern presents a local swirling motion around the
axis of the real eigenvector. The concept of the
vorticity concentration and other vorticity-based
methods[8'9], which are considered as the first
generation (1G) of vortex identification methods, were
widely accepted by many researchers since the
vorticity vector was deemed to provide a mathema-
tical definition of fluid rotation motions. Zhou and
Antonia'"” employed the spatially phase-correlated
vorticity to characterize large-scale organized struc-
tures in a cylinder wake, but it runs into serious
problems in most viscous flows, particularly in

turbulent flows. The fact is that the vorticity cannot
distinguish a vortical region with rotational motions
from a strong shear layer!'!). Concerning this issue,
several scalar-based vortex identification criteria, such

as 0 U AW 3 M U e have been

prompted and extensively applied in many fields, and
these criteria are regarded as the second generation
(2G) of vortex identification methods. However, Q

and A,

compressible flows due to their incompressibility
hypothesis. Additionally, for most scalar-based vortex
identification criteria, the sensitivity to the threshold
change provides a large amount of difficulties in
making a riud§ment to define the boundary of vortical
structures' > %1 As pointed out by Liu et al.'”), these
eigenvalue-based criteria, similar to the wvorticity-
based ones, can also be severely contaminated by the
shearing effect. In our previous work, a novel
. . [17-19]
eigenvector-based method named Liutex/Rortex
was thus proposed to address this issue. As a
systematical definition of the local fluid rotation,
Liutex can provide the scalar, vector and tensor
interpretations. The scalar magnitude of Liutex
represents the local rotational strength and the
direction of the Liutex vector denotes the local
rotation axis, and the Liutex tensor represents the real
rotational part of the velocity gradient tensor. In this
situation, a systematical expression including Liutex
magnitude iso-surface, Liutex vector field and Liutex
lines are of interest for vortex identification in fluid
mechanics. Moreover, a normalized Liutex
method® " combining the ideas of the £2 method
was proposed to represent the relative strength of the
fluid rotation motion for alleviating the sensitivity of
the threshold. Recently, Liu et al.*) summarized the
main idea of the third generation (3G) of vortex
identification methods based on Liutex, and first
presented six core issues of vortex definition including
(1) the absolute strength, (2) the relative strength, (3)
the rotation axis, (4) the vortex core center, (5) the
vortex core size, and (6) the vortex boundary. Aiming
at the fourth issue above, the vortex core center can be
described by Liutex interpretation that the overlapping
Liutex is the center of the vortex core if the Liutex
iso-surface size reduces to a line. Thus, the Liutex
core line, which is defined as a line where the Liutex
magnitude gradient vector is aligned with the Liutex
[23]
vector, was proposed to extract core features™, and
then its automatic identification was carried out by Xu
et al.”?*. Detailed expression for the Liutex definition
will be covered later.

The vortex identification methods mentioned
above have been extensively applied to determine the
common characteristics of the vortices in both
fundamental research and engineering applications.

are restrictive for vortex identification for
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However, their availability and advantages may be
eroded for some flows superimposed with
multi-dominant coherent vortex structures concerned
with spatiotemporal features and fluid dynamics
issues. One way to approach the spatiotemporal
features of multi-scale coherent structures in a precise
and unbiased fashion is to take advantage of the
proper orthogonal decomposition. Proper orthogonal
decomposition (POD) was first utilized in turbulent
flows by Lumley™ to decompose the multi-scale
coherent structures into spatial modes with various
energy levels and its successful application was later
confirmed in various areas of fluid mechanics, such as
coherent structures in a turbulent boundary layer™®®,
Couette flow®”, circular cylinder wake®™", jet
flow**%, laminar separation boundary layer®*! and
MVG controlled compression ramp flow™™, etc..
Meyer et al.B" analyzed the instantaneous velocity
field of a turbulent jet in crossflow from stereoscopic
PIV snapshots by using POD, and indicated that the
wake vortex structures, rather than the jet shear layer
vortices, are the dominant dynamic-structures
responsible for the strong interaction with the jet core.
Cavar and Meyer”” identified the coherent structures
of a turbulent jet in cross flow through POD algorithm
and revealed that the relationship between the
counter-rotating vortex pair, the hanging vortex and
the wake vortices could be illustrated by the first two
POD modes. They also indicated that the shedding
process involving oscillation of the jet core is
responsible for the creation of wake vortices. There
are also some POD studies focusing on exploring the
essence of the complicated spatiotemporal structures
in the supersonic or hypersonic flows. Yang and Fu!*”
extracted the flow structures in supersonic plane
mixing layers from DNS data with the aid of the POD
method and pointed out the main difference between
the incompressible and compressible mixing layers in
terms of the frequency spectrum of POD modes. The
leading POD modes represent most of the turbulence
energy for incompressible flow, while, much more
high-ordered POD modes are needed accounting for
the total energy for compressible flow. For a
NACAO0015 foil wake flow obtained by TR-PIV,
Prothin et al.”® applied POD analysis to highlight the
unsteady nature of the wake flow using phase
averaging based on the leading ordered POD
coefficients to characterize the coherent process in the
near wake of the rudder. Berry et al.’’”) applied POD
on time-resolved schlieren to extract the canonical
flow structures in supersonic multi-stream rectangular
jets and indicated that it is an effective approach for
the identification of the flow physics that dominate
these modern military nozzles. The buzz phenomenon
of a typical supersonic inlet was numerically analyzed
by Luo et al.”* using POD, and their study suggested
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that the dominant flow patterns and characteristics of
the buzzed flow are obtained by decoupling the
computed pressure field into spatial and temporal
sub-parts. Moreover, the first mode represents the
mean features and dominates the global flow field,
while the second mode reflects the dominant
frequency characteristics of buzz.

