AARANY a7 Z e
2022—20 2 3FEFELH

Journal of the Japan Helicopter Society

95 32-33 &, 416 4 3 H
Vol. 32-33, March 2024

HAANY 27 2
The Japan Helicopter Society




AHS HASERRE S




EP7

HHE (Fil Wisk) 1
I B
2022 FFE
I B 2
oo - S
VFS Annual Forum S (B2 EE. KA HR) 6
FeilaiE &
Comprehensive Validation on Aeromechanics Test Data 27

for Mach-scaled Helicopter Rotors (Prof. Sung Nam Jung)

Hegaisigy — s v a v 7 47
PR R BRI FE 2 - [l B FRHT R AR i 2 235
HAR~Y 2 7 2 i 84 325
HARNY a2 7 & i ed e 330
2022/2023 EEHEHEEHE 331
2022 FERELE 332
HAR~NY a2 7 208 EER 335
HAR~Y a2 7 2488 e B hiAE 336
HA~Y a 72k A BHAE 337

HA~Y a 72 A B HAE 338



KIS 4

HAANY a7 7

F17RExR FU BIKE

SRR O N v G EHBE T2 072 Dlx, 2021 FEH» 5 D 2 FHTTH, T
OffiFa v FHOE > HdT, ZOHIRETWRILT CUTIC L THEA~NY a 7220
HE S S50, HE - BREOFIALOL LERIE TV AW AEZ EBIEHD Z &
DEYICEHEINET, BRWNICFE2 DT D, v 74 vk OBRIREEHT L 72, X
TOEHHENEETH o722 &2, HES - BERXDFHIT 2 VIRILTL 2205, 202 ThH T
AL RILD e FRBIHY B ES KEROIEELZ L CS<NE Lk, $7. HHZIRI N
WA ZHIHEP LT, CRNECTHEINTE N Ao ERAEZRMLESTZLICh %
HEEF L7, & 51T, Asian Rotorcraft Forum 7z & CH o T & 720 & 034 7235l 7n o
TLEHICLZBELC T INE CROBELBBREHEL <X -0, HEE
DG FAL e EZEZE L, £ 2T, BEHLE DA T2 BHD ORI R ERRHHH
LEEE LN EFRE Y EE 5 1 SR w772 & Japan-Korea Joint Workshop on
Rotorcraft # 4 v 74 VEET 2 2 e TEF L7z, ZDBRICEREZZ T /-01%, w@EICE
JBIEHOELLEITLE, WODRICAII 22T 4 DREITRIEVIEKED T LN
TLESZHIRT, XD THBMEDEEAL2HETH L 2BV L, 2Nt B
LT 57201 dh, Firzmiliicd 5 eVIOL ZREMIICHEENCHL D )AL <R HE DA
ROV TC RN IS D\ e & 2 AT A, Z OB LIEEI O X b 7%k 2iE LI
DWTIFROBEH - BREOFRICHFLZVEB T,

BViRF &0 RIS EOL S 7z 1989 FFiC it FAIR¥EBEOEA L LT~Y 2 72 0H
iy Ialb—vavicBF 2RIV A TEY £ L7k, BZICH 2o T, KERA—H
mEDEAL LTI ADBEE o Tilkam 3 2 XUk T 03, HEBE TH o 72D HICHK
LA 7202 ELCnE T, £, ZOoOEEZH O CHEE ZHERREI L TET o2
TANDOERO ZRNICE wEHT & &, KIZLEY 2 5 American Helicopter Society
International HASGH & L TR I Nz HFEIE L WAGAS DI 4 OFEBEZ &L TITT W
bILEH A,

wRZIC—2, KDk — 2L ~=— (http://helijapan.org/index.html) %[ < & &#)ICH
ICIRAATL 2DIFEARLAFAVE - X T4 v FOEFELEL 2 E TS, &+ v M &
R2E AV =F VY FREDZ VI =T YV VT F =B ZDRIZ ) 2a—DXIBTHFA Y
FHWTEANZ T v Fa 7% —Fv—v [Crimson Spin| DFIFICHIN L, Transformative
Vertical Flight 2022 TRITOMTF 2N L7 D=2 —ZARHETWE L, H¥ETH-
TeRXY =V FREOWREZHET 2L & bic, HFICZar Ffcd RECEOERIC

1



AT EZEES WO L, XD TEBXEOLNTE L, ETDH., iz 5 FHn
BXAURBo T EFI 22 2WFT 2L 2bIC, AMABAMBRICD I HICKELEH
MACX 252 T b T LBV ETIERVLL LKL F L,



AANY a7 5 e *‘

2 0 2 2HERENRE

1. & - FHES
- HEF: 2022 £7 A 6 H (K) 13:30~16:40
<P THAZENTE RN ST e v X — A
3 e
1 Japan Vertical Flight Education Team (JVFET) % /E#i#
2 HRSCUERS
3 HMEEHEEWRE. StlEFEoRR
4 BT BRI DK
i
1 [VFS Annual Forum SN ]
AR R K (ENZWTZERAFE N T A2 0T 72 B RS )
i EE K (ENZWTZERFRE N T AT 7E B R pE)
il HiE K (v M@kt
2 [EAMZERE DA AT 2 g biticowv»C SUB A RUDHY fHA DFA
2R s K (A&t SUBARU)

2. BEz - HHER

£ 1EEEL - wHEs

- HIFF 22022 £ 6 H 8 H (k) 16:00~17:30
B A T4

+ Rl [ AR R 1T B 5 2 AR UL TOE 1< B 5 2 AR
£ 2 mHEL - BHEE

- HIFF 22022 £ 7 H 6 H (k) 10:00~12:00

ST TSRS SR T v 2 - G

* R | RREE S O R OB SUE ICBE 9 5



3. FHFEES - BERER RS
- HIKF: 2022 4£11 A 4 H (%) 10:00~12:00
<GP L FEHATENIERAREREN FMIE T v v 2 TR REEE
- el
1 Comprehensive Validation on Aeromechanics Test Data for Mach-scaled Helicopter
Rotors
Prof. Sung Nam Jung (School of Mechanical & Aerospace Engineering, Konkuk
University)
- B R
1 Pz e AT B B~ ) HERACLES ~A Iz —w—
2

4. HEREEERV—27vav 7
- HEF : 2023 462 H 10 H (&) 9:00~17:05
3 A I

5. FERENZEBRER - EERRAET S
- HIF:2023 4£ 3 A 24 H (%) 13:00~17:20
- GRT L BAhRWTZERT RFHETHIX 733 KEEE RUA VT4 v



VFS Annual Forum ZJN#ER4E -{
ESAFERBIEANTFTENEMAHEEEE AN EX

E ARSI AT HM T RS 2H B2




@ BF~UITPlHE
Japan Helicoptmc Bocisty

Vertical Flight Society
78% Annual Forum
& Technology Display

THE FUTURE OF VERTICAL FLIGHT
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* Opening General Session
» Special Sessions

* Technical Sessions
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VFS 78% Annual Forumii} & @w

W FETE

= 5M10(:K)-12(K), Fort Worth Convention Center, Fort Worth, Texas
F 5M13(%F), T2=HJL"YF—, Bell Training Academy
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W 2022 Alexander A. Nikolsky Honorary Lectureship

+» Prof. Marilyn Smith, Georgia Institute of Technology, “Computational
Vertical Lift Aeromechanics and Its Future in the Twenty-First
Century”

m tyiar

= Opening General Session., 9MSpecial Sessions., 220 Technical
Sessions TR

» BEMDIIIHRER (YIMEE1E., JAXAE)

VFS 78t Annual Forumi#i = @w

Byl

*  Special Sessions: Intermational VTOL R&D, Future Vertical Workforce,
PEO Aviation's MOSA Collaboration and Progress, US Army Programs,
Flight Test, US Navy/ US Marine Corps Programs, Expanding the
Supply Chain, Challenges in Electric WVTOL, Progress in Electric VTOL

* Technical Sessions: Acoustics, Advanced Vertical Flight,
Aerodynamics, Aircraft Design, Avionics and Systems, Crash Safety,
Crew Stations and Human Factors, Dynamics, Electric Vertical Takeoff
and Landing (eVTOL), Handling Qualities, Health and Usage
Monitoring System (HUMS) — Condition Based Maintenance (CBM),
History, Manufacturing Technology and Processing, Modeling and
Simulation, Operations, Product Support Systems Technology,
Propulsion, Safety, Structures and Materials, System Engineering
Tools/Processes, Test and Evaluation, Unmanned VTOL Aircraft and
Rotorcraft

W R[]
5/16-5/18, 2023, West Palm Beach, FL, USA s



VFS 78t Annual Forum#f = @M

B Opening General Session

*+  Chair: Mike Hirschberg — Vertical Flight Society

* Panelist: British Army

*  Panelist: Tomasz Krysinski — VP, Research & Innovation, Airbus

*  Panelist: Shane Openshaw — VP, Tiltrotor Programs, Boeing Co.

* Panelist: Roberto Garavaglia — SVP Strategy & Innovation, Leonardo
Helicopters Division

* Panelist: Paul Lemmo — President, Sikorsky, a Lockheed Martin Co.

+ Panelist: Glenn E. Isbell — Bell

5
OPENING GENERAL SESSION
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Special Sessions @w

* #1 International VTOL R&D

* #2 Future Vertical Workforce

* #3 PEO Aviation’s MOSA Collaboration and Progress
* #4 US Army Programs

* #5 Flight Test

* #6 US Navy/ US Marine Corps Programs

* #7 Expanding the Supply Chain

* #8 Challenges in Electric VTOL

* #9 Progress in Electric VTOL

§ EAEAUITIHR
& Tapun Melicopter Society

SPECIAL SESSION #1:
INTERNATIONAL VTOL R&D



Special Session: International VTOL R&D |EEAUIT SR

alicopear Eo-iwby

*  “Franco-German Rotorcraft Research”, Amaud Le Pape, ONERA
and Florian Antrack, DLR

«  “NATO NGRC -Next Generation Rotorcraft Capability”, Pat
Collins, Senior Fellow, Helicopters Operating Centre, Defense
Equipment & Support, UK MOD (Ministry of Defense)

»  “Vertical Lift Research at the Aerospace Research Center”, Derek
Gowanlock, NRC Canada

“State of NASA’s Revolutionary Vertical Lift Technology Project”,
Dr. Noah Schiller, NASA

@ EAAJIT IR

SPECIAL SESSION #2: FUTURE
VERTICAL WORKFORCE

10
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Special Session: Future Vertical Workforce #auazoms

|||||| lizoptac
SR

+ “Advanced Air Mobility Realized”, Russell Julian, Texas UASWERX

»  “Workforce Development & the Future of Advanced Mobility”,
Victoria Natalie, Oklahoma State University

“TULSA", Daniel Plaisance, Helmerich Research Center, OSU-Tulsa

“‘DEI Survey Report Briefing”, Sharon Rossmark, Women and
Drones

“SBD International Airport, San Bernardino, CA", Mike Burrows,
San Bernardino International Airport

» “Future Vertical Workforce”, Vineet Saharasrabudhe, Sikorsky, a
Lockheed Martin

"

@ BEAVIAT TR

SPECIAL SESSION #3: PEO
AVIATION’S MOSA COLLABORATION
AND PROGRESS

12
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Special Session: PEO Aviation’s MOSA Collaboration
. and Progress

“‘PEO Aviation Discussion Panels”, Pat Mason, Deputy PEO
Aviation, US Armmy

13

§ AN U AT IHR
\.' Japan Melicopter =o-iety

SPECIAL SESSION #4: US ARMY
PROGRAMS

14
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Japin Halicoptsr EBocisty

Special Session: US Army Programs @Enu:wma

»  “Advanced Air Mobility Realized”, Russell Julian, Texas UASWERX

+  “Workforce Development & the Future of Advanced Mobility”,
Victoria Natalie, Oklahoma State University

“TULSA", Daniel Plaisance, Helmerich Research Center, OSU-Tulsa

“DEI Survey Report Briefing”, Sharon Rossmark, Women and
Drones

“SBD International Airport, San Bernardino, CA”, Mike Burrows,
San Bernardino International Airport

» “Future Vertical Workforce”, VVineet Saharasrabudhe, Sikorsky, a
Lockheed Martin

15

SPECIAL SESSION #5: FLIGHT TEST

16

13



Japan Halicopksr Eccieky

Special Session: Flight Test @EMUJ??E&

+ “Advanced Air Mobility Realized”, Russell Julian, Texas UASWERX

»  “Workforce Development & the Future of Advanced Mobility”,
Victoria Natalie, Oklahoma State University

“TULSA", Daniel Plaisance, Helmerich Research Center, OSU-Tulsa

“‘DEI Survey Report Briefing”, Sharon Rossmark, Women and
Drones

“SBD International Airport, San Bernardino, CA", Mike Burrows,
San Bernardino International Airport

» “Future Vertical Workforce”, Vineet Saharasrabudhe, Sikorsky, a
Lockheed Martin
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@ BEAANJIT IR

SPECIAL SESSION #6: US NAVY/ US
MARINE CORPS PROGRAMS

18
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Special Session: US Navy/ US Marine Cgrps Programs

+ “Advanced Air Mobility Realized”, Russell Julian, Texas UASWERX

+  “Workforce Development & the Future of Advanced Mobility”,
Victoria Natalie, Oklahoma State University

“TULSA", Daniel Plaisance, Helmerich Research Center, OSU-Tulsa

“DEI Survey Report Briefing”, Sharon Rossmark, Women and
Drones

“SBD International Airport, San Bernardino, CA”, Mike Burrows,
San Bernardino International Airport

» “Future Vertical Workforce”, Vineet Saharasrabudhe, Sikorsky, a
Lockheed Martin

19
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SPECIAL SESSION #7: EXPANDING
THE SUPPLY CHAIN

20
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copems Eocisky

“CONNEX Marketplace — The AAM Supply Chain Connection
Solution”, Alan Davis, CEQ_ i5 Services

“Strategically Hardening the Entire Supply Chain”, Chad Molter,
Managing Director, Deloitte Consulting

‘Expanding the global battery supply chain”, Andrew Miller,
Benchmark Mineral Intelligence

“hypoint”, Rhonda Staudt, HyPoint

21
SPECIAL SESSION #8: CHALLENGES
IN ELECTRIC VTOL
22
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Special Session: Challenges in Electric VTOL wazsiEs

»+ “Challenges in eVTOL", Steve Caravella, Siemens

*  “The Intersection of Hybrid Power & SAF”, David Eichstadt,
VerdeGo Aero

«  “CAAM’, JR Hammond, CAAM

» “Challenges in Electric VTOL", Starr Ginn, NASA
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@ EAANJIT IR

SPECIAL SESSION #9: PROGRESS IN
ELECTRIC VTOL

24
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Special Session: Progress in Electric VTOL #auazoms

TR

»  “Urban Mobility”, Jorg Mueller, Airbus

»  “The Case for Advanced Air Mobility Beginning with the Current
NAS and Beyond”, Erick Corona, Wisk

»  “The Future of Logistics”, Manal Habib, CEQO, MightyFly

» “Textron eAviation”, Robert Scholl, Textron eAviation

25
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» Technical Sessions
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Technical Sessions (1/2) @w

* Acoustics

* Advanced Vertical Flight

* Aerodynamics

* Aircraft Design

* Avionics and Systems

* Crash Safety

* Crew Stations and Human Factors

* Dynamics

* Electric Vertical Takeoff and Landing (eVTOL)

* Handling Qualities

* Health and Usage Monitoring System (HUMS) — Condition
Based Maintenance (CBM)

27

Technical Sessions (2/2) @E*"”j—"?ﬁ"%

* History

* Manufacturing Technology and Processing
* Modeling and Simulation

* Operations

* Product Support Systems Technology

* Propulsion

* Safety

* Structures and Materials

* System Engineering Tools/Processes

* Test and Evaluation

* Unmanned VTOL Aircraft and Rotorcraft

28
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TECHNICAL SESSIONS

29

Technical Session: Manufacturing & Tech. II: suazms
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Computational Analysis of a Model Coaxial Rotor Hub Wake (1233) Forrest
Mobley*, James Coder, University of Tennessee Knoxville
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Lateral cyclic pitch [deg]

Japan Melicopter Zociety

Technical Session: Aerodynamics I H’E*Au:wma

Time Efficient Methodology for the Evaluation of Aerodynamics and Flight
Mechanics of the RACER Compound Helicopter in Hover under Cross Wind
Conditions (1121) Ronan Boisard, * ONERA
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Technical Session: Aircraft Design |l @Ew\urm%

The Effect of Blade Tip Sweep Angle on Forward Flight Performance of a High-speed Helicopter (1238)
Keita Kimura*, Masahiko Sugiura, Yasutada Tanabe, Japan Aerospace Exploration Agency
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Japan Melicopter Society

Technical Session: Aircraft Design @w:@

38th Student Design Competition Graduate Winner: ALICORN — 2025 Unmanned Vertical Lift for Medical
Equipment Distribution (1323) Dilhara Jayasundara*, Spencer Fishman*, University of Maryland
VFSE LB I NT123 DBBBEDRE, 5T AT DFABT. O—3EHF1.5m, BANLO—F

100kg. EHB - LFFE COYREES o3 FETL TRHSATHY. 5 - & -BBHF -5 -#HL85
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Efficient Rotor Blades
« 3 taded rotor with efficient overtes Streamlined for exceptionally high speeds
+ optimised for high-spaed cruve and howver « Optimired afver >20 iteratons

Safe, convenient and
quick defivery
© Lightweght, seliable
Ioading and enlcading
mechanam

* Fayioad is autonomously
decfivered with a wheeled
Cart fOf COnvnince

-~
= s Powerful Propulsion
.. . et b
[ T - 1 Em Wesght 221 kg {487 W)
State-of the-art N Gaer . o :
avionics Retractable Skids Max Paytoad 100 kg {220 v}
* Long-range, robust Y (A

© Red ah P o 1
mq"m'w Max Speed S0 my's (175 kts)
. installed Power  [RUCEIUIREIE)
On ummeen tecran —_— .
+ Faoktates grawiy
based Unosdng

Cruise Noise 63.1 ¢8(A)

, UNIVERSITY OF 33
& MARVIAND L

Rotor Radus 1.565m (5.13 ft)

Technical Session: Test & Ecaluation | @Bwu:vm&

Japan Melicoptar Zocisty

Automated Optical Rotor Blade Tip Clearance Tracking Using Artificial Intelligence
Algorithms(1325) Timothy Schmidt*, Sikorsky, a LMCO
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Technical Session: Test & Evaluation |l @ AAUITIBR

Japan Malicoptear Society

Dynamic Stall Investigation on a Rotating semi-elastic Double-swept Rotor Blade at
the Rotor Test Facility Géttingen (110) Martin Maller*, Johannes Niklas Braukmann,
Armin Weiss, German Aerospace Center
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Japan Melicopter Soziety

Technical Session: Acoustics |l @ax/\unvmﬁ

Flyover Noise Comparison Between Joby Aircraft and Similar Aircraft (1180)
Jeremy Bain*, Greg Goetchius, David Josephson, Joby Aviation
JobyDEHEFEICEAT HHAR . JobyD T 720 — LR AZ 100kt - HE450m TRAT
St BEHRZET oz, B RJIoby#A(X10dBA)~EEFELNILAELELVSER
nEoht-,

w—Joly el o1 56 Kot
w—Joby Aot 3t 100 kaols

a Crnus SR22
_— s s
- < = Rol A
Joby #{& = 4 \ —eu:‘):‘ =
o — 108
BHRGIARRE-% a0
Aircraft Airspeed  Airspeed  La 5 ma
Joby Aircraft 95 knots 49mfs  45dB(A)
Joby Aircraft 100knots  Slmfs 46 dB(A) 0 7
2 ( b 3
Cirrus SR22 100knots  Slmis  59dB(A) il L
Beecheraft Baron 55 100 knots Slmfs 63 dB(A) - .
A4 —i8— j: 4

Leonardo AWI09  100knots  Slmis 61 dB(A) i
Bell 206 100 knots 51 mis 58 dB(A)
Robinson R44 100 knots 51 mfs 57 dB(A) 36
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Japan Malicoptmc Scciety

Technical Session: eVTOL || @ax/\uaym

Comprehensive Simulation for eVTOL AircraftDiagnosing Coupled Airframe-
Propulsion Dynamic Instabilities (53) Felix Brenner, Llorenc Foraste Gomez, Patrick
O’Heron*, Gamma Tech_; J. Goericke, M. Hasbun, ART
BERHERDS2L—FEEN 2L —REFHEL . IR DETEICEEL/ T
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Technical Session: Adv. Vertical Flight | )Ew\u::’mﬁ

Japan Halizopter Socieby

Blade Shape Optimization of Mars Helicopter Exploring Pit Craters (93) Masahiko Sugiura*, Keita Kimura,
Akira Oyama, Hideaki Sugawara, Yasutada Tanabe, Japan Aerospace Exploration Agency; Y. Buto, M. Sato,

K. Yoshikawa, Kogakuin University; M. Kanazaki, D. Kikuchi, Y. Kishi, Tokyo Metropolitan University; T.
Minajima, Tokyo University of Agriculture & Tech.
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Technical Session: Aerodynamics |l

Experimental Evaluation of MultiRotor Aerodynamic Interactions (1182) Daley
Wylie,* Abraham Atte,* Juergen Rauleder, Georgia Institute of Technology
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HRIERA ..‘
Comprehensive Validation on Aeromechanics Test Data for
Mach-scaled Helicopter Rotors

Prof. Sung Nam Jung

27



n"tMofu Aerospace Center, JAXA

* Organized by Japan Helicopter Society

Comprehensive Validation on
Aeromechanics Test Data for Mach-Scaled
Helicopter Rotors

Prof. Sung N. Jung
School of Mechanical & Aerospace Eng.
Konkuk University, Seoul, Republic of Korea

11/04/2022

Part |

Introduction

Intslligent Rotoreraft Structures Lab

28



Intro: Speaker’s Bio

X3

..

Prof. Sung Nam Jung
Education

= B.S., M.S,, Ph.D, Seoul National University
+ Area of Research:

= Rotorcraft Aeromechanics / Composite Structures
Work Experience
2006 = Current, Professor, Konkuk University, Seoul
2018 = 2018, Visiting Scientist, DLR
2011 —2012, Visiting Scientist, NASA Ames
1997 — 1999, Visiting Scholar, University of Maryland, College Park

= 1994 — 2006, Professor, Chonbuk National University

« Professional Service
= AJAA Associate Fellow (Since 2014)
= Associate Editor, Journal of the American Helicopter Society (Since 2015)
= President, Rotorcraft Systems Division, KSAS (2014 —2015)
= President, VFS Korean Chapter (2018 —2021)
= Tech Program Chair/Co-Chair, ARF 2018/2012, Rotor Korea 2007/2009

*
o

3

*,
”

A doll in glasses, 2000

KU o Intslligent Rotorcraft Structures Lab

Where Is Konkuk University?

s RIS
- R }~ « Konkuk University (KU):
e - . - Located in the northeastern region of Seoul
o ol | - About 30k undergraduate plus graduate students
TP o . fmalios - Aerospace Eng. program started in 1990
Jeju Island (7! ARF, 2018) - Currently 12 faculty members at Aerospace Eng.
Intelligent Rotoreraft Structures Lab

29



Mutual Visits & Talks: Some History

%)\‘A el Tl R ey ‘ |Advanced Technologies for Helicopter Development
Seoul, Korea, March 15, 2018 Prof. Yung H. Yu
s Director, Institute of Intelligent Vehicle System and Technology
Recent Research Activities on Department of Aerospace Information Engineering
% & Konkuk University
Rotary Wings in JAXA *Seoul Korea
Yasutada Tanabe
July 1, 2008
Helicopter Society Meeling

Active Vibration Reduction Study for
Composite Helicopter Blades with
Dissimilar Characteristics

ARF 2018, Jeju

_ e
Konkuk University EESSERFITES

. Y

! Kobiki Noboru || Yasutada Tanabe

Intslligent Rotoreraft Structures Lab

Sharing Some Memory with Dr. Aoyama

Chonbuk National Univ., Jeonju;
June 28, 2006

From left to right: Dr. Aoyama Takashi, Dr. Ben W. Sim (late), Myself 2 .
(Univ. of Maryland, College Park; Jan. 15, 2001) —~

From left to right: Myself, Dr. Choong Yang, Dr. Aoyama Takashi
(Geumsan Temple, Gimje; June 28, 2006)

[ KU 58S Intelligent Rotorcraft Structures Lab
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Part Il

Validation of HART I/ll Rotors

Intslligent Rotorcraft Structures Lab

Mach-Scaled Rotors

«»+» Comparison of Mach-Scaled BO-105 Rotors

— HART | HART I STAR

WT test performed May-June 1994 October 2001 2024 (planned)
Actuation method Fixed frame - HHC Fixed frame - HHC On board ATC
Blade manufacturer DEI (US) MBB (Germany) DLR
Blade weight 2.67 kg (H1Y) 2.14 kg (H2Y) 3.4 kg
Rotor type Hingeless Hingeless Articulated
Blade main spar D-type C-type C-type plus rear flange
No. of air stations 3(0.75, 0.87, 0.97R) 1(0.87R) 4 (0.675, 0.77, 0.875,
0.975R)

No. of pressure sensors 124 51 392
No. of strain gages 34 (32) 6 129

HART I (H1S)

HART Il (H2B)

KU e

31



Mach-Scaled Rotors

< Comparison of Mach-Scaled BO-105 Rotors

25 2 & & x & ' a2 & I %

HART I: S —— ‘f P No. 1 (H1Y)
0o 01 02 03 04 05 06 07 08 0.9 10

+ Absolute pressure transducers (124)
# Strain gages: flap (13), lead-lag (12), torsion (9)

o 3 ” ¢ $ ¢
reference blade (25 Kulites) 17% No. 1 (H2Y)
HART II:
o ; o
preceading blade (26) % No. 4 (H2R)
- T T T T — T T S T > 1R
() ['A] 0z 03 04 05 06 0.7 08 09 10

+ Absolute pressure transducers (51)
# Strain gages: flap (3), lead-lag (2), torsion (1)

HART Ii airfoil blade section
(H2Y; Built based on X-ray images)

Intslligent Rotorcraft Structures Lab

Validation of HART Il Rotor

= HART Il test performed at DNW in 2001

« Wind tunnel test data released to public in 2006

« High resolution test data enabled demonstrating
the prediction capability

« Step-by-step approaches for CFD/CSD coupling
- CSD code validation: CAMRAD Il alone or with
prescribed (CFD or measured) airloads
- CFD code validation: KFLOW with measured blade
motions
- Loose CFD/CSD coupling

Outcomes:

« Code-to-code validation proved efficient for
improved correlation of HART Il data

= Mechanism of BVI noise reduction via HHC
inputs explained

= KU team emerged in the rotorcraft community
(2009-2013)

intelligent Rotorcraft Structures Lab
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HART Il Validation Steps Taken

% Step-by-step approach used for the validation of HART Il data

- 1st; CSD validation using lifting-line based aerodynamics (1-2
- 2nd: CFD validation using measured blade motions -4
- 3rd; CSD validation using prescribed CFD airloads ©
- 4t; Loose CFD/CSD coupled approach 67
(1) “CGomparison of Rotor Structural and Aerodynamic Loads Using the HART Il Test Data,” i
Hamburg, Germany, Sept. 22-25, 2009

(2) “Validation of Comprehensive Dynamics Analysis Results for a Rotor in Descending Flight”, Aircraft Eng. & Aerospace Tech.,
Vol. 83, No. 2, 2011

(3) “KFLOW Results of Aifloads on HART Il Rotor Elades with Prescribed Blade Deformation,” , Seoul, Korea, Oct.
19-20, 2009

(4) “Prediction of HART Il Airloads Considering Fuselage Effect and Elastic Blade Deformation,” . Saitama, Japan,
Nov. 1-3, 2010

(5) “Validation of HART |l Structural Dynamics Predictions Based on Prescribed Aidoads,” ]
San Francisco, CA, Jan. 20-22, 2010

(6) “Correlation of Aeroelastic Response and Structural Loads for HART Il Rotor using CFD/CSD coupling,”
. Paris, France, Sept. 7-9, 2010

(7) “Assessment of CFD/CSD Coupled Aeroelastic Analysis Solution for HART Il Rotor Incorporating Fuselage Effects,”
. Virginia Beach, VA, May 3-5, 2011

Intelligent Retoreraft Structures Lab

Rotor CSD Models

«+ Structural/Aerodynamic models used for rotor CSD analysis

Flight condition: HART Il rotor in descent (un=0.15)

G Llh ; 10 slastic boam

finito ahomants
Fuaibaring hings

: D“ﬂ DYMORE 16 elastic beam / 1 shraian
| [ [ [ finite elements P pekd
|
1 EI 4 T Q 1m0 1 /’k\“‘ﬁ‘:::::l:w -
; ki
D22 0.1 1 gioos i
CAMRAD II
(LTI DYMORE aero panels
125 g 4 15 1 7

FE structural analysis model
CAMRAD Il aero panels

Intslligent Rotoreraft Structures Lab
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Validation of CSD Predictions

+ Validation of CSD predictions on section airloads (CAMRAD Il)

(a) BL (b) MN (c) MV
025 025 025
+ Measured l +  Measurea l + Measured
----- Rolled-up wake - - - - - Rollodup wake - - - - - Rollodoup wake
0z Multiple trailer wake| 0.2 Multiple trailer wake| 0.2 Multiple trailer wake|

we, o DA BN W A
I S CRN

0.8, o0 760 Fi 350 ~0.08, 0 T80 70 0 088, B0 76T 70 0
oo not 001
. Measured + Measursd © Measursd
----- Rollad-up wake - - - - Rollad-up wake - - - - Rolladup wake
100 f——— Mutiple wailer wak no0s Multiple trailer wak 0,008, Multiple trailsr

Mzcm — WN"&‘% If, ﬂ\dﬁ:&—yﬂ’ p—r :a.ans \‘é’\t/ ‘ﬁ

I

|

Mean rgmoved |
a0 L 201

015 o0 i) 77 E : o0 T80 L] 360 - £ Te0 778 360
Azimuth angle, deg. Azimuth angle, deg. Imf Azimuth angle, deg,

Validation of CFD Codes

% Validation of CFD codes via the mechanical airloads approach

== Measured (Blade #1) . © - Measured (Blade 1)
E — - Woasured (Blade #2) g — e -~ Muasisred (Blada #2)
5 - Weasured (B|ade #3) = © - Measured (Elade £2)
g 2 = Weasured [Blade &4) £ 2 +- - Muasured (lads #)
2 - :::ag :: "‘I: "’”f“‘" ‘r‘flm s —— CAMRAD Il with rolledesp wake i .
Elade elastic {E with mechanical o . E — — CAMRAD I with mechanical alrjoads Mechal‘llca| a”-loads
3 i g £ results indicate:
motions: '_:‘n. | o
= T + Reasonable prediction on
= £ s mean values
3 s
H =z + Large oscillatory response
L _ L . due to the lack of damping
£ 750 F] EC W O] F ) .
Azimuth angle, deg Azimuth angle, deg (= Requires large amount
of damping to stabilize the
@ Measured ok = 18 @ Maasured fuk =, 33] response’)
——— GANRAD || with rallec-ap wake e CAMRAD || with relled-up wake
— — GANRAD Il with mechanical airlcads E CAMRAD || with mechanical airlcads
2
E » o) z* *Sa, J. H, etal., "Validation of HART Il
= B / b & o Structural Dynamics Predictions Based on
Blade E |o - e & 3 Prescribed Airloads,” International Joumal of
structural loads: E o N = b - s [ Aeronautical and Space Sciences, Sept. 2012
" = o - .
k) °j :
w2 g,
2
380

O e B
Azimuth ang|e, deg

o
m o e oo
Azimuth angle, deg [ntslligent Rotoreraft Structures Lab
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Loose CFD/CSD Coupled Approach

++ CFD computational conditions

Grid type Isolated Rotor Rotor + Fuselage

Background grid (off-body) 11(11;(_ :l(/)lL:II:)O ! 16(12;;,04&2:;!:)01

Blade grid (near-body) (saM cole) eam cale)

Fusslage grid ~ 177 < 289 X 49
(2.51M cells)

Total 23.95M cells 37.6M cells

Backgroung grid spa(_:ing 01c

(level-1 uniform spacing)

First cell size 1x105 ¢ (y+ < 3)

Time step size 0.2 deg.

