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HALE UAV

ligh Altitude Long Endurance
Unmanned Aerial Vehicle

Solara 60 (Titan Aerospace, Google) "

—

Aquila (Facebook)

Zephyr (Airbus Defense & Space)
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= L] HALE UAV 7|2

KARI's HALE UAV Development
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€. KARI HALE UAV: EAV-3

“ EAV-3

Solar cell + Li-lon Batt.

Wing Span: 19.5m

Weight = 52.5 kg

First Flight & 14.2km Climb (2015)

18.5 km Climb (2016) (3 in the world)
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<Variable Pitch>
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Work Scope for EAV-3 Propeller
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Clime Rate
0.75mlsec
(3.7hr)

6.7hrs se— Thr —«

6 A.M.
(Takeoff)

Climb : 6.7hr
High Altitude Cruise: 1hr

0.75misec 18km
(3hr) I i l

S5hrs —

Design condition: climb condition

7PM.
(Landing)

X/

v 28 B3P

A

Z5 (m/s)  F=H (N)
Okm 5.8 38.8
10km 10.0 26.6
15km 14.6 21.3
18km 185 18.8

Y BE HFEU

o ZE|C{ ==: 2F 2200 RPM

e Spinner 274 16 cm

(i 2E2] HF f 15cm)

Z|CH E3: 3.8 Nm at 880 RPM
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Operation Conditions
(velocity, rpm, air data)

D @

Geometric Info.

(diameter, airfoil)

Performance

L (thrust, torque, or power) )

p
Airfoil Aerodynamic
Database

CFD Analysis ]

Basic Design Method

' N
BEMT Output
o v,
s N Blade Geomet
Minimum Y

Induced Loss (chord, pitch angle
h / distribution )

e 2

Tip Loss
Correction

Adkins, C.N. and Lieback (1994),
J. Aircraft Vol. 10, No. 1, pp. 676-682
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UIUC Measurements E 374
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Re = 67900
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SD7037 Airfoil Polar
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Drag Coefficent (Cd)

£—-387 data comparison for Rn = 60,000 E—-387 data comparison for Rn = 100,000

Princeton

NASA Langley LTPT
Low—Turbulence Tunnel at Delft
Model Wind Tunnel at Stuttgart
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Low—Turbulence Tunnel at Delft
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Model Wind Tunnel at Stuttgort
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Experiment
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Xelol=

Schematic of Flow Regime - Eppler 387, Re,=100,000 & a=0
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Xelol=

Schematic of Flow Regime - Eppler 387, Re,=100,000
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Mol s =4 oF 23 Ho|H

-1 O =

Transition SST 2 & |

Laminar Boundary Layer

1 Separation Bubbfel _Ql

Laminar Boundary Layer

k-0 SST 23 (2 Eqns. 22 ) AlE2
f SST 2 &
//deary Layer

Turbulent Boundary Layer

08|
: Uppersurface 004 e e ettt enaeaen
06 {Suction Side)
— — — - XFOIL
0.4k FLUNET (tranSST)
FLUENT (kwSST)

¢ 002

Upper Surface

Lower Surface
{Pressure Side)

04
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MeEols= 4y S3A™E (1)

s DAE-51
o Reynolds No. Wind Speed “
e Airfoil Chord Length : 150 mm
100,000 9.7 m/s 58 Pa
80,000 7.79 mis 37 Pa
. 60,000 5.84 m/s 21 Pa
1

Flow

Lexan
Laser Sheet

CCD Camera

Optical
1 Glass

Pressure PI Pressure
Measurement  Regjon Measurement
Region | Region Il
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SSAME 3)

«» PIV Results
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s PIV Measurement Results

e Example: Re=10° a=0, zone C
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A4 Tool 7iEH (1)

