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Nomenclatures

X : coordinate axis

y : coordinate axis

z : coordinate axis

r : radial coordinate

a : angle of attack

Aa . amplitude of sdcillation

v - kinematic viscosity

C : wing chord

f 3 requency of oscillation

K : reduced frequency, K = nfC/Ux
k : turbulent kinetic energy

0 : vorticity

Re : Reynolds number, Re = UxC/v
U : freestream velocity

Ue : tangential velocity

r : circulation of measurement area



Abstract

First, the present study deals with the visualization of flow fields around and
behind a 2-D & 3-D NACA0012 airfoil oscillating with various frequencies.
Since the unsteadiness of flow is then known to be depending on the reduced
frequency K, the airfoil was oscillated by using a servo—motor which could be
computer—controlled at wide range of freguencies and amplitudes. It was
tentatively found that the gloval flow field was greatly altered by the reduced
frequency and the mean angle of attack by the frequency. Results contained
in this paper could provide the valuable information on the study for
fluid—structure interaction. And then, sn experimental study was carried out to
examine quantitatively the vortical flow fields around and behind an oscillating
2—dimensional airfoil by phase. A NACAQQ12 airfoil with an aspect ratio of 4.0
was mounted on the middle section of the CWC (Circulating Water Channel),
and the airfoil was sinusoidally pitched about the quarter chord. The mean
angle of attack was set at various angles and the amplitude of oscillation was
set at 2.5. The flow visualization and measurements were made for depending
on the reduced freguency K, and Reynolds number Rn. This paper introduces
the results by an experiments and measures, and that compares case the
ignore phase and case that is not so. Llast, Evolution of the unsteady
three—dimensional tip vortex in the wake field of a rectangular NACA 0012
hydrofoil in pitching motion is investigated. Measurements were made in CWC
using PIV. An airfoil has an aspect ratio of 5 with chord length of 10cm.
Pitching angle and mean angle of attack were set to +5° and 10°
respectively. (i.e. the angle of attack varies from 5° to 15°. Frequency of
oscillation was varied from 0.1Hz to 1Hz in order to study the effect of
unsteadiness imposed by various freguencies, which correspond to the
reduced frequency of K=0.1, 0.21, 0.52 and 1.06. Reynolds number based on
chord length and free—stream velocity was 3.0x10*. Phase—averaging
technique was employed. Unsteadiness and variation of the size and

characteristics of tip vortex at different reduced frequency were discussed.
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A A

ATl AE= A9 dojot A 35 £F V|EoR 3 o

Tz A stelld 7P dAdH S-S aeste] ol A= FAY A 5F
£ (free stream velocity)Z 0.3m/sE 3te] #o|sX24E 3X104E2 1 AHFF o,
T 492 150x112mm) = FATh @9 HEFE 0
stolom e foghel wE 22 K gtolA et w7

+5°% Este] APS A, 9 FaHS o8t 7 el o dAE R T

[e}
E3lo] AAFS AlgEEAT o 7|4 BA€215 9 (reduced frequency) K& E71¢ #
TEE f X

o} AFE 54T HE vl v A AAPA S (similarity parameter) @A,

ANbs 7l AolE st K=wCRU & BYdt. o714 we 2

AFEE HEE A7 UEhdY Table 3, 40+ &
A

2l
S 3 dFatalon, $R7e] X/C = 0~2 W9 el
=

Table 3. Experimental conditions

Variables & Constants Conditions

x/c : Streamwise distance 0, 0.5, 1,
from trailing edge 1.5, 2

a : Mean angle of attack 10°
Aa . Amplitude +5°
f . Frequency 0.1~1[Hz]
Rn : Reynolds number 30000
C : Hydrofoil Chord 0.1[m]

: Hydrofoil Span 0.5[m]
Ue : Freestream velocity 0.3[m/s]
v ! Kinematic viscosity 1x10%[m%/s]

Table 4. Test Conditions

Case f(Hz) K x/c
1 0.1 0.1 1
2 0.2 0.21 1
3 0.5 0.51 1
4 1 1.06 0~2
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F2 FEPNN FAAA SEE ol F HE FAAE FH YAk vk AN
AAA(A P9 FA QAT olFF AU HE AZ] AR I FHEE Tohi
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WHos, & o7|A F4 fJAs vaAES AdEES s 7Hg ol dAlE ook

F

= . ‘ﬁ 1st Frame

215 Time Interval
( AT = 1/60sec)

&
¥

gl —

[ . ﬁ 2nd Frame

Fig. 15 PIV Principle

PIVE LDV(Laser Doppler Velocimetry)ete] b3 vlag shd, PIVE] e H
4 A tAkd B4 Al ASo] Thestal, A oes CPDel ed & 3=
T AS7IRIH, 8 9] 715, BE B Aol rhestH AlAE Aol &
ofstrf. Wh, G o m= Algit s vl ytow, HHxrg Sl AAAE A
ofol At