CFDI/CSD: KFLOW (Compressible 3D RANS solver) / CAMRAD Il or DYMORE
Spatial discretization: 5"-order WENO scheme
Turbulence model: k-& Wilcox-Durbin (WD+) scheme

KU fehns

Loose CFD/CSD Coupled Approach

+¢ Iteration history for CFD/CSD convergence (Delta airloads approach)

[r— T
—— CFDICSD 6,
e CFDICSD 6,
o °F - = = = Measured o,
5 -
. 3500 g _§.
Rotor trim: g H 8
5 5 g
£
3000 |- g 8 of
< £
€ 200 - L R
Trim forces and moments ) ol
(CFD solution) Trim control angles
s ¢
Trin Cycles Trim Cycles
” S 7% span ’ re 87% span)
Section
airloads:
M2C,, mzc,,
0 !l.ﬂ !;a 7‘;!:
Azimuth angle, deg

< KONKL
| KU teians LS R )
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Loose CFD/CSD Coupled Approach

< Validation of section normal forces M2C,

. Measured
Isolated rotor

. Rotor + fuselage

ol o v

B87% span
BL case

a 0
Azimuth angle, deg

E

# Good correlation (BVI peaks, phase)

obtained, particularly

with R-F model

0z

| s0ALG PTG

Waasurad B7% span

Rotor + fuselage

Advancing side

30 &0 [E) EES
= Measumd
Jsolated 87% span

- Ralor + fuselage

Retreating side

£

L L
TG 00 330
Azimuth angle, deg

R
s Messured 87% span
Rotor + fusalage
oas b MN case
02
0,18
o
X,
= G1E
005 - L4
ok
085 e T e o
028
. Measured BT% span
— Rotor + fuselage
MV case
02
0,15 =
.uu 0.1 =
s
045
ol
) T S S S

0 180 7
Azimuth angle, deg

Validation of Blade Elastic Motions

Isclated rotor
Fotor + fuselage

L 1 s
i T80 F
Azimuth angle, deg

(a) BL

5
[
"
g ........
=k
£
Flap_ ]
motion: £
-
a
&
a
i -
S£ 0
=m af
3
5L
. [N
Torsion 2
motion: @
o
a
g

Measired = blade #1
Measured- Hade #2
Meazured- bade #3
Measired = bade #2
Isclated rator

" Retar » usalige

L L L
B TE 378
Azimuth angle, deg

Tip flap deflection, 100 z/R

Tip elastic torsion, deg

Measured
Measired - blede 2
Maasured = bjade #1
r Measured - blade #4

e [50late reor
= = = = Rotor t fuselage

o Measured - Bade #1
Measures - blade #4
_ Isalated rotor

20 = = - - Rofor+ fasehge

Tip flap deflection, 100 z/R

= W T i o E T Fa E
Azimuth angle, deg Azimuth angle, deg
(b) MN (c) MV
) o :::::;:1-54:::1 T Wesema. s 52

Measured = bjade 84
3| —— Isalated rotar
= = = - Rotwor +fusalge

Tip elastic torsion, deg

Ylll: TED e
Azimuth angle, dey
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Validation of Vortex Trajectories

freestream H
WR=07 Y S |
= |
E Fi7] !
e N P

,,,,,,,,, —ome |,

A

0.4

73

| I

I

|

|

|

1

1

I

|

|

|
A

|

1

|

I

1

[ T,
-ﬂ:- ——_[%ﬂ i Pat
1 e e S
i Retreating side | i =200 § y=T0 i
g ik e m?ml i 2
(a) BL case (b) MN case
Intslligent Reotoreraft Structures Lab

Publications: Validation of HART Il Rotor

You, Y. H., Sa, J. H.,, Park, J. S., Park, S. H., and Jung, S. N., "Modern Computational Fluid Dynamics/Structural Dynamics Simulation for a
Helicopter in Descent," Journal of Aircraft, Viol. 50, No. 5, Sept. 2013

Park, J. S., $a, J. H., Park, S. H., You, Y. H., and Jung, $. N., "Loosely-coupled Multibody Dynamics-CFD Analysis for a Rotor in
Descending Flight," Aerospace Science and Technology, Vol. 29, No. 1, Aug. 2013

Jung, S. N., Sa, J. H., You, Y. H., Park, J. ., and Park, S. H., "Loose Fluid-Structure Coupled Approach for a Roter in Descent
Incorporating Fuselage Effects," Journal of Aircraft, Vol. 50, No. 4, July 2013

Smith, M. J, Lim, J. W,, van der Wall, B. G., Baeder, J. D., Biedron, R. T., Boyd, Jr, D. D., Jayaraman, B., Jung, 5. N., and Min, B. Y., "The
HART Il International Workshop: An Assessment of the State of the Art in CFD/CSD Prediction,” CEAS Aeronautical Journal, Vol. 4, No. 4,
Dec. 2013

van der Wall, B. G., Lim, J. W., Smith, M. J., Jung, S. N., Bailly, J., Baeder, J. D., and Boyd, Jr, D. D., "The HART Il International Workshop:
An Assessment of the State-of-the-art in Comprehensive Code Prediction,” CEAS Aercnautical Journal, Vol. 4, No. 3, July 2013

Sa,J. H., You, Y. H., Park, J. S., Park, §. H., and S. N. Jung, "Validation of HART Il Structural Dynamics Predictions Based on Prescribed
Airloads," International Journal of Aeronautical and Space Sciences, Vol. 13, No. 3, Sept. 2012

Jung, S. N., You, Y. H., Kim, J W., Sa, J. H., Park, J. ., and Park, S. H., "Correlation of Aeroelastic Responses and Structural Loads for a
Rotor in Descending Flight," Journal of Aircraft, Vol. 43, No. 2, Mar.-Apr. 2012

Park, J. S., and Jung, S. N., "Comprehensive Multibody Dynamics Analysis for Rotor Aeromechanics Predictions in Descending Flight,"
Aeronautical Journal, Vol. 116, Ne. 1176, Mar. 2012

Park, J. S., Jung, 8. N., You, Y. H., Park, $. H., and Yu, ¥. H., "Validation of Comprehensive Dynamics Analysis Results for a Rotor in
Descending Flight,” Aircraft Engineering and Aerospace Technology, Vel. 83, No. 2, Apr. 2011

Park, J. S., Jung, 8. N, Park, S. H., and Yu, Y. H., "Correlation Study of a Rotor in Descending Flight using DYMORE with a Freewake
Model,” Journal of Mechanical Science and Technelogy, Veol. 24, No. 8, 2010

You, Y. H., Park, J. S., Jung, S. N., and Kim, D. H., "Comprehensive Code Validation on Airloads and Aeroelastic Responses of the HART Il
Reotor," International Journal of Aeronautical and Space Sciences, Vol. 11, No. 2, June 2010

Intelligent Rotoreraft Structures Lab

37



HART | Blade Property Test

= No systematic measured blade
properties available for HART | rotor

= Original set of HART | blades
demolished during a follow-on test

Approaches:

In collaboration with NASA, DLR, KU
Use the original blade set tested in
DNW (1994)

Well-established test techniques
employed

Destructive-type of test techniques
adopted

= Property table completed for HART |
blades and documented as NASA
report (NASA/CR-2012-216039)

= Published also in JAHS 2013

Trifillar pendulum for section

Chord
bending

Measured

VAT,

. e
Flap %
motion: A SN M Y
H
$
o
ermeed
o P
g )
5
. :
Torsion e R 4
motion: i sy "\ o
¢ \
z

T 7
Azimuth angle, deg

(a) BL

(b) MN

‘Azimuth angle, deg

Azimuth ;ngle‘ de;

(c) MV

» Improved correlation in terms of waveform/phase & p-p values obtained, as compared with the

earlier predictions (Lim, et al.)

38
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HART Il Blade Property Test

« No measured properties available
for HART Il blades

» Reliable measured properties
needed for accurate predictions

Approaches:

In collaboration with NASA & DLR
Use the original set of HART Il
blades tested in DNW (2001)
Non-destructive test techniques (x-
ray CT-scan coupled with 2D FE
section code Ksec2d) adopted
Assess the measurement quality

« Updated structural properties of
HART Il blades released

= Published as journal papers: AIAA J
& Comp Str (2015)

Flap
bending

Result: HART Il Blade Property Test

00, T v
N-m A
Flap bending 5
4 —— " Measured [9]
| | = Prosent with earlier properties
. 3 { | @ Present with measured properties
i, |
§ |
§, 1 { -
3 | |
"
2

Collective Lateral cyclic  Longltudinal cyclic

Frequencies, /rev

Torsion stiffness

25.2% at 0.17R

% 02 04 06 08 12 a+
Rotational speed (£2/02.)

a 02 04 086 08
Span coordinates, r'R

0 TED 770
Azimuth angle, dog. g W 80 210 30

¥

» Measured values show substantial deviations in the blade properties, especially in the blade root,
while indicating marginal influences on trim and blade motions

Intslligent Rotorcraft Structures Lab

39



Validation of HART | Rotor

+ CFD computational conditions

case Near-body grid off-body grid Fuselage Total Off-body grid spacing
321x101x49 161x451x401
Isolated rotor (15M Ce"s) (290M Ce“s) None 20.9M cells 0.1c
321x101x49 161x451x401 177x289x49
Rotor-fuselage (1.5M cells) (29.0M cells) (2.5M cells) S Mcells 0:a¢

Isolated rotor

(a) HART I shank region

(b) HART Il shank region

Validation of HART | Test Data

Measured (T5%R) e Maasured (§7%R) - Measured (97%R}
CAMRAD || with free wake . st GAMRAD | with free wake
CAMRAD |PKFLOW (isolated rotor) . CAMRAD [IFLOW {isclated rotor) [ ©+ CAMRAD I/KFLOW (solated rotor)
oisk CAMRAD |VKFLOW (rotorduselage) 0,05 |- m— CAMRAD IKFLOW {rotoruselage) oasf CAMRAD I/KFLOW (rotorduselege)
Section . E
% 3]
airloads: s
of of
0.75R 0. 87R
o NN P - - Ty R
Azimuth anige, deg Azimuth an|ge, deg Azimuth an|ge, deg
oz

[ s Measured (87% R)

+ <+ CAMRAD || with free wake

£ ++ CAMRAD [VKFLOW (isolated rotor)

0,15 [ — CAMRAD [VKFLOW (rotorfuselage] %

r » Excellent correlation (p-p &

Harmonic r phase) shown for all stations,
. 8] o o
analysis on & E\ with R-F model
2¢ : =Ny
m2C,; S
of
Low harmonic (0 to 10P) High harmonic (11P and higher)
. L - - .04 - L 4
80 180 270 380 E 180 270 0
Azimuth angle, deg Azimuth angle, deg 1t Rotoreraft Structures Lab
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Validation of HART | Test Data

2 1
Meazurad o Measured
B S T i i - g o S e et
g CAMRAD [ MFLOW (iselstod rotor) E . - CAMBAD [IKFLOW [isolsted roter) CAMRAD [IKFLOW ficolated retar)
. CAMRAD XFLOW [rotorduselage} L CAMRAD [IKFLOW [retor fuselage) hd  CAMRAD IKFLOW {rotonéusclage)
i 3 ]
s - 5 5
- b o = =
Blade tip a = 5 s 5
B 5 o7 . . = 2
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1 M @ T B 3% - Té0 B 360
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o Maseurad (0458 o Maasured 0,45
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z Z,\ — CAMEAD LKFLOW (rotordsselage) E EAMRAD IFHFLOW frotorduselage)
g £ i
w . i *
Blade g . H H \L
c . A
S £
structural E : ¥ L @ o §
2 1] E
. £ g : 3
loads: 5 . \/ = 2 <
= - _ H s
2 “| a &
. B0 & 5
2 + Measured [D.A8R) = =
= [ e CAMRAL || with freswake =
= = = = CAMRAD ||/KFLOW solated rotor) 5]
— G AMRAL || /KFLOW (ratorSusalage}
L ! 1 10 =10,
o0 T80 770 ) (i a0 180 770 380 ] TED Fi] 350
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Publications: HART l/ll Rotors

+ Validation of HART I rotor test data

* You, Y. H., Na, D. H., and Jung, S. N., "Improved Rotor Aeromechanics Predictions using a Fluid-Structure Interaction Approach,"
Aerospace Science and Technology, Vol. 73, No. 2, Feb. 2018

« You, Y. H., Na, D. H., and Jung, S. N., "Data Transfer Schemes in Rotercraft Fluid-Structure Interaction Predictions,” International Journal
of Aerospace Engineering, Vol. 2018, Article ID 3426237, Mar. 2018

+ Na, D. H., You, Y. H., and Jung, S. N., "Comprehensive Aeromechanics Predictions on Air and Structural Loads of HART | Rotor,"
International Journal of Aeronautical and Space Sciences, Vol. 18, No. 1, Mar. 2017

« Measurement of HART | blade properties
+ Jung, S. N., You, Y. H., Lau, B., Johnsen, W., and Lim, J. W., "Evaluation of Rotor Structural and Aerodynamic Loads Using Measured
Blade Properties," Journal of the American Helicopter Society, Vol. 58, No. 4, Oct. 2013
* Jung, 8. N., and Lau, B., “Determination of HART I Rotor Blade Structural Properties by Laboratory Testing,” NASA CR-2012-216039, Aug.
2012,

% Measurement of HART Il blade properties

* Jung, S. N., You, Y. H., Dhadwal, M., Riemenschneider, J., and Hagerty, B., "Study on Blade Property Measurement and Its Influence on
Air/Structural Loads," AIAA Journal, Vel. 53, Neo. 11, 2015

+ Jung, S. N., M. Dhadwal, Kim, Y. W., Kim, J. H., and Riemenschneider, J., "Cross-section Constants of Composite Blades Using Computed
Tomegraphy Technique and Finite Element Analysis,"” Composite Structures, Vol. 129, Oct. 2015

Intelligent Rotoreraft Structures Lab
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Part Il

Other Rotorcraft Research Activities at KU

Intslligent Rotorcraft Structurss Lab

KSEC2D: Beam Section Analysis System

= Need is to develop a general-purpose beam
cross-section analysis program (sponsored
by KARI)

« Evaluate rotor blade section properties

« Optimum design of blade structures

= 2D finite element-based approach

« Beam theory based on a Helinger-Reissner
mixed variational principle

= Validation with 3D FEA and experimental
data

Outcomes

= Successful application to KHP blades

« Other applications: KARI Smart UAV, KARI
BMR, KARI OPPAV, UAM, ...

= KSEC2D evolved into 2" generation beam
section models (RDSAC, MVSAC)

K Sonas

Flow diagram of 2D cross-sectional
analysis program KSC2D

Master fied

Material

e

3D sectional warping

u
it st 1891425 1577 | ool 8 Prsen

1
Dispk Disck Disck &1 Displ 1
forces I 1
3D 3D Reduced (beam) | 3D 1
I 1
Arpin: 3D 3D Torsion & shear : 3D !
Stiffness model  Timoshenko (6x6) Timoshenko (6x6) Timoshenko = , Timoshenko (6x6) :
Masov (5x5) Masov (7x7) Masov (9x9) .
FE FE Analytical 1 FE 1
Intelligent Rotorcraft Structures Lab
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KSEC2D: Validations & Applications

« Validations "

0762 mm
1| 20 FE model
B 12638 NSEm

—

EETT
[ stimess | NABSA [ Jung ot 4. (%) | VABS (%) _| Prosent (%) |

Ky - 10 {l) 1438 1431 (=0.5) 1.437 (-0.1) 1437 (<0.1)
Kig: 10 (b<in) 1075 1,084 (-1.0) 1,074 (0.1)  -1.074 (0.1)
Kaz - 10* (b) 9.018 9.089 {0.8) 9.027 {0.1) 8,984 (-0.4)
Ko 104 (bdn) 5,204 5,381 (36) 5.201 {-0.1) 5,200 (-0.1)
- 10* (k) 3832 3,822 {-2.8) 3,943 (0.3) 3,884 (-0.9)

e A0% (dn) 5637 5,605 (-0.6) 5,635 (0,0) 5,604 (-0,8)
S10* (kein?) 1678 1662 (=1.0) 1679 {0.1) 1.674 (0.2)

= 104 (ben?) 6622 6.873 {3.8) 6621 {0.0) 6611 (-0.2)
S10° (bein?) 1726 1.728 {0.1) 1.725 {-0.1) 1.714 (0.7)

gy PR

STAR AT3 blade

L Applications

g AEE

st

CEa—
wimm)

KARI EMR flexbeam section

3 001 ates 0
24em)

hows 001 ams asz

HART Il blade

aEs

BO-105 small-scaled blade

st €0 i
KHx blade

Intelligent Rotorcraft Structures Lab

» Need is to develop a simple, analytical
beam section analysis for high efficiency
cross-section analysis program

Exploit the benefit of mixed approaches

» Consider non-classical composites effects

Approaches:

« Mixed beam formulation based on Reissner
functional

» Considering shell-wall thickness,
transverse shear, torsion warping, warping
restraint effects in rigorous manner

« A shear flexible [7x7] stiffness constants
resulted

« Extensive validation conducted

» MDO simulations for helicopters & wind
turbine blades performed
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Publications: Composite Blade Sections

Dhadwal, M., and Jung, S. N., "Free-edge stress e ion of lami p KSEC2D
Composite Structures, Vol. 233, Article 111705, Feb. 2020

Dhadwal, M., and Jung, $. N., "Generalized Multifield Variational Formulation with Interlaminar Stress Continuity for Multilayered Anisotropic Beams,”
Composites Part B: Engineering, Vol. 168, July 2019

Dhadwal, M., and Jung, 8. N., "Multifield Variational Sectional Analysis for Accurate Stress Computation of Multilayered Composite Beams," AIAA Journal, Vol.
57, No. 4, Apr. 2019

Dhadwal, M., and Jung, S. N., "Effect of Three-dimensional Warping on Stiffness Constants of Closed Section Composite Beams,” International Journal of
Aeronautical and Space Sciences, Vol. 18, No. 3, Sept. 2017

Dhadwal, M., and Jung, $. N., "On Boundary Effects Due To Nonuniform Shear and Torsional Warping for Open Section Anisotropic Beams,” Composite
Structures, Vol. 161, Feb. 2017

Dhadwal, M., and Jung, 8. N., "Refined Sectional Analysis with Shear Center Predi
Meccanica, Vol. 51, No. 8, Aug. 2016

Park, I. J. and Jung, S. N., "General Purpose Cross-section Analysis Program for Composite Rotor Blades,” International Journal of Aeronautical and Space
Sciences, Vol. 10, No. 2, Nov. 2009

using a novel multifield variational beam formulation,”

for Nonh Anisotropic Beams with Nonuniform Warping,”

Bae, J. 8., and Jung, 8. N., "Closed-Form Analysis of Thin-Walled Composite Beams Using Mixed Variational Approach,” Aerospace, Vol. 9, 2022 CORBA
Jung, 8. N., Kim, C. J., Ko, J. W. and Kim, C. W., "Theory of Thin-walled, Pretwisted Composite Beams with Elastic Couplings,” Advanced

Composite Materials, Viol. 18, No. 2, 2009

Jung, . N., and Park, L. J., "Theory of Thin-walled Composite Beams with Single and Double-cell Sections,” Composites Part B: Engineering, Vol. 38, Mar. 2007
Jung, 8. N., and Park, 1. J., "A Simple Mixed-Based Approach for Thin-walled Composite Blades with Two-cell Sections,” Journal of Mechanical Science &
Technology, Vol. 19, No. 11, 2005

Jung, 8. N., and Park, L .J., "Structural Behavior of Thin and Thick-walled Composite Blades with Multi-cell Sections,” AIAA Journal, Vol. 43, No. 3, Mar. 200,

S. N. Jung, I J. Park, E. S. Shin, and I. Chopra, "A Study on of Comp C for Heli Rotor Blades with Multi-cell Sections,”
International Journal of Aeronautical and Space Sciences, Vol. 4, No. 1, May 200

Jung, §. N. and Lee, .. Y., "Closed-Form Analysis of Thin-Walled Composite |-Beams Considering Mon-Classical Effects,” Composite Structures, Vol. 60, 2003
Jung, S. N., Nagaraj, V. T., and Chopra, I., "Refined Structural Model for Thin- and Thick-Walled Composite Rotor Blades,” AIAA Journal, Vol. 40, No. 1, 2002
Jung, 8. N., Nagaraj, V. T., and Chopra, |., "Refined Structural Dynamics Model for Composite Rotor Blades,” AIAA Journal, Vol. 39, No. 2, 2001

Jung, S. N., Nagaraj, V. T., and Chopra, I, "Assessment of Composite Rotor Blade Modeling Techniques,” Journal of the American Helicopter Society, Vol. 44, No.
3, July 1999

Structural Optimization of Rotor Blades

[ Motivation | -
e Pl anal
« Develop efficient modeling methods for ot?a“s"cﬁ' et — W:';%r%‘ iN .,5
helicopter/iwind turbine blades
« Integrate structural optimization framework
by combining evolutionary algorithm PSGA J Sectonal
with KSEC2D, NASTRAN, etc. Costfunction yﬁf —
s smctinal lnads)

Approaches

« Use of Bezier/B-spline curves to model thin-

structural design framework

« Application to DTU wind turbine & HCUR
blade sections

« High efficiency optimum sections resulted
while satisfying all design constraints

PSGA flow diagram:
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Overall optimum

0 Section

Eeain L poperis e
walled cross-section profiles PROINIES e Analysis

Rotor (blade)

« Analytical or FE-based, mixed beam t t
formulation for cross-sectional properties
« Construction of PSGA-based MDO I conoRoR e, vomomew

DTU 10MW WT blade (Bak et al. 2013)

Each section

Computingtime | 3DFE | 2DFE | Present1D

10 min
25000 hrs

1sec
40 hrs

1 min
2500 hrs

Computed using 30 cross-sections & 5000 function

evaluations



Structural Optimization of WT Blades

+ HCUR blade sections L
iiespsus sz _m
Minimize: f(x) = e A
Subjectto:  a;(N, +0.15) < % < a(N, + o.a":s;
0
Iy.\‘r _an| <005 |.Vnu- = ynrl < 0.05
c [

Iy = 0817 = 44.86kgm? m<mg

Section offsets

Optimized section
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Non-dimenslonal spanwise cocrdinates (1/F)

% Optimum design of DTU 10 MW WT blades
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Minimize:
Subject to:

£ =<1 8,(X) = SRy, <1

with bounds for design variables as:  x* <x < x”
4 X
Baseline: 3@ ‘
"
Optimum: sg
—— = & e

+ 6% blade weight savings w/o violating constraints
+ Run time: about 5 hrs (using OpenMP)

Rotor Aeromechanics Analysis System

» Develop comprehensive aeromechanics analysis
with the capability of predicting:
- Rotating free vibration frequencies
- Blade & hub vibratory loads
- Trim, blade response, stability

Based on moderately large deformation beam theory

= Quasi-steady or Leishman-Beddoes unsteady
aerodynamic theory adopted

Extension to free wake inflow model & loosely coupled
CFD/CSD approach planned

« Predicted aeroelastic responses in forward flight
validated

« Effect of composite couplings on rotating
frequencies, aeroelastic stability & hub vibration
investigated

= May extend to a general purpose CSD system
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Summary

< Some of the rotorcraft research activities performed at KU briefed.
These include:

= Validation results of March-scaled HART l/ll test data
= Measurement of structural properties of HART /I blades
= Development of blade cross-sectional analysis systems: KSEC2D, CORBA
= MDO outcomes for composite helicopters & WT blades
<+ Suggestions on future collaboration between the two parties
= Continue effort in cooperation of STAR project

=  Encourage mutual visits (technical seminar, meetings) and exchange of
personnel (students, professors, researchers)

= Seek potential MoU research collaboration for emerging areas (e.g., UAM)

KU e | Intslligent Retorcraft Structures Lab

Q&A

Thank you!

Contact: snjung@konkuk.ac.kr

KU e Intelllgent Rotorcraft Structures Lab
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Japan-Korea Joint Workshop on Rotorcraft
February 10, 2023, Oaline

Keynote Speech

Overview on Rotorcraft R&D in Japan

Takashi Aoyama
Chairperson
Japan Helicopter Society

Program Director of Aviation Technology
Aviation Technology Directorate
Japan Aerospace Exploration Agency (JAXA)

Outline

m Introduction of Japan Helicopter Society (JHS)

m Activities of Manufacturers
+ Kawasaki Heavy Industries (KHI)
+ SUBARU
Mitsubishi Heavy Industries (MHI)
+ Yamaha Motor
Yamato Transport
B Activities of Universities
+ Nagoya University
+ Kanazawa Institute of Technology
Shizuoka Institute of Science and Technology
m Activities of Research Institute
+ Japan Aerospace Exploration Agency (JAXA)

Overview on Rotoreraft R&D) in Japan, Aoyama, THS, Japan-Eorea Joint Workshop on Rotoreraft, Online
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ax~UO7sme Japan Helicopter Society
Jepan Helicopter Jociety (J HS)

r .

® Established in 1989 with the aim of contributing to the
community of helicopter and VTOL, from R&D, design, testing,
manufacturing to operation CHARTER

® Approved as the Japan Chapter of the American Helicopter PN F;s;:".'-'.'r‘ﬁ-m-.énrim
Society (AHS) since its foundation and evaluated as one of oy BETUED
the most active chapters outside U.S. - A G i 1

JAPAN CHAPTER

® Members: researchers, engineers, pilots, government officials, % Lo
journalists, trading company workers, students...

® Main activities: Asian Rotorcraft Forum (ARF)/Heli Japan,
Japan Helicopter Safety Team (JHST), publication of annual

report, research meetings ...

Overview on Rotorcraft R&D in Japan, Aoyama, JHS, Japan-Korea Joint Workshop on Rotorcraft, Online

Kawasaki Heavy Industries

Delivery of H145/BK117 D-3

® The latest version of BK117 codeveloped with Airbus
Helicopters

® 5 bladed, GW=3.8ton, ducted fan, Rotor dia.=10.8m

® T/C by JCAB in 2021

® 14 aircraft had been ordered by the end of 2022 in Japan

CRM: Crew Resource Management

® CRM training services using a virtual reality (VR)
simulator, intended to foster safer helicopter
operations

® Training is intended to integrate not only the pilot,
but also ground crew and other flight crew
functioning in various capacities

® The goals include improving team communication,
situational assessment skills and decision-making
skills, which enable safer flight operations.

Ca-piet 3 vaw

v ram pamile v

CRM training

Overview on Rotoreraft R&D m Japan, Aoyama, THS, Japan-Eorea Toint Workshop on Rotoreraft, Online
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— SUBARU

SUBARU BELL 412EPX

® The latest version of BELL 412 codeveloped with BELL
Helicopter

® T/C by FAA in 2018

® GW=5.5ton, Rotor dia.=14.02m

® 3 aircraft had been ordered by the end of 2022 in Japan

SUBARU BELL 412EPX: Civil version

UH-2 for Japan Ground Self Defense Force

® In 2015, Ministry of Defense selected SUBARU BELL 412EPX
as a platform of UH-2, the successor of UH-1J

® Maiden flight of mass production model and delivery started
in 2022

® 26 aircraft were procured by the end of 2022

® Total 150 aircraft will be delivered by 2041

UH-2: Military version

Overview on Rotorcraft R&D m Japan, Acyama, JHS, Japan-EKorea Jomt Workshop on Rotorcraft, Online

. Mitsubishi Heavy Industries

| Patrol helicopter XSH-60L

z 'é.:.'. ® New helicopter based on the SH-60K for the Japan Maritime
3 Self Defense Force with improved on-board systems and
flight performance

® Maiden flight and delivery of prototype in 2021

CoasTitan™ Networked Security System with

Uncrewed Vehicles

® Provides security solution with networked sensors and
uncrewed aerial/surface/underwater vehicles

® UAV demonstrated its stable take off/landing capability on

high-speed cruising ship in 2021

Overview on Rotoreraft R&TD m Japan, Aoyama, JTHS, Japan-Korea Jomnt Workshop on Rotoreraft, Online
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Yamaha Motor

FAZER R AP: New type of unmanned agricultural helicopter
® Automatic flight application “agFMS-IIH” installed

to reduce workload for novice pilots

to increase efficiency of pesticide/fertilizer spray operation

YMR-II: New type of industrial use multirotor YMR series
® Sales start in 2023 spring, ¥1,859,000

® Automatic flight application “agFMS-IIH” installed

® GW=24.9kg, Size=L1,970mm W2,157mm H786mm

FAZER R G2 with enhanced transportation capability

® Larger main rotor Dia.=3.115m = 3.6m
Payload 35kg = 50kg

® For long distance automatic cargo transportation over unmanned
area.

Overview on Rotorcraft RED in Japan, Acyama, JHS, Japan-Eorea Joint Workshop on Rotorcraft, Online

Yamato Transport

CycloRotors: mid-class cargo eVTOL
® Yamato Holdings Co., Ltd. + CycloTech GmbH (Austria) have successfully completed a
joint feasibility study on applying a new thrust vectoring propulsion technology
® Key features for urban airborne logistic operations
= compact in size
+ precision landing into confined areas (5 m in diameter)
+ handling quality of challenging wind conditions
+ transporting 45 kg payload over a distance of 40 km
® The unique characteristics of CycloRotors were used to design a mission optimized for
unmanned cargo eVTOL. - e

Overview on Rotorcraft R&D in Japan, Aoyama, JHS, Japan-Korea Joint Workshop on Rotoreraft,
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Nagoya University

Stability derivative measurement of multirotor

@ Stability characteristics of multirotor on hover conditions are studied
analytically and experimentally.

® Especially, Mu and Mq are measured for analysis validation.

® Mg is measured with respect to g as shown in figure.

Vibration reduction by shifting c.g. position
® Analytical work by CAMRAD Il demonstrated the effect without airframe
instability.

Methodology to design multirotor type flying car
® JAXA developed rFlow3D and rNoise are utilized with aerodynamic
performance and noise as evaluation function.

Aerodynamic interaction between rotor and wing when

encountering crosswinds
¢ Studied by rFlow3D and wind tunnel test.

Overview on Rotoreraft RE&D in Japan, Aoyama, JTHS, Japan-Eorea Joint Work=hop on Rotoreraft, Onlmea

Kanazawa Institute of Technology

Aerodynamic interaction between rotor and wing

® Aerodynamic interaction of compound helicopter on hover
and forward flight conditions are studied.

® Experimentally, 1m diameter radio-controlled helicopter with
wing equipped with flaps is flight tested as shown in figure.

