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NOMENCLATURE

A Amplitude of Tubercle

c Chord

c Mean Chord length

Cr Coefficient of Thrust

Cp Coefficient of Power

n Number of Blade

N RPM(Revolutions Per Minute)
P Power of Propeller

Q Torque of Propeller

R Radius of Blade

Re Reynolds Number

Sy Swept Area of Blade

Sp Area of Blade

T Thrust of Propeller

U Velocity of Rotation Axis
Uiip Tip Velocity of Blade

U, Free-stream Velocity

a Angle of Attack

n Propeller Efficiency

A Wavelength of Tubercle

I Advance Ratio

v Kinematic Viscosity of Air
p Density of Air

o Solidity of Blade

w Angular Velocity of Blade

_Vi_
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CT: T/ (p Uf?p SA)

CP: Qw/(pr?p SA)

Re = U,,c/v

U= U, cos ()

Uiy = R Xw
n= M(CT/ CP)
p=U/(wR)

o= Sy/8,=nc/7TR
w = 27 N/60



ABSTRACT

A Numerical Study on the Aerodynamic Characteristics

of Propellers Using Biomimetics

Kim Ick-Tae
Advisor : Prof. Kim Jae-Soo, Ph.D.
Department of Aerospace,

Graduate School of Chosun University

It was applied to the leading edge tubercles of the small UAV propeller to
improve the aerodynamic characteristics of forward flight condition. As the angle of
attack changes from 0° to 90°, the forward flight speed is varied from 4 m/s to 16
m/s. The rotating speed of propeller is from 3,500 RPM to 5,100 RPM in this
study.

A change in the flow was observed around the propellers with tubercles at the
leading edge of the blades. At lower advance ratio, the power and thrust
coefficients of all models are similar to each other within the uncertainty range.
However, as the advance ratio increased, the increase in efficiency of the propellers
with leading edge tubercles improved in comparison with the base model. It was
noted that the addition of the leading edge tubercles to the UAV propeller delayed
flow separation, reduced spanwise flow and the size and strength of the blade tip
vortices.

The advance ratio and angle of attack effects are expected to be the main
contributing factors to the propeller aerodynamics. In oblique flow, the freestream
velocity can be decomposed into the axial and the in-plane component of the
propeller and the propeller will produce forces and moments other than the axial
thrust and torque. It is considered necessary to study the in-plane component

additionally.
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Section 3

Rartinn 4 v|®

Guides (3 Maximum) A
« Select Curve (5) XM
Add New Set

List A
fGuide 1 154
Guide 2

12

Spine A
Select Curve (0) m
Section Options A
Interpolation [cubic =
Preserve Shape
Alignment Parameter -
Scaling Method ~

Cancel

Fig. 14 Use the Swept Command to Create a Base Solid Body

4042 & CSh™H(Section)Ofl CHGHOY 2002 24X L A J|EH(Guideline)
NX Swept HHES 0/E56t Fig. 142 201 =¢

Through Curve2 N-Sided Surface J|SS S St

MZ HZol 20| HZE HE HEl2 i M Alole 2H=S A
8ot 2H, £t Sew JIs= 0/1&0HH 222 H(Surface)= oOFLIS

(Solid)2 A4 A 5} %L}
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Fig. 16 Create a Hub of Propeller and Connect with each Section

Ol=0l CHolK XE=S JAFES JIELZ GlE M4
FE2 120mmMtAl 10mm =EOIH Edge
=602 o odM RS AM &0l et

=85t
180° 3| &Gt =2 HMIGHL, Unite Boolean Jls=2 0/&56tH
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el Z2E= H. Kimpn2l H-20A HAISH SSAIE 222 Al?l 201 &
OIXI2H0l CHE =& Z2 02 HIWot Fig. 180 LIEFLHRALCH Al?l Z20l= AlE 22
o EXES 20ILE OIXZe B2 oy Z2E = SO &0 US| Ot 0l
Al?1&(Chord Line) ?IZ 0 ?Xlot= HIE BHELZ ALY =BF2HS| =F

