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Il Introduction

Coherent motions

Hairpin & hairpin Large-scaie motion

vortex packets J

Coherent structures make a significant contribution
to the time averaged statistics of the flow.




Il Introduction

r_l Generation mechanism L\
T

1. Developed from perturbation wave

‘"“”—»ﬂ?-»’?

2. Quasi-streamwise vortex developed into hairpin

777

3. Auto generation hairpins (Secondary /Tertiary)

1
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New ideas on vortex generation and self-maintenance
mechanism in turbulent boundary layer ?



Il Introduction

Flow field measuring method

Measurements - - |
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Tracer particle flow visualization technology — . 100 200 200
etc. %/ (mm)
SmOke hydrogen bUbee dye — velooity distnbution without probe n flow

Single-Frame and Long-Exposure (SFLE)

Particle Image Velocimetry (PIV) —
etc.

2D PIV  Tomographic PIV «——

Holographic PIV

Particle Tracking Velocimetry (PIV)

Particle Streak \elocimetry (PSV)



Il Introduction

[ Flow field measuring method }
r Measurements ‘ h
AL ‘., ) e Hairpin
/ \ p- B - vortices

Hot-Wire (Film) Anemometer (HWFA)
Laser Doppler Velocimetry (LDV)

Tracer particle flow visualization technology —

smoke hydrogen bubble dye SR

Single-Frame and Long-Exposure (SFLE)

Particle Image Velocimetry (PI1V) —
etc.

2D PIV  Tomographic PIV <——
Holographic PI1V

Particle Tracking Velocimetry (PIV)

Particle Streak \elocimetry (PSV)

.




Il Introduction

~ Flow field measuring method
a ‘ ‘ )

Measurements

AN
a I

Hot-Wire (Film) Anemometer (HWFA)

Jet direction

Laser Doppler Velocimetry (LDV)

Tracer particle flow visualization technology — {3

smoke hydrogen bubble dye SR

Single-Frame and Long-Exposure (SFLE)

B

Particle Image Velocimetry (PI1V) —
etc.

2D PIV  Tomographic PIV «——

Holographic PI1V

Particle Tracking Velocimetry (PTV)

Particle Streak \elocimetry (PSV) A

k Source: G. E. Elsinga, et al.




Il Introduction

-

~ Flow field measuring method

~

Measurements
r N methods globality contactless qualitative quantitative instantaneity
Hot-Wire (Film) Anemometer (HWFA)
HWFA x x x v -
Laser Doppler Velocimetry (LDV) LDV % N % N i
Tracer particle flow visualization technology — flow
etc. visualiz \ \ \ X -
hydrogen bubble smoke  dye «— ation
Single-Frame and Long-Exposure (SFLE) SFLE N N X N low
Particle Image Velocimetry (P1V) o PIV \ \ X \ high
2D PIV  Holographic PIV
> Our Work Tomographic PIV <—
Moving-Single-Frame and Long-Exposure (MSFLE) n1_.sELE v v v v low
Qoving-Particle Image Velocimetry (MPIV) M-PIV v v X v high
¢/ Interaction between coherent structures; ¢ \ortex generation and evolution
¢/ Non-contact; ¢ Globality; ¢ Qualitative; ¢ Quantitative (high accuracy) 7



Il Measuring system & Equipment

Measuring system

@ Laser

Flow direction

Channel
Camera ~y

Stracer particles
S
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light sheet

ack rail

Circulating water tunnel

constant water tank
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water pump fl
water tank oater
flow meter

Light sheet arrangement

Light sheet

e,
Camera

(a) Streamwise-wall

normal direction direction

Light sheet

L;m‘ -

(b) Streamwise-spanwise

Tracer particle
Exposure time
Laser

XIMEA
camera

Lens

Tunnel
parameters

Flow condition

Camera U,
1357 -

PSP (5um) PMM (10um)

100~200ms 0.5ms~5ms
Wavelength 450nm, Power 4W

Pixel size 4.8um,
Resolution 1280x 1024
M=0.14 M=0.13

Cross area = 80x80mm
X =400mm ~ 1300mm
6 =10mm ~ 20mm, Regy = 97~194

Moving speed 80~100 mm/s
Flow rate 1.6 m%h

Camera ‘ Ue
537

Y4 .
E z
Uy, x /_,ig,hl sheet

y z
U, Light sheet
Yo, x
T
Laser ‘ U,

(c) Inclined to the flow
direction (angle of
inclination is set as 135°)

T
Laser ‘ Ue,

(d) Inclined to the flow
direction (angle of
inclination is set as 53°)




) 1. Identification & quantification of vortex generation

® Trajectory tracking of a hairpin head generation by Moving-SFLE

@ (U* = 0.9 exposure time 100 ms and the frame rate 9.995 fps)

et A y

sweep Mear layer
7
/
saddle point
v

clockwise JATTTN
. . vortex /‘/\
» Strong Q2 and Q4 events induce the spanwise shear to connect the g / o
gjection
streamwise vortices in downstream and then develop into a hairpin / ‘2

“ small anticlockwise vortex

vortex.