#® [t is shown that the flaps have favorable effect to reduce
download during hover at the cost of diminishing roll damping.

® Analytical works are performed by JAXA developed rFlow3D.

1 Pusher

propeller Flying wing (tailless fixed wing) type drone

® Prototyped, flight-tested and dynamic model formulated.

® Stable hover capability is demonstrated by flight test.

@ Dynamic analysis shows wing aerodynamic effect becomes
favorably dominant to static/dynamic stability along with
velocity increase.

4 Lift propellers

Overview on Rotorcraft R&D m Japan, Acvama, JHS, Japan-Eorea Joint Workshop on Rotoreraft, Onlme
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Shizuoka Institute of Science and Technology

Program Director of
Aiation Techihology

Downwash prediction by LMT (Local Momentum Theory)

on hover

® Effective inboard blade plan form of YAMAHA FAZER to generate
engine cooling airflow is studied by LMT.

® Analysis by LMT and wind tunnel test result had excellent
agreement.

Optimization of multirotor arrangement by LMT
® Reducing aerodynamic interaction and airframe size is studied by
LMT and validated by a test using rotors of YMR-08

eVTOL prototyping

® Production design and prototyping for JAXA conceptual
designed QTW

® Commercial “Pixhawk” is utilized for flight controller

e
. Deputy Director Ganaral Management
and Integration

Dapartmant

l A \-’b

r@l

Seniar Chief D'Hlur of
Fundamental
Aeranautics Research
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Overview of High-Speed Compound Kesearch at JAS A Tanabe, JAXA APISAT2021, Jeju, Eorea & Online
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JAXA: high-speed compound helicopter

Technical challenges for high-speed compound helicopter

Low aerodynamic drag

Rotor/Wing aerodynamic
rotor hub

interaction

Thrust propeller to
achieve high speed

Optimized rotor/wing lift
share at high speed

Electrical driven anti-
torque propellers

Low aerodynamic Advanced rotor blades
drag fuselage optimized for high advance
ratio flight

Overview on Rotorcraft R&D in Japan, Aoyama, JHS, Japan-Korea Joint Workshop on Rotorcraft, Online

JAXA: SAVERH

SAVERH (Situation Awareness and Visual Enhancer for Rescue Helicopter)

® Guaranteeing low altitude mission under the DVE (Degraded Visual
Environment).

® JAXA together with Shimadzu Co. has been conducting joint research
project aiming at inventing method of presenting suitable information to
the pilot to support search and rescue missions in DVE.

® An integrated system comprising an HMD (Helmet Mounted Display)

and a variety of image sensors were installed in the JAXA research

helicopter.

“Multi-Camera”

JAXA's Research Helicopter
in night

=

 Turreted-Camera

Overview on Rotorcraft R&D in Japan, Acyama  JHS, Japan-Korea Joint Workshop on Rotoreraft, Online
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JAXA: D-NET

Disaster Relief Aircraft Management System -

Network

® Enables safe and efficient disaster response

® Connects helicopters and ground operation centers/
headquarters

® Enables information sharing

* Flight plans
* Telemetry data (positions)
+ Disaster mission type (rescue, reconnaissance, etc.)

Palica Aganey | ",5",&:?;? J
e \c.hm./ “: . Adopted by the Japan Disaster Relief Agencies
MH =PRI ® D-NET is adopted by most disaster relief agencies in Japan.
"Cmmm ] EMSM:WMJ [ ] D-NET enables _in.tra-agency infnr_mation sharing which
— contributes to efficient large-scale disaster response

Overview on Rotorcraft RE&D m Japan, Acyama, THS, Japan-Eorea Joint Workshop on Rotoreraft, Online

Unstructured Based CFD Solver for Rotorcraft and its Applications
* JAXA has been devoted to developing a fast CFD solver, FaSTAR-Move (Fast Aerodynamic
Routine-Move) in order to be applied complex shaped moving objects according to
industrial needs.
* Recently. several rotorcraft simulations have been performed using FaSTAR-Move.

T \

.
L

S8

JAXA Multi-purpose Rotor
Tast System (JAXA, 2008) =

(NASA) W acceleration Wi acceleration

Overview of High-Speed Compound Research at JAXA Tanabe JAXA APISAT2

55



1-1

L4XA

///

\g
/o

Japan-Korea Joint Workshop
on Rotorcraft
February 10, 2023, online

Simulation and design of propellers for a
winged compound helicopter

HxA

1.

2.

CKeita Kimura, Hideaki Sugawara, Yasutada Tanabe
(Japan Aerospace Exploration Agency(JAXA)

2003210 3

Topics
Introduction
Methodologies
Results Summary
3-1  Side propeller
3-2  Tail propeller

Concluding remark

2003210 2
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#XA Development of High-speed helicopter

PRENESSSSY

Sikorsky Raider [1][2] SB-1 DEFIANT [1][2]

Airbus RACER[3] JAXA conceptual compound helicopter [4]
v" Compound helicopters with a fixed wing and propellers are promising way to higher speeds
(12l
v In 2013, JAXA presented a concept for a compound helicopter that aims for a flight speed of
500km/h (fixed wing + side propellers + tail propellers)[4]

2023210 3

W Technical Issues

W ——
Main rotor blade dezign suitable s
for high advance ratio

Aerodynamic
interference between
wings and rotor blades

JAXA conceptual compound helicopter

In this study, focus on Side/Tail propeller design

2023210 4
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’%*A Overview for methodologies

(1} Conceptual Design Phase

= 5et target condition

(Flight speed, required thrust, size and 50 on)
-Research about aercdynamic interactions
by Main rotor and/or fuselage

- Define design variables (N = 5-8)

convergence 7 _
Add new point(s) Mo Yes Blade molding (1/7scale)
. ) Low/high-fidelity simulations Sumogate medel Fropeller performance
Initial sample points Calculzte objective function {Kriging + Expected measured in wind turinel
i FiE) Improvement)
X1 £ Tim
(xz.:)(x::) - (rz.n) + BEAREMT o
o Mal W JE
Xy, o - design varizbles 1 . ! 1
121 Opttimizaticn Phase (3} Evaluation Phaze
[y wind funnel test]
2003210 &

’5?'1 CFD solver : rFlow3D

Mumerical methodaologies in this study

Outer grids Governing Three-dimensional compressible Navier-
i Stokes equations
[nmer grids Spatial ;
_”"1 discratization Finite volurme method
4 stages Runge-Kutta (Background)
Fusalage Time integration Dual-time stepping, LU-5G5 (Blade,
! Fuselage)
Viscous terms I grder central differsnce method
Structured grid : FCMT (Fourth-arder
compact MUSCL TV [9]
Reconstruction
Unstructured grid : MUSCL+Green-Gauss
with Hishida's limiter
Advection terms m5LAL [medified SLALI

v" Moving overlapped gnd method provides a direct representation of the rotor blade motion
¥ Trim analysis function can reproduce various flight conditions such as analysis with target
thrust maintained
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;5?15\54 Side-propeller design note (1/2)

1. Aerodynamic interference with the downwash of the main rotor
(especially when hovering)

*Hover : having a major impact *Cruise : relatively small impact
TH'R LA o] ko
Tuige A L]
1 —/ 1 —
: i . -—-.-...-_ - ‘

.

Main robar wake '\--___{"_ Side propeler wake

Side propeller waks

2023210 T

’%*A Side propeller/ Main rotor interaction

— 5P 50

e SPMR (aclv-siche)

Propeller efficiency 4 [-]
o

——— SP'MR (ret-side)
01 - == Tap Tlost
0
R 0 005 01 0% 02 028 03
(isolated propefier) (propelier’Main rotor interaction) Thrust Coefficient Cp gp []
Flow visuization T

¥ CFD analysis under isolated propeller (SP_iso) and interference condition (SP/MR)

¥" In hovering, thrust increase due to wake interference > improved performance

2023210 8
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W Verification of propeller performance

Contents before making it into Paper

¥ Designed propeller made in 1/7 scale (RC helicopter scale)
¥ Wind tunnel test to confirm propeller performance
T
%]

¥ Obtain Thrust/Torque to get propeller efficiency = ™

=+ Confirmed significant performance improvement

"%*A Difficulty in tail-propeller design

Points to note :

¥ Thrust large enough to balance fuselage drag at high flight speed
(assuming 500 km/h)

¥ Thrust distribution between side props and tail prop (see figure)

¥ Aerodynamic interference with Main rotor/fuselage ?

¥ Sizing to avoid contact with the ground

Tail

Ret-zide

10%7

Some spacing between

Example of Thrust distribution propeller and ground
(different from the actual numbers)

2023210 1
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ﬁém Aerodynamic Interactions
¥ 2 kinds of effects were investigated by using CFD
v' Fuselage/Tail propeller : positive effect on propeller efficiency

v" Main rotor/Tail propeller  : small impact

*wFuselage

“w/Main rotor

Main rotor

-

N " F r

s Target
U = 70 mys g

- 0k ;l_____;?-o\
N N i

= =

= o e e \

N e . P e ST TP,

? .. I, = 30mjs P E . U, =30miz  ®e
=2 el =z Ty

™

E“ 03 = &= TR s =30 (ws E“ U =& =TP_kso U=30 m's 2

= o o cTRTu U=t | WMare is better = o sesTPAMRESMwE | More is better
= —i— TP s L=T0 m's 2 =T ko U=T0m's

B o e TP F i L=TH] B oo == TP/MR U= m'a

= =
A, 0rx g, 0x

1] ons 0l 1% 2 015 L] ans 0.l 1% 2 015
Thrust Cocfficient, Cr [-] Thrust Coefficient, Cr [-]
Thirust — efficiency (w/Bow/o Fuselage) Thirust — efficiency (w/Swfe Main rotar)
2023.2.10

"%*A Concluding remarks

An overview of JAXA's achivements on propeller design for high-speed compound
helicopters is presented.

O Side propeller

v" CFD analysis confirms trend of increased thrust generated during howver
(improved performance)

v" Presented a concept to enhance system performance by applying different
shapes on the Adv-side and Ret-side propellers.

O Tail propeller

v" Confirm the effect of interference between the fuselage and the main rotor
[Positive effect by fuselage interaction)

v Propeller design for Full-scale application. Appropriate solidity and shape were
obtained.

B Future works

Flight test with RC helicopter equipped with
opt-propellers to demonstrate performance
improvement

2023.2.10
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1-3

A
teAPr3 aviation com.

The Vision of the Flying Car World with Developing the eVTOL Mk-5

2023 VFS Online Workshop

Tasuku MNakai
tetra-aviation.com

Problem

Far destinations are hard for planning and travelling

Management of schedule

Its volatility relies on length, traffic and how much you know.

The path

Consuming time, energy and vital.
not the one way, not sustainable, and you get older.

No advice

There is sometimes no guideline,
because of the rare purpose and uniqueness.
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Solution

A personal air mobility : PeVTOL

Jump over congestion b

Non-stop as a private helicopter with maore safety low-cost. e tu om

-
Electric Vertical take off and landing %‘"

With speed, sustainability and great view, without runway.

On your demand

Trip from your favorite, where never know, when you want.

Product

60 miles for 30 min.

Affordable Private mobility for any city surroundings.

Safety

Multiple redundancy for more safety with 1/2 cost.

Scalable production design

Old-fashion style production and repairing much easier.

63



Company Introduction

Name : teTra aviation corp.

Established : 15t Jun. 2018

R&D inJP : Tokyo, Saitama, Fukushima
in US : California

Target : USA Experimental aircraft
Tasuku Nakai Hidemi Arai Team : 16 (JP. KO, US, IN, CH)
[CEO, Founder] [Director] Raised - $5M
GoFly disrupter award team [2020 Feb.]
I B Vs ‘OISRUPTER PRIZE Flech [ uyown TeamIcACN
TR 7 AR ShuxELerrsy 5 TECH Cold
ono_Ng "‘ STE
o =EIALS TOKO
GO rFLY INCUBATEFUND ~ (G#xie $a47 Sucriom

0y E/; FOEING

Target range

#HiE

Inter Cities
200~ km

#MmE
Inter Towns
~~200 km

tedhra

#HmA
Inner City
~30Kkm
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£AA4° AIRVENTURE

OSHKOSH
2019

Market

USA

2.4 Active U.S. General Aviation and On-Demand Part 135 Aircraft by Type [(2000-2018) and Forecast [2019-2028)

Year /Juumn_ Piston Turboprop  Business Jet Pistan Turbine Total  Experimental— i
— =~ - o
vl ] \ 188 >.'._.--_\-.|; L 14,594 diiH 6,007 i ||J\x__ __../: <~.___ 1560 1856 J
Japan—MNumber of Aircraft by Type [2000-2019)
Pastan Turbeprog Turbojet or
Siegle-Engine  Mult-Engime  Single-Engine  Multi-Engine Turgafan Piston-Emgine  Turbire-Engine
. " i . ) " i o l/’_._________ ‘\I
Fall’] {iF )] g [1¥: 1] # 1 \1-__ _T,m__-_-/
Source: Civil dviation Bureau (22 K), weew miit.gojp

m
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US Market circumstances

o) "o
US Senate supports advanced air mobility New bill would ban non-essential helicopter
legislation flights over New York City

This has been going on for far too long, residents say

June 14 3ees Wary Pt fvas

Lilwos k- bun- o e e d- o pter- Bights-cver-new-york-

Product Development Plan

Experimental KIT eVTOL 1. Recreational

Personal Desire creation and Researching Data

- Conceptual flight model

- Single-seater

- Owner/purchasing only

- Factory build: JPN(Kit) -> USA(ASSY) -> Customers
- Experimental homebuilt category

~

Production eVTOL

Reflection from KIT as a type certified market product
- Service flight model

- Two-seater

- Owner to Service level

- Autonomous flight function

- Type design certified by FAA

- Development start from 2023-

66
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1-5

Aerodynamic Interference Analysis
between Propeller/Wing for High
Performance Electric Aircraft Using
FaSTAR-move

(OShota Taniguchi (ISAS/JAXA),
Kanako Yasue (JAXA). Ryota Fukuchi (SUBARU).
Atsushi Shinozuka. Akira Oyama (ISAS/JAXA)
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Electric aircraft >

Alternative means of transportation
- eVTOL aircraft

Eco-friendly airplane
- Airplane with DEP - Airplane with BLI
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Propeller layout for electric aircraft 5

Propeller layout taking advantage of
aerodynamic interference between propeller/wing

*Wingtip mounted propeller

* Distributed electric propulsion (DEP)

Research on aerodynamic interference
Wingtip mounted propeller
Experiments show smaller drag than mid-span mounted configuration.

4

ﬂ .\ : \ [Sinnige et al., 2019]

eVTOL with distributed electric propulsion (DEP)
Experiments show complex aerodynamics due to propeller.

it )

[Geuther et al.. 2020]

Lack of understanding of how propellers change the
aerodynamic characteristics of the fixed-wing.
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Objective

- Clarify the mechanism by which propellers change the
aerodynamic characteristics of a wing.

- Verify the URANS accuracy of predicting aerodynamic
characteristics of propeller and fixed-wing .

= =

1. Tip-mounted propeller 2. eVTOL with DEP

Tip-mounted propeller Analytical model .
Tip-mounted Mid-span mounted

o T

- without propeller

- without propeller
ﬁ.

_
Flow conditions i Samﬂ as Sinnige et al., 2019
Reynolds number Re_ [-] 640,000
Mach number M [] 0.11
Angle of attack aldegl 2.0,6.0
Propeller advance ratio T 0.7
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Computational settings

Numerical methods

Unsteady RANS using overset mesh

solver : FaSTAR MOVE Fer

Governing equations 2 t_:ompressible .
Navier-Stokes equations

Time integration LU-5GS

Convection terms SLAU

Reconstruction MUSCL

Turbulence model SA-noft2

Computational grid

Consists of fixed-wing grid and four propeller blade grids

Comparison of URANS and experiment

2.1 r -
o= Tip-mounted conliguration, Experiment
|.8H © Muddic-mounied configuration, Experiment
L] lap-mmounied conliguration, (' FID
1.5 8  Middle-mounted configuration. CFD
1.2}
=l '—: L
o 09 A 1
- ) X —
| ] 4 =
- ) 03| = Without |~
. ™
0.0 % propeller | S
S— :¢ 0 | B JL
=015 <010 005 000 005 010

Cp

The results of URANS and experimental results are
in good agreement.
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Propeller effect on drag coefficient of wing and nacelle

AOA=2 [degree] °
0.08
0 Withouwt-propeller T Without-propeller
I With-propeller I With-propeller
0.06F
25 0.04f
.I:L.DQ N ———
U Mid-span mounted : Tip-mounted
\/ y | A ‘_1/
1 ;
Mid-span mounted propeller increases € of wing and nacelle,
while tip-mounted propeller decreases that.
Propeller effect on drag distribution .
Mid-span mounted Tip-mounted
A s
0l e = 0l =
Voo 025 050 075 100 Udoo 025 050 075 100

2y/b

2u/b

ﬂcd*pz Cr:lp - ':d'p without propeller

* Propeller downwash increases cgp, .

=+ | arger Cp for mid-span mounted configuration

* Tip-mounted propeller decrease ¢y, of the nacelle.

= Smaller Cp for tip-mounted configuration
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eVTOL with DEP analytical model "

Tandem tilt-wing aircraft model

AR [-]
3 5.45
B 7.96
Feynolds number Repac [ 260,000
Mach number M [] 0.044
Flow field obtained by URANS 15

Angle of attack is 4 degree

74



Summary 13

We conducted URANS for the wingtip-mounted propeller and

eVTOL with DEP to clarify the propeller effect and validate
prediction accuracy.

Wingtip-mounted propeller

- There was a good agreement in C,, C,with the experiment.
- URANS confirmed drag reduction of the wing.

eVTOL with DEP

- With respect to €,, there was gualitative agreement on
the propeller effect on the stall with experiment.

- There was a quantitative agreement on the pressure
coefficient with experiment.
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2-2

Effect of Wingspan on the Trend of
Download for Winged Helicopters in Hover

High-Wing Configuration
Which is wmore efficient

for hovering ?
Low-Wing Configuration '
Experimental Research

Shunsaku ARITA, Noriaki ITOGA
National Defense Academy

Background

Winged helicopter has long been studied for enhancing maneuverability or high-speed flight.

1950s

B :.'-_'; i %
- - /- ~
htwp\www 3viastar org/heiicopters_engime
donned_xv-1.php
°

hitpsivertpedia vicl.onglar

o onwkl
Plazeckl_X-33_SpesdHawk \(I

craftgetAircratareraftin’2
31

s waw.arbus.comienaho
-we-arelour-historyhelicopters-
history3
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Background

There are high and low-wing configurations for winged helicopters
High-Wing Configuration Low-Wing Configuration

Background

One problem with winged helicopters
e

Downwash

Low-speed flight
or

d acting on wings Hovering

Studies (including for tiltrotors) have been conducted to reduce wing downloads.

These researches are summarized in the paper (Sugawara et al. 2020)
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Background

The distance hetween the rotor and
wing affects the hovering performance

High-wing configuration is more efficient for hovering!

Low-wing configuration is more efficient for hovering!

There is no unified view_

It is worthwhile to examine!

Background

High-wing configuration is better{smaller download)

Cassarino, 1970

Fi

E

L

M § T e i B
i

5 b

g
i
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Background

High-wing configuration is better{smaller download)

Rotor
. i
Low velocity R
——— Small download |
I:
| ‘ High velocity i Explanation by momentum theory
| i [
: S—— | arge download

Background

Low-wing configuration is better{smaller download)

1 S=ass |
N = . :”533B gonsat? 8 |

Felker and Light, 1588 Makashima and Itoga, 2018
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Background

Low-wing configuration is better{smaller download)

TR

Iy
I

High-wing

w“"“*r*rﬁ*%

Low-wing

Time history of pressure on the wing surface
(Makofski and Menkick, 1958)

Explanation by periodic load

Background
Experimental conditions of previous studies
High-wing is better Low-wing is better
. Kobayashietal, | FelkerandLight, | Nakashimaand
Cassarino, 1970 2019 1088 ltoga, 2018
Fuselage exist none
Wingspan| g 5q 0.61 0.75 0.79
(“’d‘ti;’mt‘;t;":}”r (Relatively short) | (Relatively short) | (Relatively long) | (Relatively long)
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Objectives of this research

* Confirming if the relationship between the download and rotor-wing
distance is reversed by the existence of fuselage or changing wingspan.

« [fitis reversed, consider the cause of it.

Experimental Apparatus

_
T '!\ Rotor Radius 569mm
= Blade Chord 60mm
— Main Rotor Airfoil NACADO15
- 1 Twist None
¢ Balance Sys. ! Number of blades 2
E——
= Hinge offset 17mm
Root cutout 113mm
Length 644mm (1.13R)
Width 189mm (0.33R)
Details of Wing
Span 897mm(0.79D), 569mm(0.5D)
Cord 242mm (0.43R)
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Experimental Conditions

z: Distance between rotor and wing
R: Rotor radius

Experimental Conditions

Rotor operating torque Wingspan With or without fuselage
Corresponding to approximately
[ Cr=5x 1073 ] D ?QR

Cp=85x107*

Comesponding to approximately
Cr=8x10"%




Results

Wingspan 0.79R Wingspan 0.5R
o
[ ]
L 1
With & &
Fuselage | £ o 2
- .
™ . ! . N @ 0 2
€, [ zZIR 0. 3
® 0. 4
[ ]
L]
Without & 5
Fuselage 2 on )
™ L
4 E] " 4 B
[ Su
Wingspan 0.79R Wingspan 0.5R
3 Ll
[ ]
L 1
With & ]
Fuselage i3 ]
- -
19 Mo change ® 0. 2
Download is /‘ ) ' Sinthetrend - ) ) zIR 0. 3
larger for the gffmeclrdter ® 0 4
fuselage \ i e plots |
i
15 L]
Without gl | &
Fuselage S ! )
i . .
i . - p
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Results

Wingspan 0.79R Wingspan 0.5R
[ ¥ on
[ ]
With — 1
Fuselage Hi:'""
d
' The order ® 0 2
of the plots ZR @ 0. 3
is inversed ® 0 4
0z N}
A L] L
Without & .
Fuselage | = oul| *®
olT

Verification and Discussion

Rotor Radius 360mm Span 582mm(0.81D)
Blade Chord 60mm Cord 157mm(0.44R)
Airfoil NACADO15

Twist None

Number of blades 2

Hinge offset 17mm

@ Pressure ports
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Verification and Discussion

Lt
Lo ]

[
Lh

-/R ® 0.2 (High-wing)
=& @ 05 (Low-wing)

[
[}

[a—
Lh >

Average Pressure [ pa]
=1
L]

=

0 02 0.4 0.6 0.8
R [-]

r- Distance from the rotor center
R: Rotor radius

Verification and Discussion

lard
[

[
Lh

® 02 (High-wing) ‘

R o gs {Low-wing)

]
=

Average Pressure [ pa]

15
10
5
0
0 0.2 0.4 0.6 08
R[]
Short wingspan
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Verification and Discussion

30
&25 ., ® 02 (High-wing)
> R & 05 (Low-wing)
= 20
515
(=
]
2 10 S
o
=z 3

0

0 0.2 04 0.6 0.8

/R [-]
Long wingspan

Verification and Discussion

30 o
25 R @® 02 {High-wing) %45'
R @ 05 (Low-wing) B

£

=]

=

120 240 360

_ge Pressure [pa)
[t
=

15 4 [deg]
10
__60 Explanation by periodic load
]
1 i e 02 0.4 0.6 0.8
0 1M 240 3460
¥ [deg] /R [-]

Explanation by momentum theory
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Conclusion

Download of winged helicopter in hover is expernimentally investigated.

There are both cases where the download becomes larger and smaller as
the rotor-wing distance increases.

The download trend was inversed by changing wingspan; it can at least
partially be explained by mixing the momentum theory and periodic load.
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MOVE THE WORLD FORW RD MITSUBISHI
HEAVY
INDUSTRIES
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Introduction P

* Rotorcraft suffers from high level of vibration especially during high-speed cruise
flight.

* So called *N/rev” vibration is dominant, various efforts have been made such as
passive vibration absorbers, active vibration devices.

* The passive absorbers weighs a lot. the active devices are expensive.
* Intentional offset of CG from the right below a main rotor hub is introduced.
* CAMRAD IT analysis was conducted to verify how vibration changes and why.

Baseline Helicopter o pannsern

* The middle-sized rotorcraft , SH-60K, was chosen to conduct the analysis,

» CAMRAD T trim caleulations were conducted at 182 CG locations including the haseline CG
as [x, ¥|=[0,0] when the rotorcraft was cruising at 61.7 [m/s] (120[kt]).

* The fuselage was deemed as a rigid body.
* Free wake method was employed.

[, ¥] = [0.30£ m, 0,912 m] 158 [m]
[Shown as an example) =0 152 [m]
RianhandI a5zl —
Forward g 70} 15 ¥
Left band 1 niu' x. e [Zenl:rrnfgmilythusulinu}

i

LEZ [m] T
By = 3 [deg] | Thub !
‘,,_hd—c———';—:!!:'-:*_’_::tn‘_ J
Al j
e, | E_.——"'

“Filot seat pasitian

SIS HENYY ROUSTRIER, LTD, S5 Pigls Tmered L]
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Trim analysis results(vehicle attitude, flapping angle fuselage forces) A e

@ ey Huorteorsad Tail £, '] Hortontal Tuil 5,
N i m & q
S I-

Arrodynassic Farce Jy [N) F L]

* 8 and ¢ increase as CG moves aft and righ J, respectively. In B and B, i o
maintain the main rotor thrust tlt forward and lefitward and overcome the @ and @ increases,
respectively.

*  As 8 increases, the lift, which is close to K, acting on the horizontal tail and the fuselage also
increases, and the main rotor thrust d This thrust d results in a decrease in the
coning angle §, as well.

e As the difference m @ from § deg increases, the drag, which is close to —F,, acting on the
horizontal tail and the fuselage increases and decreases, respectively, 8 is expected to relate 1o the
angle & ined by the d h of the main rotor and the cruise speed. Moreover, —F; acting
on the fuselage is not strongly affected by the increase in &,

SIS AT NOUSTIES, LT0, Al Mg Sesarsed -4

Trim analysis results(main rotor hub forces and moments) A maeme

Arev Hub Lead £, [N]

- Aoy Hoh Lad My, (V0] » The 4/rev vibration is dominant relative to other

harmonic vibrations, where a rotor with four blades
BE is considered.
+ The magnitude of the 4/rev vibration is shown, the
- phase is also obtained for each force and moment.

AFT08 powton e 1IN0
5

B ]

T

05 0 s
L) b o

Alrev Hub Load My, | (N'm)

H b=
L0 P s i bt

A/rev Hub Lowd Fy, | [N]

* The moments are expected to be small by
considering the moment of inertia of this fuselage.

* Each load component at the MRH has its own
minimum value at a different specific CG location.

AT e [0S

direy Tub Load 5,

Where should CG be positioned

to obtain the minimum wvibration?
“Maybe RHS AFT, But...”

B )

G
Lo 0 pusser )~ 1

e g
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Pilot seat acceleration PN

# Luler BOM
mi + gqw —rv) = F,

miv + ru —pw) = K

miw + pr —gu) = K

If = Ly (g? —72) = L (F + pg) = Ly (§ — rp) — (I — L Jqr = M,
Iy — Bge(r® = p) — Ly (B + 1) — La (7 — pa) — (I — L)rp = My
I = Ly 0 = 4 = by @ +70) = Lo — ar) — (1 = 1, ) = M,

® Pilot seat acceleration

*dﬁ;dm

+ Derived 4/rev vibratory forces and d= Tl +— n % P+ (e F el — (aie &7
moments are substituted into the Euler t
EOM, a i+ gw —rv+ 1, (pg — )+, (pr + @) —r, (g7 + %)
* v, W, p, g, 1 are numerically solved. d,-] =|v+ru—pwtr gr—p)+r,(pg +7) — rly(pz + )
. . a i
* The 4/rev pilot seat acceleration is also ' #° [+ pv —qu+r, (pr—§) +r, (ar + ) — 1, (p* + ¢7)
derived.
S TIElS] HEATY INGUSTIURS, LTD, AR Mights e 7
Results(The 4/rev Pilot seat accelerations) RN
. wmaccelerntion [ms?] yeacoeleration [m/s’] peaccelecation [m/s’] 2aceclesation !m,,:‘_
f, W 1 |
% < e ; * N
i o i A
:‘ e ; N
i i 5 . \ﬂ °

o
Froen six boade sctng o0 so MRS Froes fhree fwces acting o ae MRIT
mscotieration [mis’]
L2

APT—C0 e =TS

L0 pewtar ol

W0 gt (W

Froe &, a0 a0 an MRH
o Each e y= and lerati hes ils own mini value at each different CG position, but generally,
every companent decreases as the (‘ﬁ moves toward the right side and backward,

* A pilot inherently has physical characteristics to feel mainly the a=cceleration. In addition, the plots show thm thc 7=
acceleration at the pilot seat position is dominant in contrast to the x- and y- Jeration. The L no
more than 40% of its baseline value.

*  'The pilot zeaccelerastion contour plots caused by six loads and by three forces are similar, which means that the d/rev
moments have small influences on pilot z-acceleration, In addition, the z-acceleration contour plot caused by the 4irev
F;, ., force is also similar to those caused by six loads and by three forces, which means that the F, | and the F, |, have
small infl on pilot ; leration. The d/rev force K, itself can become the simplest vibration index.

BT AT INSUTTIRE LTD, A Mg Swrewed 8
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Insight into 4/rev F,;,,,;, vibration force A e

dfrev Hub Load Ky, , [N] PRG035 = #/R=0 550
= 1 4 [ ¥ -
i L] “ — |
L . 4 i ,/‘
o {550 ) % |
€ & B
g b // — | M // cane |
£ on =] — cone
2 c iy cane v
i U ; ;
R aldez) ' afdeg]
LG poaries ()= : 5
Soction Blade @ vo W (pR-0R)  Section Ble ¢ ve ¥ {nR-0225) Ly DedeSedtionq@rev) o Blade Section o
< et o case i * cdst'1)
s M wc u * case
s - L) m,c ,,, * case Iv
E S 2 3 > i
Y., 77 —cmni. 2 - = L™
= ~—case i o, Sl
T it (e " Azimuth \' : III‘
Semom Hisde m vy ¥ (280 550) Section Blade ¢, vs s
AN ,\( 7/R-0.550 R-0825 _ #/R=0.550
.i: 7 N 1 /1/ W * Fehad Mngmmdc case iv > ‘cml’—‘cusem>cusn|
5 % %, \J’/ L : o The ¢(¥) azimuthal plots sre not proportional to the a(¥) plats.
p—TT 4 — tase |,
=g I}‘ . '?‘:‘5 !!" + The hysteresis of « — ¢; plot was observed due to dynamic stall.
case v
- e m w4 . D » » the order of the 4frev Fpy,,p among the four cases agrees with that of the
Azirmath [dog) Acimmisth [deg] amplitedes of the 2irev ¢ (¥
SMrIUEtEd 1Y POUSTIRS, LTU, A2 Mgt Sesevad 8
i i i PN
Main rotor power and trim attitude
O buselise fiase 1) 06 vilatios misieen fcase i}
. C0 bhuelive [vase 0 ., ‘D vibroon minimem (cse 1) - ;;ch:é‘ﬂ Tul:-hw:llNI . mmﬁﬂﬁﬁ;
1 u =———Pich
i Parmsdte Power [LW] 'Fl'l'-"'! Py IIC‘I = Rall c— -]
HE  yiPeokle Pe 2 Pouci kW]

kW]
Fietened Pome] "E’ e Foerlch

H
&

fk—“;}-k :
ﬂ'r\"‘\m_m .__l' 5

- Fiaroos [k84]

Elmh.ml.

i MO M0 MO M0 W o ™ ! 150 B0 2§ 69 L N £ WO AR Te an M E Wil R L 17
Cirpis Speed t-u;;r Crums erl-'ll Cruas: Sposd [ Cruie Speed [msi]
B : “F"I..“ﬂ'f?.‘?l'.",s.,
wPapusile Power [LW] _;_ Hlorivanizl Tail aForon
g0 e L TR
: =g
b 15§
: Uﬂgm‘;l‘_n::h ra
T o
BE 4 E0 D0 0 S 0 T B ¥ °
Crubse Speed |m's]
«  FEspecially, in hover, the total powers in (cases i1, ii1) are 30% and 10% larger than that in (case i),
respectively.
#  The differences in the totzl power among these cases in a high cruise speed flight are smaller
than those at hover.
®  The maximum pitch angle of 23 deg for (case 1i) 15 not acceptable for a pilot,
ouramlss] HENY INGUSTREES, LTO, AR Mgl Teweres Rl
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Conclusions o s

* Main rotor hub 4/rev vibration forces and moments were calculated with
CAMPBRAD II when CG is intentionally offset from the baseline position.