To date, there have been many numerical and
experimental studies on identifying the wake
structures of MVGP? and exgloring its physical
mechanism of flow control®® O, especially con-
cerning the optimal geometry of MVG to obtain more
effective and efficient alleviation of flow separation or
shock****. However, the lack of a rigorous vortex
definition inevitably is the primary obstacle to
precisely identify the vortical structures of MVG wake
from other structures (e.g., noises, shock waves,
strong shear structures, nonphysical fake vortex
structures, etc.), and thus leads to some
inconsistencies and contradictions on understanding
the corresponding mechanisms in fluid dynamics and
flow control technique. In this study, the Liutex
system proposed in our previous publications, is
applied in a supersonic MVG wake flow with
multi-scale  vortical structures for the vortex
identification as well as the quantitative analysis.
Unfortunately, the works on the mode decomposition
of the MVG wake flow with multi-scale vortical
structures have received little attention with very few
publications. Therefore, a systematical POD analysis
on the MVG wake is carried out to give some
revelations. Meanwhile, the Liutex core line method is
first applied to provide a distinct approach to illustrate
each POD eigenmode.

1. Numerical algorithm and case description

For most supersonic turbulent flows with shock
problems, the conventional WENO scheme can
capture the shock, but cannot perform well in
turbulence simulation due to the overmuch viscous
dissipation effect. Therefore, a bandwidth-optimized
fifth order WENO scheme!*” is utilized to discretize
the convective terms of the compressible Navier-
Stokes equations in this study. For viscous terms,
considering the conservative form of the governing
equations, the fourth order central difference scheme
is used twice to discretize the second order derivatives.
For the discretization of time terms, the explicit third
order total variation diminishing (TVD) Runge-Kutta
scheme is adopted for the temporal terms.

Dimensions of the computational domain with a
MVG are shown in Fig. 1. The axes x, y and z
are in the spanwise, wall-normal and streamwise
directions respectively, and the corner of MVG is
located at x=0. The configuration of MVG follows
the optimization study of Anderson et al.*?), which
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sets o =24°, ¢c=72h and h=4mm, where #

denotes the height of MVG. The declining angle of
the trailing edge behind MVG is set to 70° to
alleviate the difficulty of grid generation. The grid of
the  computational ~domain is n xn,xn =

137x192x1600. The details of the grid generation

and the convergence analysis can refer to the previous
researches ),

10
8

. 6

= 4
2
0
40 4 15
Xop T

Fig. 1 Configurations of (a) The computational domain and (b)
MVG geometry

For the inflow boundary, 20000 instantaneous
turbulent profiles from our previous DNS simulation
results'*®), are adopted to obtain the fully developed
turbulent inflow boundary condition. The top
boundary is set as a far-field boundary condition and
the outlet boundary is set as the outgoing flow without
reflection. The adiabatic, zero-pressure gradient and
non-slipping conditions are adopted for the wall
boundary conditions. The front and rear boundaries in
the spanwise direction are set as periodic boundary
conditions. Furthermore, the initial parameters of the
turbulent flow are listed in Table 1, where Re, is

the Reynolds number based on the momentum
thickness & and 6 is the undisturbed turbulent
boundary layer thickness.

Table 1 Initial parameters of the turbulent flow

Ma, Re, T, T, o U.

© w »

2.5 5760 288.15K 300K 9.44 mm 850 m/s

The simulation of a supersonic flow around a
half cylinder and a sharp wedge using the corres-

ponding difference scheme and the boundary

conditions was previously carried out as the validating

test by our research group, and readers can refer to
. . . [40] .

previous publications for the detailed code

validation.

2. Liutex vector and Liutex core line method

The Liutex vector (previously named
Rortex)!'"” and the Liutex core line method™,
proposed to describe the local fluid rotation
systematically, are respectively revisited in terms of
its mathematical definition, identification approaches
and applications. It has been universally proved that
vorticity @ is not able to precisely represent the
rotation of fluid since it is seriously contaminated by
the shear, thus should be further decomposed into two
parts. One is the rotational part R which contributes
to the fluid rotation (Liutex), and the other is the
non-rotational part § which contributes to the
asymmetric shear.