Chord length (c) [mm]

e

04 05 05 07 0s 05 o5
Spanwise loaction (r/R) Spanwise loaction (r/R)

Fig. 18 Results of Comparison for Chord Length & Pitch Angle
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Fig. 19 Create Guidelines along

€ Swept 0
Sections AN

 select Cune (5)

Specify Origin Curve
Add New Set
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Section 2
Section 3
<

Guides (3 Maximum)

« Select Curve (6)

Add New Set
List

Guide 1
[Guide2

Spine

Select Curve (0)

Section Options A
!
[ Preserve Shape
Alignment [aypomts -]
Specify Point ‘?r
| Reset =
Scaling Method ~

v

Leading edge of Blades

087644

pIoyD+002 1=

2.¢1°0:0

¥ Mean Chord Length : Chord (€ = 21.03mm)

Fig. 20 Use the Swept Command to Create a Tubercle Solid Body
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£o & R=0l ot EZ Al 2012 0.1280(2.5236mm) Z& S 0ISAIH 2
=S 4oL Ol gt2 H. Johari 6] HF0A MAIS &K =S X=ei0l
SO Xl= "9 UM Z2ZoHAR2MH, H. Kimp2 A2 SLotH &HXoHULH
g9 )| RFE2 JI2 d€s Az RAotd 8 F=22 &€z 2 o4 Z2E0l
et ChEA dMEE0 2= 2o ¢S [t e Jratd )t S8 JHolEetel
S MAGIACH 22 MHE oy YA JtolEetelw JIE A2l It0|=etel
= [Mct Fig. 20+ 20l NX Swept 2E= 0I20t0 £2E ZZ2EHHE HHEHCHL
Fig. 212 =XIoH&0l AME&Z= RE ZZHe &2 &2d 1 X0IE BEH=1

UL

.

@ Base (PHANTOM-4, DJL)
@) 1-Rescale (1.1 Bl 8)
(3 2-Rescale {1:2 4| 8)
@ Shrink (Base 7{& &

® 1/4¢ Shift (Shrink

B Ha)

B

@
2
-]

Fig. 21 Final Modeling Shape of All Propeller Using NX
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ISt ?Iot0 Dt Jtoiict

Jon

2Z2 2L 5o SIE ol
AN ZZ2E2H94509)E JI=22 2D TUE 4949

2. Z2HEY € ZE

M dlolsx=a SA0A

S 2(PHANTOM-4)0fl Al2&l=

|2t
1 Base (PHANTOM-4, DJI)

&2 Fig. 22¢
R = 120 mm

A=05¢
€ = 21.03mm

(A2t IHEM2 M2

AP 2%
[0 7|0 w2t 27| 0|3

X2 @210

é{'ﬁcugh}oi
oY =2

7=
s

@ Shrink (Base 7|

|X]2} Base 2j@¥0] 1/4 =g

K S B{Trough)
® 1/4c Shift (Shrink =)
Trough {;f Tubercle

Chord length (c)
Peak of Tuberci

Fig. 22 Final Modeling Shape of All Propeller
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@Y, @8I @H2 H. Kimpne H39% A ALK =53 X240l &9

Om
ne
ol

A= g2 WA XZ(Amplitude, A = 0.12¢)t TH&E(Wavelengh, A = 0.5¢)2 D]
= Z2U, Fig. 23~252 20| & =2 2489 2H(Suction Side)2 &&= Ct=A
ot SE45 =olctuAt &tCh sBMe d< UOE 4 Oz IHE2 s
StLt, et o2 AZE2l XE JI=(Base) &2 S0 CHE A Z0I2 1/4
K& fXSHH =9 HHUAS ds XH0IS HlwatD X+ ST

Base (PHANTOM-4, DJI)