* The z-directional acceleration was dominant and reached at least 40% of the
baseline value.

* The dynamie stall influences the order of the 2/rev ¢;(¥) and that the order is in
accordance with that of the 4/rev F,p -

* By considering degradation of 30% increase in hovering power, CG should be
positioned within case iii. At that point, we can still obtain 20% vibration reduction.

* It should be easier to accomplish CG offset for a light-weight single rotor eVTOL
than to do it for heavy preexisting rotorcraft.

aurrunlss] HEveY IGUSTRES, LTD, A0 Fighls Teterd hil

References o BITRNBIA

1} Yoshizaki.¥., and Sunada. 5., “Analyzis of Rotorcraft Vibration Redoction Uzing &
Center-of-Gravity (Mfzet,” Trans. Ipn. Soc. Acronaut. Space Sci., 66, (2023) pp. [-9.

eurausls N ROUSTREE, LTO, A Mighin Srtared, 12

93



3-1

W Japan-Korea Joint Workshop on Rotorcraft
February 10, 2023, Online

Advanced Compound Helicopter
Research and Development

Masahiko SUGIURA, Hideaki SUGAWARA, Keita KIMURA,
Yasutada TANABE, and Noboru KOBIKI

High-Speed Rotorcraft Technology Team
Awviation Environmental Sustainability Innovation Hub
Awiation Technology Directorate
Japan Aerospace Exploration Agency (JAXA)

LpxA Outline

* Background and objectives
History and recent developments of compound helicopters
A conceptual study of high-speed compound helicopter at JAXA
* Technology Issues related to high-speed compound helicopters
Optimal rotor design for high advance ratio flight
Rotor/Wing Interaction and Single-rotor Lift-offset
Rotor/Propeller Interaction
Low drag fuselage
» Realization of a high-efficiency compound helicopter through applying the
advanced technologies

* Spin-off effects
* Summary and future works

Advanced Compound Helicopter Research and Dewelopment, Sugiura, TAX A, Tapan-Korea Joint Workshop on Rotonraft, Online
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A Background: the conventional helicopter
performance limitation

k|1 i S
oy - —_— - Telaldag
o 2264 3
2 Q UH-80A, {160kts} CHHATF (17015} v
E 150=4= . . . Ansraning sidn nalrrrm-m; nidn
‘5, ""'“-u. UHAD AH-84D #=Z7iden “Fesideg
i -1 —_— increase phch ang -
.E: {120kts) & ase angie . S
E T8 <@ sikorsky R-4 (65kts) ~ gt
= Sikorsky VS-300 —
L] {43kis) )
= ' \ - . ! " I BI¥) = By 4 ) om P w dysin 'V ey Wiy dcton
1940 1960 1980 000 2010
Year of development
Inflow to the rotor blade and control of the
Conventional helicopter maximum flight speed history rotor blade pitch angle

Advanced Compound Helicopter Research and Development, Sogimra, TAXA | Japan-Eorea Foint Workshop on Rotonraft, Ouoline

W History of Compound Helicopters

Fig 24 The McDuarnel Anvrafl Carp., Hebeopror Brvisson's XV -1 Couvertiplone.
At mastmm peedd €he 1atar eperated at n acvasce taths it beban L

14 The Frtrey Rotodyne wm wcrenbudly devefeped, bat Brithh Govermment
Tutwhing ctoded b O Lt 19505 TAE s The ot gt Commponnn) bedicoqes
wrer B, s masianan ovance radle o v |

Fig 29 The DARPA Ounded Groen Brothers Bellpdane i exprcted te reach 40
gk WL The rodne agperwkeg 41 Al advance alhs e 2

Lockheed AH-58 Cheyenne Ref) Harris
Development: 19668-1872, 215kt, mu~0.52
Advanced Compound Helicopter Research and Development, Sugiura, JAXA, Japan-Korea Joint Workshop on Rotorcraft, Online 3
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% Recent Developments of High-Speed Rotorcraft

Sikorsky X-2
Development: 2008-2010, max 250 kt, mu~0.65

Bell-Bosing V-22 Csprey
Development. 1982-1097 .
In production: 1287~,
max 275 kt, cruise 241 kt

Airbus Helicopters X3
Development: 2010-2013, max 255 kt. mu~0.7

Advanced Compound Helicopter Research and Development, Sugiura, JAXA, Japan-Korea Joint Workshop on Rotorcraft, Online

7

On-going Developments of Compound Helicopters

.
._ il

e —— st

Sikorsky S-97 Raider Airbus Racer
Vne 240 kt, Cruise 220 kt Cruise 217 kt ?
In test flight First flight expected in 2022

Advanced Compound Helicopter Research and Development, Sugiura, JAXA, Japan-Korea Joint Workshop on Rotorcraft, Online 5
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w

A Concept of Compound Helicopter Proposed by JAXA

Designed for EMS of 4 ton class

- Electric driven anti-torque
propellers at wing-tips

- Aft-mounted pusher propeller

- Target max speed: 500km/hr (270
kts)

-Max advance ratio, mu=0.8

&

Ref) Tanabe Y, Aoyama T, Kobiki N, Sugiura M, Miyashita R,
Sunada S, Kawachi K. and Nagao M, A concepual study of

high speed rotorcraft, 40th European Rotorcraft Forum,
Southampton, UK, Sept. 02-05, 2014.
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Additional Design Features

Wing-flaps down
during hovering - ¥ 0 rmshsce e
flight to reduce o i i | Wing-flaps in differential r—

download deflecions during forward

Landing gears up

fuselage drag

flight fo generate a rolling
moment countering the
single-rotor fit-offset

Advanced Compound Helicopter Researnch and Development, Sugira, JARA Tapan-Korea Joint Workshop on Rotornoraft, Online
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Technology issues for high-speed
compound helicopter

Rotor/Wing aerodynamic Lot*.v ha;godynamic drag
interaction FOUNTEIR

Thrust propeller to

Optimized rotor/wing lift achieve high speed

share at high speed

Electrical driven anti-
torque propellers

Low aerodynamic Advanced rotor biades
drag fuselage optimized for high advance
ratio flight

Advanced Compound Helicopter Research and Development, Sugiura, JAXA, Japan-Korea Joint Workshop on Rotorcraft, Online 8

LKA Outline

» Background and objectives
« History and recent developments of compound helicopters
« A conceptual study of high-speed compound helicopter at JAXA
* Technology Issues related to high-speed compound helicopters
+ Optimal rotor design for high advance ratio flight
+ Rotor/Wing Interaction and Single-rotor Lift-offset
- Rotor/Propeller Interaction
- Low drag fuselage

* Realization of a high-efficiency compound helicopter through applying the
advanced technologies

* Spin-off effects
+ Summary and future works

Advanced Compound Helicopter Research and Development, Sugiura, TATA, Japan-Forea Joint Workshop on Botonoraft, Online
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v

Optimal Rotor Design for High Advance Ratio Flight

e

Reverse Flow Region

Z

+
.
'
'
.
.
'
~—
-

A

Reversed flow region at high advance ratio

Advanced Compound Helicopter Research and Development, Sugira, JAXA, Japan-Korea Joint Workshop on Rotorcraft, Online

Large root-cut blade design for high-mu flight

Ellipse airfoil Transition SC1095 airfoil

Ellipse airfoil 5C1095 airfoil

Advanced Compound Helicopter Research and Development, Sogiura, JAXA, JTapan-Eorea Joint Workshop on Rotorcatt, Online
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Design variables for chord and twist

S 0.5c,, S 05 Sy Ss Sg
e —
o " | \
e o S e PR -
1 iy
r
¥
Ar . =0.1R
/R=0.130 Ar=0.1R Ar_ =01R /R=1.000
Transition Rectangle
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LKA Optimal rotor for flight at mu=0.7,
effect of swept angle

LiRry ] } —
& UH-60A
Forward swept

0.690 @ Optimal Baseline
h @ Backward swept
g 0680 Forward swept Ciptimal Baseline B
oy
= i
'_;_ Q670
Iq_) Backward swept
= 0.660
B
5

0.650
= I
[T

UH-30A Reference
0.640
&
0.630
2.50 3.00 3.50 4.00 4.50 5.00 550 6.00 650 7.00

L'DE at mu=0.7, lift-share of 30%
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LA

Wind-tunnel testing of the tip portions

Optimal baseline
Optimal bassaline

Backward swept
Backward swept

E —E >"

Forward swept UH-80A
Forward awept UH-G0A

Advanced Compound Helicopter Research and Development, Sozmra, JAXA, Japan-Eorea Joint Workshop on Rotorcaft, Online

Blade-tip models
e =
1 ' : ‘ L') About 1/2 scale

"
swept  Forward swept UH-60A

Optimal Baseline  Backward

5 components

balan
o Turn table
Cover

~ ~

Razn

U nR=05 ;
/ ' // riR = 0.875
fR=075 /

"7 Endplate
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LKA Aerodynamics of blade tips
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"5’4"“ Drag divergence Mach number of blade tips
- T N e e e

a Baseline 082 0.80 oo
P i e o Backward 084 0.63 305°
va ? Fonward 0.82 0.81 253°
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LKA Outline

» Background and objectives
« History and recent developments of compound helicopters
» A conceptual study of high-speed compound helicopter at JAXA
* Technology Issues related to high-speed compound helicopters
»  Optimal rotor design for high advance ratio flight
» Rotor/Wing Interaction and Single-rotor Lift-offset
= Rotor/Propeller Interaction
- Low drag fuselage
* Realization of a high-efficiency compound helicopter through applying the
advanced technologies

» Spin-off effects
= Summary and future works

Advanced Compound Helicopter Research and Development, Sugziora, JAXA, Japan Forea Joint Workshop on Rotornmratt, Ouline

Rotor/Wing Interaction
Front view __I | Top view I (#;;_,_J

Sude vaew

-
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%*A Single-Rotor Lift-Offset System

O Proposed differential flap system
+ Deflect upward under the advancing side, and deflect downward under the retreating side
» Generate an imbalance of lift on the left and right wings resuliing in a rolling moment
+ Expected to obtain a large rolling moment by small flap deflections
# Occur rolling moment due fo asrodynamic interaction

O The main rotor creates the opposite rolling moment and results in a single-rotor lift-offset state.
-

Fet sule

fvanciing sk i Betrcating sk
ift distribution

il the wing

Flap uge Batoreraft from view

Advanced Compound Helicopter Research and Development, Soziura, JAYA, Japan-Forea Joint Workshop on Rotorcraft, Online

LKA Lift-Offset by the Differential Flaps

O Obtain the maximum lift-offset values at the differential flap angle of 5 deg
0O Arise the lift-offset due to the aerodynamic interaction even with zero flap deflection
# Cause the effect of aerodynamic interaction on the wing with different type of rotors

L',,_.- 045
_ 3 Rot
i 0.40 otor
.’--"_.F...-ﬁ..\'l-: siche 0.35

Ret. aide

_ 030

£ 025

g 02 —

= 015
0.10 ~-Optimized rotor blade
0.05 =o-TTH-604A rotor blade
0.00

0 1 2 3 4 5 6
Flapup Differential flap angle [deg]
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LKA Effect of Lift-Offset on Rotor Performance

an
Raotor
g0 -
70 ———
_ 60
< 50
40 ,
30 Q__'_'_,_,_—»-O—'_ .
20 —O-Opt-rotor
—
;E -0~ UH-60A rotor
0 01 02 03 04 05
Lift-offset

O Opt-rotor
« Provide higher asrodynamic performance, approximately two times of the UH-60A rotor
« Enhance by approximately 50% at the lift-offset of 0.37 compared with zero flap deflections

O UH-60A
* Improves 25% at the lift-offset of 0.40 compared with zero flap deflections

Advanced Compound Helicopter Research and Development, Suziura, TAXA, Japan-Korea Joint Workshop on Rotoncraft, Online

4’#‘4 Overall Performance

12.0

Overall

10.0 na—r—“ﬂf—wha
s ——
S 6.0 o7
e
E 4p |
& 20 8 Opt.rofge

-0~ TUH-60A rotor
0.0

a 0.1 02 0.3 04 05
Lift-offset

O The lift-to-drag ratio increases by 10% compared with zero flap deflections

0O The opt-rotor is higher than the UH-G0A rotor.
O The comhination of improved rotor performance through optimization and lift-offset technology by the differential flap

system can further enhance the overall aerodynamic performance.

Advanced Compound Helicopter Reseanch and Development, Suziura, JAXA Japan-Forea Joint Workshop on Rotonoraft, Cmline
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XA  gectional Lift Distributions on the Wing

1.20

—Opt-rotor | __|
e —
1.00 —UH-60A
0.80 — Opt-tolor
- L
< 0.60
UH-604
040
020
Fet. zide Adv. side
0.00
08 06 04 02 00 02 04 06 08

R

O Baoth rotors reduces the sectional lift on the wing under the advancing side.
# UUH-60A rotor causes stronger aerodynamic interaction.

O Under the retreating side, the sectional asrodynamic performance of the wing with the opt-rotor reduces partially
than with the UH-60A.

# The induced velocity distribution from the rotor around the wing is different between the rotors.

Advanced Compound Helicopter Reseanch and Development, Sugiora, TARA . Tapan-Korea Joint Woekshop on Rotonraft, Online

’51# Outline

* Background and objectives
+ History and recent developments of compound helicopters
« A conceptual study of high-speed compound helicopter at JAXA
* Technology Issues related to high-speed compound helicopters
«  Optimal rotor design for high advance ratio flight
« Rotor/Wing Interaction and Single-rotor Lift-offset
- Rotor/Propeller Interaction
« Low drag fuselage
* Realization of a high-efficiency compound helicopter through applying the
advanced technologies

* Spin-off effects
* Summary and future works
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Rotor/Propeller Interaction

Advanced Compound Helicopter Research and Development, Sugiura, JAXA, Japan-Korea Joint Workshop on Rotorcraft, Online

LxA

Downwash from the main rotor in hover

0
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g '
b
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£ o
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.12 ——Vz (Downwash) I
=14
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e

Flowfields of Rotor/Propeller Interaction

Basduddiave

(o)

Isolated propeller Rotor/Propeller Interaction

Advanced Compound Helicopter Research and Development, Sugiura, JAXA, Japan-Korea Joint Workshop on Rotorcraft, Online

’%*A Performance of side propeller

SP_Iso : Isolated side propelier

024 SP/MR : Main rotor with side propeller 07
—022 . 065 More is better
- 02 ©-SP iso = 06
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A Side propeller thrust fluctuations
with/without the main rotor

1.20E-01
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’54*‘4 Outline

* Background and objectives
« History and recent developments of compound helicopters
A conceptual study of high-speed compound helicopter at JAXA
* Technology Issues related to high-speed compound helicopters
«  Optimal rotor design for high advance ratio flight
Rotor/Wing Interaction and Single-rotor Lift-offset
Rotor/Propeller Interaction
Low drag fuselage
* Realization of a high-efficiency compound helicopter through applying the
advanced technologies
* Spin-off effects
* Summary and future works
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Low drag fuselage design

Cog*Srer
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Realization of a high-efficiency compound helicopter
through applying the advanced technologies

Cormparison of Fule Mileage s Cosmparison an.c wln:lgu with Comeentional Melicopter
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Comparison of fuel mileage with conventional helicopter
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A Spin-off Effects

Numerical Analysis Flow  rFlow3D is being widely used for rotor analysis in Japan

e P ]

| &

¥
Fan-piot by Mtode BVI ncize campet by rNoise

Coanial roter Guac-rotor In ground effect by rFiow30
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Summary

= A new concept of compound helicopter proposed by JAXA is illustrated. Technology issues
related to the high-speed compound helicopter are addressed.

(1 )Optimal design of rotor for high advance ratio flight

(2)Single-rotor lift-offset to improve the rotor performance in high-speed flight

(3) Rotor/propeller interaction

— {4} Low drag fuselage design

= Through applying of the above advanced technologies, a high-efficiency compound
helicopter can be realized where the flight speed is doubled while the fuel mileage can be
kept the same or even less than the conventional helicopters.

+  Spin-off effects of this research is infroduced. The multi-disciplinary CFD/CSDITrim/MNoise
prediction tool-chain (rFlow30) developed alongside with this research has been applied to
wind-turbines, multiple roters, Mars helicopter and others.

Advanced Componnd Helicepter Research and Development, Sugiura, TAXA | Tapan-Korea Jaint Workshop on Rotoroaft, Online
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254*4

Optimal high-mu rotor design and other related technologies will be applied to a
larger rotorcraft.

Future Works

Advanced Compound Helicopter Reseanch and Development, Sugima, JANA Japan-Eorea Joint Workshop on Rotonoraft, Ouline
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Appendix

Advanced Compound Helicopter Research and Development, Sugmmra, JAKA, Japan-Korea Joint Workshop on Rotororaft, Online

A Effect on cyclic pitch angle

Pitchangle: 9 = 6, + 0,.cosy + 8. siny

140 Lateral cyclic
— 120 110
=0
= 0.94
= 100 :
- ——
2
‘8. 0.80
2 0.55
S 060 aem—"
= '
B 040 0.30,
2 :
C | | ‘
- 020 :

0.00 :

UH-60A  Bascline | Forward | Backward 90° (adv-side)

v lateral cyclic is smaller than other shapes = more efficient AoA available!
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A Sweep angle effect (Front-side)

/
4

J/
Total/ﬂel.
/

Vel. by inflow

270° (Ret-side)
Vel. by rotation = 200°
1807
inflow Cp
1

inflow _--._ F d 90° (Adv-side) gI
> Y : Backward o1
i Illnl_l\’\l el - -
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-11
-14
N " 1.7
Rotation Rotation 3 2

dynamic pressure@tip : Decreased dynamic pressure@tip : increased
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Sweep angle effect (aft-side)
270° (Ret-side)
0°_
Vel. by rotation
180° W = 0°
nflow , )
Total velocity
. =
90° - 1

Forward o — Backward 4 07

— . / l: ) g-:

A N 5 =) Oi

Rotation e ; Rotation - ng

> — -1

. P S5 - - Sy
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»/!1 Lift distribution (CnM2)
Forward N\ gmmm— Backward - _ g

2707

90°

v Forward : tend to generate more lift in aft-side
v Backward : more lift in front-side

Advanced Compound Helicopter Research and Development, Sugiura, JAXA, Japan-Eorea Joint Workshop on Rotorcraft, Online

:" | Wake shadow effect
Forward g Backward P——

LN
Wind speed : front-halt > aft-half > Lift tends to be smaller in aft-side!

Advanced Compound Helicopter Research and Development, Sugiura, JAXA, Japan-Eorea Joint Workshop on Rotorcraft, Online
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ﬁ Total effect

Backward
(1)Backward sweep {2)Wake effact Total
—'_
Unbalanced .. Out of good
—large 6.) ' poA...
fromt
Forward
{1)Forward sweep (2)Wake effect Total ‘

Balanced . Keep good
O + I:> O (—small 8,.) ~  AoAl
froni aft
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Japan-Korea Joint Workshop on Rotorcraft
Sponsored by Japan Helicopter Society and KSAS VTOL Commitiee
2023.02.10 (Friday)

Aerodynamics Theories for Estimating Flight Profile
of eVTOL Aircraft

Prof. Zhong Lei

Suwa University of Science, Japan

Contact: lei@rs.sus.ac.jp

Original Papers:

1.

Yuto Fukumine, Zhong Lei, : “Estimation of eVTOL Performance Using Rotorcraft Theory”, the 33rd
Congress of the International Council of the Aeronautical Sciences, Stockholm, Sweden, 20229

Haruki Takizawa, Zhong Lel: “Operational Feasibility Study of Air Taxi Service using evVTOL in Japan” the
33rd Congress of the International Council of the Aeronautical Sciences, Stockholm, Sweden, 2022.9

Qutline of content

+ Research Objectives and Approach

+« eVTOL Airplane of UAM

+ Synthesis of Propeller and Rotor Theories
* Results and Discussions

+« Conclusion
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Research Objective

Objectives

v' to investigate flight performance of representative eVTOL aircrafts, which
including hovering, climb and descent, and forward flights,

v' to provide technical information for aircraft design and operational feasibility.

The method is based on theories of rotorcraft and fixed-wing aircraft that are
modified to be used for the e\/TOL aircraft.

It is expected that this tool may be used for desj

| compressor i |
cofnhistor

gn and operation of eVTOL aircrafts.

trAnsmission

Fig. Turboprop propulsion Fig. Electric propulsion 3

Research Approach

» Information of eVTOL aircraft are very limited.
+ Asynthesis of rotary blade theory was developed to estimate flight performance
using statistical data, empirical rules, aircraft engineering theory.

» Calculations were adjusted for overall con3|stency p— T
Aircraft data collection o '
- Data published by aircraft maker
. gata re:dlfrom pgbl:shed grapl:1 el Tt

. ew, articles, web resource and so on Aireraft Dlw’v
650+ aircraft -

N\

Parameter determination :

- Database of existing aircraft

- Statistical and empirical formula
- overall consistency with published data

E

1)

Performance evaluation:
- fixed-wing and helicopter engineering theory
- Constraints of shape, performance

- Satisfaction of published specifications icops i
* 0
10 100 1,000 10,000 100,00
Results > BARBER (MTOW) | -d;lcg T

BRI TOW B, WD AN
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Characteristics of eVTOL Aircraft

Multicopter type: Table. eVTOL aircraft investigated in this study
+ coupled rotors, no wing Category Wingless (Multicopter) | Vectored Thrust Lift & Cruise
+ flight speed direction are controlled by |  maker, Name | Volocopter, Volocity | Joby Aviation, 54 3948 Technologies.
changing the angle of the rotor axis of photo
rotation P — ﬁ
Vectored thrust type: - 7
« coupled tilt-rotors, wing ——
- transit lift in vertical flight and thrust in )
forward flight by changing the axis of feature
rotation of the rotor.
Lift & cruise type: T l"-rg e
+ coupled fixed-rotors and wing ' ’ 4 fixed rotor. 1
* generates lift on the fixed rotor i 18 fixed rotor 6 tilt-rotor, wing | propeller, wing
* generates thrust in forward direction by |-Sressyeentiel 19 s o0
the propeller Empty weight [Ib] 1543 1724 2631
» generates lift on the wing during cruise | Rotordiameter[fi] 7.5 9.5 13
propeller diameter [ft] = = a
Wing area [M1%) - 170 250 5

Flight Mission

Like conventional helicopter, the flight profile of (1 Takeoff and vertical flight
eVTOL aircraft may be divided into several phases. @ Climb and forward flight

Mission Includes altitude, flight time, range, speed. . . .
(3 Cruise at specified altitude

+ Take-off: Climb vertically at hover power(no
horizontal movement) (@) Descent and forward flight
* Climb: Climb to cruise altitude () Vertical descent and landing

Cruise: Flight phase that occurs when the aircraft ® H .

levels after a climb to a cruise altitude and before overing

it begins to descend

« Descent: Aircraft begins approach to final landing. y_
Has both horizontal and vertical component y, 3/

« Landing: Vertical landing at hover

power (no horizontal movement) © S 16
« Hovering: Stay in the air by rotor

Main mission flight profile ' o
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Synthesis of Propeller and Rotor Theories: Fixed-Wing Aircraft

. v
Induced velocity w = 2v; Advance ratio J = R 0= 2mn

According to Bernoulli's principle

1 1 1
Ap=H;—H= p+Ep{:V+w)2] —[p +§pV2] =p(V+Ew)w = 2p(V + v)v;

Thrust generated by propeller is calculated by momentum equation

T = ApS = pS(V 4+ v;)w = 2p5(V + v;)v; " I:____?f_'““h T',H
: : g Tg==lp _ — *
Then, induced velocity may be solved }-____—:w-—”———-—“p

l?f _ Vv vV 2 1
v_s T 2vg * 2vg N
At static condition (V = 0)

&

1_-;!5: |_
2p8
| =P

propeller disc

Synthesis of Propeller and Rotor Theories: Helicopter —

Break velocity into normal (n) and tangential (1) components.

Tip speed ratio Inflow ratio
V; Vegcosa Va v;
Y QR R Tar Mt

Induced velocity at hovering

- :
/ T 4 2 ||('.‘7-
YV — — an = = —
\ 2pnR N 2

Induced velocity at forward flight
vi vi
i =

NG
Substitute into the equation for the inflow ratio 4 is

Cr

2uz + 22

A=pun+ Solved by iteration
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Flight Performance Estimation Using the Synthesis Theory

Flight Mission

Specification: range, weight, motor power
Dimension: fuselage, wing, rotor, propeller

Force balance

L=Wcostlg,, T=D+Wsintg

Momentum equation T = ZpAv:-.J'VOE + 2V, v sine + v

|Aerodynamic forces of the fixed wing: C;
Lift, drag, pitching moment Equation of inflow ratio A =y, + ———=
E "2 e
Angle of attack 1
Induced velocity, rotating speed of blade Relation of thrust coefficient and lift coeff. ¢, = ggEL
[Thrust of rotor or propeller| Modify _
¥ parameters Total powerrequired P=F+F, +F, +F;

Solve a set of equations including
+ Force balance equation
+ Momentum equation
* Blade element theory
¥

(

Results:

Induced velocity, rotating speed, .
Blade lift coeff., pitching angle,
Motor torque, power

Range, endurance

@

@

Specification and constraints
satisfied ?
¥

@

@

induced power P, =T x v,

Profile power

1 . 1
Fy = EF’NbCR(ﬂR)E(]- + Kp*)Ca0 = Epﬂl'ﬁ-pr}'(l + Kp*)Cyo

Airframe parasite power
1 1
Py =D XV, = 5pVESCop X Vi, = 5pVESCy
climb power
B=WxV,

Validation : Performance Estimation of UH-60A (Black Hwak)

0.0

The method is validated by the flight
test data of UH-60A helicopter.

801

0008

the main and tail rotors are
compared and agreed well with the
flight data.

_________|Main rotor | Tail rotor |

SC1095/

00004

airfoil SC1094 SC1095
radius [m] 818 1.68
chord length [m] 0527 0.250
number of blades 4 4
rotating speed at 758 1190

hovering [rpm]

The predicted power coefficients of CP,:g%

00802

z 0068

& Flight test ® Flight test .
— Estimation fiMe — Estimation  swesen
oo
I::P'I'R
noo -
oo ‘.. . &
* - - - .P
a1 n2 a3 LLE] ‘ [R] nz2 03 [r)
H u
main rotor tail rotor

.
- 4wl

i
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Investigation of Flight Performance of eVTOL Airplanes

11 eVTOL airplanes were investigated, 3 of them were typically picked up,
based on the data available in the middle of 2022. Red data are estimated.

] - e,
y = X
(Mulscopery q.,'f

“Y‘ EHang 216 Vokocapter. Vobocity

] | pax 2 Pax : 2A

v‘? Gross weight - 600z Gross weght - 5008y
Moter - skWx16 Motor : kWX
Battery capacity @ $kWa Bamtery capoxcity : TIkWh

Range © 1hui Range - 48km
Eoduranes © 2k Endomace : #Suin

V‘,-é"

Agbu, CavAubus

P 4N

Gross waght © 2200k
Potor | 100KWSE
[Battery capacity : W0KWh
Ramge : S%m

[Endwance : 2imn

gt

Archer Aviton. Maker (1007)

IE
=
e

Sh Pax © SA
Gross wezht - 2177kg Gross wezht - 3175
Motoe @ 120kWx6 Motor : SUEWx3+1 206Wx3
Bamery capacity : 160kWh Bastery capoity
Range : 256k Range - 287
Endunaxe | G Endurmace : %y
Lift & Crase
S S i
e m—
Wisk, Cors (Gen $%) Bis Techaloghs, Aba 250
Pax - 2A Pax 6N
Gross wegght - 1270kg Gross wezht © 317%kg
Motor : ARWxI2+20kWx1 Motor : 250kWxa+550kWx1
Hamtery ¢ : S8kWh Bestery capacity : S44kWh
g Range - 182 Range - 26T
Enduriaxe Endiowee : Tluin

el

. e

Vertkeal Acrospece, VX4 Lilnm Jet, T-Seater
Pax i SA Pax @ TA
Cross weight : }17%g Gironss weigy @ 3178%g
Motor : 120kWx4+ |60k x4 Motor 1 INEWX36
Batiery cogacity © 2(0kWh Battay cgaaty - 30&WhH
Range : 3l Range : 293km
Endumnce ; 20w Endurance : 0%
= Z

- SJ;@' et
EVE, DreamMaker Autofhght, VF1500M
Pax -4 A Pax ¢ AN
Giross weide : 99%kg Cirowss weight < 1500kg
Motor © I0LWRE-S0RWX2 Motor © SULWxE+ 180EWx)
Bartay cgoaty : 3@WYH Battery capacity © S8LWh
Range 116k Range : 232k
Endurnce : Simm Endurance © S 1"

Disc Loading and Weight-to-Power Ratio

@ {Multicopter T 1/ T
I Lift & cruise P 2pA

Hover vertical lift efficiency
as a function of disc leading.