If the velocity gradient tensor V¥  has a real

eigenvalue A
A, * A4, , the direction of the real

eigenvector should be the axis of a local rotation
motion. Therefore, the normalized direction r of
Liutex vector R, which represents the local rotation
axis, is defined as the real eigenvector of the local
velocity gradient tensor and can be expressed as
VV.r=Ar . The Liutex magnitude R is explicitly

expressed as R=w-r—+/(w-r)’ _4/102,- . The Liutex

vector R is uniquely defined by R=Rr at every
point in a flow field.

Since Liutex is a vector, the Liutex iso-surface,
the Liutex vector field and the Liutex lines obtained
by the integration of the Liutex vector have been
successfully applied to illustrate the skeleton of
hairpin vortex. Figure 2 shows the Liutex vector field
and the Liutex lines distributions on R=0.05
iso-surface for a hairpin vortex in a turbulent
boundary layer simulated by DNSML In Fig. 2(b),
high value of R concentrate to the center of the
vortex head and legs, while equal to zero in the
nonrotational region.

According to Gao et al., the vortex rotation axis
is the concentration of Liutex magnitude gradient lines
as the local Liutex maxima on the plane perpendicular
to this vortex rotation axis line, and the concentration
line is a special Liutex line where the Liutex vector
R is aligned with the Liutex magnitude gradient
VR . The distribution of Liutex magnitude gradient
lines concentrated to a single line in a hairpin vortex is
shown in Fig. 2(c). Thus, the vortex core center or the

and a pair of conjugate complex

eigenvalues
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(d) Liutex core lines

Fig. 2 (Color online) R =0.05 iso-surface of hairpin vortex
in a turbulent boundary layer shown

vortex rotation axis line is defined as a line consisting
of points in the flow field satisfyingVRxr=0
and R > 0. In consequence, the exclusive Liutex core
line is obtained in Fig. 2(d).
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3. Discussion on vortex structures in MVG wake

3.1 Liutex identification

Figure 3 shows the vortex structures in MVG
wake identified by Liutex magnitude iso-surface,
where Fig. 3(a) gives the iso-surface of R=0.6, and
three characteristic vortices marked by A, B and C are
highlighted in Fig. 3(b) and discussed in details. In Fig.
3(b), the vortices A, B and C are extracted from the
wake downstream which are spanwise-, wall-normal-
and streamwise-dominant vortex structures respec-
tively with relatively stronger rotation strength than
those in upstream. According to the mentioned above,
the vortex core line, which can be obtained by
combining the Liutex lines and the Liutex magnitude
gradient lines, is an extrema and exclusive Liutex line
to represent the Liutex tube (vortex) filled with Liutex
lines. Hence, the Liutex core line should be the most
appropriate approach with full information of a fluid
rotation motion, compared with Liutex vector field,
Liutex magnitude iso-surfaces or Liutex lines and
other vortex identification methods. It is always
difficult to determine an optimal threshold for the
vortex identification based on iso-surface, since vortex
tubes are featured by the non-uniformly distributed
rotational strength without a specific characteristic
value. The comparison of R=0.6 and R=3
iso-surfaces in Fig. 3 shows that the visualization
effect is altered by the selection of threshold. To
verify the practicability and accuracy of Liutex core
line 1identification method on our case, both
distributions of the vortex core line and the 2-D
surface streamlines of the vortices A, B and C are
shown in Fig. 4. In Fig. 4(a), the streamlines exhibit a
spiral pattern around the Liutex core line on the
cross-section of the vortex A, and a similar
phenomenon can be found from Figs. 4(b), 4(c). This
indicates that the Liutex core line method is
straightforward, robust and efficient for accurately
extracting the rotation axis of a vortex structure
without any user-specified threshold.

Besides the accurate vortex identification, the
interaction between these identified vortex structures
including the streamwise vortices and the K-H
vortices (vortex rings with both spanwise and
wall-normal characteristics) is also carried out based
on the Liutex vector in the following. An intuitive
view on the rotation strength of vortex structures
behind the trailing edge of MVG can be derived by
plotting the instantaneous contour distribution of
Liutex magnitude in Fig. 5. It can be observed that the
rotation motion is weakened and diffused when
traveling downstream. However, some rules or
patterns can be found from the quantitative analysis.
The Liutex vector is decomposed along the spanwise
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(b) R = 3 iso-surface (zoom view)

Fig. 3 (Color online) Vortex structures in MVG wake identified
by Liutex magnitude iso-surface

(x), wall-normal (y)and streamwise (z) directions.

