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English symbols

Re,

Js§s§=§”§;é§*

~

ind

Wy
WS
WC

7% 9 ool

Acceleration

Chord length

Speed of sound

Thrust coefficient

Distance

Normal force

Implicit function defining the acoustic data surface
Altitude

Heaviside function

Equivalent sound level

Mach number

Mach number in radiation direction of the observer
Normal vector

Pressure

Reference value of 20p Pa

Rotor radius

Vortex reynolds number

Distance between source and observer point
Initial vortex core radius

Non-dimensional radial location of vortex element
Reference time interval

Lighthill stress tensor

Source time

Freestream velocity

Fluid velocity

Approach speed

Cruise speed

Horizontal speed

Vertical speed

Induced velocity

Mean inflow determination parameter
Lateral wake skew parameter

Longitudinal wake parameter

Xy, Yy, Zp, Tip-vortex geometry location

Greek symbols

a
r

Pitch angle
Circulation



Subscript symbols

ret
T
L

Flight path angle

Apparent (turbulent) viscosity

Delta function

Inflow velocity

Mean inflow velocity

Advance ratio

Advance ratio parallel/perpendicular to rotor plane
Decaying coefficient

Air density

Rotor solidity

Retarded time

Stress tensor

Wake skew angle

Azimuthal angle between the current blade location
Azimuthal angle between the current blade location
Wake age

Angular velocity

Retarded time
Thickness noise term
Loading noise term

Mathematical symbols

\v
VZ

Abbreviations

BET
BPF
BPM
BVI
BVS
CFD
DEP
DNL
dB, dBA
eVTOL
FAA
FW —H
HBEM

Gradient
Laplace operator

Blade Element Theory

Blade Passing Frequency

Brooks, Pope, and Marcolini broadband noise model
Blade-Vortex Interaction

Bluntness Vortex Shedding
Computational Fluid Dynamics
Distributed Electric Propulsion
Day-Night average sound Level

Decibel, Decibel A-weighting

Electric Vertical Take-Off and Landing
Federal Aviation Administration

Ffowcs Williams and Hawkings

Hybrid Blade Element Momentum Model

vi A ..;.._..l;



LBLVS
OASPL
SEL
TBLTE
UAM

Laminar Boundary Layer-Vortex Shedding
Overall Sound Pressure Level

Sound Exposure Level

Turbulent Boundary Layer-Trailing Edge
Urban Air Mobility

Vil
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Acoustics-based vehicle design

Operational planning
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noise abatement approach

[13]

narmal approach

™.

— Tradeoffs with performance,
Lengthy process, High cost

— Applicable to existing vehicles,
Low cost
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International(HAD = & FHY AN 25 IdFS o dFe
T8&= o7l fIstel Fly Neighborly A& @astqlvh[13]. Fly
Neighborly A2 5 Ale| BVIZF AXA= 4/47 F27F A5
AsstH Fried egg plote &3 %2 BVI &5 99& UHEHOZHN
s glo] BVIZF AAE sH/Ax £re] Jolo] tidt JuE AFT
Eric Greenwood Fried egg plote] 3
learning¥ | FE A5 4 dlolHH|ol A
AdE = e 2% 21E A5 & Qe

corsbd AFE 28 Ay AH AR

RIC 20 40 60 80 100 120 140 (knots)
20 40 60 80 100 120 140 (mph)
FFM 0
flare and landing

R/D
optional conversions to
approach glidescope

500 @

approach main rotor impulsive

noise boundary
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[23 1-1] 2% BIUFHY &5 A7 A2 719[14]

sHARE AelEE e A Az A5 AxE "HEEEE UAMl Iti=
Agst7ll Fr S Aol ok AWMAZ UAMS 4u A
A5e deiMe ZeFE Bo bl W9l w3 FR2 Zel s A4
L FFS TR drh AEEHY Ae AV AES S
AIAl #Hd BVI &5s Frkslssl Rld BR Zo] 6RR
TR E e [15], ddsie) AA vs Sl dnbHQl 25 A
Hlg AR Zbo] 3~12%% FHob s WM s AR AF dat
T2 AA HAH sHARE UAMS &5 2w vl 3ol &4 3t wof vl