=

Tilt rofor

Tt wing

m Lik-fan
% Corect ik
@ 2

1 10 a0 1000 10 000 [ibf?)
1 | l | |

T T T
4.88 10 jcl-n 1 000 10000 48 ]au [kgim?)
Disc loading, gross weight / thrust area

Hover lift efficiency, gross weight f power

Characteristics

Multicopter type:
« Large disc area
+  Low disc loading

Vectored thrust type:
« Al aircrafts has similar
performance, except Lilium Jet

Lift & cruise type:

«  High efficiency

«  Rotor for hovering

«  Propeller for wing-borne flight

Generally, it is recommended that the
weight-to-power ratio

- be larger than 5 kg/kW at hovering
- be larger than 20 kg/kWW at cruising
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Overall Performance  (based on the data available in the middle of 2022)

« Lift & Cruise type has the best performance at cruising. Lift & Cruise
« #7, Lilium Jet has bad performance, especially at hovering. [_1_\
1 M induced power 025 "”'EF" 4 ‘@'
— M profile power —_ ¥ induced power 35 Vectored Thrust
2608 202
g \@' ; Bprofile power = 3 {_X_W
E =Sy - o m airframe power 5 _ e
=06 %‘ Very large =015 =2 2 5 Multicopter qg-‘-
:‘E:D : disc loading E“ i 2 r—l—1 ?
LYl
% 04 TR smalgise = 01 ST
g loading g 1
202 7/- - 2005 fHre - g - o
0 0 0
1234567891011 1234567891011 1234567891011
Fig. Power at hovering flight Fig. Power at cruising flight Fig. Cruising rate 2

Cruising rate [ = R/ | [ Mulicopter < vectored Thnst < it & Cuse |

Where, Rigtal s range, Eigral - CONSUmed energy

Results and Discussions: Hovering

0.30
« Power is increased as the weight at hovering. uProfile power
0.25
- Power-to-weight ratio is increased with disk mInduced power
loading. 2 020
=
=]
%ﬁ 0.15
A large rotating area results in a %}
lower disk loading, thus a benefit = 0.10
of power-to-weight ratio. z
= 0.0s
0.00

Example 1 Example 2 Example 3

Fig. Power breakdown at hovering
14
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Results and Discussions: Climb and Descent

At vertical climb and descent, total Altitude: 0~150 ft
power consumption is decreased

with increase of climb and descent g descent r climb
rate, respectively. = \
k] \ — —Example 3
§' \ ——Example 2
@ \ — . Example 1
Suitable rate of climb and descent § Suitable rate M suitable rate
should be selected to reduce power | > F— -
consumption. T N =
5 . —

Generally, the rate is recommended | -0 -8 -6
to be larger than 4 m/s.

2 4 6 8 10
Rate of climb [m/s]

Fig. Estimation results of total power consumption

15

Results and Discussions: Performance at Cruising

« Multicopter Volocity is suitable for short

300 - Example 1
range. o cruise
250 K
« The wing has significant effects on the E Example 3/ ,°
cruise speed and necessary power at E 200 R
cruising. = o/
& 150 -,
- oy 7 Example 2
g 100 -
[]
o 50
D 1 1 1 1
0 100 200 300 400

flight speed [km/h]
Fig. Power required in level flight
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Results and Discussions: Flight Profile of Motor Output

+Different characteristics for
fixed-pitch / variable-pitch
blade, fixed / tilt rotor, rotor /| e
propeller

+Large changes in output of

Power Torque Rotating speed

Fossen V8] Torupae ] Retaig 4ol iyl

W
—® el ® o
N * i ® _L—’ L e,
Example 1 : :e' — 9..- " . -

speed at different phases

-

Example2 | 1P|, —| = N

It suggests that different type
should match different motor.

power, torque, and rotating |7
'i_'mld
~

Pl b v Flish tine ! Fhek

i

o - o ] ——
T eh T e —— 0 D P -
i~ 5 ".,. T R P - 3
® / \ $ Example3 |= % | 7L L 1—[ . H of e
T L | - ‘ .
- 1 : o b s - i

Flight phases

Results and Discussions: Range and Endurance

Factors which most influence range and endurance, include

«+ flight profile : altitude, hovering time, climb rate, cruise speed

+ aerodynamics : rotor, propeller and airframe

+ propulsion : efficiency, energy density, battery capacity (especially for eVTOL)

Both lift & cruise type (b) and vectored thrust type (c) may fly more than 1 hour and 150 miles.

Q | It is suggested that both of them may be used as UAM.

60 . - 100 100 | —cCriserange - 500 00 [ e==Cruiserange 7 500
_ —Cruise range . Cruiseti 80 — (CrLISE time 400 E
E —Cruise time - 80 80 risetime 4 400 i T E
E'm I 160 60 - {300 60 1300 &
= _ i j 40 + {200 B
20 | 40 40 200 3
= i L - 20 - 4 100 2
S 20 20 100 5
0 L L 0 0 1 1 L 0 0 1 1 L 0
0 100 200 300 0 100 200 300 400 0 100 200 300 400
Cruising speed[km/h] Cruising speed[km/h] Cruising speed[km/h]
(a) Example 1 (multicopter) (b} Example 2 (vectored thrust) (c)Example 3 (lift & cruise)) =
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Results and Discussions: Power Density of Motor

With consideration of cost and performance, power density of motor 3~4kW/kg
is suitable for e\VTOL airplane.
Vectored Example Example Example Example
ThmsT 1 B 100 i Al 100 S
= endurance = = 1 T ,
g.ﬁ --IDB'_'EN Eio I e JDO'_' Eib Jl‘t’—
§~J : — FDG‘E § L § - /{/ WE. §‘.. - 1_%
- - — - ala a " - @l = . - .
3 | range " §|3” 2 HES / :
Wy by ™ x oy, we | Woe ™
STy = L [ . - : . ) v . g .- 1
ﬁ power i:lensity of motor power density of motor power densit:.r of motol poﬁrer density of motor
Lift & Cruise Example Example Example Example
- E 4w am E » I R 'g m 1 EMI 1 #=
‘g.ﬁ, = ;..E B Vo i E E’w 1 ] mg R = e 1 '-HIE
z, [ el B i w8 EL i w3 E, B
: /* LR/ kR /,-I-"’"_ 2z J
» ™ 2 1 W oz 1 m n b (L]
ﬁ po:u\rer r;e ns i;yr of ;noto; power density of motor power. density of motor power dens'ﬂy of motor 1

Results and Discussions: Energy Density of Battery

Energy density of battery may be determined to match specified range and endurance

with consideration of cost and performance.

Vectared Example Example Example Example
Thrust 160 endur‘ance ) [ £ 11 o o) 160 1 =0
= | e | R T 1 m
'gl." L 'Elx 1 e g o - - o _ E 10 | e
-@... - = 0.k - g0 WE e o0t s | E] ‘guo 7= 125 1R o E 'gmu | am |
0 o o = B - 1 am in L s a0 I 4 am
a - ‘\ @l @ a1 & g @ | & 1 - 7T
5w ~ w?au- e ! 1 {am g B0 - ¥ m P 5w - 1w g
2 ’/-: e m & EL - { 2 Bl wm 2 E 4 | B
. 19 n ™ " 10 e " m .—-’XI/."‘ Ml m
: _h.' L) m m -\NU c:JI e Rl ‘;'GU D:W g ay .'mo UIW L >0 4
Energy Density of Battery Energy Density of Battery Energy Density of Battery Energy Density of Battery
Lift & Cruise Example Example Example Example
M o 160 s ™ st e '™
= i = k) — L = s
E [ £ E
e o | g {om | i wo [ Ew ] w“_
§:u v s s E. B W L am B g™ Lot rmE. g BE- 105 u—E
e . | & it iy E o e 5| Eow 400 &
] e wa B Foo | o w | 2w e B 5o o g
E'f‘ /"./ 241y- 3158 o B B m = E mn / . we 8| B p=REx-3101 o
wn = kY | 3 yrasiv-a ] w0 T

f

= =

] [T am a

U
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L
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Conclusion

The theory of rotorcraft aerodynamics was extended to calculate rotor, propeller
and tiltrotor, and a computational tool was developed to estimate various types
of eVTOL aircrafts.

Some suggestions for eVTOL design and operation.

Generally, it is recommended that the ratio of weight-to-power should
be larger than 5 kg/k\W at hovering, be larger than 20 kg/kW at cruising.

« Suitable rates of climb and descent should be selected to reduce power

consumption. Generally, the rate is recommended to be larger than 4 m/s.

- Energy density of motor 3~4 k\W/kg is suitable for eVTOL airplane.

Energy density of battery should be larger than 200Wh/kg, which is dependent
on the eVTOL aircraft.

It suggests that different type of e\/TOL aircraft should match different motor.
Multicopter eV TOL aircraft is suitable for short range with low speed.

The vectored thrust eVTOL aircraft and lift & cruise eVTOL aircraft are more
efficient for longer range with high speed.
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Research and Development of a Multi-copter

for Autonomous Inspection
of Headrace Tunnels of Hydraulic Power Stations

Sustainable System Research Lab.
Central Research Institute of Electric Power Industry

Koichi Yonezawa

Japan-Korea Joint Workshop on Rotorcraft
February 10, 2023
CRIEPI

© CRIEPI 2023 1

L = = = = . = = =  NIG.
Background: Maintenance of Hydro Power Stations

Large-scale earthquakes
e. g. 2016 Kumamoto earthquakes : (Magnitude 6.2 -> 7.3 -> 7.1->... 400 times, in a week)

Flood Disasters
Typhoons, Torrential rains -> landslides, floods, etc.

Typical hydraulic power

station (run-of-river type) - g;;’;;‘;?;?ggﬁtisscertam

=/
-t
] rovaro-trtine |
— ’T: | —

Inspection by workers is dangerous.
Unmanned inspection systems should he
developed.

River (Downstream)

[ -]

© CRIEPI 2023
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Autonomous Drone for Disaster Response

Why drones in headrace tunnels ?

1) Water or sediment remains on the floor.
2) There are large step structures or steep slopes.
3) Distances can range to several kilometers.

Technical issues

1) Many tunnels have smaller cross-sections than traffic tunnels.

2) GPS is not available and radio control from the outside is difficult.

3) No lighting facilities.

4) Hard environmental conditions, including water leakage from ceilings.

# Today’s topics » Development of a prototype of TUNNEL DRONE system

> Investigation of aerodynamic characteristics

© CRIEPI 2023 3

DEVELOPMENT OF A PROTOTYPE OF TUNNEL
DRONE SYSTEM

© CRIEPI 2023 4
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Specifications of the Aircraft

2.D Lidar 360 Camera

1-D Lidar
(Altitude)

/ 7

Variable pitch rotor / D J\
1-D Lidar eh e

=
Visual-SLAM
Tracking Camen

4 Units/15 inched/2 blades: 5400r.p.m. +Variable pitch control

Li-Po 65 20000mAh  (Flight duration 12 minutes)

Fully autonomous flig

v High maneuverability 2074(L) x B06(W) x 320(H}) mm

v Robust sensing and navigation system | Rilsktieall = >

Upper/lower wall distance control or Altitude control
Left/right wall distance control

© CRIEPI 2023

CRIEFI

Time (s)
Thrust control by variable collective pitch: :
Quicker response than rotational speed change -
High maneuverability contributes to stabilize ) AN A
the attitude and motion of the aircraft in NS
turbulence in tunnel. Collective pitch control

vs rotational speed control

© CRIEPI 2023
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Sensors and Navigatio

i ~
2.D Lidar
Vanable pitch rotor . [
\ DT 2 Tracking camera ID=1
- - £ (Upside view) - » s
Visual-SLAM™ & ! \ I. Tracking camera ID=2
Tracking C - - - i ¥ (Up-left view)
W ! -
3 i g
1
i
—
oL T e e e = e e

Speed detection using 2 tracking cameras

v Switching/restarting are possible in case of error
->Robustness is enhanced by redundant system

¥" View in two directions (Upside and up-left directions):
Autonomous flight is possible even when water remains on
the floor

v Seamless flight through tunnels and open conduit is possible

2-D LiDAR detects obstacles and walls in front and on the side.
Smooth distance control are realized even when the wall surface has
discontinuous curve. [

7
S
Flight Demonstration (1)
Phasolls /I T Z
= ’ ':’
4900."”“;
'CD " 2
MISSION:
A) Flight in low temperature (-5°C)
B) Flightin fog
* Low temperature—» Condensation occurs on optical sensors
# * Fog—> Cause of Visual-SLAM error = Significantly exceeded target point
© CRIEPI 2023 8
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Flight Demonstration (2)

?: .I.‘.

1360mm

MISSION:
1. Flight in tunnels with small cross sections
2. Flight in a water conduit with a series of tunnels and open channel

» Small cross sections -> Highly turbulent around the aircraft
» Dirty water droplets from the ceiling in tunnel / Flying leaves in open channel

Variable-pitch-rotors contributed to the flight in turbulence.
© CRIEPT 20 Robust optical-system maintained SLAM in various disturbances.

e

INVESTIGATION OF AERODYNAMIC
CHARACTERISTICS

© CRIEPI 2023 10
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Geometry of the TUNNEL DRONE

™~

D381 mmg:

037D : = = =
o a ' !EI . | Symmetric configuration | Asymmetric config.
a/d: Upper, b/c: Lower

There is overlap on the left and right
propeller rotation planes.

D: Rotor diameter (381 mm) Narrow width is advantage for flight
in small tunnel

© CRIEPI 2023 11

SRIEFL

Aircraft width vs Torque coef. (Hovering)
Aerodynamics are evaluated using CFD (rFLow3D ©JAXA )

Overlap 0.2D —__ 012 | |
0128 —s—Symmetry
Overlap 0.04 D___ 0427 > —e— Asymmetry

| Gz \
Asymmetric configuration resulis in a — \
higher efficiency (lower torque). 0.125 —— \
Negative effect is small when overlap is 0.124
small on rotating planes.
Inter-rotor interference can be more 0123

1.5 2 25 3 35 4

harmful when propellers are placed on
the same plane.

wD

lowaD Torque coef. vs Aircraft width at

Accuracy in descritization: thrust coef. CT=0.0108
4™ order in convective terms
2nd porder in viscous terms
Unsteady simulation by LU-SGS implicit scheme
Overlap mesh system was used 12
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Observation of Flows around Symmetric Config.

CT=0.0108
CQ=0.126
Blade angle=9.26°

Upwash

Tip vortex interaction

Diametrical cross section Cross section fhroth adjacent
propeller axes
Normalized velocity magnitude for middle W/D Normalized axial velocity
© CRIEPI 2023 for various W/D 13
LHIERL

Observation of Flows around Asymmetrlc Config.

5 = 2 / L i T S
N ] o .y o
20 I e e ) Y et Wl Py
C il ) - T - .
Lower rotational plane Upper rotational plane | Ly
Normalized axial velocity in

rotational plane (W/D=1.96) Normalized axial velocity in

cross-section A-C (W/D=
1.96)

© CRIEPI 2023 14
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Observation of Flows around Asymmetric Config.

Upper rotor:

.n Aerodynamic loss increases

*Interaction hetween front/rear rotor is small
&t 4] e *Suction flow due to lower propeller induces loss on the
‘:!- L1 F i - m 00108 0126 026 upper rotor.

Symmetric config. Lower rotor

| | g | ¢ | & | Aerodynamic loss decreases

B 196 * Interaction between front/rear rotor is small

ﬂ 00108 0127 927 *Downwash from the upper rotor suppress the blade tip
00108 0123 004 vortex and loss.

By o008 0125 916

Propeller interaction effect between the left and right rotors
is dominant. Propeller interaction effect between the front
and rear rotors is small due to longer distance.

Asymmetric config.

© CRIEPI 2023 15

e
Conclusion

~ Adrone for unmanned inspection of headrace tunnels of hydraulic power
station was developed.

» High maneuverability and robustness of sensing and navigation systems are
confirmed by carrying out fully autonomous flight demonstrations in highly

disturbed environments.

» An asymmetric aircraft configuration for flying through narrow tunnels was
designed and its aesrodynamic characteristics were investigated.

~ The rotor efficiency increases by overlapping the rotating planes less than 25%.

© CRIEPI 2023 14

135



HEEEEEV -7 a7 4

(R ERIHER)

136



0-2

N — Key Note ”‘t‘*&
Vig w = - Presentation % N_j
— (Korea) aa

Introduction to Current
VTOL R&D Projects in Korea

2023. 02.10 (Friday)
Choi, Keeyoung

(Prof. @ Inha Univ. , Former President of KSAS VTOL Chapter)

Contents 19,

1.0verview

2.Universities

3.Industries

4.Institutes

5.Conclusion

12
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I. Overview

L » o I o) _—
- Overview
< Korea Government have launched several national program
in last 5 years.
— In civil field : eVTOL Aircraft System Technology Development,
unmanned eVTOL for AAM
— In military field : Light Armed Helicopter, Marine Attack

Helicopter, Unmanned VTOL for Observation and Delivery
Service

< Industry, Institute and University have worked together to
reach the national R&D target for the future market
according to each capability

— Industry : System Integration and Hardware Development
— Institute : Core Technologies Research & Development
— University : Basic Technologies Research & Development

< Next Slides shows the each activities of University, Ind
and Institutes related to VTOL Technologies
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Seoul National University

SAPL

Code and Tooke+)

MSS0N-01ROEa 0 PROCOMAN0S afsarsment. desgn oglimaabon

CLOUDS (Conceptus] Layout Cptmizaton b Urtversal Drone Systems)

o,

Aerospace Vehicle Design Laboratory
Prof. Kwanjung Yee | Ph. D. Candidate - 21 | Master Course : 9

Ongoing researches for VTOL (1/2) — Conceptual Design

MADAM

(Mutidecaiinary Anaiveic and Des

ian for Advarced Mobify)

UAM Cost & Damand EsSmaton Anaksis
L

| ——
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Seoul National University

(A—MB_L Aerospace Vehicle Design Laboratory
I Prof. Kwanjung Yee | Ph. D. Candidate : 21 | Master Course : 9
Ongoing researches for VTOL (2/2) — Detailed Desigh ——————————

Alrcraft icing Accretion
ICEPAL {ice Comouwr Evauaton and Parfurmance Arefyas Codel

Seip” Y &

Coaxial, cowrotating rotor

Coaxial, countersrotating rotor

Mot secxoe shie lepey [ T—————
Ot o GFIoN e

CHATre —asmar Yy cFaroew

GEles o Grios o

w.. e
L) L
-

ba

50
Rotor somuth, degree
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Seoul National University

nitial deliverables D Final deliverables
Wesearch on the Data-based 3D data sharing platform-
conceptual design based shape optimization
techniques - —_——

UAM multi-disciplinary —— s )
UAM configuration | integratedconcept  Battery life e D'gs"i:'“:‘"’a""_’o‘:m
Design ey | design software  |mprovement j;-;‘?t{.,\,. l

circuit It

Mission
profile

- sharng ———— a1 2
Robuvst autonomy system ‘ ﬁ ATM/UTM coupled
design aqtp ma?llon and ’ automated flight technology
verification 3
e R s Mixed-
Prototype = = g i o reality Mook @ 2% Technology
test operation m | demonstration 1/5

e |
1* Technology s latiof 4 scaled grototype
s — { demonstration 1/5 vz J'_
= scaled grototype y
W High precision UAM | Noiselvibration reducing .‘-t g’
fl A
2N ol

ow/structure/noise analysis desngn optimization
and crash analysis

Detailed « =a¢
design

Autonomous Roforcraft Control for Offensive
and Defensive Tacbcal lllss'ons

Mission Planner
= Real<time applications
- Near optis path plan

P

Path Planner
- Low detectability/Lethal
= Collision aveidance law

'3
Trl ectory=Tracking Control
plive Incrementsl SMC
- mmm Incremental BSC

Nonlinear SMS/BSC Design e
Robustness K 3
* Incremental dynamics * - /

* Immersion & Invariance (1&)) - .

* Tuning Function Method L

* Variable Directional Forgetting
LS Estimator »

Guaranteed Stability/Performance 7 /'

* Lyapunov-Function Based Design J
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Konkuk University

WD, S Y, AT W

. o
Sean i, e

) 4 & . w
)

A Dynamic stall prediction by using REF-based grid deformation

g e St

——— Lo
gt e
e

s

ACFDmdysis&dngooeﬁdemofeuhpmvﬁ.thA.nA

Farfield Noise Prediction: Adaptive Chimera Grid

I EEEEERER)

¥

4* Generation M&S Program Development
i Noa-Snes Blade [ T [ Latingine-bases Roter
 Develop blades while - ] e e
2 collaborating with KARI, KAl Comprehensive (RoRud-xs Froe Waka|
. FE-baved Diade Crams- | | orcral
S| e, | B J Boction Analysis || s Vohrid CFOV rve Whaks
o S i 2o anics —
! i === T R Anatysis System e
Nolse Pradiction | Foll CFD Asro &
—~ © 1 CrOICED hilertace
Fligit Dywamics & |
Control Moduins A : | Fasatoge Ianracionet
———— s | 1 Asr odynarics
Roal-ths Flight }—| St —
Srsulation | | Migh-pe o
< Compting
Rotorcran Sizig 8 || = -
Porfoemancs Analyaie [ et GUI Ierfacs (Pymon)
— - Optharurm Desipe - Varcatie Compound Rotercraft Design
+ Modulo-Sased SW Archinctire - PAL-Banad Program Intectacs
Next us

+ Demonstrate noisadvibration
raduiction aith pecformancn
Impaovessant vis ATR concapt

} Prevar pags + Realizo active rotor technology

Gass

.
Power ."1,‘ N « Geoman DLR ) Franch ONERA

| « USA: Army AFDO & NASA Ames
« Kores: Konkuk Univ, & KARI
« Japan: JAXA
+ UK: DSTL & Univ. of Glasgow —p hae et

Mombers

- Hower, Low spoed dascant . ad —
- Cruisamigh specd v

- High losd
4 - High u e 50% RPN

+ Launched at Msy 2008
« Wiesdd sunnel tesd planned; 2024 at
ONWY, Natherands
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Pusan National University *;igﬁ

Professor : Donghun Park & Sejong Oh (Emeritus prof.)
< Applied Aerodynamics and Design Lab. (AADL)

- Development of practical & efficient aerodynamic analysis tools [ADM / ASM / Panell
- Implementation of aerodynamic tools for MDD framework MDO Framework Implementation
- Multi-fidelity based aero DB construction and design optimization P

(=) [ss)ef=] |
[Actuator Disk/Surface Methods . Q)» = y

D | ADM At &
®VH
«Single> <Tandem» <Comdal>
Practical/Efficient
Aerodynamic Analysis Tools

2 TP -

| Panel Method + Actuator Disk Theory |

Pusan National University

Assistant professor : Yong Su Jung
< Computational Aerodynamics and Rotorcraft Lab (CARL)
< CFD Trained Invertible Neural Networks and Machine Learning for Rotor Blade Airfoil

Design (2022~2024]
- Development of forward and Inverse machine learning modeis that are trained using RANS simutations

e e !
|

“ .t xm [ e P v——

¢ Line-based Unstructured Grid CFD Technigues for Rotorcraft Applications
- Automated mesh refilnement capability for 2-0 Hamiitonian solver [2022~2024]
- improvements on a laminar—turbulent boundary |ayer transition model

< Interactional Aerodynamic/Aeroacoustics for Advanced Rotorcraft Configurations
— Coaxial rotor hub flow simulations using hybrid RANS-LES
- Agroacoustic simulations for a wingtip-mounted propeller /
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Chungnam National University 'C.Efr

Professor Jae-Sang Park

- » Ph.D from School of Mechanical and Aerospace Eng., Seoul National University, 2008
« Professor in Dept. of Aerospace Eng.. Chungnam National University, 2013 ~ Present
+ Research interests - Rotor asromechanics analyses, Active vibration controls,

i Conceptual design

= Rotor aeromechanics analyses

= Rotorcraft comprehensive analysis tools : CAMRAD Il and DYMORE |1
= Conventional helicopters, Lift-offset compound helicopters, Tiltrotor aircraft

UetENaen

X2TD Lin-offset —
° ) 100 ) 30 2 Coaxial rotor y=o

Chungnam National University

= Rotorcraft active vibration controls

= Active rotor vibration controls using Individual Blade pitch Control (IBC) or Higher Hamonic pitch Control (HHC)

»  Active aiframa vibration enntrols using Active Vibration Control System (AVCS) 3P, e’y
. B T S - ; " 0
‘ 5 '
k
3 AL 40 ket
» I’)-) 45 W0 138 %e0 225 210 M8 MO
2 . Cormol prhase angle, deg
Actve vibration control for X2TD rodor Active vibration control system {AVCS) for smalk- Actve vibration control for medum utiity
using Individual Edade plich Control scaled compound hedicopter mode! helicopter using Higher Harmoank: pitch Contral

by Stacked rotor *
= Tiltrotor and eVTOL stacked rotor i

- Whirl-flutter analyses for tiltrotor aircraft in airplane mode \{Qi\k T UBERECRMDD?

0 T -
[y CAVIRAD 1 (Presest] Total
« Hover performance analyses for stacked rotor of eVTOL arwiall n‘» " — _4

R [ \
T WhIA-StEr anaEE :)_“w'_"‘"ﬂ!'.'!"" |
— | ) 1
‘, = < m
_— 0 |
‘ &5 il '
’ Whirl Fluttar = - o |
TutRotor Asrcefastic Stablity Testbad | » 4 Aslsl Specing (AZR) = £.IT% |
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. Inha University - \J

ion-Based Automatic Landing System for UAM Considering Building Wind

G 4“"7}
T )
G IST (Gwangju Institute of Science and Technology) lII 6\5;

B Dynamic stall control with impuisive jets W Full Navier-Stokes Solver with overset grid
— OpenFOAM with SA-RC RANS

B Impulsive jet

— Sonic jet for 1 msec — CFD is validated for a hovering quadcopter
— Generated from combustion-powered actuation B VRS : vortex-ring state

— Breaking DSV into smaller vortices — Must-to-avoid condition in descending

B Control benefits — Well captured in cumrent CFD

— Moment peak (negative) reduction by 70%
— Lift enhancement by 20%

amic Stall in
Retreating Blades

Jet interaction

Breaking DSV Into smaller ones

3

wl‘:oeﬂ S
B
Desésnding vaiocty | - s c e oo oy,
Dim, T. and Jee, 3., 2023, Comp & Flulce) [Park, Y. M. and Jee, 3 2023, ARA Aviation)
-
)
. theory.gist.ac.kr
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G |ST (Gwangju Institute of Science and Technology)

Multi-UAV Control Collision Avoidance Control

A Multi-UAV Control with UWB

* NO GPS for tagged UAV

= Positioning through RF-based UWB
(ultra-wide band) with autonomous
anchored UAVs

* Decentralized position control with
stable inter-vehicle communication

. dcas.gist.ac.kr biorobotics.gist.ac.kr
Distributed Control and Autonomous System Lab

Gyeongsang National University (1/ 2) E*

< Biography

# Hakjin Lee, Ph.D. (uss@onusokn
- Assistant Profesor, Schoot of Mechanical and Azrospace Engineening, Gysongsang National University H :
Director, Rotorcraft Asrodynamics and Nolss Simulation (RANS) Lab. IN_AF
UTE
- Education

Pn.D. In Aerospace Engineering, Korea Advanced insttute of Sclence and Technology (KAIST), 2019
M.S. In Asrospace Engnearing, Korea Avancad Institute of Science and Technology (KAIST), 2014
B.S. In Aerospace Enginzening, Korea Asrospace University, 2012

~ Ressarch Interests
Rotor Asrodynamic, Asroacousitcs
Computational Fluid Dynamics (CFD), Computazonal Aeroacousics (CAA), Vortex Methods
Rodreraft, Helicopter, Urban Alr Mobliity (UAM), Drone, Wind Turdine

< Research topic |
~ Asroacoustic analysis of urban alr mobility
Investigate the Interactional srodynamics and a2roacoustics of UAM
Simuiate the co-adal multi-rotor eVTOL vehicie In ground effects

Acoustc dlaation feld of co-axil &VTOL

> e
g oy R

S e . - -

Comparisoe of inclsed rotor and rotor conical Mrframe
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Gyeongsang National University (2 / 2) C

< Research topic Il
~ Comprshensive analysls of rotorcrart
Hybrid Lagranglan-Eusenian approach for simulating the compiex rotorcraft
Provide an efficient and accurate aerodynamic analysis soiution, which suppors the aeroacoustic design of rotorcraft

- w—— —

7 A ‘
v VY. R ¥eeru ——
v 4 e ; S } M -
Seeapte e 2 — —~— 5
- : - S NS R -
" - A R A E .
)‘ X -\\" VO . . A Y
Fundamenta Hrmultion and aiddaticn resuts of NVLMAPWCSD simuaton NVUMAPWCOID amulation of compiets mtre®

“ Research topic Il
» Flow physics and aeroacoustics of iced airfoll and rotor blade

Anatyze the expanding process of separation bubble and nolse generation of an icad alrfol i ikl ot

Mo i el Lt ! aop i b >y Seya s
LT J

Iratastanecus xveiocity comtacr and 4, lac-esriece: (s} 6 deg. (b) 3 deg

Hanseo University {5

* Research Area: Aerodynamics
= Development of a mid-fidelity aerodynamic
solver based on vortex methods
= High-fidelity CFD computation for rotorcrafts

CFD computation for a tandem UAM helicopter

+ Research Area: Aeroacoustics
= Development of a noise-prediction code for
rotorcrafts (tonal/broadband/body-scattering)
= Development of a community noise
assessment code

noise prediction for a 3-bladed UAV rotor
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Hanseo University -~

Research Area: Design Optimization
Development of machine-/deep-leaming

based surrogate models
Aleatory/epistemic uncertainty quantification

' 4
N

based on Bayes' theorem

Q : b e
/ & \ ;

——

Figurn of Mert 1

Design o;gr;i‘;;j';: of a sUAS rotor
- Sketeh CAD modeling 'Conceptual |
* Research Area: System Design it i [T design |
= Data modelling of aircraft performances for | » _ Y ! ‘
conceptual designs 4 1
| ) g v

Conceptual design of aircrafts

= Manufacture and flight test of designed aircrafts
i Performan

evaluation

g for small-scale UAM vehicles

Jeonbuk National University -

< Development of Vibration Source Active Control Device SW for
Medium Helicopter Vibration Reduction (2022~-2024)

- Nonlinear beam analysiS coupled with aerodynamic model

- Load analysis and verification with CAMRAD ||

< Development of rigid coaxial rotor system design/manufacturing
technology (2022~2026)
- High-precision rotor structural dynamics via 30 FEM and coupling with

aerodynamic model

| Torsm \ me P
Fu—-——"' ">-——“' :F-:;;,,_.—:::i:f

Z‘J;ﬁficnﬁm of beam analysis with CAMRAD 1|
for HHC application>

" ="
s ww SR
>
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lll. Industries

S

Korea Aerospace Industries {E

A Professional Integrated Development for Rotary Wing

KUH Varlants

- Dimensions - 3.0m x 19.0m x 5.0m and Intemational Chvil and Parapublic - Dimensions : 3.9m x 14,3m x 4.3m

= Power Plant : 1,855 shp x 2 based on KUH-1. = Power Plant : 1,082 shp x 2 4
- Max. Speed : 145 kt * Various missions ke search and - 2 passengers y
=18 passangers rascus, patient transportation and » LAH sims to davelop an advanced amed |

+ State-of-the-art Equipment fire—fighting. helicopter suitable for modam battisfisds,

* Excellent performance in vanous terains, = Equipped with modem avionics,

harsh conditions both day/night and weapons({Turet Gun, AGM, Rocket),

any adverse weather conditions fire~control systems.
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Korea Aerospace Industries )

Focal Strategy Programs

New Generation

»

MAH / MCH LAH Variants

g !g. =
Nl

fanne Attmck
Mina Countormeasure Hi

o O
KUH Production {Block 4)
X o o O
LAH Production & Export
o O

High Performance Helicopter

®

Integrated Development for LUH
Advanced O o & o
bevelo Intagrated Development: for MAM/MCH Dorived Holcopter Export
R 0 O o
KUH Upgrade Program High Parformance Halcoptar

. :"‘ =y
Korean Air (%),

< Program Overview
— KAL R&D program (Model Name : KUS-VS)
- 2021. 1 ~ 2023. 8 (32 months]