“ KARI-Prop

» Source code for propeller design based on C++

e Construction of GUI based on MFC
Design Window

Overall Deisgn &J
Geometry Cperating Condition Design Method
e — * Thrust (N) 40.0000
Mumber of Blades 2 Velocity (m/s) 15.00
' " Tarque (Nm) 4.5926
MNumber of Blade Elements 30 RPM '—ISDD.DD
. ' " Power Required 7214117
Propeller Diameter (m) 1.0000 - S
1 . . Power Qut 600.0000
Spinner Diameter (m) 0.1000 w
Efficiency 0.8317
|
Section Airfoil / Cl Distribution Air Property 5 Tost
rop_Tes
1 Prop_Test2
Airfoil | NACA 2412 - Alitude 0 km . Prop_Test3
Database # XFOIL " FLUENT
Density (kg/m*3) 1.2250
Cl Distribution Constant -
Temperature (K) 288.16 Design ‘ Resat ‘
/R : Spinner |- Tip Kinematic Viscosity (m*2/s) 1.4604e-0( ‘
Delete ‘
cl: |Cc:nst |D.6D |Ccnst Speed of Sound (m/s) 340.30
oK | Cancel ‘
say
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A4 Tool 7HEH (2)

Off-Design Analysis Window

Thrust & Power Coefficient

0.2 0.4 0.6 0.8 1.0

045 -~ 08
Number of Intervals 20

" Fixed Velocity
@ Fixed RPM 1500.00

W Overwrite Curve

Plot ‘ Clear |Opt\un5...|

= Thrust, Power " Efficiency

Delete | Delete |

Propeller List Curve List
Name ‘ Propeller ‘JMm |.JMax ‘ Intervals |
Curvet Prop_Test 0.35 0.7 20
Curve2 Prop_Te... 045 0.8 20

Density (kg/m"3)
Temperature (K)
Kinematic Viscosity (m*2/s)

Speed of Sound (m/s)

[ Gif-Design Analysis @‘
Propeller List Tip Loss Correction
P Velocity (m/s) 15 J | cT cr | Eta |
BelloComsen 04800  0.0412 0.0246  0.8039
& . RPM 1500 05200 00365 00230 08252
Prop_Test3 LTS 05600 0.0315 00211 08360
 wilson and Lissamann UREDNE  0.0261  0.0186 08419
0.6400 00192 00148 08303
Anal
£ de vries e 06800 00113 00099 07762
. 0.7200 0.0035 0.0047 05362
=T Section Results Plot
Air Property J s il
Thrust (N 20.0002
Altitude [0 km - rust (N) I
Torque (Nm) 2.2714 f
Density (kg/m3) 1225 |
Power (W) 356.7948
Temperature (K) 288.16
Thrust Coefficient 0.0261 Up ‘ Down Delete Clear
Kinematic Viscosity (m"2/s) 1.4604e-0
Power Coefficient 0.0186
Speed of Sound (m/s) 3403 "
Propeller Efficiency 0.8419 Export to File Close
Performance Curve Window
rPerlc)rrnarm:e Curve - @‘
Advance Ratio Range RO IFERE)
Altitude 0 km -

[Tz
e
EER

Tip Loss Correction
" No Tip Correction
* Prandtl's Tip Loss
" Wilson and Lissamann
 de Vries

" Shen

Export to File: Close

2000

15004
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1000

nrod Riyn

50000 ---

Section

& Feynolds Humt]

terential Thrust dT/dr

ection

5

005 00 0I5 020 025 030 035 040 045 050
W tiem) ]
c1 C dt " da Export Ta File =3 I T Reynolds Numb ~ © C1 & i o Export Ta File 0K I
View Propelier - i
& Chard Distibation © Piich Angle Distriution I Overwrite Propeller Lict

Chord {m)

rimj

Clear

Export

© Chard Chstribation L

Fiteh Angle |de

@ Piich Angle Thatribution

L ] W

®
®
L

'@, ¥
Bog,:
iramero i
: a“""oeoa“”“
: braope
: : P80vedevonnsnspns

020 ox 040 050

r{mj

Chear

Export

Cloze
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: SIES S [ ™
Var. 1 rpm 2AE 24 [ e EEE YA
= 3l Al 74 oar e, '
Var. 2 d LzEd 4B clt=0.65 | e,
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RPM_18 < 2250

|

S < HAxHA
Maximize Eff Q_Sea < 3.82Nm
oA & 7|ak EH A 2K}
[ DOE ] [ Dede dAZ2I }
design off-design
[A-I7:||I:I1A J'Col-} [ R } [ Ht-S
(d, rpm, clm, clt) (Eff, Q_Sea, RPM_18)
[ JMP ]