LDVe] A2 A5 Ao ARted=rt soH, A% =2 ARE FdE5E flo] Aw
"Hep S A v AlSe] deAor ofyal, vAd AlSe] =rbestH, AlLE
/3ol waA Hihsirt
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PIVE A& 2E Fede] v deste], $93 olad e fed so=
=dES adst] TAE F5el FERAl 2 ASERE Weld oE JAE A4
o 4 s Fstw A 4 dA A8 ALAqAe] Al FHe 2w
stol wE fAre] lagh "mAfolzh FAC & S AT A A Tl
e o) (CAMNRESA T 27 wAFHE Alstelol ke AL Foletw #

| ]

CCD CAMERA
LASER O HIRER SFICE (SONY SSC - M370)

2 & i

<+ [}

VIDEO CASSETTE RECORDER
(Panasonic AG - 7350)

PRINTER PROCESSING

Fig. 16 PIV System

PIVe] ALg5= 2w 23199 7o Light Sheet?} 835, o] wj Alg¥+= &
Ao 2= 300mW ™~ 10W9 Ar-lon Laser, Fiber Optical Cable, Cylindrical Lens

2 TAE Laser 2HAEZ} 713 @3 & o]t} Laser tiilel] WA E fa3fv)
g ofst fFEge] WEo] WA ¢ glom 53] ALAA|e] A FUE WA

[e]
of ot A F7F BT 7 oy FAsIof ). FHe] B2, ASAAY
A9+ 1.0m/sec o3t 542 3717} 150mm X 150mmol] A= 500mW A3,

agal 17149 A$E 10 ~ 40m/sec HYolw FEHe =A7]7F 150mm X
}\

H

150mmoll A =8%E 5W HFo] Zgeo] dasirth u&E{FEAF] Aol Azt
VRS W7 9ste] 2y HAaAoj7t BRdt, 1 Frame Auto-Correlation
21 9] Pulse Laser 83 AF23}H 400m/sec] &7 F77MA] AZo] 7153t}

BoAFoA #5743 AxE 6W Ar-lon LASER, Fiber Optic Cable H#
Cylindrical Lens?} 2% ProbeE AFE3l3i=d # 29 LASER SheetE ¥43}17]
Al s i oA AEE Aol Fouh Afxde] uighel] o3k LASERS] At
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& 2 =4S 9] Ydl A Probed T oka™ Bl st el A A
Z8F ek, LASER ProbeE & ol 1143sl7] $918+9] TraverseE A2t & ol AH]
sttt 77 5mm JE=Z AAdE LASER Sheets %9 $W9 50cmx50cm A%
& ABlEE et AtdEdxRE s REdoez JAY A9 10 vaE HA$9
F Abg o]l -k M AR A, VA, ) E AR dA A= T~
THPAAE 10 7 100 "AE ) B EFEEE 5 AREske 2 A3l
ME H)Fo] 1.19¢ 507}e]ZE Vinyl Chloride PolymerE AF&3}%th.

AR "ol A FrFo] iatel]l ofsf whAb H= AbghE o] WHAleE 23k P42 CCD
Camera(SONY SSC - M370)Z 640%x480 Pixel ‘B‘H"LEE g3 FAlell Video
Cassette Recorder(Panasonic AG - 7350)9] *3}3F % Image Grabber(DT 3155)
5 AHEste] 1/30% st &3t o|n|A|E PCE Wol=dltt #YH F5d9 Gt

AAE=A wEEAZE Jbesty,  9ddE Ass dwbHo® NTSC(National

fo

Television System Committee) Composite H2S Al-g-3Hc},

Table. 5 System Specifications

Articles Item Specification
Image Board DT3155 (640x<480pixel)
Visualization :
. Light Sorce 6W Argon-lon Laser
equipment
Sheet Light Cylindrical Lens (width @ bmm)
Working Fluid Water
Particle Poly Vinyl Chloride (100zm)
Measurin
. & Inlet velocity 0.1~0.5m/sec
condition
Re No. 1.0 X 10'~5.0 X 10"
Input Device CCD Camera
Host Computer Pentium PC (CPU speed: 2GHz)
Calculation Time 3.0 min/frame
Image Numh L
r
processing umbe %at;me mean 1000 Frames
e Two-frame Gray-level Cross
Idenification Correlation
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Fig. 17 Raw Image Captured by DT3155 Image Grabber

Odd Field EvenField

— — —

At | 1/60sec | 1/60sec

1 Frame N 1/30 sec

Fig. 18 NTSC Image Signal

Image grabbervtt}t SAEe]  Aolrt dEd B Age AL83 Image

Grabber(DT3155)% 640 x 480 Pixel®] s E= 3t 94S tAdstsirt. Fig.
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Fig. 21 Even Field2 T7A4¥ 94 2 AXRT $9o G4
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3l WA shge] AR BE27A] A skl verd 5 gl

@94 H&3(Image Smoothing) :

Z719 o]l o] GdAY A HFAHAES AXWEA Fe o EIZLT 84
7F Aol ol d AEY A7 = o] &= VW
¥ 994 W
» o1 FH ¢ WH(Neighborhood Averaging)