Integrals of Liutex components are employed to track
the evolution of the strength of the vortical structures.
The Liutex integrals over the crossflow plane are
respectively defined as:

| | |
RO 12345678910

(a) Vortex A

(b) Vortex B

Fop = [[IR Jdxdy, F,, = [[IR, |dxdy,

Fp = [[I R.|dxdy (1

where F

span

is the surface integration of spanwise

Liutex magnitude over each xoy plane, and F
and F,

stream
and streamwise Liutex magnitude, respectively. The
absolute value of each Liutex component is
considered since only the magnitude of the Liutex
integral is of interest. The K-H vortex can be detected
by the peaks of F. =~ or F, . The distributions of

are the surface integrals of wall-normal

pan
the three Liutex integrals over the cross-flow plane
along z direction from one snapshot are displayed in
Fig. 6, and the iso-surfaces of the instantaneous Liutex
components are shown in the top figure to clarify the
relation between the Liutex integrals and the spatial
organization of the flow. The iso-surface of Liutex
components indicates a train of arc-shaped vortices
grow, and quickly break down into a series of smaller
vortices, and continue to travel downstream and
eventually dissipate due to viscosity. In the upstream
region of the MVG wake flow in Fig. 6, the
streamwise vortex performs a regular development to
downstream and F, takes a much higher magni-

stream

BE
R0O12345678910

(c) Vortex C

Fig. 4 (Color online) Three vortices A. B and C identified bv surface streamlines and the vortex core line
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RO 030609 121518 21 24 2.7 3.0

10 12 14

Zh'

Fig. 5 (Color online) Liutex magnitude contour distribution inthe central plane of MVG wake flow

Subzone

Fig. 6(a) (Color online) Instantaneous Liutex integral distributions along the streamwise direction

| | - ‘Rx ‘
—IR”
— —IRe]

Integrals
)

ind , > ; b

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Zh'

Fig. 6(b) (Color online) The corresponding wake flow by iso-
surface of Liutex components

tude value than F and F_ due to the initial

Span nor
period of the vortex generation (before x/h=4).
However, F or F__, which is associated with the

span nor >

vortex shedding of K-H vortices, exhibiting much
stronger fluctuations and larger magnitudes of
integrals than F, while developing along the

stream
and F

pan nor

appear at x/h=12.5, x/h=145and x/h=18.0.1t
indicates that the trailing edge of MVG can be placed
at the location of around 15/ from the baseline of the
controlled area (separation bubble or shock root, etc.),
for the optimization study of MVG design. Meanwhile,
a subzone in Fig. 6 which is characterized by the
spanwise- and  wall-normal-dominant  vortical
structures can be considered as the effective control
section, since the K-H vortex structures with both
wall-normal and spanwise characteristics can maintain
much longer and are more capable to drive the rota-

streamwise direction. The peaks of F,

tion motion in the process of developing downstream
during this section. Moreover, the wake in far
downstream is not considered due to a serious
dissipation of vortices as well as the wall turbulence
effects during this process.

3.2 POD for multi-scale coherent structures

In section 3.1, it is proved that the information
for each vortex can be described by the Liutex core
line with the Liutex magnitude, and the evolution of
the MVG wake flow field can be statistically tracked
by the Liutex vector. To further investigate the
principal components of multi-scale/frequency vor-
tical structures of MVG wake, POD is applied over
200 snapshots of the flow field around MVG in this
study, and both velocity vector and Liutex vector are
selected as the input data. Additionally, the Liutex
core line method is utilized to analyze the features of
each POD mode.

In the case that the number of spatial grid points
(2.8x10") is much larger than the number of time steps
(200) in our case, the snapshot POD method proposed
by Sirovich™*” is used due to the limited memory. The
goal of POD is to obtain a proper orthonormal basis
{w) from a real-valued M xN matrix U=

i=1
r<min{M,N} with
and N denotes the

(u,,u,,"--,uy) of rank

columns u, e R, 1<j<N
number of the snapshots. As a conventional input, the
matrix U consists of the velocity components
u=(u,v,w) , where u, v and w are velocity
y and z directions. The

components in x ,

covariance matrix of velocity R=U'U has the
following expression:
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RA =AA, =12, N @)

where 4, and A, are the eigenvalues and corres-

ponding eigenvectors of auto-covariance matrix R .
The rank of the eigenvalues in descending order is
A=A, 2--->2 A, >0. Then the characteristic function
¢ can be obtained by projecting the matrix U
onto each eigenvector A, and the normalized form
which is called POD mode can be written as

r 1 . )
¢=;ﬁ<A;,uj>RM, j=12,-,N (3)

where <-, > o denotes the canonical inner product in

RY . After the POD modes are obtained, the
reconstruction of each snapshot of the original flow
field can be performed:

N
w,=iu+ya¢, j=2,-N (4)
i=1

aj=¢Tuj, 45:[#,@,"',@,] Q)

where a;, represents the time coefficient of each POD

mode ¢ . The total energy of the flow can be obtained

N
from the sum of all eigenvalues Z}tt . The size r of
i=1
the reduced dimension of the matrix can be determined
by the relative energy in terms of the first » POD
basis vectors according to the following formula

7

24
&(r) =" (6)
24

i=1

The MVG wake flow field is identified by the
iso-surface of R=0.6 is shown in Fig. 7. The
subzone squared by red dotted lines in the figure is
selected for the following POD analysis to reduce the
computation complexity, due to multiple scales and
more regular structures in this subzone. The
parameters of the subzone are given in Table 2.