3 ) H :‘i 1_'_” r



AE 7k Ags WA oku ZAFo] Jheetal, MEEZES f]A o whet
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algorithm= AF£3tt}[18]. CONA framework:® &8 RP® Hybrid
Blade Element Momentum Model (HBEM) [19] & A4 $7/F =9
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g (Day—Night average sound Level, DNL)S A& X% ®
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AR 8 20 T A FRe s SRF QAR Aol HEXE
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2. 53 #4 7
2.1 CONA framework

AA el wel A LA RPMo] wWstehi= WEEE UAMSY Aas
o 5317 YA B =2 CONA frameworkE ©| £33t CONA+
(29 2—-1]13} o] v]& Alo] =& (Flight control module), 3% 34
5 5 (Aerodynamic module), A|ZF A4 EE (Time reconstruction
module), &+ 95 E%E (Noise prediction module) 2 T4 % o] SQlt},
A v AlEYolAS ¢8] CONAE HEIZEHO AHel A4S Y
#ox k=t vl Aol e ¥y 4 REe HEEH7L

Qe ANE EY 24S ANS] FEE £ LS @k A

AT Baeld Edel=e fAE AFste] W@ Aol EaelA
ARER AZE HAE 2 AFE ST AIRE AR EQIT oF &F
A= ZaelM 2 i vig 25& A5 dEREHY A4 25
VEFEE 25 AREAN Yepdh

.. § ~ —a— z
- Mission profile Q ' %x

- Quadrotor model

________ |

|
Flight simulation

# Quadrotor model > Mission profile

I Nonlinear back stepping algorithm
| * Prescribed wake model

I

I

Flight control [—*] Aerodynamic
module 1 module

— RPM variations over time
— Blade sectional force data

________ I ==

Time reconstruction Esitimation of blade azimuthal location
module Interpolation of data at smaller time steps
— RPM and sectional force data for noise predcition

i + * Source-time dominant FW-H

Broadband noise Tonal noise * BPM model
prediction module || prediction module | = Lifting line source based analysis

— Acoustic pressure at observer points

Calculate the sound metric
— Sound Exposure Level (SEL)
— Day and Night noise Level (DNL)

Noise mapping

[1¥ 2-1] CONAY] 8%



2.2 "3 Ao] BE

HE]ZE 9 B8 Ao]E 93] Backstepping control algorithm 7]5+e]

QFn7F AMEEATH17]. WEIRE S Bld AlofiE: % (Guidance),
$1A Alof (Position controller), AA|l Alof (Attitude controller) =% 9]
o R o]Fo Xy, A EFo] A4 FF& AT Ao FEE
st Z4zkel BEE 4 Ao RS ot Zo] AW H 5
A R EES YEHEHS A4 9D Azt mE "HEHEHY £HX,
7SR, AR E sk o] @ A YW AAAe] EECw
dgH A Ao 55L& B &5 W 3d &F WHAE o] &3t
FTEESA g B2 HHEHY X% £2E FFe] s F4,
= 4%, 9A ARE AAtst] Y3t A Aol 2S94
Aol71el &9 @I "HEHO e ARE oy ol oY e
T ST EUES "3t S5 X8 AA Aol EFolA A4z
AA FFe st HHEYH FH3 EuEZE Aibdd. ol Y
2l A F4stH  sld RPMelAle] 53

2.3.1 Blade—Vortex Interaction

HE|ZH = 2H2be] ZE7F A ZE oA dAs /70 S W%
shAIRE, IS ZEjA A 7o JFE W=t o] Blade—
Vortex Interaction(BVDE AAI7IW HEREEH A5 & IFS
7170 2B 7F s debdA Edlol=s 2E |