< KUS-VS Characteristics
— VTOL UAV for military propose
- Electric & ICE Hybrid propulsion system
- Long Range EO/IR/LRF Camera payload
- Rapid deploy and ground transportation

; — STANAG 4586 Interoperability
B e e i ~ Military Airworthiness Ready
Target Payload 00 kg
e o i < Program Milestone
£E At - '21.1Q : Scale model flight
Endurance 0 hrs - '21.2Q : Electric proplusion syste
Max Speed 190 km/h -'22.40Q : New OML release
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Korean Air W

< Program Overview
- Government R&D program
(Model Name : KUS-VM]
- 2023. 8 ~ 2028. 7 (60 months]

< KUS-VM Characteristics
- VTOL UAV for Navy and Marine Corps
- Long Range EO/IR and SAR/ISAR payload
- Autonomous take-off and landing on
Destroyer class ship

Sxmas Wk et - Military Airworthiness Ready
Payload 00 kg

i SAw < Program Milestone

Main Rotor Diameter 7.2m - '23.3Q : Program start

Max Endurance 0 hrs -'24.4Q: COR

Cruise Speed 100 km/h - '25.40Q : Aircraft Roll out

- '28.2Q : System de

LIG Nex1

Overview

Development of MTOW 200kg Multi-purpose Unmanned
Helicopter(Cargo/ISR)

Civil-Mditary
T Technology Period | "17.12 - '21.11
ype Development

Prime Company Sung-woo Eng. | Budget (13,000,000 USD

ADD ICMTC
SomERcor (Institute of Civil Military Technology Cooperation)

Progress { Features
"17.12: Agreement and Program Start ® MTOW : 200kg+ (Payload : Max. 60kg)
18.04 : SRR (Sy Requi Review) ® Max. Speed : 150km/h+
“18.11: PDR (Preliminary Design Review)

® Operationsl Altitude : 3km+
* Endurance(Payload) : 6hrs(25kg) / 3hrs(60kg)
* Operstional Range : 50km+
® Payload : EO/IR

: CDR (Critical Design Review)
“19.10 : TRR#1 (Test Readiness Review)
'20.02 : FFRR (First Flight Readiness Review)
"20.06 : TRR#2 (Test Readiness Review)
‘21.11 : The program ends

® ® @ 9 & o =
5 a
T
o
~N
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LIG Nex1

Overview Appearance

Development of a Army Small UAV System for
Reconnaissance and Attack
Rapid
Program Demonstration ; i
Type Acquisit Period | 2012 ~ 22.09
Project

Prime
1 A
Company UGNex Budget | 3,900,000 USD * . ; N .
= DAPA »@ 'M'“:;‘ @ Mcton @ Datalivie
(Defense Acquisi Program Administration) Uit ~—
-

Progress | ' Features
P ot ® Loitering ition for BN i e & attack
= ,21'“ ¥ e 4 Completed® - ® Operational Range : 8km+, Altitude : 300m+, Time : 30min+
.11 : Delivery Com OKA, 18ea) v
R _ . ® Flight Speed : 90km/h, Impact Speed : 140km/h
® '22.09 : ROKA D Support Report Sub o MTOW: 150k
L]

1PX3 waterproof, Anti Jamming, KCMVP Com

LIG Nex1

Overview Appearance

Hybrid Engine based Payload 40kg Multi-copter
Cargo Drone Development for Civil-Military dual use

Civil-Military
Program Dual-use 2011 - 231
Type Technology Period | “20.1 231
Development
s LIGNex1 Budget | 4,600,000 USD
ADD ICMTC
Contractor (Institute of Civil Military Technology
Cooperation)

Progress ' Features
® 2011: C ement of the ag ® Maximum Payload Weight : 40kg+
® 20,12 : Kick-Off Meeting ® Operational Range : 10km+
® "21.09 : PDR(Preliminary Design Review) ® Operational Time : 60min+
® '22.05 : CDR(Critical Design Review) ® Operational Altitude : 400m+
® '23.04 : TRR(Test Readiness Review) ® Maximum Flight Speed : 50kmy/h+
® '23.06 : FFRR(First Flight Readiness Review) ® Powertrain : Engine Battery Hybrid

: Final Evaluation

3

: The program ends
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LIG Nex1

Overview
Payload 200kg Cargo Drone Technology Development
based on Hydrogen Fuel Cells
National R&D
Program Period 2106 - “25.12
e (MOTIE)

Prime
g LIGNex1 Budget | 36,000,000 USD

Korea Evaluation Institute

of Industrial Technology(KEIT)
Progress

® '21.06 : Agreement

® "21.07 : Kick Off Meeting

® "21.10 : SRR/SFR(Sy Requi /Functional Revi

® '22.11 : PDR(Preliminary Design Review)

® '23.09 : CDR(Critical Design Review)

® '23.12 : Mid-Term Evaluation

® '25.01 : FFRR(First Flight Readiness Review)
® '25.09 : Final Evaluation

: The program ends

Hanwha Systems

Appearance

~ Features

® Maximum Payload Weight : 200kg ~

® Operational Range : 50km+

® Operational Time : Thrs+

® Maximum Flight Speed : 100km/h+

@ Powertrain: “Hydrogen fuel + Battery™ Hybrid

< Qverair Butterfly

- (Capacity: 1 pilot + 5 pax

- Rotor system: 4 tilt rotors with
individual blade control (IBC] system

- Full-scale propulsion system test
program completed in Fall 2022

Redeining ar
()m- milestome 3t time.,

< Advanced Research on
Hybrid-Electric VTOL Aircraft

— Feasibility study on gas turbine hybrid-
electric VTOL aircraft

E =0

& =5 et

T BT
e U b ol
m\”\ Ill |
P X

— U
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S
4 ™

Hanwha Systems W
< Flight Control System of <+ eVTOL Aircraft Flight Simulator
Optionally Piloted PAV [OPPAV) - UAM VIPP [Virtual Integrated Operation
- QOPPAV Flight Control System Dev. Platform] Project taor. 2022 - pec. 20251
Project taor. 2019 - pec. 2023 - Waork scope:
- Work scope: - Development of fixed-base and motion-

piatform flight training devices for three

- | i - ~
EELAWES ) Noet (B - different types of eVTOL aircrafts

» (OPPAV HILS Configuration Setup
» FCS System Integration Test [HILS & RIG)
» (PPAV Ground/Fiight Test
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Korea Aerospace Research Institute

1.0PPAV
2.High-Speed Rotor System

3.30kW-H, Fuel Cell Unmanned Helicopter

4.Low Noise Prop-Rotor for UAM eVTOL

1. OPPAV(Optionally Piloted Personal Air Vehicle) eVTOL;'f [!:ﬁ
.iv',?

<+ Optionally piloted eVTOL technology demonstrator is being
developed (2019~2023)
- One seater class. (Ve > 200kph, Range > 60km)
- 8 electric motors, full electric using Li-lon, 4 tilt props and 4 fixed lift props
— Airworthiness standard draft is being developed in parallel
— Wind tunnel testing is completed, the first flight is planned in Jan-2023

- LewT>
s -
3
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gy,

2. Rotor System for High-Speed Forward Flight ‘ng&

++ Rigid Coaxial Rotor System Development for High Speed Long
Range Utility Helicopter
. 2022.12. ~ 2026.12 [Defense Acquisition Program Administration)
. Airspeed > 000 knot, High efficiency (FM > 0.00, L/D,. > 00)
- Design and analysis of low drag rigid coaxial rotor planform with lift offset
- Rigid composite blade design and analysis
- Efficient hub control system design and analysis
- Small-scaled model design, analysis, fabrication and ground & wind tunnel test

3. 30kW-H2 Fuel Cell Unmanned Helicopter (%)

< Net power 30kW class fuel cell power pack system for a unmanned
helicopter with 200kg class maximum takeoff weight (2021~2025)
- Rotor type : 2 bladed-coaxial rotors with 2.18m of rotor radius
- Rotor RPM : 580RPM
- Weight : 250kg
- Propulsion system : Electric motor powered by primary fuel cell and battery

9 Laas o ¥ Total Range 9.2 km
< Total Endwance 456 min

D . I I

<Coaxial rotor with fuel cell> bty
:‘\ <Mission profie and power sharing>
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4. Low Noise Prop-Rotor for UAM eVTOL

< Low noise prop rotor (2020~2023)
- Five bladed prop rotor with 1.3 meter of radius

- Maximum thrust S00kgf per prop rotor for Five seater class UAM

- Noise level 64dBA away from 150meter in forward flight
- Figure of Merit 0.7 above ‘

e "

f/ B NGRS 7 N7\ ey ¥ &t

KW /I O p. SETh X it '(‘.c‘
R o N 2 “ : i '
= St e | i

- <Analysis of noise level in forward flight and hover>

\\}

V. Conclusion
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< In Civil Side, eVTOL Aircraft System Technologies were
focused on AAM{UAM, RAM) Application

— Passenger Drone, Parcel Delivery Service, efc
— KARI, Hanwha Systems, Hyundai Motors, KAI, Vessel
Aerospace, efc.
< In Military Side(Manned) VTOL System Technologies have been
focused on Army’ s Light Armed Helicopter and Marine
Attack Helicopter
— LAH Helicopter Production Start(2023~ )
— Marine Attack Helicopter Development Start (2022~
— KAl
< In Military Side{Unmanned) VTOL System Technologies have

been focused on Army’ S Observation and Scout, Delivery
Service

— KA, KAL, LIG Mex1,Hanwha Systems, VYessel Aerospace

-
I‘:

Thank you!

.
e
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Coupled Adjoint-based Rotor Design using a Fluid Structure
Interaction in Time Spectral Form

Seongim Chc:i‘. Hyunsoon Kimi?, and Rachit Prasad?
|

Contents

l. Introduction

Il. Fluid=Structure Interaction in Time Spectral Form
lll. Adjoint Sensitivity for Time Spectral Form

|V, Sensitivity Analysis Results

V., Conclusions
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Introduction: Motivation

[®] Motivation
» The system ivalving multkphysics s dificult to analyze wn hgh fidelity analysis,
¥ For example, difficulties assocaled with smulation of helicopter fight
+ Asrodynamic challengss Corplaxty of unstesdy and vortcal s flows
+ Structural dynamic challengss Long and Texble color blades
+ Couplod physics of sscodynamcs anc struciures

[®] Objective
¥ Davelop an accwate hig affcient anahsis and dasign mathod for meéar bisds

i e e bt L Ll LIPS et ) e R ek = LY SR A T U e
*00er™ l.‘-.‘-;&h“_l‘_ﬁ\.’ﬂ .

Introduction: Literature Review

= Literature Review for Rotor Design
7 Acomprehensive rotor desikn code
« CAMIRAD (NASA Ames Research Center ( U.S. Army. 1580)
= Ligdne hecry Li%ng-aurfecs theoty
+ CAMRAD| {Jehnaon Aercnautics 1934)
* UMARC (University of Marylane, 1990)
= FEM formudation + Quasssisady 24D sirp theory
» CFONCA couplmg
+ CAMRAD | RCAS and UMARC started %0 Ingude main rotor 3D«CFD coupling, On 2000s)
+ Hybdld solver. QVERFLOW + CHARM (by CDJ, 2018)

v Prtwr bt CF2 Cule 2 O
5. deww Ao Sghehrames Dix DD DAY T CAN N
L5 iy A Btabisuscn e AT 2 NS G RAMASL  ROAS
AX, Loyl “ ORI O I A
Ul oy w2 oon
rvera bemme s Tobw gy o rewys
— as: CENC A B ks L ool s ssesaanent of O DVCES pudchon s 2
S S S — 3 ot g T HANT [ b o] m s Sty BA% Lo Ponow of
- Kpsre M Amoncam Meicoper Sooet P Woss, T, 22
[ 138 L)

ns N - p—
W =
. (
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Introduction: Contributions

[®] Literature Raview

F Adambased shape cphimizatian for static anroalashc p'uhlru'n
+ Kerway, annedy and Marins (U.Mich, 2014]

* Time fccurate approach with unstsady adjoini=based shape oplimeation of roles {Cynamic FE] proolem)
« Meshta, Mani ard Mavsiglis (dpaming University, 20714)

»  Contributions of th present study

= Time=5pectral form of fluid and structural equations of motion

[sleady form af goveming equations)
- Steady ad,0n: formulatien for unsteady, dyramic problems in tme-spaciral form,
= Fluidegiructura interface (FS[) and coupled adjoint solution

i. serewy, Gescwr B0, Sreama . semady, i Jmgarr RS dardire . ot for migr L
el el piond e v comouisiorn” A pare’ B0 Y R0 TR, e
L Misten faiem ol ol "Trareserder] aficsCamed sercdyr arr s thape: optirvesl o applied o kellensiee rolors” e 3 L E}\ i <__
L] L

Contents

[, Introduction

I, Fluid=Structure Interaction in Time Spectral Form
. Adjoint Sensitivity for Time Spectral Form

[V, Sensitivity Analysis Results

|, Conclusions

. - <
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Traditional FSI| Approach

®! Partitioned and Stagnomd Agproach

Pressure Fielk LT ME(H) + CORIED) + X{phel)
v YA Riw) ()/ Fuid: \ ressure Field sm:cluro\rt._. £9)
—_——
—I_( omputational Flula | Finite Flament ™ |
1

-— \
Dynarmics o £ ' Methed |

\Qo' RfW.XFO)/ Dsglacermenl Fiebd FEM, &U"Fy
s A2 dat

¥ For the unsteady problems, physics of the prablem limes the time step

x =k, ‘,_':u‘ ‘”_T:u,,
y 15 s
Fud o Siny —
sarial staggered o, it shale vect
partitioned approach ""; - o SV Stato vecior
S
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Time Spectral Formulation (Fluids)
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Time Spectral Formulation (Structures)

® Dynamic Structural Analysis

» Governing ecuation

Mx(p) + CaPp)x(P) + K)x(y) = F(x, %, 4)

2 Xx: nodal ceplscaments
» First order ODE form ¥ azimuth angle (0 * ~ 3807)

y() = Ay(Y) + Bf (¥)

where, y) =[] ) = (. 4= ey _yag| andz =

y v s =

()

Time Spectral Formulation (Structures)

" S 5 cara] Ve
= Dynamic Structural Analysis using Spectral Fermulation Snectral Wiethod
» State=vector form equation * solution approximation < error minimization
y() = Ay(y) + B (Y - Trigonometric (Fourier) - Galerxin
- Chebychev - Collocation
» Assuming the sclution with a Fourier series - Legendre - Tau

Ny
wt) =¥+ {(Vom COS it + Fg;, Sinamt)
n=l

» The time derivative can be converted into a Matrix Vector product, |t can be solved by applying pseudo<time

stepping
dYrs SRR
ot + Dyvrs—Ayrs —Bfrs = 0 r pseudo e
y(bp + AY) F(hy + AY) Y
wii. (s f il (i
where, yrg=[YWot28W)) o [ fCbet ZMJ)
) i Ave
\y(o+2m) /|, Qo + 21) VI (s ( T
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Proposed FSI in Time-Spectral Formulation

= Time Spectral form of Governing Equations
Pressure Field
—_—

—
Displacement Field

_1 tructural Eguatlo t—
Oy,,

"\lL-'D.Vu = A)'u = Bfu«)= 0

s &
” W,k wk Y Wkur Wk‘ r
gt ) (] /
- - 7 e o had vare vecher
/ ! -' ' ) atucars| woem vechsr
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& o & 7 «}: powken of 0°F et
© pktr Pk-?r Pkt 3r »ad pressure
p J I / } 2, - 5% atucara| i scarent
Strwctie & - = g
Wt e

Timse-spectral Proceders - Preudo-time evel

TS FSI Validation: Sectional Airloads Comparison (CFD/CSD)

MHA%R %R
q ; “‘ \1'"’" J . E ./‘-(" m1 " ; !
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Contents

l. Introduction

Il. Fluid-Structure Interaction in Time Spectral Form
Ill. Adjoint Sensitivity for Time Spectral Form

IV, Sensitivity Analysis Results

. Conclusions

Sensitivities and Design

| Approach: Sensitivity Analysis for unsteady problems.
» Shape Optimization requires gradient with respect to a large number of design variables,

Finite Difference Method - With N design variables
(FDM) N+1 Aeroelastic Simulations
Lo Jx+Ax)—[f(x)
fx) = Ax
» Adjeint Method is extremely handy in such cases
Adjoint Method - 1 Aercelastic .'.M“_"m
Solution Solution
dR al
il 't f TR el
(r]w' 4 dw
» Disadvantage: For unsteady problems, physics residuals and adjont variables need 1o be stored at each phy
sical time step-> Memory and time intensive, Y ( [ ad
14 =
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Coupled Adjoint for Coupled Sensitivity Analysis

® Coupled Adjoint Analysis
» Gradient computation using adjoint method for a coupled FS| problem  w fwd sate vartshies

¥ tural st varaties

» Opjectve function_! = I{w, v . x.b) X mesh state varables

& desgn vartahles

» Total derivative of objective function w.r.t design variables
di al al ow . ol dy . al dx
db b odwadk dydb  axadb
» Stale equations for fluid and structural systermn and their derivatives wir.l design variables
R OR  SROw JdAdy  OROx 0

Fluk 0: -y A8 o 2K
Flid: R(w.y. x,8) =0 » =g+ gr+ Tt

: das _ 35  dSdw 5Dy , 2SI
, -0 — e e S—— e o—— =
Structure: S(w, y.x,6) =0 —» ay dc  dwH>  dydd | Axdd o

» As the residual derivatives are zero, they can be multiplied with an adjoint vector and added to the objective
function derivative,

di

ab
Mo aldw Ny Hex (.m' T JRdw dRay IR axy . 08 +.d.\ ;xw,+ asay : a5 8x
T — e e s — —_— R A — —
@b dw db \db  dwadb  aydb  ox ob " dwadb  dydd
E W « for flow Wiats
@ adjsint vector for strurtural stage

Coupled Adjoint for Coupled Sensitivity Analysis

s} Coupled Adjoint Analysis
» Rearranging the terms

R Nuid residusls

§ - Structural residuals
di aRr as w: Muld staee variables
O LEPOY)) JoLTPNPY o -
T b ® ah ¥: structural state varisbles

x: mesh state varialles

ar IR as GD. [ o ar as b: design varisbles
Hemt s T — | o T+ 67—
aw aw dw @' L dy dy ay

» The arbitrary adjeint vector can be chosen to be independent of the derivative of state variables wirt,
tha design variables,

» The adjoint equation to be solved

3 i

| _[ow
AR
aw 3y 3y

» Total derivative of objective function w,r.t, desian varables is
dl _al dldw dldy al __aR __aS oo
@ =35 owon T ayob b (Jan () 9b v e s
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Design Framework

Aerodynamic Optimization Aero-Structural Optimization

Time Spectral Aeroelastic Solver

Time-spectral Flow Solver ¢ ]; ' Vi v ‘:' + VaDw, + Riw} = 0

D+ R )=C (=0, ,N-I “".Y', + Oy, — Ay, - Bf, =0
I'n l .y
Discrete Adjoint Solver Cou .

e . upkd Adjaint Solver 2

&l , 4 ol S earn

Lad " e e ow | 4y I..-,]
as ) le = | a I'
ow oyl )

” )
Gradient Sersiti @ |ee
-i'f-‘-J a V’J ’:Ri"i‘
I‘ & I(i l Gradient
al_al an | ~

a
Soace & Cnal K. Lee LA Akomec Helcopter Rotor Demgn unmg 8 Trse Speciulsed Ackor) Sares Wefce” Joumd

—m e AT T = A
of Arcea, Vel 51, o, 2, Vach ko 2254 s db A b al Y7 s (: i

Design condition:

* At each iteration, new control angles and aeroelastic deformation sh
ould be provided from the Comprenhensive Anzlysis

* Simplifications for “aerodynamic design”
- constant aeroelastic deformation, and constant shaft angle.
- only two constraints.

*  Objective function : reduce Torgue {C)
* Constraint 1 : same Thrust (C, )
» Constraint 2 : same or less Drag Force (Cp)

* A total of 4 harmonics (9 time instances) are used
* Using NPSOL (Nenlinear Programming SOLver),

.. v s =
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Design variables

s Chord length and position of leacing edge / sweep at 82.7% and 94.2%, 100% =6

e Twist angle at the 10 span locations = 10

* airfoil camber/thickness charges at 10 locations around airfoil along 9 sections on
the span [using Hicks-Henne bump functions) = 90

* Atetal of 106 design variables | chord length, sweeg I
e ' ' ' ' IS

I Twist at 10 radial kocatons |

//z‘ 7 y 7
y /4 WA
7 e V4 Example of bump
y o

ty Analysis Results

= Sensitivity Analysis Results {Aerc only)

» Object Function : Drag 1 7»
TRPR]”
95 as| ¢ |2

aw ay
:—:: (368,640 x 368 £40) N
akrix

" Advancing
Side
m

st sensitive locat 4
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Sensitivity Analysis Results

u Sensitivity Analysis Resulls (Aero only) .
» Object Function ; Lift 1 I’»

ai PRY
wpEy
95 95| 19
dw?j;

Ltrcahm
Side
I 2407
15 o 2000 J\’.
2% 7% :| ag is- "\ 5 . >
1l * ' Forward

2 W(;-:

Optimized Results

vaselne

aptimiz
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| CFD/CSD Coupled Validation

CSD : UMAR! egree trim - thrust, rolling, gitchin nstrained, shaft angle fix

unasremime  normal force (MIC,) owmes

[ ]

Aero-optimization validation
7.4% reduction in torque.
almost constant in thrust

but 30% increase in rolling M.
15% increase in pitching M.

CFD/CSD coupled

5% decrease in torgue
Constant in thrust.

3% increase in rolling M.
2% increase in pitching M,

- S

Contents

l. Introduction

Il. Fluid-Structure Interaction in Time Spectral Form
lll. Adjoint Sensitivity for Time Spectral Form

IV. Sensitivity Analysis Results

I. Conclusions

; v
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Computational Modelling: Comprehensive Analysis (CA)

5 UMARC : University of Maryland Advanced Rotorcraft Code [Ref.6]

[ Aerodynamic Model ]

(Fting line theory + wake mode|)

(E=B beam model)

¢ !

[Couplcd Trim Analysis] t Stabilty Analysis 1
J

& v s =

r -
Structural Moded ‘ [ Flight Dynamics J
\. =7

Computational Modelling: Structures

® Coupled Trim Analysis Results (UMARC)

[taration Ne,

Iteration Ny

)
(deg:) Iteration No,

E: '::mllnn No,

conrred arghe: (o, B O B, By
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Computational Modelling: Loosely Coupled FS| Analysis

u| FS| Analysis Procedure

[ Lifting Line Theory J

l Initial Aerodynamic Force

Deformation(4) : update CFD Grigl

.
. < ' Structural + Trim
[ CFD Analysis < \ Analveis J
Pressure(p) : update air loads | %
> P AVOC
& v e =

Computational Modelling: Loosely Coupled FS| Analysis

s FS| Analysis Results

Asimuth Angle (9)

Azimuth Angle (9]
Azimuth Angle (9} =
: - 3 ag . teration No,

172



® Coupled Sensitivity Analysis: Aero + Structure

RNNK

Sensitivity Analysis Results

Aerodynamic Jacobian : ]
weonio | [ORIRY oL

dl
{3,348) W _67 ¢ a_y

Coupled Cross Jacobians Structural Jacobian
o8 &5 a5 R .
—,—and — are sparse matrices, — is densely populated matrix
dw'ay o 8y

Due 1o the |arge size of the adjoint matrix, GMRES, a Krylov subspace solver has been used to solve the system,
This has been implementad using PETSC, a suite of scalable and parallel routines for the soluton of large scale POEs.
The above system takes around ~1500 iterations with 600 restart iterations to converge

: e

Sensitivity Analysis Results

s Coupled Sensitivity Analysis: Aero + Structure I 3 D
I (objective function) = Sum of all displacement .
e i Son 69" design varabl
B

Acro-Structural Optimizatice
Tirne Soactral he-aeiaitic Sawar

« o design variable h [=n
Laephec M sire Scher ittt
= Future Design e P e
I (objective function) = torque &5 5
C {constraints) = moments and thrust oo ‘
2 s
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l. Introduction

Il. Fluid-Structure Interaction in Time Spectral Form
Illl. Adjoint Sensitivity for Time Spectral Form

IV, Sensitivity Analysis Results

l. Conclusions

Conclusion

=’ Time spectral and adjoint-based method is effective for the design
involving multiphysics problems.

(m! An accurate but efficient coupled sensitivity analysis method for rotor
design is developed,

(! Aerodynamics only and Coupled sensitivity analysis is performed and
validated by comparing with FDM results,

(w! Fluid-Structure coupled adjoint-based sensitivity analysis will be used
to optimize the shape of rotor blade,

2 v e =
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Thank you for your attention |

Va7 VIEGINIA

Adjoint based Sensitivity Analysis

a| Coupled Adjoint Analysis
F Gradient computation uging adjeint methed for a coupled FS| problem
= Objective function: | = I{w, ¥, x,b)

W fluid state variables
Tolal derivative of objective Tunclion w.al design variables ¥: structural state variables
ﬂ = ﬂ + of ow + ol dy + ol ox ;: I}:r-fl:::t1;:|-|1lhbr$
db dbh dwdb dyodbh dxdb B
State equations for fluid and structura| system and their dervatives wr.t desian varables
di _ 48 dRdw  ARdy | dBdx _

i (w by = ER _am
luid: R(w,y,x.b) =0 = o=t s Y ayae T anaw

N

-

o S e Y a5 _ 85 dsdw Asdy  dsdx
Structure: S(w,y,x,b) =0 = o=+l + 5y T ar e
# Az the residual derivatives are zero, they can be multiplied with an adjoint vecior and added to the objective
function derivative,
df o A dw dlay arax @R AR dw  aRdy AR Ox L 05 a5 dw A% dy r'.l.';":'.':rwL
—_— | - = A | — + . . &’ (— ¥ .
db  db - dwdb  dydb  dxdb db  dwdb  dydb  dxdb db - dwdb  dydh  dxdh
A: adjoint wector for flow state
. adjeint vectar for structural state

=10
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(;-} Hanwha Systems Korea—Japan Joint Workshop on Rotoreraft

Development of UAM Vehicle in Hanwha

Schwan Park
Hanwha Systems

Feb 10, 2023
Yeosu, Korea

UAM eVTOL Vehicles () e Systams

- e
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Butterfly [ea T eup—

Hanwha—Overair Joint Development

« Payload: 1 plot + 6 pax (1,100 |b)

+ Range: 100+ mile

+ Speed. max cruise 200 mph, cruise 150 moh

* Noise: 55 dBA (hover @ 100m), 30 dBA (cruise @ 500m)

-l

Butterfly | Design Philosophy a1 Sp—

Design Goal: Fly Longer, Faster, Safe and Quiet with Lower Cost

Flight Efficiency Low Disk Loading
Tilt Rotor

. e Multiple Rotors

Distributed Electric Propulsion

' Optimum Rotor Speed

Advanced Composite Materia|
Quietness Low Tip Speed
Advanced Rotor Blade Shape
Safety / Survivability Redundancy
o o Fly=by-Wire {(SVO)

Individual Blade Control
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Butterfly | Flight Efficiency in Hover and Cruise raate Syutema

Maximum Hover and Cruise Efficiency is Required

Sample Flight Power Profile of Vectored Thrust Vehicle
ey et HDGT @ VRO {Uber Short Mission)  tryiwe 002900

sk P Ve

ry C rate : HOGE @ weos

[ —

High Speclfic Energy
inimize Crgse Power
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2 e
Butterfly | Safety Q Zumtena
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eVTOL Flight Control System (D) rarate Tystama

OPPAV Flight Contro| System Development Project (Apr, 2015 - Dec, 2023)
+ FLCC SW(OFP) Design and Implementation

+ OPPAV H|LS Configuration Setup

» FCS System |ntegration Test (HILS & R|G)

+ OPPAV Ground/Flight Test

eVTOL Flight Training System ) rarwhe Syrtems

eVTOL Flight Simulator Development Project (A, 2022 — Dac, 2025)

* Foec=base and motons=platform fign: training devices for three different types of eVTOL vehicle
(Vaclored Thnust, Litplus-Cruise, and Wingless Multicaptar)

+ eVTOL Vehicle Design & AercDB Generation
+ Flight Contro| Law & SVO

+ Flying & Handling Quality Assessmant

+ Pilot Training Program

<%

Fixad=basa Fjgnt Simulater At olatform Flight Simul Viectored Thrust Lifsplus<Cruse  ‘Wingless

UAM Virtual Integrated Operation Platform Project
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Hybrid—Electric VTOL Aircraft

Advanced Research on Hybrid-E|ectric VTOL Aircraft

x| B¢

Appendix | Introduction to Karem Aircraft & Overair

Maram Avaot
U5 Armry Jaet Haswy L (UML)
g

Carwm Al
Butsrty Ges | utocsls wevce
ol
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..h‘]”‘_" Seoul National University
% |~ Active Aeroclasticitv and Rintoreraft Lah.

Hover Test of SNU Active Trailing Edge Flap
for Rotor Vibration Reduction

SangJoon Shin

Seoul National University

Korza-Japan Joint Workshop on Rotorcraft

Yeosu, Republic of Korea

¥ w‘ Session Il Analysis & Test

e s
February 10t 2023
13:00 —13:20
d SEALEF P
[‘ %2 Seoul National University
Cnntents L'_ L Active Aeroelasticity and Rotorcraft Lab.

. Introduction

ll. Hover Test Preparation

lil. Pre-test Prediction

IV. Conclusion
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LT Py
,",r , '.(‘ Seoul National University
L # Active Aeroclasticity and Rotorcraft Lab,

Introduction W

% Rotor blade with a trailing=edge flap

» Rotor vibration and noise control by active flap blades
Active rotor— numerous studies have been done*, and recently by DLR, JAXA, NUAA, SNU,

= Mechanism structural design, fluid dynamics, control, and wind=tunnel test
v Underlying structural dynamics and aerodynamic features yet to be extracted

A SMART rotor whir] stand test A Sikorsky wind tunnel test

A Trailing=edge flap blade concept
*Friedmann, ¥, P, “On=8jade Contre| of Rotor Vibration, Nolse, and Performance: Just Around the Cormer? The 33rd Alexander
Nikol y Locturo,” A Holicopter $ ty 69th A | Forum, Phoonix, AZ May 2012, a

< g %
"‘ Seoul National University
B & Active Aeroelasticity and Rotorcraft Lab,

Introduction W

< SNUF (SNU Flap-blade) research objectives

> Baseline multi-disciplinary investigation
Composite blade structures Flap driving mechanism
i inibg . T it b g g | Glass
e G B roving
[ sandwich
E P —— prcos
bt 320 ptrres <
) i Actuator
hatch
c cti izati s
ross=section optim on Flap hinge s =
Multi-body comprehensive rotor aeromechanics

Kalman estimaied Fz

2% St

(4] 1 X .
— ——— ﬂ —l3aseline
n | DYMORE resparne:
- 240 | |- =~LT1 Simulisk Fz

Q s 180
Rotor azimuth, degree
Mid<fidelity asromechanics analysis with full flap rotor Closeddoop vibratory load control a
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?'