A 4 A | A=oazc
| (€=21.03mm) —— 1-Rescale (11 H| &)
— 2-Rescale (1:2 H|8)
—— Shrink (Base 7| & ¥ =24)

—— 1/4c Shift (Shrink =%)

Fig. 23 Section Airfoil of 8th Through from Propeller Tip
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E D&l &tHol oYl ot &Ml 2ol HAS LIEILHRACEH 1-Rescale(®), Ltet
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HE R0 E2 & 2H0| fAXISt], L& O3 H(Pressure Side)2 1HE S XIGt
A S H(Suction Side)2] B Base((D, A2 AM) AEHO AX 2 (Leading-edge
Circle)2 0.1281 SAGHH AZDtO <18, <2842 HIEg=2 ZOU& AXL A2 A2
ctolE 0180t MAGHACE Fig. 242 Fig. 25= 22 2401 Z20HMH2EH SHM
oF H B SUAM 42 UEIUHASH, = Bl &2 & &2 A9l 2012

JbEl ©hH0l &Lt Shrink(@), Z2tA AM) QA2 ]-Rescale(@, ItetAH Al),

2
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d £0| ?XI5tH, Base(D, &S
Ct. e2td 28 &9 /AXINA

t== 2-Rescale(®, =S AlN)
0

A A A A=012¢ Base (PHANTOM-4, DJI)
(¢ =21.03mm) —— 1-Rescale (1:1 H| &)

——— 2-Rescale (1.2 H|8)

—— Shrink (Base 7|& ¥ =4)

—— 1/4c Shift (Shrink $=7)

Fig. 24 Section Airfoil of 5th Through from Propeller Tip

—— Base (PHANTOM-4, DJI)
A A A — 1-Rescale (1:1 H|8)
d ; — 2-Rescale (1:2 H|8)

— shii NE o 54
A=012¢ % Shrink (Base 7|& /¥ =4)
E=2n0mmny | —— 1/4c Shift (Shrink %)

Fig. 25 Section Airfoil of 1st Through from Propeller Tip
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Z2 A8 UAVLE MAVS AtE0] SItetoll et
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2 g70AME JIES HAZRH &2 A=W It
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20I(Span) L2 FHEJ DS m2mpS Y ST 2250
T2 Ads0l et 2™ 59 FHas H7G6HH, PHANTOM42 28 el U
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CE 22 DY UM 2o A0 Dot 2 2Y TEHY 24X (Property) X

2t SXAE 8 OHOHE =0l CHStO Table 11+ Table 20l & 2IoHRU L.

Analysis Model
Unit Test Model @) 1-Rescale
(Wind Tunnel) (1) Base (® 2-Rescale | B 1/4c Shift
@ Shrink

Radius of Blade( R) m 0.12

Radius of Propeller Hub(R ;) m 0.01

Swept Area of Blade(.S,) m? 0.045239

Area of Blade(.Sp) m? 0.005047 0.004815 0.004532 0.004225
Solidity of Blade(o) - 0.111568 0.106437 0.100184 0.093392
Chord Length( ¢ ) m 0.021030 0.020063 0.018884 0.017604

Table 1 Property Values for each Propeller Configuration

i Revolutions Per Minute(V)

3500rpm | 4300rpm | 5100rpm
Density of Air(p) kg/m® 1.19
Dynamic Viscosity(ft,;, ) N-s/m? 1.830e-05
Kinematic Viscosity(v,;, ) m?/s 1.538e-05
Angular Velocity of Blade(w) 1/s 366.519 450.295 534.071
Tip Velocity of Blade(U;,,) m/s 43.9823 54.0354 64.0885
Reynolds Number(Re ) 3 Base J1= - 57380.80 70496.41 83612.02

Table 2 Parameters for Non-Dimensionalization
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a(pU;) 8 ap’ 8 oU; ol
((% + %(vain) =-2 4 —‘[/’Leff(—+—J)} + Sy (7
J