E

e dFol ARG oW Zdol= TY o4 fEL
(

5
o}
H
Pressure side)elA &% ™ (Suction side) &Z o]F3tH o]
=
%
B

Mo fo rfr i

1M BAA st A5S g88HA S7HAT 53] olgst
Ad2 e wgAZE AR sAu]sAle] ZHeE F9 Al
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B A 5 RS AREste] Sl 2k ZE O U7

uet APAow Wetstth webA SR e FY T
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SYol= Ed &Rl 93] FAEHE= BVI 4aeS AlEHC|AEH]
M= EEFAd AYEE 7HEe =
Tdgo] FQslt}y. T F FRE EUEUHS= WHES A AAH FF
59 (Prescribed wake model) 3 Af 37 E 9 (Free wake model) &
U¥xol 2o A IHF REL ZH-IF AsAgiur olyz}
HE|ZH /79 dzzgo OF TR HIly = ¢

@_
ol HEREY FRIAEEY Aol AREHS gt AT

AR REE XY FRE vls] AL wgo] EA szol CONAY
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95le] Beddoes wake modelS AF&-38F5 T},
Beddoes wake model> =ZHWHEZ Avs= A Hdd
EY(A)E B3 EHol=e 2E HWE T 72 AF(z)0] 4

& ootk Ag vgow wr)[22)

A7 AP, =y, —p, = wake ageE ulstH, A, = Heysan &
Katzoff[23]°] 93t A3& &3t downwash 4 #FpO=ZHEH FE
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Ay = Ao(1 + Exy, — E|0)°1) (2.2)

AZIA 2, & EEHWH g H FAdFelH o= Aol dis
TFAAYE S S8 AT e,
Cr
o = utana + (2.3)

2y (ux + 29)?

7y WYY 7 A8S e /7
ZEX 24 (Cycloid curve)olgt 7F43d o3

R

Xy = T, COS Yy, + W AY,, (2.3)
Yy =Ty siny, (2.4)

T3t Beddoes: E=y = AASGoY Autdo=z E=y/2 7}
A A3 4 Free wake model¥} o 2 2= ghoz 84 Qi) [22]
Beddoes wake model:> Z¥ Wl ot & FYF BdES 95k
4= 4 9ltl. Berend G. van der Wall[24]+ Drees'® 3 sk
E?Jg}ﬂ E#o]=2] root cutoute i#ldle] v}

A = 20(1.2 + ycos, + x|(siny,)3| — 2u, sinip,) (2.5)
FUF Bde glo] Zt WgEd HFHOE AatE 2, & AAsH
A At i REE2 d-de 584 7MY Ee] 489 ndojn
AT FE 7Nk pdojt), wElbAd B Ao M= Greenwood's[25] 7}
270 RS Edste] Ko ARkl W oz {idw Edd
AR E EYste] o5 ol ARESATh

A = Ao(wo + wex(cosy + x|(sin,)*]) — wspe singy,)  (2.6)
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DYF TR AT W, FWF FF AT W0EE dviad A9
TUF BX7F FoiAE 4 215 ARES] ted 2ol 2y S0
7 AAE AN 5 A
z, = —p A, +
r_/]Li[WO — WellxYv + WCX(COS(lpv) + .uxA l/)v/z ry, — |yy3 |)]Al/),,
N (lf Xy < —Ty COS(¢U))
_Ai(z - e—fﬂx)(wo — WsllxYy — WClegl)Alpv (2.7)
) = (if cos(iPy) > 0) '
2(1— e Skx)x
—A; < ( ) v + €_§“x> (Wo — Wslty Yy — Wchygl)Alpv
Ay,

- (otherwise)

9 AolA (wy, wg, w,) = (1.0,0.0,1.0) o], 2] 2.2 E o] &3 R
Beddoes wake model ¢ %7 #AAFY v =3 Decaying
coefficient (£) == Beddoes wake model o4 AZH] (n) 7} woH T
Tz EAEZ] Fzto] WSk Ae Tzt =9dstlom [26], #
ATeM= =52 A A FF HF(wy, we, wo) & APZ 0
T A4 e Fd AAsor v 2 Aol Free wake
VLM 7]5Ee] W<l MultiPA & &8&3te] S/ WaE dAsglor
ol 2.2.3 Aol AAI3] Aastdltt.