Table 2 Parameters of subzone

Start/end index Subzone

I (in x direction 34-104
J (in y direction) 15-115
K (in z direction) 621-1 020

The snapshot u; is defined as follows

)
Usy 15,621 1

)
Uj04,15,621
)
U3y 16, 621

)
Uy04,15,621

)
Uiy

)
U104, 115, 1020

()
Visk

()
Wirk

() for j=1,2,---,200 @)

_W104,115,1020

) VR (- W
o L

[ A 3 . Ay
VIS 'é", R~
(:-3:‘;&@-‘“{2; 2

o 14
L'/ )
S

W
)

P
o
N
N

¢ NS 2
SR L
\“vlﬂq\ N

Fig. 7 (Color online) MVG wake flow field identified by R =0.6 iso-surface
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2 and wV”

where u , Vv
components  at

v are velocity

t=(188+0.5))T Thus, the
dimension of the original flow field matrix
U=(u,,u,,,u,,) should be 8605200x200. To

determine a proper number of first » modes to
reconstruct the snapshot, the accumulation energy
(@) for i=1,2,---,200 as well as the eigenvalues

A of the covariance matrix R in descending order

except for the mean mode (mode 0) are shown in Fig.
8. By the distribution of &£(i) which represents the

energy proportion of the first i modes, the first 45
modes contain more than 80% of the total energy,
hinting that there is a wide range of characteristic
energy containing multi-scales contributing to the
velocity fluctuations in the MVG wake flow. In
addition, an intuitive comparison between the original
data and the reconstructed data with the first 45 POD
modes is given in Fig. 9. Figure 9(a) shows the
vortical structures at ¢=188.5T based on the
original data while Fig. 9(b) shows the vortical
structures based on the reconstructed data with the
deterministic part of the flow field being separated
from the random part. From the comparison, the first
45 POD modes successfully reconstruct the flow field
without losing the main fluid structures.

2.0
1:5

1.0

2x10°
()32

0.5

0 50 100 150 200

Fig. 8 (Color online) Eigenvalues of the covariance matrix and
the accumulation energy for 200 POD modes

Prior to demonstrating the significant contribu-
tions of the low-order POD eigenmodes to the
combined modal kinetic energy, the spatial organiza-
tion of the first few characteristic modes is presented
based on Liutex identification. Figure 10 shows four
characteristic POD modes in descending order
respectively  identified by Liutex magnitude
iso-surface (left) as well as the Liutex core line (right).
The mean mode which is contributed by the
time-averaged velocity flowfield is given as mode 0 in
Fig. 10(a). In the figure, a pair of primary
counter-rotating streamwise vortices with the largest
scales is observed by the iso-surface of R=4 and an
asymmetry of these two “legs” hints a remarkable
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(b) Reconstructed data with first 45 POD modes

Fig. 9 (Color online) Vortex structures of the subzone identi-
fied by iso-surface of R=1

3-D coherent characteristics of the average flowfield.
Meanwhile, another pair of counter-rotating
streamwise vortices, which performs a rather weak
rotation strength (Liutex magnitude is smaller) and an
opposite rotation axis direction compared to the
primary one, is found under the primary pair based on
the Liutex core line identification (right figure). This
pair of weak vortices has been discovered in many
experimental researches for the mean flow and
confirmed to be the secondary vortex induced by the
interaction between the primary vortex pair and the
wall.

As a low-order POD eigenmode, mode 1 in Fig.
10(b) accounts for 6%of the total kinetic energy. It
can be observed from R =2 iso-surface in the left
figure of Fig. 10(b), that mode 1 has some similarity
to the mean mode due to the streamwise-oriented
vortical structure distribution, and this means that the
streamwise component of the MVG wake is dominant
in terms of kinetic energy contribution. It is
reasonable that the mode with large-scale structures
contributes the majority to the total energy. However,
different from the mean mode, according to the Liutex
core line and the Liutex magnitude distribution, the
vortical structure of mode 1 has a behavior developing
downstream along with a normal divergence (lifting or
descending) of streamwise vortices and thus becomes
distorted and less organized. Therefore, Mode lis
featured by a fluctuated roll-up motion of streamwise
vortex structures.
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Fig. 10 (Color online) Vortical structures of characteristic POD modes in MVG wake identified by Liutex magnitude iso-surfaces

(left) and by Liutex core lines (right)

