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Nomenclature

c Chord length of airfoil

Re Reynolds No ( Re= UTL)

14 Velocity

u Velocity of X —direction

v Velocity of Y -direction

w Velocity of Z —direction

a Angle of attack

C. Lift coefficient

Cp Drag coefficient

Cuy Moment coefficient

0 Mass density of fluid

I Strength of circulation flow

k Turbulent kinetic energy

e Dissipation rate

1 Eddy viscosity

G, Generation of turbulent kinetic energy due to the mean
velocity gradients

G, Generation of turbulent kinetic energy due to buoyancy

Yy Contribution of the fluctuating dilatation in compressible

turbulence to the overall dissipation rate

Op, O, Turbulent Prandtl numbers



Abstract

Parametric study using numerical analysis method is used to derive dynamic
phase wing shape in this research. FLUENT, commercial CFD code, is used for
calculation and RANS (Reynolds time-averaged Navier Stokes) equation is used
to analyze turbulent flow near the wings. The gambit program that is the
pre—processor of FLUENT generates C-type grid system near the wing and
analysis is followed using the standard % — ¢ model. Cambered wing that is
significant at the lifting force is used as basis. Flow boundary is reduced at the
suction side of the wing by changing the existence, location and thickness of slot.
Double slot wing shape is derived which is significant during the lifting force
characteristics section of the experiment. The results from numerical analysis are
verified by comparing between lift and drag force measurement and PIV
experiment carried out in CWC(Circulating Water Channel) results. Double slot is
applied to otterboard to verify the significance of simulation and field study. Also,
flow change is seen at the tip of the three dimensional wing through numerical
analysis. Based on these results, detail Tip vortex structure, size and shape of the
core can be analyzed. PIV experiment is used to verify the physical aspect. The
calculations with the numerical result are matched well with experiment data and
computations for the detailed vortex structure are verified by experiment result
and analytical solution in this research.
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AHEse] 1/30% &jtel o7t oluAE P/CR Wobse wdzxv/olg g 454
#¥ (Cross—correlation method) 2.2 £%=Z -3ttt PIV 7]¥ol] tidk Bt} =}pA s
LH’QLQ‘ AW & #H7AA16] "PIVE ol &3 +52 F9 HE3F53e] AH4 A=

=
£ Aaeiglon), Fig 8¢ Aol AH8E f57MA38 FAE melFa 9
AOM  FIBER OPTICS @“{a‘l@"&?ﬁ‘;?m
g@, mswan.m /
: GRABBE
BACKLP
— e
;x-".:—.'fﬁa-f'- VIDEOQ CASSETTE RECORDER
1"("1'- s {Panasonic AG - 73500

FPRINTER PROCESSING

Fig. 8 PIV System
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Calculation Experiment
Cr Cp |CL/Cp Cp Cp |CL/Cp
Without Slot | 1.29 0.49 2.65 1.41 0.55 2.59

With Slot(1%)| 1.52 0.43 3.52 1.53 0.46 3.32

With Slot(2%)| 1.76 0.38 4.69 1.72 0.42 4.06

With Slot(3%)| 1.48 0.44 3.37 1.63 0.51 3.22

Table. 1 & -5 A/ & 23 A=

Tablel & 71887} F77} 1%, 2%, 3% B2 £5%ol ojg 4 43 gL
o8E - B AZAYY ABE Uuhd Zolth F AR wasd, Ao
= oga Aot e gHAes: 24 AXSL Jee & F Ak FA 49
A9E 249 gwel gste] ANS FaAstgons 39 W) BYoR AN %
AT e AFA Aok WA & AL Aolgn AzHn