OIIM, S, 2 HMAZHBody Force)2 OIH, p, = 75 &A= (Effective

Viscosity)E LIEHHCH S8t =T E 25 pf 2 O30 20
, 2
p =ptgpk (®)
Pepr = 1+ 1y )
k?
= Cup—— (C, =0.09) (10)

S & A A ==(Turbulent Viscosity)OI0, k—e 2EE & (10)2 2t

= =/

Alg Sol %E 23 0l Xl(Turbulence Kinetic Energy, k)2t A &HEZ(Dissipation, €)
Ol 2t0d5t) UCHD IJtEGSHH, OIF =& LZA0 ol CHtAl Zelg &= UL
a(pk) | o _ He | ok _
o T Mj( Uik) =~ , [(;ﬁ gk;)a%bpk pe (11)
a(pe) 9 Hi ) ve €
ot | on (pUje) ox, [( - )8%]+ k(Cde C.ype) (12)

2 Usw 20l Z2EECH

min

C,=145, C, =192, 0,=10, 0, =13
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U, )
+pk (14)
k

2= ANEdI0IE2 UAV ZZ2EH0 et 3XHE E & 2fE(Steady State) =SS

0
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TZ2EHOl XU /XS 22 2 =2 ga0 et oy 58 E42 Hlw
oIl S5t Ctsdt &0l 22 X S S(Freestream)0| U= FAH G H(Enclosure
Domain)dt T2 H It Z&&E 3|M HH(Rotating Domain)2 2 LIS AXNE 24
oLt E&E ZAH EH A2 CIHHOIA 220N Frozen Rotor S8 S

g 3
OIZolRCH, z=2 JIE2Z A L2 2 3HE0l Tet 3|8 215 (Angular
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n J1e
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»:‘«zrg;%mw;%}g fo A%O' ‘iggvmawammzm«am
e Ee o e e o
b r@as&gr@»g;:v%%ggww Side (40deg) |-

Fig. 27 Mesh View of Enclosure Domain with Freestream Flow

Fig. 272 A SY9UHM &F(nlet)l 2 =& X2 (Normal Velocity) 2 &2 At=
S(Freestream) 5T E 4m/sH M 16m/sHEX| 2m/s 2t2 28 HASIH, &7 (Outlet)=
X 21(Average Static Pressure)2 2 < F(Backflow))t MI|X LTS x| g2

0PaZ ZHEGIRULCE &/GHE/R 412 EHE SSAIE ZW0 st 2SS

HOI(Wal) XHO2 AFGIAUCLE, JH(Opening) ZHD HIDWME ZZHp ol

z2] €3 2 A0 ABS FX U= A0 UEILDL T 22t

Q
J9 o

00
ujo
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Hats 3ld d9 W Z28 28 | 422 A S0 0° ~ 90°TKAl 10°
tAC 2 BSotEE AAT 0 UCH

: R132 |

Fig. 28 Mesh View of Rotating Domain with Propeller

M FHo Il ZZ2EYS MBS JIELZ x1L1UIJF ©I04, Fig. 281 &0|
34 Z

Ol

Fa &S Aot Z2E 4 ZHH(Boundary)tl =& HSFOZ Face
Sizing(0.2 mm)2t Inflation(First Layer Thickness) &&2 O0I25t0 = B AKX DI
ot =02 g&oA SKotHA ZEEE SIHAU2H, A Z(Enclosure
Domain) W 3& IHN M2 C&ESt= HMH(Interface Surface)2l 2 XA IJ|= Face
Sizing2 mm) SELE LXIAIHA MMEL2Z Wed6(6 Node Linear Wedge, Prism)it
Tet4(4 Node Linear Tetrahedron)2| HIEE AXHE 2&otALE
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E<DNSSIF oS

2 0ME 2R QIZE U CFX Solverd L2 QHS 2X 5|
(Base) T2E2I} 3500pmO 2 BIMAl I8 B2 =5(U.) 4mss,