On the contrary, the most significant unsteady
feature of the MVG wake structures is revealed by
mode 2 which accounts for 3.6% of the total kinetic
energy in Fig. 10(c). It should be noted that modes 2,
3 are pairing which supports the same vortex
characteristics and thus only mode 2 is discussed here.
Based on Liutex core line distribution, mode 2
presents rather organized arc-shaped vortices
(unclosed vortex rings) shedding with a relatively high
frequency and is featured by high fluctuation as well

as high Liutex magnitude of spanwise- and
normal-oriented vortical structures induced by the
K-H instability. Additionally, another unsteady feature
is reached by the appearance of upright vortices in the
wake, connecting the primary wake trajectory and the
wall vortices. It can be seen from the bottom Liutex
core line with much lower Liutex magnitude that the
upright vortices are roughly aligned with the
wall-normal direction, and periodically shed away
from the upstream.
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Mode 4 with relatively unsteady features is
depicted in Fig. 10(d). It seems difficult to obtain the
new findings from Liutex magnitude iso-surface of
R=2 1in the left figure, but, however, a significant
amount of streamwise-spanwise-oriented flow pa-
tterns are found to be contained in the small-scale
structures according to the Liutex core line distribu-
tion in the right figure, although they are convoluted.
These streamwise-spanwise-oriented vortices are
subject to low-frequency oscillations of the wall
vortices, and the details will be discussed in the
following. In fact, as the POD mode goes to a higher
order, the vortical scale becomes smaller, and the
structures become more fluctuated and incoherent,
thus, the remaining high-order POD modes are not
shown here.

Besides the discussion of the spatial features for
each mode, the temporal behavior of the characteristic
POD modes associated with the multi-scale structures
are also revealed, and the POD coefficients and their

power spectra are respectively depicted in Figs. 11, 12.

In Fig. 11(a), the time coefficients of the mean mode
(mode 0) show extremely small amplitude without any
periodic characteristics, and thus demonstrate their
contributions to the steady part of the instantaneous
flowfield. Although a(¢) of mode 1 is non-periodic,

it shows unsteady temporal characteristics. The
coefficients a(z) of modes 2, 3 in Fig. 11(b) display

extreme fluctuated and periodic curves along with the
number of snapshots of the flowfield N, and match
the behavior of the vortex ring shedding. Meanwhile,
the peak Strouhal number, St=0.072 , is the
dominant high frequency of K-H vortices in MVG
wake (Fig. 12), where St= fh/U_ . In addition,

according to the power spectra of mode 2 in Fig. 12,
another peak frequency with much lower power
(amplitude) can be observed and it indicates the
appearance of upright vortices connecting the primary
wake trajectory and the wall vortices. Mode 4 takes a
relatively lower frequency (Sf=0.044) due to

low-frequency oscillations of the wall vortices.

4. Conclusions

In this study, a line-type vortex identification
method named Liutex core line method, combined
with the snapshot POD (proper orthogonal decompo-
sition) is firstly utilized to analyze and assess the
physical significance of each POD mode of a
supersonic MVG (micro-vortex generator) wake flow
with multi-scale vortical structures. Some conclusions
are obtained and expressed as follows:

(1) The Liutex core line identification is success-
fully applied in our supersonic MVG wake flow case
and verified to be an appropriate approach that
provides full information of a fluid rotation motion,
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Fig. 11 (Color online) Time coefficients of the characteristic
POD modes

compared with other scalar-based vortex identification
methods, that is threshold-free.
(2) The integration of Liutex components are
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Fig. 12 (Color online) Power spectra of the time coefficients of
POD modes

employed to track the evolution of the vortical
structures quantitatively and statistically in MVG
wake. The streamwise vortex detected by F, .
performs a regular development to downstream during
the initial period of the vortex generation but rapidly
decays downstream, however, the K-H vortex
exhibiting much stronger fluctuations and larger

magnitudes of F, =~ and F,, can maintain much

pan nor

longer and are more capable to drive the rotation
motion when developing downstream. Meanwhile, for
the optimization study of MVG design, the effective
control section of the MVG wake can be determined

by peaks of F,_ =~ and F,  through using Liutex

pan
integration.

(3) The physical mechanism of each POD mode
for multi-scale and multi-frequency vortical structures
in the MVG wake is investigated by the Liutex core
line method. Two pairs of counter-rotating streamwise
vortices are identified by two pairs of Liutex core
lines from the mean mode (mode 0), which is
contributed by the time-averaged velocity flowfield,
and the primary pair can be accurately distinguished
from the secondary pair by the Liutex magnitude on
the Liutex core lines. Mode 1 is featured by a
fluctuated roll-up motion of streamwise vortex with
large-scale structures, and the streamwise component
of the MVG wake is demonstrated to be dominant in
terms of the total kinetic energy contribution. Mode 2
(mode 3) reveals the most significant unsteady feature
of the MVG wake which presents the organized
arc-shaped vortex shedding induced by the K-H
instability with a dominant shedding frequency of
St=0.072 . Additionally, another unsteady feature
contributes to the appearance of upright vortices
connecting the primary wake trajectory and the wall
vortices and periodically shedding away from the
upstream. Mode 4 is featured by streamwise-
spanwise-oriented vortices which subject to low-
frequency oscillations of the wall vortices, and thus

takes a relatively lower frequency of St =0.044.