Gaussianh Process

|
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7|dF A=A 74|
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AR E 7|8 XA 24 (4)

. clm=0.65 & clt=0.70 . clm=0.60 & clt=0.65

A3 HeloMT 7 7Hs Yo =y

. cim=0.45 & clt=0.50

0.8

06
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ool A 7t LA gy |
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IEI_I-

by |

=

24 (5)

Eff
0.664931

Q Sea
380956

e 718k XA 24 ==

E% Response Goal

Desirability BiSE MekxA = Maximize |
Eff _;::._l EH§ _ 10 Eff Values Desirability
High: | 0.67]| 0.9519
Q Sea A 2o} 3.81 O[5t 0.8 Middle: | 0.625] | 05]
RPM_18 x| Ao} 2250 o|s} 0.6 Low: | 058]| 0.066 |
Impaortance:
I OK I[ Cancel |[ Help |

.
% Response Goal [
Minimize |

RPM_18
22

a
o

46.4

Desirability
0.96RE873

Q_Sea Values Desirability
= High: [ 3811 | 0.01]
= Middle: | 3.8105] | 05]
=
= Low: | 3.81]| 0.99]
2350 | I I |
7 oK Cancel Help
23004 N L
- 2280
- 22604 r )
IE; 2540 E% Response Goal @
D220
2200 " Minimize v |
2180 -
et RPM_18 Values Desirability
~ High: | 2251 || 0.01]
=
0 Middle: | 22505] | 05]
o
& Low: | 2250 | | 0.99]
=d
T T T T T T T T7 L L L L S By S S B S ) S S R N [ ok ][ cancel |[ Help |
o o o o o T T R I = R I
= B es B OE o o o o (=T — T — T T 1 g = 'D" \
1817.9147 04813156 0.6431334 -
N SEE N
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AR 7|8 £H HA (6)

@ A7 w2 @
rpm d clm clt
AA 1820 1.2 0.6 0.65
Optimization 1817.91 1.223 0.4818 0.6481
* "o H@
EAV3-Prop1 S'::igzz:u
Optimization chord S
ol i 40 -
E 0'02 : — —_— ;%‘ twist angle
E 005 \/ s 20}
% oaf -
0155 02 03 04 05 o6 ol I [ S S
r (m) 0 0.1 0.2 Dr3(m) 0.4 05 0.6
oo q A M= H ul
<8< H KA E AR RA | DE 15SkmASEA | 15 18km AFS XA
E4d 2= 2= RPM 2=
ZIEMA 3.819 64.86% 66.04% 2246.67 64.61%
Optimization I 3.809 65.45% 66.33% 2247.18 64.86%
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MA ===y

% EAV-3 T2

Airfoil DAES1 Chord Length & Planform Twist Angle

moHa 52 12m filss———
Spinner 24 0.16 m a | | | | | | m
OF A B 0.576 ~ 1.0 / Parabolic .
M7 7|% TE 15km X7 with 1820 RPM .. o e e

3D Modelling Manufacture (CFRP)
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Static Pressure Contour

Pressure Side

Suction Side

- 12 ds 805 0k SOt met 28 542 X5t
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Thrust (N)

Z=9| AN AL /R B (2egns & 4eqns)
20| &0 J|Z02 CFD OfH| AZ =7 LtEtS
— — — - FLUENT
— — — - STAR-CCM+
—————— OpenFOAM
50 o  EBxp. - 10
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40 8
B Thrust .
30 | -6
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20| g g 4
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10 —2
L I I R i
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F Lol (3)

“ MEEX| o2z 1t

interface

outer fluid |
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