(a) Calculation (b) PIV Experiment

Fig. 9 PIV 23S 53 237105 (71£9)
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4 Fig. 394 B2 7|23 dd &5 A5s F£A e Sl v
Bkt @d £x99 45, €539 A= V=Y AT Al wEbd FHEHAS
7V S35 zte Z=(Chord) ] 069 #12(06C)= stiom, &5 FA= =9
2% 3tttk AlAEA 2] Reynolds Numbers Re = 6.4 x 108tk
Location of Angle of c C C,/C
slot Attack(, ) Lo P Lh=D
Without Slot 27 1.50 0.57 2.64
0.2C 22 1.50 0.45 3.36
0.4C 25 1.51 0.58 3.13
0.6C 27 1.59 0.50 3.19
0.8C 27 1.45 0.43 3.32
* At Slot size=0.04xChord, Location of Max. Camber ratio=0.5xChord
Table. 2 The Maximum (,; of the cambered foil in accordance
with the location of slot
e e HRYel gt 2 4 Aze o oo
Angle of c c C,/C
Attack(, ) - P Lhen
Without Slot 21 1.33 0.43 3.09
With Slot(2%) 21 1.96 0.34 5.72
Table. 3 7| 233} @ &5 A5 vl
FA A Ay Gd EF2Yo] 72 Pel vE we - Aes THHS gl F
A1t Fig. 119 Fig. 12 vmalnd & 5 %o 9d &7 49, £25% %
3 f Ao ZE0] Yol &YW (Suction Side)oll A HAEE FE] HEES A AT

AY PaAE a9 dthe AL #Ad & AT
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(a) Streamline

(b) Pressure Contour

Fig. 11 7123 9] &4 23 (g = 25 )
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(a) Streamline

1. 04e+032

8 09=+02

B.00e+03

9.01e+03

1.00e+04

-1.10a+14

(b) Pressure Contour

Fig. 12 94 &£&3°] X4 4% (g =25 )
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ACeF 0.6Cel + 7Ho] &F& AAAFHLH, 59
Al 9] Reynolds Number= Re = 6.4x10%°]tt.

AAE olF X del & &Xdel v vWg 3 A

83
N
ftl
of
oS
= 4
)
2

Angle of

Attack(, ) Cr Co C/Cp
a =15 2.15 0.15 14.33
a =18 2.25 0.19 11.84
a =20 2.42 0.21 11.52
a = 22 2.46 0.24 10.25
a =25 2.36 0.30 7.87
a= 2T 1.99 0.42 4.74

Table. 4 %7] AAT 0% &%l W 342
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1.00e+04

Fig. 14 %7]

(a) Streamline

A

(b) Pressure Contour

A o)F =xde A4 At (g =20 )



(a) Streamline

& 90e+03

-1 00e+04

(b) Pressure Contour

Fig. 156 7] AAE ol £%¥9 34 2% (¢ =25 )
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(a) Streamline

(b) Pressure Contour

Fig. 18 o]% €Z & (57 1%)9 a4 23} (¢ = 20" )

_32_



(a) Streamline

(b) Pressure Contour

Fig. 19 o]F €53 (57 1%)9 14 A3 (¢ = 25° )
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(a) Streamline

+04

(b) Pressure Contour

Fig. 20 o1% €39 (57 3%)9 4 A3} (g = 20" )
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(a) Streamline

i N

#0014

(b)Pressure Contour

Fig. 21 o]% £33 (57 3%)9 a4 243} (¢ = 25 )
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Second Slot=0.6C
Second Slot=0.7C
=0.5C

Second Slot

,<>,

28

Angle of attack (q)

(a) Lift Coefficient

Second Slot=0.6C
Second Slot=0.7C

50

0.45 —

28

Angle of attack (q)

(b) Drag Coefficient

Fig. 22 Second Slot2] ¢x] ®¥3}ol] u}&
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(a) Streamline

-1.00a+14

(b)Pressure Contour

Fig. 23 ©o]% £%3(Second Slot] $1# = 0.7C)¢] 34 A% (g = 20° )
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(a) Streamline

-A.93=+03

1.00e+04

(b)Pressure Contour

Fig. 24 ©]% £33 (Second Slot9] $1# = 0.7C)9] 31X A2} (g =25 )
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27a+03