Nx N 3719 A Alx, _,’V)7} TFolHE W = Pixel(;r, _J/) g T4
O= T o| R WA BT ,x g Pixeles & Bt Pixel (, ») 9

Wolw 2 s A B x40 A7 AXNE ARDSE B3E a5y

= TUlshy Htde] o] A vt "oy, AYEe] AAE oAl
= AL A9 HFEF TS A7 f1ste] Hasit) o] & Hestr] 9
3t 9 ] (Threshold value)E AAs IA&E W= Fie W= W

A7IA g3 IR FUIE o

» =94 A8 W (Median filter)

» 153} 2k (Lowpass filter)

WA= FA5A WHEEhE B2 949 Pixel M=o o3+ Fourier

W3 TefZo|A FE IFy o Bx. aeEE gorwrt A5 H
el BRSO 7 se] a2 o2l 94 Fourier® 3k o
Iy BES Adstd @

i) o]»d dE (Ideal Filter)
ii) e Y= I Butterworth Filter)
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@34 o8] 3t(Image sharpening)
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(a) f = 0.2Hz (K=0.21) (b) f = 1Hz (K=1.06)

Fig. 24 Images at different frequencies
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Fig. 25 Velocity, Vorticity and Turbulent Kinetic Energy (Fixed, &,, = 5
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(a) Velocity Vectors and Pathlines

Fig. 26 Phase-Averaged Velocity, Vorticity and k (f = 02 Hz, o, = 5 )
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Test 1.
VORTICITY

(b) Vorticity Distribution
Fig. 26 Continued.
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Test 1.
HE2SHH X

(¢) Turbulent Kinetic Energy k
Fig. 26 Continued.
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Fig. 27 Phase-Averaged Velocity, Vorticity and k (f = 05 Hz, o, = 5 )
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Test 2.
VORTICITY

(b) Vorticity Distribution
Fig. 27 Continued.
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(c) Turbulent Kinetic Energy k
Fig. 27 Continued.
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Angle of Attack = 1.7°
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(a) Velocity Vectors and Pathlines
Fig. 28 Phase-Averaged Velocity, Vorticity and k (f = 1 Hz, &, = 5 ")
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Test 3.
VORTICITY

(b) Vorticity Distribution
Fig. 28 Continued.
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Test 3.
4SS X

(¢) Turbulent Kinetic Energy k
Fig. 28 Continued.
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Angle of Attack = 3 ‘

Test 4.
Mean Vector
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(a) Velocity Vectors and Pathlines

Fig. 29 Phase-Averaged Velocity, Vorticity and k (f = 3 Hz, ,, =5 ")
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Test 4. —
VORTICITY

(b) Vorticity Distribution

Fig. 29 Continued.
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Test 4.
H22S0HUEX

(¢) Turbulent Kinetic Energy k
Fig. 29 Continued.
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Fig. 30 Velocity, Vorticity and Turbulent Kinetic Energy (Fixed, &, = 15 )
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Test 5.
Mean Vector

Down

(a) Velocity Vectors and Pathlines
Fig. 31 Phase-Averaged Velocity, Vorticity and k (f = 0.2 Hz, o, = 15 ")
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Test 5.
VORTICITY

(b) Vorticity Distribution
Fig. 31 Continued.
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(¢) Turbulent Kinetic Energy k
Fig. 31 Continued.
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i-nii-"—_'-,z_:‘:‘_“‘:- Angle of Attack =10.5°

Test 6.
Mean Vector

(a) Velocity Vectors and Pathlines
Fig. 32 Phase-Averaged Velocity, Vorticity and k (f = 05 Hz, o, = 15 ")
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Test 6.
VORTICITY

(b) Vorticity Distribution
Fig. 32 Continued.
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(¢) Turbulent Kinetic Energy k
Fig. 32 Continued.
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ngle of Attack = 11.7°
Test 7. ,ﬁ—\;’_ ——

Mean Vector

(a) Velocity Vectors and Pathlines
Fig. 33 Phase-Averaged Velocity, Vorticity and k (f = 1.0 Hz, o, = 15 ")
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Test 7.
VORTICITY

(b) Vorticity Distribution
Fig. 33 Continued.
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Test 7.

HR2SHUX

(¢) Turbulent Kinetic Energy k
Fig. 33 Continued.
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Table 6. Phase Compensation of Vortex Position

Case. K/Freq. 23 347 BnAAz+
1 0.1/0.1Hz 2° 0.6°
9 0.21/0.2Hz 4° 1.3°
3 0.52/0.5Hz 10° 3.3°
4 1.06/1Hz 20° 6.6°
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Pitch-Up

(a)Velocity

(b)Vorticity

Fig. 35 Flow Field for f=0.2Hz (x/c=1)
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Pitch-Up : Pitch-Down

(a)Velocity (b)Vorticity (© k

Fig. 36 Flow Field for f=0.2Hz (x/c=1)
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(a)Case 1. K=0.1 (b)Case 2. K=0.21 (c)Case 3. K=0.52 (d)Case 4. K=1.06
Fig. 37 Turbulent Kinetic Energy Distributionat Various Reduced Frequencies
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