Acknowledgments

This work was supported by the National Natural
Science Foundation of China (Grant No. 51906154).
The computation is performed by using MPI code
“LESUTA” which was developed by Drs. Qin Li and
Chaoqun Liu.

References

[1] Berkooz G., Holmes P., Lumley J. L. The Proper
orthogonal decomposition in the analysis of turbulent
flows [J]. Annual Review of Fluid Mechanics, 1993, 25(1):
539-575.

[2] Babinsky H., Li Y., Pitt Ford C. W. Microramp control of
supersonic oblique shock-wave/boundary-layer interac-
tions [J]. AIAA4 Journal, 2009, 47(3): 668-675.

[3] LiQ., Liu C. LES for supersonic ramp control flow using
MVG at M =25 and Re=1440 [R]. AIAA paper,

2010, ATAA 2010-592.

[4] Zhang Q., Liu Y., Wang S. The identification of coherent
structures using proper orthogonal decomposition and
dynamic mode decomposition [J]. Journal of Fluids and
Structures, 2014, 49: 53-72.

[5] Lugt H. J. The dilemma of defining a vortex. In recent
developments in theoretical and experimental fluid
mechanics [J]. Berlin Heidelberg, Germany: Springer-
Verlag, 1979.

[6] Robinson S. K. A review of vortex structures and asso-
ciated coherent motions in turbulent boundary layers
(Structure of turbulence and drag reduction) [M]. Berlin
Heidelberg, Germany: Springer-Verlag, 1990.

[71 Chong M. S., Perry A. E. A general classification of three
dimensional flow fields [J]. Physics of Fluids A, 1990,
2(5): 765-777.

[8] Saffman P. Vortices dynamics [M]. Cambridge, UK:
Cambridge University Press, 1992.

[9] Haller G., Hadjighasem A., Farazmand M. et al. Defining
coherent vortices objectively from the vorticity [J].
Journal of Fluid Mechanics, 2015, 795: 136-173.

[10] Zhou Y., Antonia R. A. A study of turbulent vortices in the
near wake of a cylinder [J]. Journal of Fluid Mechanics,
1993, 253: 643-661.

[11] Epps B. Review of vortex identification methods [R].
ATIAA paper, 2017, ATAA 2017-0989.

[12] Hunt J. C. R., Wray A. A., Moin P. Eddies, stream, and
convergence zones in turbulent flows [R]. Proceedings of
the Summer Program, Center for Turbulent Research
Report CTR-S88, 1988, 193-208.

[13] Jeong J., Hussain F. On the identification of a vortex [J].
Journal of Fluid Mechanics, 1995, 285: 69-94.

[14] Zhou J., Adrian R., Balachandar S. et al. Mechanisms for
generating coherent packets of hairpin vortices in channel
flow [J]. Journal of Fluid Mechanics, 1999, 387: 353-396.

[15] Liu C., Wang Y., Yang Y. New omega vortex identifica-
tion method [J]. Science China Physics, Mechanics and
Astronomy, 2016, 59(8): 684711.

[16] Zhang Y. N., Liu K. H,, Li J. W. et al. Analysis of the
vortices in the inner flow of reversible pump turbine with
the new omega vortex identification method [J]. Journal

@ Springer



of Hydrodynamics, 2018, 30(3): 463-469.

[17] Liu C., Gao Y., Tian S. et al. Rortex a new vortex vector
definition and vorticity tensor and vector decompositions
[J1. Physics of Fluids, 2018, 30(3): 035103.

[18] Gao Y., Liu C. Rortex and comparison with eigenvalue
based vortex identification criteria [J]. Physics of Fluids,
2018, 30(8): 085107.

[19] Wang Y., Gao Y., Liu J. et al. Explicit formula for the
Liutex vector and physical meaning of vorticity based on
the Liutex-shear decomposition [J]. Journal of Hydro-
dynamics, 2019, 31(3): 464-474.

[20] Dong X., Gao Y., Liu C. New normalized Rortex/vortex
identification method [J]. Physics of Fluids, 2019, 31(1):
011701.

[21] Liu J., Liu C. Modified normalized Rortex/vortex identi-
fication method [J]. Physics of Fluids, 2019, 31(6):
061704.

[22] Liu C., Gao Y. S., Dong X. R. et al. Third generation of
vortex identification methods: Omega and Liutex/Rortex
based systems [J]. Journal of Hydrodynamics, 2019, 31(2):
205-223.

[23] Gao Y. S, Liu J. M,, Yu Y. et al. A Liutex based
definition and identification of vortex core center lines [J].
Journal of Hydrodynamics, 2019, 31(3): 445-454.

[24] Xu H., Cai X. S., Liu C. Liutex (vortex) core definition
and automatic identification for turbulence vortex
structures [J]. Journal of Hydrodynamics, 2019, 31(5):
857-863.