-2.36e+03

(a) Streamline

(b)Pressure Contour

¥ (Second Slote] #1x = 05C)] a4 Ao (¢ = 20° )
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(a) Streamline

(b) Pressure Contour

Fig. 26 ©] £33 (Second Slot?] $1# = 05C)9] 314 A2 (g =25 )
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71AA Arks Gﬂo} $h=

Ak Aol =AY First Slot®] 914 WstE g3 7] AAH ol 53 24
u}uﬂiu} t‘;kAlE] th— s Z,: 0)\3 S } A /\1 Z,:
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o a#u, 2 YA 7 ZEo 035014 A4S 0.

v AFS e ol olF £E3 9 gl oA First Slote] £ ¥
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First Slot=0.1C
First Slot=0.2C
First Slot=0.3C
First Slot=0.35C
First Slot=0.4C

20 21 22 23 24 25 26 27 28
Angle of attack (@)

19

16

5

1

(a) Lift Coeffitcient
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2
Angle of attack (a)
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16

(b) Drag Cefficient

Fig. 27 First Slote] $ x| W3}l o}
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(a) Streamline

(b)Pressure Contour

Fig. 28 o]% &3 % (First Slote] #12 = 020)9] a4 23} (¢ = 20" )
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(a) Streamline

(b) Pressure Contour

Fig. 29 ©]5 &% ([First Slot®] #13] = 020)9] 314 A3} (g =25 )
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(a) Streamline

(b) Pressure Contour

Fig. 30 ©]% %% ®(First Slote] 12 = 030)¢] 4 2% (g = 20° )
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(a) Streamline

(b) Pressure Contour

Fig. 31 ©]% £%8 (First Slot?] 91% = 030)¢] &4 23 (4 = 25° )
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(a) Streamline

- 4

(b) Pressure Contour

Fig. 32 o]% &% ¥ (First Slote] 91 = 0350)¢] 814 27} (g = 20° )
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(a) Streamline

(b) Pressure Contour

Fig. 33 ©]% &% (First Slote] $13 = 0.350)¢] 814 A% (¢ = 25° )
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(a) Streamline

(b)Pressure Contour

Fig. 34 ©]% %% ®(First Slote] 12 = 04C)¢] 4 A% (g = 20° )
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(a) Streamline

(b) Pressure Contour

Fig. 35 ©1% 258 (First Slot?] 91% = 040)9] &4 23 (4 = 25° )
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Fig. 37 2A A2td A7) ¥ (Otterboard)
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Angle of - - Cu
B Thickness| Thickness|Second Slot|Second Slot
Attack(, ) |72 AA
1% 3% 0.7C 0.5C
o= 15° 0.6867 0.8076 0.4796 0.6819 0.6144
o= 18° 0.8325 0.9244 0.6368 0.8201 0.7526
a= 20° 0.9675 0.9871 0.6491 0.8818 0.8735
a= 29° 1.0468 1.0770 0.6639 0.8331 0.9038
a = 95° 1.0520 1.1930 0.5695 0.7663 0.8380
o= 97 0.7379 1.0861 0.5176 0.6779 0.8009
Angle of . . Cu - .
First Slot | First Slot | First Slot | First Slot
Attack(, )
0.2C 0.3C 0.35C 0.4C
a=15° 0.6667 0.6852 0.6984 0.7139

o= 18° 0.8630 0.8708 0.8966 0.8957

a=20° 0.9510 0.9706 0.9860 0.9893

a = 99° 1.0353 1.0469 1.0543 1.0557
a= 925° 1.1941 1.2211 1.2275 1.2199
a= 27 1.1600 1.1849 1.2085 1.2104

Table. 5 Moment Coefficient
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x/c=0.75 /.

(a) Calculation (b) Experiment

Fig. 39 Vorticity Contour
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Fig. 40 Tangential Velocity Distribution
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