2
4 Seoul National University

Introduction WAL &' Active Acroclasticity and Rotorcraft Lah

< Hover test overview

» Active flap blade aeromechanics, composite blade integrity correlation
» Low-atency harmonic signal processing for higher harmonic control
» Time-periodic and multi-blade nature v/ different collective

» Hub load dynamics w/ different flap actuation mode

—

e N

x . ‘ Lie b
Aesromechanics = -
] 10
| o
P e a— i Nirev
]' “ o= = s ZNirev
| *e
] ool
i . N . : o " Thew, 4 ¢ 3
Compaosite blade analysis correlation Time-periodic hub load a
- o il; o X a
I 1 Seoul National University
C onte nts Jn,. ;‘;‘. # Active Aeroelasticity and Rotorcraft Lab.

ll. Hover Test Preparation
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i\.’-'?(’
> i 1 Seoul National University
Test Prep aration % —t Active Aeroelasticity and Rotorcraft Lab,

< Hover test stand fabrication

» Seoul National University Rotor Test System (SNURTS)
= Siheung Campus test center 9X12 m, 240 kW electric power capacity
= Collaboration w/ Chungnam National University. design/fabrication of Ihe tes! stand
= 55kWAC motor direct drive, max, 2,000 RPM
= Beaxis balance: max, 2. 000kgf thrust, 160kaf-m torque

A SNURTS components A SNURTS control room A SNURTS Installed (7 |
LY
. ,.,[.-,_( Seoul National University
Test Prepa ration W Active Aeroclasticity and Rotorcraft Lab.
—

% Test stand fundamental mode identification

> Impact test and correlation
= Test stand structural analysis by ANSYS
- Contact norma| stiffness adjusted to match test results
= Major resonant speed identified: 300, S00RPM
= |SO=1940: satisfactory vibration level @ *,100~1 300 RPY

A Test stand vibration level at 1,120 RPM

1500 | : —Tr
| =—\{xmboly upper plate
> " Motor bettom
=
a
4 1000
2
§ . SHz
- < —§
3 so0 <5tz }
< 1 | Iy
f i\
ohabia AN e
: v - - o 10 20 i 40
Concentrated 1% bending 2™ bending 1 torsion Frequency, Hz
matar mass 4,8 Hz 15 Hz 22 Hz
A Impact test result
A 30 FEM modal analysis correlation s |
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Test Preparation

i

i?ﬁe . . E
e Seoul National University

% g Active Acroelasticity and Rotoreraft Lab.
—

4 Test stand fundamental mode identification

* Mode control by the stiffener

»  Bending and torsion modes of the stand may be adjusisd

= Bearing lower s streclurally solated with the lesl stand
= ey o 1300, 2800, 3900, 5200 .. RPM avoided

T
T
. Gasslre

Stiflaner a8

- —
w H L] Support  Support  Bearing Stand Eiraring Stand
pillar 19 pillar 29 fower 1 levmar 4
] m m banding  banding 1% tersion 1t tersien
m m m RFM RPFM awial RPM (H] Banding RPM [Hz|
Hz) [Hz) RFM RPM iHz)
Hz)
208 2e 1,532 1,320 4022 5120
.83 (15.4) {25.5) 23 (BT 855
m 3 336 1,058 - 1440 - -
{5,600 {iTn 24.1)
10 ] 352 1227 1,538 1,558 &,084 5,358
16.04) 2005) {288 28.0 {BA_T) LT
M & 383 1474 1,538 1,714 4,154 5,580
8.34 [24.6) 258 1286 692 930
m & 388 1,580 1,538 1,778 4,188 5708
{64T) (26} {25.7) {29,E) {R9.8) {95,1])
10 -] 382 1438 1.540 1830 4218 5874
16,53 23 125,7) 130,5) {70.3) 187.5)

20 &0

20 120
2an 150
an 180

A& |solated bearing tower mede

Test Preparation

& Stiffener parametric examination

i

[l

'ul_fr,“

2 Seoul National University

WL J Active Aeroelasticity and Rotorcraft Lab,

“ Rigid 4-blade SNUF rotor hub

% Blade and grip structural integrity evaluation
n Hingeleas hulk: grip structusal analysis
= Rotor lead from analysis: 29N — applied load factor 1.5 58N centrifugal load
= Safely margin = 2

& SNURTS rigid hul
124MPa
T
E
TIMPa 3
p— E
—3
-0 1MPs

i Grip Mébalt reinforcemant

Eecovsered A llowabds siness, %

4N 1}

& VABS cross sectional made|ing

& Tesgis luagiradinally
B Tawils Didasai

-] FLE
Fe, g
L LI & é:-;
Wby | 9 T bogn e
i a 3
. -
e iE ]
- “\u-l-._ 4 E 1
L L E
- N i
2 [ i 1.5 L]
Mormealized span siatan

A Stress rocovery
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. 'u Seoul National University
TeSt P re pa ratl (o] n ! i Active Aeroelasticity and Rotorcraft Lah

< SNUF blade groundstest

» Ground bench test (scheduled ~March 23’)
= Strain gauge calibration by the tip displacement (flap, |ag, torsion)

= Tip displacement measure sensor for the lest stand
= Measurement and control program test
= Actuater inner-loop position control test

Laser displacement sensor ﬂ

A Fabricated grip and SNUF rotor

A Ground bench test hub assembly 1)
WLLE %
. .';,‘ ( Sevul National University
Test P repa ration LR 5 Active Aeroclasticity and Rotorcraft Lab.

% SNURTS evaluation

» Reference OLS rotor from NASA test”
= 2.m diameter, NACACO12, no twist, no taper
= To evaluate the functionality of SNURTS
= Validate against the present pradiction

A Present OLS hub

=T 0L 91t vt bk DYMORE
‘ot o Ol
U 0 Pl ot
“ Wrowmt wnt

R-pi."l;"—'-’-/i
o PR

B mgaL
- . Kigd 1t g |
A Present DYMORE configuration ! | ~E ¥ ! " an ' "
of the SNURTS-OLS rotor : i E
2 A Fan plot from the present

A Rotor hub modal test hubs test result
‘Floros, M, W,, Gold, N, P,, and Joh W,, "An Expl y Awrody ic Limits Test with Analytical Cerre jation™, Ameri ol
Society 4th Decennial Specilists’ G Jan 2004, 1)
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S
. .'u .’ 1 Seoul National University
Te st P re p a ratl on | »{.-63 Active Aeroelasticity and Rotorcraft Lah

< OLS rotor hover test

» Collective pitch sweep test
= Tesi repeated 3 imas and one opandoor tes!
= Sufficient ground height for OLS rotor
= Functionality of SNURTS verfied (run, collective, stop command)

A Ground cffect wake analysis

— No ground effect
A Closed-door test (€ free run stop)
13}
. P Seoul National University
Test Prepa ration GRS Active Aeroelasticity and Rotorcraft Lab.

+» OLS rotor hover test

» Collective pitch sweep test
= 88% 1 reproducibility for the measured thrust and torque
= Measured unrealistic figure of merit: 2012 KAR| test as a reference
= Present momentum theory inflow analysis gives good correlation to the reference test
= Free-wake viscous Influence should be carefully correlated
= Balance designad for SNUF rotor 400 N-m rated torque
— torque rasolution unmatched for max torque 40 N=m OLS rotor

S e L by bew
- = Powion

Toegue, Nm

Jrnes Poee wolte 0; = 03
& Olosedwioor toet |
o (lrend-door tet 2

P —— . \
¢ XARI GERTS M85

\ - Clresdedzar teat 4
T I Unitaews \ 1 ‘ Opsa-thoce st 1
L i S S CE— = > OO Presmnls | o oF | KARL GSRTS 2012
S R N & 6 3 0 1 0 002 004 006 008 01 012
Collectrve 8, Collective 8. rlo
A Thrustecollective A Torgue=collective A Figure of merit
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ﬁ"l-'?

{if r"“bl Seoul National University
cnntents '-.llg.ﬁ & Active Aeroelasticity and Hotorerafi Lab.
lll. Pre-test Prediction

I._?,-.'I_rr,'

0 Seoul Mational University

PrE-tESt Pre-d ictinn I{%ﬁ%-}: F Active Aeroelasticity and Rotorcraft Lakb.

“ Correlation against the comprehensive analysis

* Multibody dynamic analysis: DYMORE and CAMRADI

T . .
* DOYMULE walyais

Pitch command &, ©

Incorporate SNURTS pitch link, servo actuatars, shaft, trailing=eage flaps
Code-to-cods comparizon and evaluation

lime=marching free=wake analysis with the multiple-trailer wake
DYMORE=Simulink coupled simulation for the control

& SHUF DYMORE configuration A SNUF CAMRADH| configuration

[

Actmior comoand 4, mm
A Scrvo=pitch test and prediction

{1 15

: I .'. T ] i =I | ":
) I |
3.
A Fros-wake analysis A DYMORESimulink coupled simulation
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SEEy,
i .e.._: Seoul National University
| 4 Active Aeroclasticity and Rotorcraft Lab.

Pre-test Prediction

—

4 Additional accuracy for the lifting=line theory

¥ C81 table for an airfoil w/ a flap

»  |mproved asrodynamic load prediction at the flap station 5 ]
= RAMS (k- SST} by using FLUENT, malched y+=1 for al| the cases

= Advance ratio g =0 = 10.16 — Mach 0.3-0.5 L

4
il
=1
oA
a4
nz 03 34 a5
& CFD grid of NACADD1S 15% flap e nh:ﬂ:il *‘dd Mach
& Fresa grid azcuracy A Prasant rof arating canditi
comparison (NACA012, no flap) " o eperaing sandlan
== Y N [FE=2E] /]
— W& H.-__,_-":b\ | : L — Ma =058 f
' Wy I/ ,
B \,‘_'_'_._,_..ﬂ- e -+ - W 4 4.
Te—— lift increase dreg decreasza \a /oy ngraate
for a0a = 0 Y foraca=0
& Lift cosfiicient & Drag costficiont a
oYy,
. . I.f,?‘ ’ Seoul National University
Pre=test Prediction G § Active Aeroelasticity and Rotorcraft Lab.
#+ Hover test prediction i S ' '
| _ o
¥ Flap rotor test 7 T
= Baseline rofer performance +8 g ; .
»  Farwake § ages, 2" azimuth, 107 spatial step =" “raL
= Flap defleciion {steady and harmonic) =R e
= Monlinear blade twist achieved by the steady flap a2 L_j"‘:‘:‘:
deflection (27, 47 & 8,107 v ;
= Paositive flap deflection: 0z 54 oF  oF
fhrust and torgue slightly incraase, no FM vanation Fladial stetion
& BMUF blade effective twist
due ta the steady flap deflection
w0
. . —lr ="
7 —!r'f“' L =i d'_,_,..---"'_'-
I T . ¥ ) -
B E:-d" s 'r =4
LR 04
= z
S k!
3 0l J/
] 1 . i
e 4 f i 10 2 1 % * "a 04 0,4k [ &
Callective, * Callective, C-':;-_."cr . )
& Blada loading vs collective A& Cgle vs collective A Steady flap sweep F.M.
10
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Pre-test Prediction

(AR,

il
L

"2 Seoul National University
& Active Aeroclasticity and Rotorcrafi Lab.

% Wind=tunnel test prediction

e
& 1T | Thrum |
Lean
0 05 1 15 1 FE )
AR -g
{&) Thiust i
- el
:' M, M, E
1 2
N | - TR g

i LE] 1 1.5 1 15
Time. &

(o} Faling e glehing maosent
A Propulsive loads contral authorities

Contents

* Izolated rotor in the forward flight, fixed collective
5 Wind=tunnel speed 30 mis (g = 0,162}, shaft angle &, = —6"

Steady collective mode flap deflection sweep (27, 47, &, 87, 107}

Thrust increased mostwhen 0 — 27

Control authontes. relling moment > pitching moament

Flapped sectien pitehing moment drives the entire blade to the spposite ADA
A soft in=plane blade responds in a ‘control reversal’ mode

— Additional control phase lead or |ag will be inducad

+i
Iift increase

I.Wm'!ﬁl'f.'ﬂﬂllllllllllﬂll::llllﬁl I|||

—— 0 SR (g antim) |
== ~¥LT%H (hisde moior)

H (ladr morsor)

Section sirlnsde, W-m

e

i [Ty F—
- B TR, (i gt
ELAME (b

3
+5*

5!
mameni
decraass

fﬁu'm i

a4

Tizee, &

EEF
) e

| I

."E:-’B'-_l-."':

& Sactional lift

a s

Seoul Mational University

5
Time, &

& Sectional pitching momant

I
s Ative Arnw]:wl‘k'i!‘} amd Raotorcraft Lak.

IV. Conclusion
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AL

. .‘[ ': Seoul National University
Conclusion WL J Active Aeroclasticity and Rotorcraft Lab.

*

4 Conclusion and test schedule

* Conclusion
= SNUF blade design: blade structural desian, test and analysis

m SNURTS preparation: dm=diameter 75HF class Mach=scaled rolor lest stand

» Test schedule and future works
= Hover test schedule: Apri| ~ May 2023
» SNUF baseline retor test (passwve llap)
= RPM: 1100 = 1,300 RPM
- Collective sweep: 2°~12°
= 1= active flap actuaton test
= &= active flap actuation test
n Future work: S=hole fast response probe for wake measurament

" Wind-tunne| fests an ROKAFA

&l
\ 4 Seoul National University
; Active Aeroelasticity and Rotorcraft Lab.
2
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A Study on the Performance Improvement of Dual Tiltrotor ;
Switch to Hydrogen Fuel Cell

Rew A2 Mo Kijung Kwon. CEO

bevert

Narma / Electric Dual Tilt-fotor Drone

Dual Tilt-rotor

o Narma has the world 1% and only electric dual tilt-rotor technology.

o Spin-off company of KARIKorea Aerospace Research Institute)

BREAXING Army Chooses Bed Textron's V-

80 Valkor Tiltroter to Replacs Slack
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Narma / Electric Dual Tilt-rotor Drone

How Tiltrotor Flies

=or. August 2018

Narma / Electric Dual Tiltotor Drone

F &
Core Value ﬁT”

o Highest Wind Resistance

Tilt-rotor

Tile-prop
{Earma)

{Othara)

—¢ —

¥
&

Wind gust 12m/w Wind guat 1%m/s

Annual usage : 200 vz 250 days
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Narma / Electric Dual Tiltrotor Drone

Best for

o Drone Delivery o Surveillance from Ships

*range : 13 miles *range : 20 miles

Narma / Electric Dual Tilt-rotor Drone

[Last Friday in NeoCity, FL)] [Yesterday in Sarasota, FL)]
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Narma / Electric Dual Tilt-rotor Drone

Core Value - KIOSK

o Ease of use (Patent in KR & US)

Previous vSs.

Controller

Ground Contro| Station

Narma / Fast Drone Delivery System

Development Status

{1kg/20km) {5kg/40km)

‘s.a'/

2021 Innovative Product
certified by the government

L 4

‘2021
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Narma / Electric Dual Tilt-rotor Drome

Hydrogen Fuel Cell

LxWxH 1675x 18506567 mm
Weight(Empty) 12kg

MTOW ZE.Skg (5L liguefied hydrogen)

21.5kg (9L compressed hydrogen)

Pavload 35kg

250(Liguifed), 15h(Compressed)

Narma / Electric Dual Tiltsotor Drone

Hydrogen Fuel Cell

[ Using Li-ion battery
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Narma / Electric Dual Tilt-rotor Drome

Hydrogen Fuel Cell

[1In 2023

« Taean UV Land test site
« 2h/150km

« Test certification

Narma / Electric Dual Tilttotor Drone

Narma / Kijung Kwon. CEO
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int Workshop on Rotorcraft
Feb. 10, 2023

Rotorcraft Aeromechanics Research Activities
at Konkuk University

Prof. Sung Nam Jung
PSSTI Konkuk University, Seoul, Republic of Korea

02/09/2023

Part |

Introduction to Konkuk IRT Group

199



Konkuk University (KU)

5 . =% % Dept, of Aerospace Eng,
= | = Established in Mar, 1990
w9 ¢ Konkuk Unlv,, Seoul o = Currently 12 faculty membars
i T S 3 = About 160 undergraduate students &
\ s 70 graduate students enrolled
s /v " - = Home of BK21 ST4T fusion program
S B sponsored by MOE (2006 — 2013)

« Konkuk University (KU):

= Founded in 1946; One of the leading private universities in Korea
= Located in the northeastern region of Seou|

= About 25k students enrolled, including 3k graduate students

= Qver 700 faculty members

Butsonic wind tunnel

Figh szesd shock lube
M=325)

Irtsiligant Rotorcral Structures Lab

KU Int. Rotorcraft Technology (IRT) Group

< IRT group members of Int. R&D Hub program sponsored by KRF (2006 — 2013)

> MEIRT mambers jolned

on of witer BK-21 Irbsitigent Rotorore® Structures Lab
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KU Int. Rotorcraft Technology (IRT) Group Activities

< Major research activites of KU |[RT group

= Home of national BK21 & IRH programs sponsored by NRF Korea (2006- 2013)

= German DLR - Konkuk Mol research (2008 - 2013)

= Active participants of Int. HART Il Workshop (2008 - 2012)

= One of STAR (Smart Twisting Active Rotor) int, consortium project members (since 2008)
= Founding member of international meetings such as Roltor Korea (2007, 2008) and ARF
= Development of various rotorcraft software tools: KFLOW, HETLAS, Ksec2D, etc,

= Establishment of high precision numerical schemes such as CFDICSD coupling for
HART W validation

- == l—l 20 FE crossssactional aralysis SiW Keec2D

30 enmpressiole IRANS fow sobeer K1 LW Ruleemit ght ynamiza simfaticn S0 HETLAS
Irimiligant Fotorcral Stuciurm Leb

Part ll

Summary of Rotorcraft Aeromechanics
Research Outcomes at KU

[ KU === | Irisiligst Rotoron Struciucss Lib
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HART I Blade Property Test

» HART | rotor test conducted in 1994

» Mo systematic measurad blada
property data available so far

» Al blades damaged at a follow-on test

» In collaboration with NASA, DLR, KU
» Use the original blade set tested in FART | blades used for sliuilosal Lisl

DWW [1994)
» Welmestablishad test techniques

employed
= Dastructive=type of test technigues

adup{ad Mirror satisad for flap bending

3 puint Bending for chord stifness

m Tl ar pendulum o seciior Intalligast Roterora® Slruciuces Lib

3

» Proparty table complated for HART |
blades and decumented as MASA tech
report (NASAICR-2012-216039)

» Property data releasad in JAHS 2013

Result: HART | Blade Property Test

B == =
E B E-.
Elastic flap i ; - e o
maotion: Eﬁ. - I EEA ﬂ"-; L \" i
BE B - wa o5
i =

Elastie terslon

Blan lip s bt « tornize, ng

ad

k
==
Ry

""'"-u-..._u_

&
el

mation:
Ty o
fd
Azimuit angle, dag Mzt argle du) Aximut® angle, du3
{a) BL {b) MM {c) MY

Jung, 5. M, You, % M., Lau, Be Johnson, W, and Lim, A W., “Evaluation of Rodor Strucsural ssd Ssrodynamic Loads Using Messuwred Blde Propertios. ™

Journa| of the Americar Halicopter Society, Vol 58, Mo, 4, DS 2093

dung, S, N, sed Lau, B, *Determinetion of HART | Betor Blade Structura| Praperbies by Laborstary Testing,” MASA CHaI01 2216230, Aug, 2012,
s -
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HART Il Blade Property Test

Motivation:

« No measured properties avaifable
for HART |l blades

« Reliable measured properties
needed for accurate predictions

Approaches:

« In collaboration with NASA, DLR, KU

» Use the original set of HART Il
blades tested in DNW (2001)

« Non-destructive test techniques (x=
ray CTsscan plus 2D FE saction
analysis system Ksec2D) adopted

« Assess measurement quality

« Updated structural] property data of
HART 0 blades released

+ Documented in journal papers:
AJAA J & Comp Str (2015)

R gant Rodorersh Struciures Leb

& Vasuaws ™
" Preeat =i s uver crigeries
Preses b cam

R

=

" Torsion stiffiness e -~
\ t.,-/ e
— !

25.2% &t BATR > —

Froquencies, Jrev
\
\

——
1] L3 as as €s ] 2

Rotaticnal speed (12414

Iﬂnw =

Jung, S.N,, You, Y, H, Dhadwal, M., Rlemenschieidor, J,, and Hagerty, B,, “Study on Slade Property Neasurement and Its Influence on AinStroctunal
Loads,” AIAA Joumnal, Vel, 53, No, 11, 2015

«Jung, 3,N, W, Dhadtwal, Kim, Y, W,, KIm, 4 H,, and B Ly Cr action Ci ot & Dinctes Using Computed Tomography
Techrigue and Finlte Ulemect Analysis,* Composite Structures, Vol, 129, Gct, 2015
—_— 2 -
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Validation of HART | Rotor

+ HART Itest performed at DNW In 1994

«+ First international joint offort to applly HHC
technollogy to reduce rotor noisel/vibration

+ Measured blade properties available due to the
recent measuremaent campaign

Approaches:

« Modern CFD/CSD coupling used

« Both isolated rotor & rotor-fusefage models
used

« In CFD, up<to=date spaceftime marching
schemes adopled for high precision results

Findings:

» CFDICSD couplled airfoads results showed
excellent correfation with the test data

» BVl characteristic of HART | data captured
prociscly

« Structural loads correfation showed slight
improvements

No, of air staticrs 50,7
No, of atruin gages 320

ey
lsclated retor:  20.6M cells
Rotorduselage:  37.6M cels

HART I

Shank models

Validation of HART | Test Data

Section
airloads:

‘Axiwath angle, deg
High harmanie (1P and bigher) InEsiligent Rotorone!
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Validation of HART | Test Data

[ — F o e = gt
E CAMEE, B o osps e e Exmma 2 Lo bt ket iF Eameat Bar. o pspted e
£ e — A F D frates s raga E_ F —— esmm Lo e b e | o— CaaEAE [ D e g
3 o N H
Blade tip 2 T i s e i
. ] e o g [ u o
motions H e < i - / :
= . = i H o F
& 3 & o P
i 5. E 3 e
£ = [ s F \\ ./III
b T ] . ¥ = ™= = ok ] = E ]
. Axirmuth angle dap . Azimuth anpls, dag . Arimuds meq e, deg
0ASR [l Cimman) et O 45R " S s 04R
E i I ZRBRAZIFEPLIA e bk vt EITrTE] I
3 M e L = || — sl el i
Blad a E 17 o
ade i e, ™ t f f/.-“"\g
structural E o 5 of g = E oL e i
loads: : - ' - o
= E-:.- _E -‘.-:
2 o : [
u n LL R R = b '"'II-“I” RN FETEET FEE

+ “lmproved Rotor Seromectanics Predictions usrg a Fluid<Structurs Interaction Approach,” Aorcapace Sclanoe and Techrology, Wal, 73, Mo, 2 Fab, 2518
» “Data Tranafer Schemas In Rolereralt FluldSiracstuns [necsction Predlctionn,” [ntsmatianal Journel of Senspacs Eng ssarisg, Vol 2004, Mar, 2018
O = h i Aoroeeachanics Predictices on Alr and Struciural Loads of HART | Rotor" Ief. J. of Asronsuiical and Space Sciences, Vol 18, Ko, 1, 3HT

Validation of HART Il Rotor

» HART N test performed at DNW in 2001

» Wind tunnsl test data opan to public in 2006

« High resollution test data used to demonstrate
the prediction capability

1 Stepebysstep approaches taken for the validation
of maasurad data
1) CED approach: CAMRAD B alone or with prescribed
(CFD or measured) airfoads
1) CFD approach: KFLOW wilh measured blsde motions
3} Loose CFINGSD couplled approach

» Code-to=code validation proved officient for
improved correlation of HART 1 data
Machanism of BVI noise reduction via HHE
inputs explained

Leose CFOVGSD coupling algorithm shown to be
highly reliable for asromachanics predictions

Trim Aeraticn
hisfnrg:

Reier thrast and memancs
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Validation of Section Airloads

<+ Validation of section normal forces MiC

&3

rans

— 7% npan
P = lnaajoga
A s Mammewd 1T apan L
Retzr + sl EL casa .
a1a 3"
s e
oo
i
= f Advancing aide
Enlarged Lo, - E— - - T
wiew 0
sesf . H - I:-l-:l-""‘:l- A% e
amf
....................... i
) £ E) e
Azimuth angle, deg =
]
= Good correlation {BV] praks, phass) [
chiained, particujardly with R=F mods] wr
Hatreatieg side
..... T T

™ B
Azk=uth angh, du

T Tha
Cl

— Hum e b

S b LET

MH case

an =

ET% apan

MV casa
2

.

3 03 T
Azmuth angle, deg

Validation of Blade Elastic Motions

Flap
motion:

;

Tip Aap daflaction, 130 &R

P W e

Torsion
mation:

Tip | eatic soraion, dag
)

> k&

Kl “Arimuth dnghs, dep

Tip dap deflacsion, 100 nR

Tie e deflacies, 100 &R

Tip alastic fsrwion. dag

e om o
T

Thgesha i or s, dg

L & & =

{c) MV

llﬂ e ?::
Azimut seglh, deg
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Validation of Tip Vortex Trajectories

BR=0.7

B o=

mimi

“Medarn Compulatiana Flud Dynamica'Sirectura] Dyramics Seufalion for @ Halicoplor in Das cesd,” Joumal of Aleemai, Yol 82, Ha, § 25003

+ "Loose FluidStructure Coupled Approsch for a Rotor in Descant Incorgorating Fuselage ERfects,” Jourral of Alroralt, %ol B2, Moo 4, 2043

“Carrsfation of Arcesstic Rezponaes and Seruchurs] Loads for & Roter in Descendng Flght.” Joumal of Alreraft, Vol 43, Ma, 3, 2212

= hens've Code Valldeton on Alifeads and Sercefastic Responsas o the HART [l Retor,” il J, of Beremaurca] ad Spaca Sclences, Vol 11, Mo, 2, 2540

International HART Il Workshop

1 1% |n. HART I Workshop :I:rhd.: Sapt. 2[!1]-5. . :'::‘:E:E:g. or " e (e Gk
5 HART Il test data opened to public: 3 test points in joint workshap: — ——
descending flight B
- Test data poinis: BL, MN, MV (at g = 0.15) it
= Data released: Blade motions, Aldoads, Rotor trim, :::::: : ::":,' - :3’::::
Acoustics, PIV wake, Flow visualization for descending Dl bt o =2 R0 I
flight bbbl OB RN CYMORE
' Workshop held biannually at AHS & ERF until 2012 o o B
Univnity of Momend UMD TUDKS UMABC
Invitation o the 1" memational MART Il Yorkshop oo Databawe :'.:r:..-l-- sgcw Comar DL L 5
o e I g Floacecmsl Pt Sowwics oy Sept 13 KOS e X i dir.de
B Pangwesrst WEAT-I
L " R e
,::_:._,. L e Correlation
[T ES———— = resufts:
B A f |
F | . Tl
i Sillgeat
- Fuintol postaon ].ﬁ:n‘.]]]_.lJ al ol I 1N J] .l | |
: R S | --:;E:;qgg
St marramiis l31:¢ s | B 03 LI
-y s it e
iy e

Jeint workshop held in AHS Forum, Fort Warth, TX, May 13, 2012
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DLR-KU MoU Research

Goals: BTN ConkakiDLi Moy
Task1-1 ARrOMe-HENS o i vt oo erecaii
= To establish an Int. collaboration Viarions Polarcea Actidties Sect. 0,301
* To broaden the technology base by Task!-2 Asromehanis on: oy Q
increasing fundamental knowlledge on STARMART Basdes A/
helicopter asromechanics area | Tesk I Dynasic Stal:

CFDpeedicion andvaiidation

.
| Summary: | AV dctutes |
|

oro-ar weas (0.9 FBW)

® MoU began in Apr, 2008 for 6 years

= Consisted of 2+ tasks: rotor KAR Reloscreh Activties
asromechanics, dynamic stall, and
information exchange (rotary UAV)

» Meetings held twice per year at the other
organization

® Points of contact: Sung N, Jung (KU),
Berend G, van der Wall (DLR)

Qutcomes:

= S4-KFLOW couplng attempted
= Bound meeting minutes (11 mesting vokimes)
8 1 journal papers and 7 conference papers

Reduce noiselvibration with
improved performance via ATR
concept {post-decessor of HART Il)
Realize active rotor technology

German DLR / French ONERA
US Army AFDD & NASA Ames
Korea Konkuk Univ, & KARI
Japan JAXA

UK DSTL & Univ. of Glasgow

Hover, Low speed descent
Cruisemigh speed

High load, High p (at 50% RPM)
Speedithrust/phase sweep

Phase | Launched at May 2009
Phase l: Resumed in 2018

Wind tunnel test planned: Sept. 2024
at DNW, Netherfands

Kie . AR S W, Mwang H, 4, Jeeg, S, Jung, S, N, Kelow, S, and Kelmer, 1, *Xaay Comp oraphy Muthod for
. Structursl Progerty Evaluation of Activw Twist Comp Bladus pacs, Vol, 8, Nov, 2021

Right
EAEAESEN
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Q&A

Thank youl!

Contact: snjung@konkuk,ac,kr
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Korea-Japan Joint Workshop on Rotorcraft 2023

KARI MDAO System Development Plan and Status for
the Hybrid eVTOL Aircraft Design

February 10, 2023

Seung-Kil Paek

Korea Aerospace Research Institute

« Interests in UAM(Urban Air Mobility) or AAM(Advanced Air Mobility) is in full
swing.

= The Vertical Flight Society (US) counts almost 700 entrants in the AAM industry with new
ones added on a weekly basis

« KARI|(Korea Aerospace Research Institute) should provide the Korean
industry with the core technology for those types of aircrafts as a Korean
government funded research institute since 1989.

= Developing also an eVTOL aircraft a.k.a, OPPAV!
= Developing MDAO? technology on eVTOL aircraft
through an internal project since 2019,
»  Started a new fivesyear=long internal project to develop
a MDAO system,

'"OPPAV - Opticnally Pilotea Persenal Air Vehicle, 2018 ~ 2023
ZMDAQ | Multi=disciplinary analyses and optirization

KARE MDAO System bp ehin and § 1
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Previous Researches KAR,“

+ There have been various MDAD Frameworks, related software and digital
contents:
= CEASIOM{CEASIOMpy), pyMDQ, OpenMDAD, 3DOPT, MDOPT, CPACS, RCE, and ete.

« DLR (Germany) started the development of the aircraft design environment
from 2005,

+ DLR created the open-sourced CPACS as a common namespace,

= a standard for exchanging aircraft design information among aviation=related instilutions of
DLE,

« DLR developed the open-sourced RCE as a process integration framework
= |t supports callaborative and distributed work,

KARE MDA Systers Developmant Plan and Status

Previous Researches I(/:\Rla

« A collaborative MDAD system

= (he design tools implemented by each discipline specialist are operated in indepandent
software enviranments

®  (hair outputs are shared by design tosls in other fields

» DLR has been conducting collaborative optimization design research in
a distributed environment early on,

« In the AGILE project,
= AGILE : Ajrcraft 3 Generation MDO for Innovative Collaboration of Heterogeneous Teams
of Experts
fram 2015 10 2018, part of the Honzen 2020 program,
s [DOLRE has reached the level| of designing an aircraft by implementing inferworking between
processes distributed across three continents, 19 institutions, and heterogenecus platforms

KARE MDAD Systers Development Plan and Status
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KARI MDAO System Development Plan H/:\RI

=iy Y

« Software structure
»  Collaborative software structure will be used:

»  The independent analysis method established by using the maost familiar softwares tools
such as Excel, script, commercial W, and in=house software, in the most appropriate
ocperating environment by each discipline expert will be combined as a process.