50° ZAHUAML H. Kimp2 SSAIE 20tk
=X A&l ArZote AXe Yz T
HI SAHS AR FA A0l

0.lmm<et HlWotH FHY £

J|&(Base) ZZ2E {2 H

thet AXte

D10 =X AN EFESHH Ol 2= A8 2240 HZEStCH 012 2d 59| &
01 220 Tt 2= et 3™ g9 AR It O2X8 2 XH0l= UAX
H2=C0h 2A 2T 2D(0F 0.15mm 2 [ Z2HeHQ HHUA y+ 2= Fig. 2901
LIEFLHRUCH =& £50 et 22 838 Sd0lE S5 X022 8 AEFIH
CHOIO, 3500rpmS &S 020 < y+ < 3298 &It &Lt
Enclosure Domain Rotating Domain
Mesh Size
i) e Elements e Elemerllts
(Tet4) Tetd Wed6/(Prism) Total
0.3 755,489 | 4,366,519 915,764 | 2,730,838 755,184 | 3,486,022
0.2 755,489 | 4,366,519 | 1,865,027 | 4,993,096 = 1,731,288 | 6,724,384
0.15 755,489 | 4,366,519 | 3,151,223 | 8,133,391 | 3,032,934 | 11,166,325
0.1 755,489 | 4,366,519 | 6,887,073 | 16,990,093 | 6,887,484 | 23,877,577
Total Thrust Torque Run Time Mesh Size
Node Elements N) (Nm) (iter. 1000n) (mm)
1,671,253 | 7,852,541 0.875253913 0.022739403 05:44:35.624 0.3
2,620,516 | 11,090,903 0.886615565 0.022596785 08:01:56.719 0.2
3,906,712 | 15,532,844 0.895826012 0.022629644 11:33:34.437 0.15
7,642,562 | 28,244,096 0.909427808 0.022651196 23:49:50.708 0.1
Table 3 Number of Node & Elements on the Minimum Size of Mesh
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Yplus
32.98
30.25
27.52
24.79
22.06
19.32
16.59
13.86
11.13
8.40
5.66
2.93
0.20

0 0.035 0.070 (m) x*‘
[ SEaaaa— [ ESSS—

00175 0,053

Fig. 29 Contour of Y+ on Propeller Surface

Solver & Turbulence Model Check (Thrust)

12
——— HF ke
HH, k-

115
UF, k¢
UH, k¢
P+ X HF, SST
»»»»» HH, SST
----- F, SST
105 UF, S5
----- UH, ST

X Windtunnel Test

095

Thrust [N]

09

08

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Iteration

Fig. 30 Solver & Turbulence Model Check for Thrust
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Solver & Turbulence Model Check(Torque)

0.026

0.024 k

0022 |

HF ke
\ HH, k-&
UF, ke

UH, ke
----- HF, SST
HH, SST
----- UF, ssT
UH, SST

Torque [Nm]

X Windtunnel Test

‘ y \/_/ sl R || o
0018 | :

0.016
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Iteration

Fig. 31 Solver & Turbulence Model Check for Torque

CFX Solver? tHFZ20 et =XI18 HS= ?Aol U.= 4 m/s, o = 50°2 [
3500rpm2 2 3| & Al 200081 Bt= HlAtS St =H EIE 22 =X A4S

ZUE SSAIE 202t BIWotH Fig. 301+ Fig. 3101 LIEFLHRACY.