[25] Lumley J. L. Atmospheric turbulence and wave propa-
gation. The structure of inhomogeneous turbulence [J].
Journal of Computational Chemistry, 1967, 23(13):
1236-1243.

[26] Sen M., Bhaganagar K., Juttijudata V. Application of
proper orthogonal decomposition (POD) to investigate a
turbulent boundary layer in a channel with rough walls [J].
Journal of Turbulence, 2007, 8(41): N41.

[27] Moehlis J., Smith T. R., Holmes P. et al. Models for turbu-
lent plane Couette flow using the proper orthogonal
decomposition [J]. Physics of Fluids, 2002, 14(7):
2493-2507.

[28] Bergmann M., Cordier L. Optimal control of the cylinder
wake in the laminar regime by trust-region methods and
POD reduced-order models [J]. Journal of Computational
Physics, 2008, 227(16): 7813-7840.

[29] Wang H. F., Cao H. L., Zhou Y. POD analysis of a
finite-length cylinder near wake [J]. Experiments in Fluids,
2014, 55(8): 1790.

[30] Meyer K. E. E., Pedersen J. M., Ozcan O. A turbulent jet
in crossflow analysed with proper orthogonal decomposi-
tion [J]. Journal of Fluid Mechanics, 2007, 583: 199-227.

[31] Schlatter P., Bagheri S., Henningson D. S. Self-sustained
global oscillations in a jet in crossflow [J]. Theoretical
and Computational Fluid Dynamics, 2011, 25: 129-146.

[32] Cavar D., Meyer K. E. LES of turbulent jet in cross flow:
Part 2-POD analysis and identification of coherent
structures [J]. International Journal of Heat and Fluid
Flow, 2012, 36: 35-46.

[33] Jin C., Ma H. POD analysis of entropy generation in a
laminar separation boundary layer [J]. Energies, 2018, 11:
3003.

509

[34] Chen Z., Kong X. P., Li T. J. et al. MVG control on the
supersonic compression ramp flow [C]. 31st International
Symposium on Shock Waves, Nagoya, Japan, 2019,
1033-1040.

[35] Yang Q., Fu S. Analysis of flow structures in supersonic
plane mixing layers using the POD method [J]. Science in
China Series G: Physics, Mechanics and Astronomy,
2008 , 51(5): 93-110.

[36] Prothin S., Djeridi H., Billard J. Y. Coherent and turbulent
process analysis of the effects of a longitudinal vortex on
boundary layer detachment on a NACAO0015 foil [J].
Journal of Fluids and Structures, 2014, 47: 2-20.

[37] Berry M. G., Magstadt A. S., Glauser M. N. Application of
POD on time-resolved schlieren in supersonic multi-
stream rectangular jets [J]. Physics of Fluids, 2017, 29(2):
020706.

[38] Luo W., Wei Y., Dai K. et al. Spatiotemporal characteriza-
tion and suppression mechanism of supersonic inlet buzz
with proper orthogonal decomposition method [J].
Energies, 2020, 13(1): 217.

[39] Sun Z., Schrijer F. F. J., Scarano F. et al. The three-
dimensional flow organization past a micro-ramp in a
supersonic boundary layer [J]. Physics of Fluids, 2012,
24(5): 055105.

[40] Li Q., Liu C. Implicit LES for supersonic microramp
vortex generator: New discoveries and new mechanisms
[J]. Modelling and Simulation in Engineering, 2011,
934982.

[41] Wang B., Liu W., Zhao Y. et al. Experimental investi-
gation of the micro-ramp based shock wave and turbulent
boundary layer interaction control [J]. Physics of Fluids,
2012, 24(5): 055110.

[42] Anderson B., Tinapple J., Surber L. Optimal control of
shock wave turbulent boundary layer interactions using
micro-array actuation [R]. AIAA paper, 2006, AIAA
2006-3197.

[43] Dong X., Chen Y., Dong G. Study on wake structure
characteristics of a slotted micro-ramp with large-eddy
simulation [J]. Fluid Dynamics Research, 2017, 49(3):
035507.

[44]Li L., Huang W., Yan L. et al. Numerical investigation and
optimization on the micro-ramp vortex generator within
scramjet combustors with the transverse hydrogen jet [J].
Aerospace Science and Technology, 2019, 84: 570-584.

[45] Dong X., Yan Y., Yang Y. et al. Spectrum study on
unsteadiness of shock wave-vortex ring interaction [J].
Physics of Fluids, 2018, 30(5): 056101.

[46] Liu C., Yan Y., Lu P. Physics of turbulence generation and
sustenance in a boundary layer [J]. Computers and Fluids,
2014, 102: 353-384.

[47] Sirovich L. Turbulence and the dynamics of coherent struc-
tures. I-Coherent structures. II-Symmetries and transfor-
mations. III-Dynamics and scaling [J]. Quarterly of
Applied Mathematics, 1987, 45(3): 561-571.

@ Springer




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