=  The concept of establishing a process is not to create a new tool, but to transform an
existing tool info a form that can be shared as much as possible on the network
= |n Korea, optimal design researches under such a collaborative system have hardly
heen conducted,
Hence this research will be a ba challenge,

KAR] MBAD Systers Development Plan and SEatus 4

—
KARI MDAO System Development Plan

« Central Data Maodel
= Cantral data mode| will be used o minimize the intarfaces,
= Communication between different disciplines is achieved through
design parameters,
In KARI, these design variables were independently defined and
there was no common parameter pool until now,
» |n this project, CRACS is used to control design variables in all
disciplines as much as possible
= LUsing CPACS, is like forcing people with different mother tongues
to use only one foreign language!
+ Big challenge Couttesy cf Hipals/oliub, eareOLR=5LCPACS

= CPACS is mainly used for conventional fixed wing aircrafts with jet
fan engines until now,
It reeds much enhancements so that it can be used for LIAM aircralt design

'CPACS : Common Parametric Aircraft Configuration Schema, A data definition for the air
transportation sysiem, Opensource digital confent hosted in github,

KARE pMDAD Syster Duvebopment Plan and Status B
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I
KARI MDAO System Development Plan K/:\m%,m

« Process Integration
n KAR] had used ModelCenter® for the process inlegration
wang, H.=J, “Design optimization of QTP=UAY properotor blade wsing Mode|Centerf", Journal of
Aprospace Syslem Engineenng, Val, 11, No, 4 E -
pp. 36—43, 2017 s
» Recenily, RCE, an open-gsource replacemant @ @ &
hawve been tested instead. i— ¥ ] K - &
®  The user experence with RCE was safisfactory, /I
= RCE will be usad for this project,

1
)

11

Thees engineering tools was infegrated:

= an awcraft gaomatry craafing tool using Open'VSP and Rhinod@
= acommercial mesh generation fool CENTALIRE
= an inhouse CFD solver to mase geomelry design study

HARE DAL Systers Develepmant Plan and Status

R
KARI MDAO System Development Plan K/:\m@}_-m

- 2022 : MDO System Requirements & System Architecture Design
= Define the reguirements for the MDAD system
»  Define the tocl list to be integrated in the MDAD system

= Define the interface using the central data model,
n [Define the workflow of the MDAQ system as XDSM! format &
« 2023 "$DSM : Extended Design Strushure Matrix '“H,,””

= erification of System Architecture
= Development of tools and discipline warkflows
« 2024 : Verification of each discipline workflow
« 2025 : Verification of the integrated workflow
« 2026 : Verification of the optimal design capability

« Based on system engineering methodology

+%e
for software development. 5y 9
= Project management with Redmine software ﬁ.EDMlﬂ-[ 4
»  Configuration control with Git software = e glt

KARE MDAD Systers Dovelopment Flan and Status
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Concept Design Study from 2022 to 2023 K/:\Rlz?-'.«.

« KARI is making a concept design of a 6 seated UAM aircraft:
n  [efine the top=level requirement and analysis standard
+  the follow—up study of the OPPAY aircrafi
®  Decide the design varables, analysis cases, and major performance objectives
®»  Eslablish an optimal design problem
» Creale a concept design,

KAR] MBAD Systers Development Plan and Stasus

|
Preliminary Design Study from 2024 to 2026 K/C\RIE?-‘:

« 2024 :
= Build a surrcgate mode| for each discipline workflow
= The collected surrogate models ane integrated into the total workflow,
= The wark will be used for optimal design study
®  The optimal design will be reviewed,

» 2025 :
»  The disciplineg workflows will be integrated altogether,
»  [DOE using the integrated warkflow will be made,
® Optimal solution using DOE results

« 2026
®  Direct optimization with the integrated workflow

KARE MDAD Systers Develepment Plan and Status
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MDAO System Design Tool

« For the design of the MDAD system, such as the input/output definition of
each component and the workflow design combining each component, tools

-

KAR] MDA Systers Development Plan and Status

needed:
KADMOS

An apen source python package based on Ihe data schema called CMDOWS
_|l'.|E daocumentation and nat easy o start

MDAx : MDO Workflow Design Accelerator

A wab-based GUI application by DLR
An easy=to=use subslitute of KADMOS
mare promesng than KADMOS,

me®E F OE 7

KARI-DLR Collaboration for System Design

« KARI have been studying the usability of various DLR software tools:

RCE, TiGL, Tixl, VAMPzero, CPACS and MDAx

+« KARI-DLR cooperation was proposed by KARI in 2020 and welcomed by DLR.

Enhancement of DLR tools through the test and evaluation
Discussions were made to matenalize the cooperation through

2021,

An onling meeting was made between the aeronautics research
directorate of KAR| and the institute of system architecture in
aeronautics of DLR in March 2022 to discuss the practical

cooperation,

sl

ZaMDAx

« Online workshops have been held four times through the video conferencing

KARE MDAD Systers Development Plan and Status

from May 2022 to Aug 2022

CPACS and TiGL Tutorial and Q&A

Hands-on exercises using MOAX via the web “as-a-service”
AR | work procedures for flight control, mission analysis, and
gecmetry generation

Totally 43 people from KAR| side attended the warkshops,
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MDAO System Design Status K/,\R,,.,,

« MDO System Requirement Documentation

KARE MDAQO Systers Dwvelopment Plan and Status

Internal Workshops %,

« MDO System design needs the cooperation between the experts on physical
models constituting the system.
« Intensive discussions and brain storming were needed in a short time,
« Six internal workshops were made in 2022,
® February : eVTOL concept design seminar
= March : 1% optimal design problem definition
= May : CPACS-RCE basics and 15 N2 chart build
= July : 2" N2 chart build
® August : 2™ optimal design problem definition
= September : MDO systermn design

KARL MDAO System Development Plan and Status
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tem Design Status |

« MDO System Requirement — Top Level Requirements

Six top level requirements
Preliminary design for 5 seated hybrid eVTOL arcrafts
CPACS as central data medel
RCE as the process integrator
Each Component to be able o separate execution

Interoperable components e — A oo o NS i
System engineering to be followed & = = & e et s g 3m
A
§ =
WO g 2R o A vy~

— -3 |

- ™ |

—

cins o -~ \_Lf

14
em Design Status A —
« MDO System Requirement — High Level Requirement
= Five functional requirements
= Six environment requirements
= One Performance requirement
.... :‘ - ~ —— h — D »
’ BF 3
,@ 12 #9835
G ST e mtaaan < g
L1 Ee3s
oot wou- iy
KARE MDAO System ko Phan and - 15
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Wm Design Status I(/l\RIE'::\....

« MDO System Requirement — Use Cases and Test Cases
= Five use cases
* One execution of a specific component
«  Design of Experiment (Multiple executions) using a specific component
«  Desgn of Experiment (Multiple executions) using plural components
= Optimization using plural components
+  Optimization using all components

P Y T 7 g 1

- &

@ 14 2 O ~ l

NG AWEPS

wiing X 49 D

« Major tools to be integrated into the MDAO system:

«  Geometry | Inhouse software using CPACS, TiX|, TIGL, Python
«  Aercdynamics*®

« Athena Vorex Lattice (AVL) code

+ Inhouse source doublel panel method + actuator disk theory

+ OpenFOAM + actuator disk model
«  Flight contral * inhouse flight model, MATLAB, CONDUIT
«  Mission performance and Prop® | inhouse software, CAMRAD ||
« Noise*: inhouse software
+  Structure* : inhouse FE modeler, MSC/NASTRAN, Hypersizer

*  Hybrid electric propulsion® | inhouse software in MATLAB and
SIMULINK

«Nead la be developad or upgraded

17
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Requirements for a UAM Design m’:\mﬁh.,

« TLAR

®»  Paylead : more than 550 kg {1 pilot and 5 passengers)

»  Cruise speed : more than 250 km'h

. Maximum speed | mare than 300 km/h

= Maximum range - mare than 200 km

» Maximum endurance | more than 60 minutes

»  Maximum altitude : 2 km

8 Maoise ; |ess than 65dBA al T/O and Landing (100 m distant and at 100 m altitude)
= Assumption

= Batiery Pack Energy Density : more than 250 Whikg

—l
_—
—l R **.9“
=
KARE MDA Systers Duvelepment Plan snd Status 18
ssion Profile AV—
t 227 km/h
&) Couive 250 kmyh : =T e 150
i & Tran el & mnh
i @) Wertical Landing
altitucd 500 m (AGL) (:E d_:)
i " Baws0C20%
Ml:_s_lgn.m'r:ii'i;}m
@ T
C >
Batt. 50C 100% + Max Range 230 km
¥ Max Endurance 60 min
_‘ ."
KARE MDAD Systers Dovelopment Flan and Status 14
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sptlmlzatlnn Problem " —

- Design Parameters
b the kink position and span of the main wing
" Croore Cyinies Copt the chord lengths of the roat, kink, and tip Sec #1
sections of the main wing Sec. ¥2
" g4z the sweep angles of the root and kink sections of the main | "=-& ]
wing Choar - :"ah?!ﬂ- #3
= {8, the twist angles of the kink and tip sections of the main ) c
wing ko, | Cw
» [, I the dihedral angles of the root and kink sections of the -
main wing
»  Hybridization factor
+ Objective
= Minimize the maximum take-off weight

KAR] MDA Systers Develepment Plan and Seatus =0

Optimization Problem K/:\mah.,

Illmnmp:_nﬂ.unlll fh!.'hl:l.d.haLi:mJ'

1.%1:{—'1.1!

Geaueary

MTOW e -~ =] design_datn jessl 310w, design_data |
i e
2
FlightCamtral
b 5
KARE pADAD Systers Duvelopment Plan and Status 21
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" Optimization Problem —MTOW Converger  (/\re.

[ wmowibybriaaation | [ prometry |

[ o praretzy |

[pemna]  [wmomguasry | [ysematrr |

oty

HARL MDA Syster Develop Plan and &

" MDAO System Design Status - XDSM e

« Draft XDSM chart

=T T T ;i
e T T i
[=__—. 1, e nar 13 15 1=r

T e ) )

il [ —i

-[_' it i
=] _]'——_r
s T iy
(i
ey i .
II-II_ i { I:
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g (2]
= (e
coacslll @ fram CRACS ta hugher level parameter ‘

KARD MDA Systers Develepment Plan and 5
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e N
MDAO System Design Status - CPACS AN

« Enhancement being devised
= Elements for UAM specific systems
= Performance Map for Frapellers and Maotors

w - o
o aw
- 5
v 4w
- . in
= e s w
- -
- 3 v am
- - - —— R
e — 1&m
s

=4

AR MDAG Systers Develepmeant Blan and Status

I
User Manual N\ri=

« User manual is being made

]

g

35 Emdls BE

- o EE A

--a--.-l-r . : :- 1 5 e Moy BROE
= Sl ol == . i S ks HEHE

- & METD Y

1zl 3E #udE S nor

KaRl MDAD Systers Develepment Plan and Status
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T nitial Sizing .

« Concept Design Tool
= Based on SUAVE(an open source concept design tool by Stanford Univ)
= Devised a component for the Lift-Tilt configuration

. -
”@ 38 9995 B8 IRULLH-TIY

) AN

Hin

KARE MDAO Syster Dwvel Phan and §

" Initial Sizing by —

« The first sizing
=  Based on OPPAV, one=seated vehicle, the sizing was made with the six=seater

requirement,
- - e — . -
0‘.@ ERL R kT
i P~ -
KARI MDAO System 4 Phan and §
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—

Conclusion I{ARIﬁ .

« The KARI plan, from 2022 to 2026, on the overall MDAO system development
was explained

+« KAR|-DLR cooperations until now were explained,

« MDAD system design and concept design in 2022 were explained
= Requirements
® System design
= |nterfaces
= Component workflows

KAR] MDAD Systers Develepmant Plan and Status
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3-6

Republic of Korea’s
UAM Policy and Aircraft Certification

Feb, 2023

JAM Technical Center
Korea Institute of Aviation Safety Technology

‘/Riasb.-r Korus Institute of

Aviation Sa tety Technolegy

Part 1

Overview
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Introduction of KIAST xorsa institute of Aviation Safety Technology)

I Overview

= Established in 2013 as & special institution il
= Public organization speciaized in avistion safety S
= Dedicated to aviation safety certification of aircraft

= Research and development of safety iechnology

AT LWL RSV TR Y

Introduction of KIAST gores institute of Aviation Safety Technology)

| Major activities of KIAST

Aircraft Certification Safety Certification Safety Technology R&D  Aviation Security

Drone Safety Evaluation UTM Development  Drone Industry Support Navigational Aid
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IHtrodiiction of UAM Technical. Center-.

I Overview
UAM Tecknical Centre
Cetificetion Swwpﬂaﬁm Salety Tedwﬂog Ressarch
("'b&mc“‘“’ . SuprortCerperetion Mitorial Pert/Eqipmant Safioty
‘ (UAM Toem Kosa) RED Proect

¥ (ertification Trainieg v UTK Coordinator ¥ Ressarch on Innovative Tedwndlogy
v Supporing (ertifiation v |leading Weddng Growp Cesfification

for Domestic Companies (industry-Acadeny RED/ < Safy Pdigs/Regulation Research
v Bporeon “uppat v InterreSiond Coogerstion [~ UAWULS Industry Suney

Part 2

K-UAM Roadmap
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Introduction of K-UAM Roadmap

IK-UAM Roadmap 1.0 based on a phased approach

4. Mature Phase ('35~]

. S s Wiudaspread UAM Service
3 ' < " Intercity routes
m “1 : Yé"' o v Autonomous operation

4th
Stage

Introduction of K-UAM Roadmap

| k-UAM ConOps 1.0 + Officia release i Sep 2021
¥ Drafted by UAM Team Korea
v Corridor and menitoring system adopted

¥ Nominal and Off-nominal situations defined

099G QO =iwww
e - - ___: ;
- <[l = :f-"'-%_;,__
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Introduction of K-UAM Roadmap

I K-UAM Grand Challenge v Officlal announcement In Feb 2022
< A total of 55 applications submitted
 Aircraft/Operator, Traffic Management, Vertiport

v Selection of participants in November

Example route for initial servico

N T
S o é
NG

Hoarce MU Son Meerrgo ke /

Part 3

UAM Flight Demonstration
Project
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UAM Flight Demonstration Project

IFlight Demonstration Project since 2020

2020

2022
ili r --,._-;i

UAM Seoul Demonstration UAM Airport Demonstration UAM/Vertiport Demonstration
Han River, Seoul Gimpo/incheon Airports Gimpo Ara-Marina

UAM Flight Demonstration Project

I 2022 Demonstration - Venue Configuration

1 Exhibits for Yertiport Exgperience 3 UAM Takeof’ and landing pad
IOPPAY, YOLTUNE, V-SPACE)

15ecurity check, bismetrics, reiervation platform)

Vertlport mede|(KAC) / UAN reservation plstioem (SKTATmap Mobl lity) .
Smart Gheck=In Systam{Hanwha System) / Security CheckiROHDE & SCHWARZ) Vahlaia S GURAY, VILTL NG, V-SPACE
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UAM Flight Demonstration Project

I Vehicle for Flight Demonstration

V-SPACE -

PIR—

Qi VOLTLINE

Partd

UAM Aircraft Certification

231



UAM Aircraft Certification

IUAM Aircraft Certification — USA vs Europe

= Different frames between the USA and Europe
¥ USA) Special Class = Powered Lift, CFR 14 Part 27.17(k)
+ Euwrope) Special Condtion for Small-Category VTOL Aircraft{SC-VTOL)

| us, Fan) | Euroup, EASA)

= (Part 23/27) + Special Condition + Intarim standard for Small=Categary VTOL
= Special Class — Powored Lift (SC=WTOL, “19.8)

+ |Interim standared for Prapulsian System

(SC=E=19, “20.7) < ik
S
£ ﬁﬁ

WToL

.
L2 |

UAM Aircraft Certification

I Korea's UAM Aircraft Certification Direction

+  Promoting integration of UAM aircraft within the current aincraft certification system
¥ Establish an internationally equivalent certification system in a timely/simultaneously
= Conperation with intermational associations and for:ign airworthiness authorities for
harmonization of certification systems between countries [FAA, FASA, JAPAN, ASTM, EURDCAF, st
« Establish a cartification system suitablla for the domestic situation
- Considering aviation safety policies and aspects of ravitalizing the domastic UAM industry, setting
cartification directions suitable for the domestic operating anvirenmaent and actual situation
= BMOLIT iz in the process of establishing regulatian far WAM aircraft cortification
¥ Faor the successful commercialization of UAM, research and systam astablishment not only of

aircraft but also of the entire scosystom

= In addition to aircraft certification, it is necessary to establish standards and related regulations for
parsannal Boensing, oparation and facilitios, atc,
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Part5

R&D Project on UAS/UAM

R&D Project on UAS/UAM

| CTsUA R&D Project

v Development of certification technology of UAS via
modification of existing type certified KC-100
alrplane Into unmanned configuration

01 Aan 197 checkiy complance

.o

e

o e S ot -

T ea N
Gl — . reooR
W— [ RSCS-UMG
el Aves

SR e -

= e o

| e

233

-
’ . S
% ~. -~

s o— —— Bate Lind

- —

-—— 1 —

R — iy
e - = - ol 3]
® Current Status

v Part 23 + Special Condition
v CCL finalized

¥ Test Readiness Review Completed



R&D Project on UAS/UAM

| oPPAV R&D Project

& DPPAV Project Overview
v Davelopment of verification technology for OPPAV
¥ Research on a new framawork for safe operation of VTOL
v Alrcraft certification, alrspace integration, pllot/operator license
¥ First fight of full-scale aircraft scheduled in late 2022

[# Optionally Piloted Personal Air Vehicle (OPPAV)
¥ Development of 8-proprotor eVTOL aircraft by KARI
v 4 front rotors tilt for lift/thrust, 4 rear rotors fixed for lift
¥ Certification basis and MOC for OPPAV by KIAST
v Supplementary guidance material for key technologies

Mr. Seungkeun Lee
Director of UAM Technical Center, KIAST, Korea
leesk@kiast.or kr
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No. K& izl 24 kv

JHS-TM-2022-001 |WHE 7% BEHEXRE rFlow3D% v & L 72JAXA L OHERBFRICDOWNT

JHS-TM-2022-002 |58 B8 [EREIAY ERAERITICH T 2 “ERE A — X DIRBIERFEDRES
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JHS-TM-2022-006 [Jianwei Sun |[FEKZ PIV Measurements and Computational Study of a Drone Propeller
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JHS-TM-2022-008 [T JAXA FEREE AR L/ \FaSTAR-Move D BlER R MM 61 5 & UBHHEEEREN
JHS-TM-2022-009 |AAF JAXA BEMET AR Y — LrGrid DHERERBN
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JHS-TM-2022-001

rFlow3D Zd & L7- JAXA &£ D

HEHFEICOWT
ZHEKXKE
#®E ®
SnKra—y HEDOME TS
e
B % T S ¢ TRIT BLAhORTREEEL
S TRT

108348, AHBMAY (AREZANEE, &
TIB A (4Ry) , BW—RBAFER) &
ggma«mnm»:xo-cnsnz
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Collective Pitchlz L 2T+ 3 Fo—>

CFD

S UMERE
BE& > TR % (FRATAE

Torgque cocllEzient

[TAFO—2@IcEBi30fy P IR METE2ORE]
Bxofiy FESENE

JAXA R H_Kog

(1) ChPLOBETHRUSIRKREFRE:
E#EO [HT& . BAOF-RIERETIE [MZEHE)

WFEERFIAD [ 3RTHBEBFE]

Ref. [JAXADMBELIUFROENZ| : &dh 25 (2006) pp.525-532.
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JAXA R #H Koo
(2) |YEBZSHE, FHEM=LXEME

Personal 1t. Door To Door B EIFE

Ref. ‘The Potential for an air taxi business in Japan’s skies’,
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JHS-TM-2022-002

mERTERITICETS_EREO—5D
EBRERTFEORMN

Reduction of Aerodynamic Lift Vibration of a Coaxial Rotor
in High-Speed Forward Flight

RRBIKE
s5hiE
Takumi YUMINO

2023/3/24 2022% R X EZRBARK/EEEZTRBERR

——— TAT

j“ ﬁ m PERLAY

IRIURAYTTE BEAOBEI LTS
MAREWE - REDRERW  LaioutayaTs

250 kt
BiTAYaT4 &ﬁ %

150 kt At

B
“RERO—S + fBTOAT

- {s=97 raider, U.S, Army)
270 kt [

=

wogna—4

on—4, BER « #ETORS

(Concept of High=Speed Rotoreralt, JAXA)  1/8
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[2] Hayami, K, Sugawara, H,, Yumine, T, Tanabe, ¥,, Kamada
] W, ef al, " CFD Analyss on ihe parformance of a coaxial rofor
[1]Cameran,, et al,, "Performance and Loads of a with [ift cffsat a2 high advance ralio”, Asrospace Scierce and
Model Coaxial Rotor Part | Wind Tunng| Testng” Technalogy, in press, 2023 /8

244



TAT

CFDYIL/N-ETHETIL e
®[E#EEACFDYIL/\:rFlow3D =

VIR EMMETIEY LA

VBHESHKETE

v IAXAR—/\—aE 2 —4JSS3
L TR

@ Sikorskytt X2TDREIQO—4A 24K (N, = 4)
Ny 10—8H =0T L—F i

O—428xT
O—4%3g 4023 m
A—4%Mes 0,457 m
Feq—=1 2°
X2TD HESR LHID—aEEHEY
[2]Walsh, D, et al., "High Airspeed Testing of the
Sikarsky X2 Technology Demaonssratar” 4/8

S O0—R\T—DH 8

600 RITHER
s00 | ) * Test data &
_"; 400 :f ’ :]I:as::a::;:l.;a{rl"l wili) PESSEE":J:é
5 — RiThRe
= 300
E % WMh—%
i 20 F '11.__.
-I: | ¥ ™ . . =
100 BT 150 kt£>%:8 K57
] I I o Lt ot S o
0 50 1ﬂ)rsmd {}{ :'.Ju 200 250 BEESHD
b (Al X X1)
PR (ki) 55 100 150
(BT ) f = 0.15) (= 0.27) = 0.41)
AR T Cr 0.0115 00113 0,0100
m“[_!!E!‘f] 0,44 (FTHE) 2.43(#40) 2.10(#4H) ”

245



TAT

Z HMHEREEER oy
Y . e
SHAZESAICKLEO—2\T—DE1L

&00
* Test data

_ Ao
= i 1 APasse etal
7 400 | - a - e
= . @rFlowily
2 am | S
& R . OrFlow3 D as=0" )
2 200 ¢ .
= w L =3"
= o0 b ‘:-:;-I; rFlow3Df as=2" )

0 . . ""h:ﬁ..';".'-'m:--y ot AL O rFlow3 D as=3" )

0 a0 104} 150 200 250
Airspeed (ki)
IRATHLTELE13IC

BiELd 5EE LY (FHDAKFER/NK)

200 ITESA0°.2°.3°  BEFMEEBEORNCLZLOD
DO—A ) —45PE

FAHNORLELNRETE:
6/8
AL L O—5 /{0 — 14
Ve i
Thrust
-
Pusher propeller
O—3E®D i
DLERIA DAFHBEIZLLT O—4,37—il
B 2hl & AN E D

7/8

246



F8 TAaT

e

1arget

AT L—F TOEEZE L HRETE

O RITHBER, RITHARICIIBITEREMR—H

O #@FEEZF/ICEY0—F- /D —[FKEEIE
—RROZERIBEEBHDBNCED LD

AR NOERIEA R TES:

R/8

247



JHS-TM-2022-003
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Tarabe,
Tostis”, the 2018 Asie-Pactic

JAXAD A v v FAl a7 48R

Y., Sughara, M, Kobikl, N, Mam. H AM- Caoncepr of Compound Helicogler and Flight

Lecture Notes In Elecinicyl Enginsening, Vol 453, mzms Po. 1343—1351

(AFISAT2012),
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Background and Motivation

» Drone propellers rely on aerodynamic and aeroacoustic

performance for optimal flight,

» Predicting these performance characteristics accurately is a

significant challenge,

» Improving our ability to predict their performance will allow us

to design more efficient and effective drone propellers,

Background and Motivation

Quantitative description of flow phenome  Quantitative prediction of flow phenomen

na using measurement a using CFD software
For a guantity at a time For all desired quantities
High frequency resolution High time resolution

For a limited range of problems and oper  Virtual problems
ating conditions

uncertainty Mat 100 % reliable
Expensive and slow Cheap(er) and fast(er)
w0
Juo 8 B

L

ﬁ‘
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Objective and Methodology

Free-run and phase-locked P|V:

N
5 ‘-"l'l ¥
J’;';’
_ - [Timing
conrolier

Objective and Methodology

Free-run and phase-locked P|V:

5

Particles on ” llluminate of ' Hig‘;n‘;?d » Images
Smoke laser photography processing

6
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Objective and Methodology

Free-run and phase-locked P|V:

RPM sensor
o || 1

Laser P _]

che | | |

Ch-D

\

|

k

|

1 ‘
Camera Ch-H h N al ai

exposure

Objective and Methodology

Free-run and phase-locked P|V :

Phase-averaged " " Time-averaged
N N

szl . vl p
Vf-ﬁz;v(to+lT) v=‘\—,' vty + i AL)
L

+ Phase-averaged algorithm: Enhances the periodic component of the
signal with a known period in RPS, and filters out the random component,

+ Time-averaged algorithm: Filters both the periodic and random
components of the signal, but retairgs the trend component,
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Objective and Methodology

Hover-stand experiment in anechoic chamber:

Me! @ Key parameters:
e 2 .
Rotational speed 5400rpm
“e Diameter 200mm
oy . R Pitch angel 14deg
: 1'. : Fs(Hz) Sampling 50,000Hz/20,000Hz
M @ rate
Distance 800mm
mes @ Polar angle 75deg (mic1) & S50deg (mic2)
& 25deg(mic3) & Sdeg (mic4)
wer @ & -5deg (mic5) & -25deg (mic
s @ 6) & -50deg (mic7) & -75deg
(mic8)
9

Objective and Methodology

rFlow3D & rNoise:
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Objective and Methodology

rFlow3D & rNoise:
4.tp (x)=4rp ;(x.D+p (x. D))=

Po Ve peosb ] f poosd l
5 ptal
ar f,_ [r(l—M, - 13). 0 L Ra—pl P

4$XPre(Tope ) = 5 J;-o Im] dS(ry) Thickness noise

18 [ D cid Far field loading noise

4Py plrop. 1) = o), - r)]
4PN (Top ) = [ IW] ds(ry) Near field loading noise
Farassat, et. al.(2007) 1

Objective and Methodology

Diameter 200mm

Pitch angel 14deg

packgreund 195%195"147(X*Y*Z)
Blade grid{each) 12114361
M_TURE_|G 0

Output number(Msd) 1024

Fs(Hz) 92,160

12
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Comparison — FLOW field (phase-average)
~LFD PIV

\ J
Yy a

a 4 2 4 - 4 3 2 1 o o B A 8 s

* Our phase-averaged results present the velocity fluctuation in the
slipstream of the drone propeller, which can inform future design

improvements. is

[
Y Bng
f \
| y s
Nore Vv Y

Comparison — FLOW field (time-average)
 CFR. —

Y

a

i

+ Time-averaged result shows reasonable agreement in the slipstream
between PIV and CFD methods, providing confidence in the accuracy of
our mg@hods and results. 14
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Comparison of velocity distribution at different planes parallel to the
rotational plane between CFD and P|V shows good agreement, with slight
discrepancies at H = 0.2r and 0.4r.15
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The high R-squared value obtained between the time-averaged results of
PIV and CFD methods indicates a good agreement between the two
methods in terms of the velocity va%es.
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Comparison — acoustic

m— simulation * experiment
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* Qur comparison of predicted and experimental CASPL resulls shows
good agreement, with a difference of less than 3.2 dB

17
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Comparison — acoustic

Overall SPL SIM. vs. EXP.

a0

£ 88 8 3

=

o

simulation

Bl T T T T

—— pxperiment

m— gxperiment avg,

64.8dB (exp.) vs 66.2 dB (sim.)

A similar trend between the predicted and experimental
results in the time domain, especially at blade passing
frequency (BFF}), although the simulation result has more
high=frequency noise,

18
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Comparison — acoustic

QOveral| SPL S|M. vs. EXP.

90° . . .
v W = gimulation ¢ experiment
o /2t e .
\ )
! |
60 . 1 004
= ! 30" o [ m— experiment :
50 RS e f = simulation I
1 T -~ 003 :
40 i I
i ]
30 : 0 ~ :
| 1 002t i
| : :
e I I
/ 1 -
T { -
e/ -30 1 I
1 ]
A 1 o 1
o~ 1 1
> 60 i |
-90° e AL SRR B S i

+ Our frequency analysis confirms that the CFD model predicts more high-
frequency noise than the experimental result,
19
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Comparison — acoustic
Propeller + motor noise (EXP)

Polar angle of Mic (deg)

Freqﬁency (Hz)

« The noise SPL at the BPF of the propeller reveals that the noise
level is higher at lower polar angles, while the high-frequency noise
is higher at higher polar angles.

20
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Comparison — acoustic
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« The CFD simulations predict the similar noise emission pattern
with the experimental result,

21
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+ The rFlow3D/rNoise simulations predict the similar noise emission
pattern with the theoretical result,
ook 7% 22
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Comparison — acoustic
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Monopole Dipole
+ Acoustic Radiator Models: Monopole model and Dipole model.

https:/fen.wikibooks. org/wiki/Aeroacoust
iev/4Acoustic Sources

24
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Comparison — acoustic

Thickness noise-Monopole Loading noise (near)-Dipole

* The rFlow3D/rNoise simulations predict the sound source emission
pattern in time scale.

25
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Comparison — acoustic
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Thickness noise-Monopole Total noise (PTF + PNL+PFL)

+ The rFlow3D/rNoise simulations result explain that the tonal noise
is enhanced at lower polar angle, broadband noise is enhanced at
higher polar angle. 26

296



L
Qo

0.00%

— it g EXP

il Videg EXF
: owist 14dey CFD

Q

LA
Comparison — Aerodynamic performance
- 1
._____________________-._ 3
e e 5 L ]
* A4
——
15F
it
—— i Tideg EXF
0.5 [| bt 14deg EXF .
owhl 1ddeg OFD
uinwial 1adah CFDY 1 unbasl HUIq,-.EFD ; . : .
et M0 300 4000 4500 000 3400 anon EISIE 30 3500 4000 4500 500D RROD EOOO
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+ The evaluation of aerocdynamic forces using rFlow3D shows an
error rate of less than 8%
27
it @
.t .

Conclusion

qqqqqqqq

+ The results indicate that rFlow30 produces flow field velocity data that is
consistent with PIV measurement, as verified by goodness-of-fit analysis,

+ However, it should be noted that rFlow3D/Noise may introduce an
overestimation of noise |evels in positions where the polar angle is greater
than 60 degrees due to the influence of higher frequency components,
MNonetheless, the patterns of noise emission observed align with theoretical
predictions and experimental evidence,

« Furthermore, the evaluation of aerodynamic forces using rFlow3D shows an
errar rate of less than 8%, which is acceptable, These findings suggest that
rFlow3D is a reliable tool for analyzing aerodynamic performance.
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