FTHF 7Y A7 A=W ZEHS 49 F+ Biot—Savart M3
Abg-sto] AlLkE o

e—

r
Vina = —— (cos 0, — cos 6,)é (2.8)

47rrp

714,

|7 x 75
Y, =
P 7ol
—_— —
0 To'T
CoS U = ==
7ol
— —
9 To'rz
COSUy; = ==
[7ol172|
X7,

(2.9)

(2.10)

(2.11)

6 =
77 X 73]

10 .__:Ix_s _'a.l.'\-'_]' 1 =1



[ 2-1] Biot-Savart &S 53 =559 A4l

71&9 Biot—Savart W& Edlol=¢t obF Aol AZE 0 o
WA mel F 5 S5 Vpe) 7t ANstEeder Fittfe] kol
Eo]fdo] wAlsity, AA|Z Vortex core + 33t HHAES

Vortex core WelA A 3dE& &4 dAoh A Fe SEe
Vortex core sHol E@8dFs ZHAsTh o]dsh X3 SolAdS&
WAt A FAS dFE BAMEZ] §18] Vatistas RE[27]&

AHg ST

e r Ty
nd —

N 9 _ 9 A
T a4 gyt (00 T C0s )¢ (2.13)

314 Edolxe ¥4 972 7% Vatistas & n=2 g 53
Asds Hol7lel sld e AREsEalth mE A 2-13 oA
= T )9k RIAARAE( o )ol  AAEHooF g
Rt e 2ol ZHO FY AFE Tl 289

C
I =kcOR-L (2.14)
g

o714 ki= Beddoes 7} A A k = 245 A8t [22].
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Ao A (vortex core growth) &9 Bhagwat and
Leishman[29]°] 98] 4% Lamb Oseen E€-S ARgsle] A 9
W5 Ak 27] bR Fo] W (1) ° A TS 1A

T, = /roz + 4auét (2.15)

3714 ryi= UAV scale © s 7= 4ol 15%= A4 3k
UAM scale°l] s 7= 2ol 5= 4743} th Lamb—0Oseen
constant( @ )&= @ =1.25643 & AF3A1, t+= oH7F A=
WHEE O AIZFOE =9, /0 E AAE F oew §+ BEY] JE9)
AA Arel vl&olH Vortex reynolds number(Re,) 2 Tt 720]
ALt F Qo

§ =1+ a;Re, (2.16)
20Rc C

Re, = T (2.17)
v o

A7NIM a; 9 HYE 5x107° A 4x107* 0] W [30], ¥ AFoA =
a; =2 x107*5 AF&3FSltY,

2.3.3 Parameterized Beddoes wake model

21 2.7 °] Parameterized Beddoes wake model oA ¥/ W
HdE 2y 74 2 Bl wep gepxm AR W e A
UHs S8l AdElor stk 2 AelA= MultiPA & F
H4E AAsth MultiPA + 3o dist thofst =¥
37198 9 ¥Y &5 #AE F¥sk= Free wake VLM 7|4
solver ©]t}[31]. MultiPA =2 34 iy

F5F AEE WEke 7ty Ay,ol WE z,7F MultiPA & 73 5% 729
z, 9} 7P AN 5 WS E et & dTelAE REE F3l 2,9
A= Brtskelon, R2E B4 dax Fa A5 7Y T skl
Nelder—Mead Simplex Method [32] & A}&3lo] &/ W4E 3okt
(29 2-3]12 UAM FA==2¥ 2do A ZHO di& (po) =
(0.19,0° ¢w MultiPA & T3 FF Fx(FHA AA), E=05x =

-
o, ok
S (O [ i A o

18 o

-1 X

£ 4

o = = [e)
PR FF T2E de F

+ . ;
12 -":lx_! ""l"; -T

-
=]
1

L



7} 8& w Original Beddoes wake model & -8 &/ T3¢} A 3}

e sl &7 ®gE AAtete 73 5% 7x2E 44 =

TH 7T A, <1800° 7HA HA s Wz A4 &Sk Original
3]

Beddoes wake model & &F FZ7} oflg 2 A

il

o4

B o Qv "HE=ZE A9 A ZEeA wgst {7+
EHOE JF= VA EEH-FF A5AES DAATIL o= HAEA
3% A9 Z7ME ofr)sy] Wil ZE A F7F (Near wake) Hwl
ofuel 2O W WS FF(Far wake) S 55 FQ3T wabA
ARFFEAS AERE] AgtuAd @ olF FaAdcl s,
Original Beddoes wake model E.t} Parameterized Beddoes wake
Model & HHZH ] ¥ Edo] 1 Agsittal & 5 QUth