CFX Solver2l Z % High Resolution(® YW H HEJ|)1t Upwind Scheme(X M U
HOHE AS00 HASIRCH, 3LE= 1% Order(S M F HEJ)2F High Order
(5 YM H ZEIJDHO0 CHotod 22 A& Z 02t HIWotACH Ol i HE RE2 k—e
ot SST BEE Solver =210 ek 22 MEZoHRULH ol 2= oY Z2H0UA L

dAg SSAE 2 20 OD 2l =850 AU, E39 B UF(Upwind
1 Order), k—e 2O FR & ZAt 2l & o
22 Upwind SchemeO| High Resolution Scheme ZCt A& Z 0l 2AISHH, 82L&

= High OrderE M8 M oH2 =B ZIt S 2(Oscillation) &

]

I
ro

= NS = A
Lot =5 HAl UF k—e % 220l AIE 202 It JHt2 st22 ie +=X
HLH 25 HESHCH

Fig. 322 =2 ZX2H0HM XtR &8 =S (Freestream Velocity)Jl 2m/s 2tH2Z 4
24

~ lonys DHA BH3te [ = 2 FH0 ot Alg 202 BlustALH =
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d2 O &2 sZ0AMeE AMIE Z2U20 &2 32 20/0F 8X 8nvs JIBLZ
J 0Ol&UA AlE ZHE0 3AAH UEIUH=E X2 &olg £ ULCH Ol E=2E I}
HdEHOI HIBAF RS(Unsteady Flow Field) S&S 20ILt & AEiZ JtEGHY
HAHOl =SHEH 2t MIle iz HHEMH, ol S42 2HHEotH 0lF ofls
ZIU=EES S46t QX St
—O0— [Windtunnel] 3500rpm, 50° <@ [Analysis] 3500rpm, 50°
12
1
0.8
=
g 0.6
=
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Fig. 47 Coefficient of Thrust(C;) of Advance Ratio at 3500rpm
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_86_

{“/Collection @ chosun



0.025 ~

B 002 -
z
=]
©
v
~ 0015
a
&
o
2
o
g o001
=
o
2
£
o
g
% 0005 -
o
o
0 -
0
0.025 -
5 002 -
=
s
v
~ 0015 -
a
Q
i~
£
o
£ o001 -
&
o
€
8
.-
% 0005
o
o
o
0
0025 -
T 002
z
5
)
w1
~ 0015 -
-9
&
&
ES
=]
£ o001
=
[=3
£
c
5
2
% 0005 -
=3
(&)
0
0

(*ICollection @ chosun

=ses@e== [Base] 5100rpm, 0°

©— [1-Rescale] 5100rpm, 0"
—@— [2-Rescale] 5100rpm, O°
— @ [Shrink] 5100rpm, O°

—©— [1/4c Shift] 5100rpm, 0°

0.05 0.1 0.15 0.2 0.25

Advance Ratio ()

(@) a =0°

sses@eens [Base] 5100rpm, 10°

© [1-Rescale] 5100rpm, 10°
—0-— [2-Rescale] 5100rpm, 10°
0 [Shrink] 5100rpm, 10°

—&— [1/4cShift] 5100rpm, 10°

0.05 0.1 0.15 0.2 0.25

Advance Ratio ()

(b) a = 10°

«eee-+= [Base] 5100rpm, 20°

©— [1-Rescale] 5100rpm, 20°
—— [2-Rescale] 5100rpm, 20°
—— [Shrink] 5100rpm, 20°

—o6— [1/4c Shift] 5100rpm, 20°

0.05 01 0.15 0.2
Advance Ratio ()

() a = 20°

_87_

03

03

025



0.025 -

o
° 5 °
2
=2 & S

Coefficient of Power(CP) / Solidity{o)
I
o
&

0.025 ~

0.02 -

0.015

0.01 -

0.005 -

Coefficient of Power{CP) / Solidity(c)

0.025 ~

0.02 -

0.015 -

0.01

0.005 -

Coefficient of Power(CP) / Solidity{o)

(*ICollection @ chosun

==es@n== [Base] 5100rpm, 30°

©— [1-Rescale] 5100rpm, 30°
—~0— [2-Rescale] 5100rpm, 30°
—®— [Shrink] 5100rpm, 30°

—— [1/4cShift] 5100rpm, 30°

0.05 01 0.15 0.2
Advance Ratio (u)

(d) a = 30°

==es@n== [Base] 5100rpm, 40°

©— [1-Rescale] 5100rpm, 40°
—=0— [2-Rescale] 5100rpm, 40°
—@— [Shrink] 5100rpm, 40°