) 1. Identification & quantification of vortex generation

® Spatio-temporal evolution of a hairpin head generatlon by Moving-PIV

A-_IJ_IJ-

3 BT P G Serra - 0 S == i K L q E. s
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@t =0 (b) t* =10.2 ©tr=16.1 (d)t* = 28.6
Process of vortex generation and evolution by u (up), |w| (bottom)

> Vortex identification by Liutex == A new definition of fluid rigid rotation

Basic idea : Vorticity decomposition 7 = 4 § R=R-7 VV.-F=2A7

Rza-f—\/(a-f)z—ugi

W Strength R: It is determined in the plane normal to the direction of the real eigenvector.

. ™ Direction 7: The real eigenvector of the velocity gradient tensor vy




) 1. Identification & quantification of vortex generation

® Spatio-temporal evolution of a hairpin head generation by Moving-PI1V
» Quantitative statistics based on Liutex integration

W Proposed a statistical approach I I i v

for 2D/3D experimental data. 3 : T
[ SL ! AE e % e e  as
R 25| | O Y! ]
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Rynt is Liutex integral Temporal distributions of Ry, and AS during the whole
AS is the areawhere R >0 process of vortex generation and evolution
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Process of vortex generation and evolution by u (up), |w| (center) and R (bottom) 11
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) 1. Identification & quantification of vortex generation
Q;ame%ﬂ

flat plane

light sheet

® Trajectory tracking of a whole hairpin structure by Moving- SFLE/ W

4, Q laser track rail

Exposure time: 700 ms
Camera speed : 80 mm/s

ANI/7L 55555

V

it
(Hairpin vortex simulated by DNS

» A complete hairpin containing head, neck and legs is captured by MSFLE.
»> Spanwise asymmetry is the result of asymmetric secondary and downstrea
hairpin vortices generated from the initial symmetric vortex structure.



) 1. Identification & quantification of vortex generation

® Spatio-temporal evolution of a whole hairpin structure by Moving-PIV

53° between light and plate
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R = 0.1 iso-surface of hairpin
vortex by DNS data

Vorticity magnitude contour and streamlines
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B 2. Mechanism of regeneration & self-maintenance

® A. Hairpin regeneration induced by interaction between hairpins & packets

= | YN — = = ~

20

Fig.(b) t"=30.1

20
X/mm
Fig.(c) t"=33.4 Fig.(d) t"=40.1

» Spanwise shear instability caused by the collision between the hairpin vortex packets
14



B 2. Mechanism of regeneration & self-maintenance

® B. Auto generation hairpins (the young generation induced by the old)

P (Primary hairpin)
S (Secondary hairpin)
T (Tertiary hairpin)

* =43.4: Secondary hairpin S appears;
*=50.1: SshedsfromP;

* = 58.5: Tertiary hairpin T generates;

* = 63.5: Anew vortex comes out under P.

20 20
X/mm X/mm

Fig.(c) t"=58.5 Fig.(d) t"*=63.5

15



) 2. Mechanism of regeneration & self-maintenance

® B. Auto generation hairpins (t

= = o —— e ~ =

40 Zhou, J., Adrian, R. J., Balachandar, S. & Kendall, T. M. 1999
Mechanisms for generating coherent packets of hairpin
vortices in channel flow. J. Fluid Mech. 387, 353-396

e o o o o o = = = = - = - - - - - - - - - - - - - - - - ————

Ramp angle of head

16°

10°~20°

» The self-induced motion is pointed up and backward, resulting in further generation of hairpin

vortex. The ramp angle is the fundamental characteristics of the linear growth of hairpins. 16



) 2. Mechanism of regeneration & self-maintenance

® C. Merging of hairpin vortices in a packet

20
X/mm

Fig(a) t*=76.8

—

Fig(c) t"=86.4

t* = 76.8: Secondary hairpin S appears;

t* = 81.6: Aapproaches S;

t* =86.4: Aand S merge into B;

t* =92.8: Anew vortex D comes out under
the shear layer.

Fig(d) t'= 92.8

» Hairpin vortices in a packet may merge into a new hairpin vortex once their

distance is close enough.

17



) 2. Mechanism of regeneration & self-maintenance

® C. Merging of hairpin vortices in a packet

10 20 30 40

X/mm Xhiiii

t"=25.6
Images captured by Moving-SFLE

t'=27.2

Statistics analysis by Liutex integral method
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The rotation strength Rint changes with time

» The vortex structure with less strength will be entrained into the vortex structure with

greater strength. The strength of a newly generated vortex is about the sum of the two (A+B).
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B 2. Mechanism of regeneration & self-maintenance

® Turbulence self-sustaining theory based on the mechanism of mother and

child hairpin vortices
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» A parent hairpin vortex with sufficient intensity may induce multiple generations of hairpin
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vortices, or may induce secondary hairpin vortices continuously.

» The primary hairpin vortices will induce a new generation hairpin vortex in its growth
period, and contribute energy and increase the rotation intensity through decaying

themselves. This cycle continues to maintain the development of turbulence.

80
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ll» Conclusion

® The Liutex integral is proposed for statistical analysis of the
evolution of vortex intensity and size.

® Three mechanisms of the hairpin vortex regeneration:

» A. Hairpin regeneration induced by interaction between hairpins & packets

» B. Auto generation hairpins (the young generation induced by the old)
» C. Merging of hairpin vortices in the packets

® Turbulence self-sustaining mechanism in boundary layer:

» Based on the mechanism of mother and child hairpin vortices

20
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