Free wake model
Parameterized beddocs wake model

Free wake model
Paramcterized beddoes wake model

0 500 1000 1500
Wake age. v L]

(a2)

Free wake model

—— Original beddoes wake model

-1.5 A Free wake model
—— Qriginal beddoes wake model

0 500 1000 1500
Wake age, v L]

(b2)

[2" 2-2] A &7 249 XA 37 229 &/ 73, (a)
Parameterized Beddoes wake model, (b) Original Beddoes wake
model, (1) 3z} 22X, (2) F-Fo Fo] W3}
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Original Parameterized
Beddoes wake nodel Beddoes wake model
(wo, ws, w,)=(1.0,0.0,0.5) (wo, ws, w,)=(0.63,-1.73, 0.54)
R?=-0.21 R? = 0.62
[E 2-11 p=0.19,e=0° A, 2} AF FF7 2de| FF{ A9} R’

7 Hee "EEY 2d 9 7 299 XA F5AY Rk oyt
Hlg) 2% FEHAo|th webA H|d o] mE 7 Wy WHIE
2a9e vt gtk 2 A9+ X B UAM FAE=ZEE 2o gs)
A5 FdNeH FAZEYHIE S 9Fol a [2¥ 2-4]1%
dol AERHE oF WEARE AFR7F et Hg sk gleh st
TF AFE 789 7 29 RPM & EF 2oz 7pgEsith. ol
et vl F=d> RPM, AR $%, JAAE=(a)Z AFE F
olow RPM ¥ 2472 &E& AAv (W2 F4E 5 gk wahA
ast pE SHHTE Fo] 7 W5 HgE REE sGlth [19 2-
5l HWEHFH o peol W& 4 =7 ¥ ¥M3E yedn o
Parameterized Beddoes wake model & ©]&3Fo] MultiPA 2 3§

A42 de ARE DE FF W} I
otk mebd H® B9 BAS Fa) of FWS Agom, AL ol
9A F4E 33 e ke P,

w = Bo + Bip + Boa + Bap® + Paap + Psp® +
(2.18)

Bea® + Bra’u + Pgula + Boa® + Prou®

A F5 W wo, wy, woE RISk, 2 2wl

3 2
39 T ASE Ay 37 REHS Y. ASREH F 2H
Mt 3 Ao 7 WA FHelR 4x3=12709 7 W57l 2dd
2y oy R/ 27 AR WY FEZHY SAHA Vo
ggolnzE 2x3=6719 7/ ¥/l ZdE HUTh UAM HE=H
e s A 2.18 & ol&ste] HAFIATEA ol FIHUOH,
=Wl o8 pE HBYE weol tela= —90°~20°, p= 0~0.35
ola, wg 9 we ol thal a= —20°~20°, p= 0.05~0.35 °Jt}. FTH

-

14 .__:Ix_s _'q.l_'\-'. T



I 271 v Wl dsl 229 ® olfe w2 we
T AUFol p7b FHobA AL aZF AAH wy thBIEF] wy
Zadch webd HHs JEe B TR A
ﬂ7]_ Z11‘J‘_—’— (17]' T 76]*?‘15‘ WSS)/]' WCv% 3’4"‘41 EEIC—‘ 34'
3 87 mde 4 gs Al dok wEkd 29 g
= "M a9k po HHE =4S
Rotor4
)'b
Freestream
, Rotor2 Rotor3
(79 2-4] 2HY AP ARFY Y=