—— [1/4cShift] 5100rpm, 40°

0.05 01 0.15 0.2
Advance Ratio (u)

it - S

=s@nex= [Base] 5100rpm, 60°

©— [1-Rescale] 5100rpm, 60°
— & [2-Rescale] 5100rpm, 60°
—®— [Shrink] 5100rpm, 60°

—e— [1/4cShift] 5100rpm, 60°

0.02 0.04 0.06 0.08 01 012
Advance Ratio ()

(f) o = 60°

_88_

014



0.025

© 002
=
=
©
v
=~ 0015
a
=
o
2
o
& 001
@
E aes@eenn [Base] 5100rpm, 70°
£
% [1-Rescale] 5100rpm, 70°
£ 5005 |~ [2-Rescale] 5100rpm, 70"
Q
© —©— [Shrink] 5100rpm, 70°
—— [1/4cShift] 5100rpm, 70°
0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Advance Ratio (u)
°
(8) a =70
0.025
© 002 -
=
£ BN
5 - o o | o —o 1%
3 et ] i f
=~ 0015
a
=
@
2
o
& 001
e
© ==es@n== [Base] 5100rpm, 80°
o
c
% [1-Rescale] 5100rpm, 80°
£ 0005 |~ [2-Rescale] 5100rpm, 80"
o
i —@— [Shrink] 5100rpm, 80°
—— [1/4¢Shift] 5100rpm, 80"
0
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Advance Ratio (u)
o
(h) oo = 80
0.03
0.025 -
0.02
0.015

0.01 s2e0neee [Base] 5100rpm, 90°
[1-Rescale] 5100rpm, 90°

©— [2-Rescale] 5100rpm, 90°
0.005

Coefficient of Power(CP) / Solidityio)

—o— [Shrink] 5100rpm, 90°

—@— [1/4cShift] 5100rpm, 90°

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005
Advance Ratio (u)

(i) o = 90°

Fig. 54 Coefficient of Power(Cp) of Advance Ratio at 5100rpm
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Fig. 56 Velocity Streamline in Stn Frame of Propeller Surface at 4300rpm
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Fig. 57 Velocity Streamline of Propeller Surface at 4300rpm
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Fig. 58-1 Velocity Streamline in Blade Section of Base Model at a=0°
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Fig. 58-2 Velocity Streamline in Blade Section of Base Model at «=50°
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Fig. 58-3 Velocity Streamline in Blade Section of Base Model at «=90°
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Fig. 59-1 Velocity Streamline in Blade Section of Shrink Model at «=0’

- 103 -

(*ICollection @ chosun



CHOSUN UNIVERSITY

[Shrink] Pressure Side (@=507)

Up=10m/s
Turbulence Kinetic Energy
Contour Rotor 1

(c) Advancing Blade Section (d) Retreating Blade Sectioh
Fig. 59-2 Velocity Streamline in Blade Section of Shrink Model at a=50"

- 104 -

{/Collection @ chosun



CHOSUN UNIVERSITY

[Shrink] Pressure Side (@=907)

Up=10m/s
Turbulence Kinetic Energy
Contour Rotor 1

(b) Pressure Side of Propeller

(c) Advancing Blade Sction (d) Retreating Blade Section

Fig. 59-3 Velocity Streamline in Blade Section of Shrink Model at a=90"
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Fig. 60-1 Velocity Streamline in Blade Section of 1/4c Shift Model at a=0"
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Fig. 60-2 Velocity Streamline in Blade Section of 1/4c Shift Model at a=50°
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(d) Retreating Blade Sectio

Fig. 60-3 Velocity Streamline in Blade Section of 1/4c Shift Model at a=90°
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(a) Blade Section of Base (d) Blade Section of 1/4c Shift

Fig. 61 Velocity Streamline & Pressure Contour in Blade Section at «=0’
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