2 A 2

2
2T
, I—

| &}



) . 2
) .
.o 3 * 2% Z
1 o,:i". SN - 0 e = 1 o222
TN W h 3 X . .
084 A% Ve t 3 TR S 08 2 £
PR S AT i i - 0.6 i . 7
5 s . z - ’
~ 06 &2 'y ..\;.- 5 e o e e z S
> A o e d® § s 4 > Fond 04 . e -
04 ¥ o ¢ Rl 02 o
- -6 g 0
Ui
02l 0 pos 0.2
5 f > 20 ol
- ) 0 0.2 0 02
— 90 ; e 20 0.1 20 0
itch (%) ¥ Pitch (°) K Pitch (°) - H
(@)
.“ i
* . . . .
1.4 T, 8 J . ., 12 T
£ .. . o, 7l 2
2l NN : fon o 2 :
I : . é ) 77 AR
k3 ¢ - » 0.8 RN
fo a 3 i F /i t 3 2 .
= 0.8 /0.' A i s o b 3 ° =
* e sz w'e do 200 7 ,
’ . . wo v i, e
0.6 © o o8 04 . * 2
Al ’ T
044/ 0 ER LD i % 7
. o% ~? 0.2 * i
"' . -
0 0 2. *
= = 01 9 0.1
0 60 ! 9 g 9 &
Pitch (® 90 ' : 20' ? 2 2
itch (°) b Pitch (°) " Pitch (%) 2D u
(®)
a9 2-5] ALH S} YAAE] WE FF Wr BE;
[ 5] AX o & ¥ T () AW =H,

(b) % =¥

 ®WeTE Frrekrl fste] R =
WAL FIFAETE obd SkA AF st
dsk= Axolth. A MultiPA =
T%9 z,% Original Beddoes wake model & 3%+ z, %}
Hlwate] 7 A3E R2E Yehidu. w3 MultiPA 2 73 2, =
Parameterized Beddoes wake model & -3t 2,9} v|w st 1 A3&
R?=Z YeRNd [1¥ 2-6]7 Tt} Original Beddoes wake model
tjv])&lo] Parameterized Beddoes wake model ©] R?2 =19 7}7}h&
e HolFo] MultiPA & OS5 FAMS &7 722 3745t

L 5 2Ty 8



1 T T T ;-OIiginzll beddoes wake model
_-Parumctcrlxcd beddoes wake model |

_0-5 L L 1 L L L L L « 1 J
=200 -15  -10 -5 0 5 10 15 20
Pitch angle [°]
(a) Front rotor
1 T T T "-(Jriginzll beddoes wake model
_-Pnrumctcri.zcd beddoes wake model |
0.8 {
o 0.6
0.4
0.2

=200 -15 -100 -5 0 5 10 15 20
Pitch angle [

(b) Rear rotor

[298 2-6] Z 2o 3] MultiPA}te] &7 T& FAMS

2.4 Nzr ATH BE

A7y ATFA 25 (Time reconstruction module) o4& H]3& Ao
B =95 &5 od5s AT d"Hoer A4
= 2 ZE Ao wE FHA

of wWE Al WA= 2% A4S
o) KN

ATEARY o AA 24 Ho

[e]
= 598 a5 Aol B3

&
' e 2ol =¥ =3l

A ATAEE AR G AA dF-Eel wE B¢ RPM #=
e g 1e 4w AALGT 27 Byol=e xS MdAstn
AR ARE Gl RPM 3 &9 st EF Edol= ez



U
o

Ar

ojm
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A

ojn
4

2.5.1 &

=& FW-H

45 (Tone noise)

=
L

o

JJJ

ol

ot
7}

o

(2.19)
(2.20)

S

) o] A
it} Ffowces

v

Aol o

o] 217}

PN
T
KeN

=

gl

)

S

o 2u[33].

9

(ZHol=

=
Lighthill &g

el

<1 3719

iz e

Lighthill ¢ <

37

L

=sgon o

puu; — 15+ (p' — c5p")8y;

L —

T

Edlo]
Tij =

| —

T

]_

Williams ¢} Hawkings
A7 f=0

A5 AT (Source
2= (Dipole)

]

601—0

Al
&l

o FW-H %4

%
¢+
Hi

B
RK

).

R

15

-
1t

[e)

3

—_L
=

7+7} == (Monepole)

term) ©] ™

<
= 71

)

AFs=F (Quadrupole)
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A= 592 A3 39 (Linear Source) Abs
(Nonlinear source) & ¥t} 3
 FHE ZdH, AT —%%1?‘%—8— EA #
2 Fgdst oA Abes 59%8> @3 Shock o]y
Turbulence ¢ 2 H|AYE aAI= 3

T7F e FEAelAs
2.19 & ¥ AAGH =A
Ay whga oz e 4 9\}‘?}.

!

oft rE o wd

i)

i 14
OR
gt
e
g o
>,

o
¥
%0
o
w
i
=
o
X

>,

1 9%py, , 0
2z VP =5 lPovnd ()] (2.21)
10%;, _, 0
S5z VL= 2.22
20~ V= 5 s () (2.22)
2l 2.21 == 57 &+ (Thickness noise) 327 39 &5 595

oulst, A 2.22 ¥ 35 A2 (Loading noise) A2
gt A 2ge BAC G4 FA

olFT Avds

Ak e A =4 BHY s kel o Akt

f1e FAE FRHoR At Bdolme &F oFel A &S]
&8 Farassat ©] AIQFst Formulation 1A 9 & £ A9
AFE-3FaTH35].

p' (%, t) = pr(E,t) +p; (% 1) (2.23)

Po VUn PoVnTiM,
4l (R t) = f [ + ds
Pr f=0 a-Mm)? r2(1-M,)3 ret

M, — M?
+f [Povrzco( r - ) ds
f=0 r (1_Mr)

(2.24)

ret
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ampl i) _J‘ pcos@ #M,p cos 6 s
LB = ) leor@=m? T er = M3,

cos 0 — Min;
ffo[p(rzm—M)z) (2.25)
Mz)pcose] S
2(1 M;y)? ret
A7IA pr & EHOIE I g3 T/ Aus pp o =HOIE=
FHA Y a5 Wstel] o3t st AuS UEhY 44 25 543
olgH e el e

CONA framework +
7| 2 Farassat's Formulation 1A & 23t Formulation 1C &
0] &3t Mean flow %+ Turbulance = 7] AHE 18 3H[36].
Formulaton 1C °A4] Mean flow (Uy) S U, =022 $%¥ Formulation
1A 2 vlESF o &g oF EEA Mean flow ° wel 324&
dazdor AREE & Qo & dATelAe AFH Y] AHE
28 skA] ¢7] wlitel Formulation 1A 7]HEC R & A5 A5
Z1 3y s} g Aol el ik

¥ A WA AT 2E Y FA o] A4 =W 4 2.25 ¢ 2.26 9
A4 e fE dagFol s Eo ok drh 4 2.25 9 2.26 A
! Retarded time, ©) o tidt &S on] st} =

| 38 Eolof st F55 AZFH(Observer time,
= WA At s tof sk 1= 2 2.26 ¢ Zo] AArsit} o]=
A AIZF dag]F (Retarded—time  algorithm) — ©]gF &g+

off Al AbE-E = 7HE dREAQl R o]t

FW-H w29 Convective wave equation

o ~

T=t—r(1)/co (2.26)
stAIRE o] WL FAERE AA dFEel il Ae s & W
AL vES ST Wolth. A Az el dist 59 SIAE
gb7] Qe Hx W gdo] Fastd, AE PHE AA AL o
sk Sholw tol= Bk Stk ol =9] 7 AR witk A AIZE



7F ©=27] wiEol skl AlxE kA e s 7}

B Axrtafior st ol= A= AAL H

w2 CONA framework & A AAIZF &1

217 (Source—time dominant algorithm)-< A

AIZE A a5 AAAZE 1 & WA AEstorA shbo] Al
1

)
X

k)
i)
iy
Y

“
=
ot

;

o] it FL}E}/H Lifting line source 7]¥+9] i% o
Q3 olF & FA A5 s ASS AdsA 2ddg @
a7t otk dwtdo® T A5 9P &9 (Suction side) &
‘E_li 3 Efolt A4S dte] oSslok
H AAE JRE AR

H (Pressure Side)% Z ek

3
ﬁl%%ii 7JT doﬂﬂr 3%‘ A5
source 7F4S adsle] At Hlow, o
Wk Ao digk A AR I H I 2l =
2] 2,25 oA ®d 249 WA H—*]Ei(ni)i g Hom W 48
7Rk 2 3h= 2] 2.25 9] A5 o S5e] AFSE ST

Bl A3 Brooks, Pope, and Marcolini broadband noise
model (BPM) & ©]&3&to] =5 qlth. BPM R &2 NACA0012 ¥+
o] &3t & HAAS B A A Aol e AP BAS AA
3+ TH[39]. BPM XE®2 Turbulent Boundary Layer—Trailing
Edge (TBLTE) noise, Laminar Boundary Layer—Vortex Shedding
(LBLVS), Z18]3 Bluntness Vortex Shedding (BVS) noise & <5 &
T 3tk BPM 29 NACA <99 A4 % (Steady flow) 7|4,
g Edolxrt & AH47HEeld BET £ °l&% =¥ Fi<
oA Zo] gl HgHo] $vh[40,41]. webd 2 A% BPM
= ARgste] e A5S o5 A ekl

b = A
g o ox

21 "-:l:" | ""I-.|- 1_-“ ¥ L2



3. 39 % % 28 45 43

CONA frameworkis ZE AAL T B3] Ao wel UAV @ 2
T, UAV @ ZE A7 ¥, UAM HAZ=ZE A7 v)def o)
AZo] olF FHu. ¥y 2de BET7/|WEeZ HBEMel #Hgd ¥
97 52 (Linear inflow model) ¥ 2.248¢] AFH AAHZE
ARESEl o AT FEAgAN FF WEE MultiPAZR
Tx2E  F3 A9t BET+  Edeol:=  wddel st
Bl o] & (Aerodynamic tables)©] Q3w ©]:= ANSYS Fluent CFD
3 Ao

o
e
off o g r

:lm
w % S o of

‘

3.1 UAV scale: 9428 ¥ ¥

UAV scaledl4] &Y ZH 3% 52 DJI Phantom?2 ¢ DJI9450

Hol=R ofFolf. A #UdF EEy AGFFERLE o8&

sgad A7 A8 A3 (Expt.1 Expt.2 Expt.3 ,[42,31,43]) ¢} vl
[e) = o
As Hv. [2¥ 3-11& By 78 A3 AdsE2 ZH Ax
T oxbsl 234 oxz Qlskel ekzh Aold ArE Lhehuic.
= =) 5 [e) =

FoRde g FE3 28 239 A die AFAIAL FAE

SE_ O
AEFE Helth

15 T 0.25 T T ' '

Thrust (CONA - Linear inflow model) ——Torque (CONA - Linear inflow model)
——Thrust (CONA - Prescribed wake model) Torque (CONA - Prescribed wake model)
o Thrust (Expt.1) 021 o Torque (Expt.1)

10 B %hrust(lﬁxpt.%) - ©  Torque (Expt.2)
Z 0 rust (Expt.3) ZEO.IS ¢ Torque (Expt.3) .
E s E 0.1

0.05
o C
0 ‘ 0 ou
0 2000 4000 6000 8000 10000 1] 2000 4000 6000 8000 10000
Rotation speed [RPM] Rotation speed [RPM]
(a) Thrust (b) Torque

[Z¥3-1] @9=E S oA 38 R B39 45 g3 48 %

2a A5 AYds NASAOA AFst A3 Ayset OVERFLOW2
CFDE ©]&3%F Acoustic analogy (OF—PSU WOPWOP)Z 2 A
22 A 2- ]

8t



A5 Al vw HF HATY 2s AL ZEH IHAEE N=
5400 RPM |4 3=t 51 AAS A= 3-2]¢l
T sk om, 5709 mlo]l 42 F (Microphone) &= ZE S A4 ZE
HEd 10819 AgZ A4 ¥t 12k Blade Pass Frequncy (BPF) o
el ZEE 7] —45°~45° WA A3 A 9™ (Directivity
pattern)©| WV EHQ, —22.5° XA BPFe| Whall A5 FI¢
AHAEY (Noise spectrum)©] Blw¥ch [2¥93-3]S =29 13
BPFefl st A3d dde F 2d 25 234y 9 OF-PSU
WOPWOPZA e} dx|at o, £ Fuk4 AHAEHL 2nd BPF7HA
AR ARE Bt EWE Y A9 3rd BPF o) FakpoA F
2d 9 OF-PSU WOPWOP 57 AdA¥e} dolst AaE B,
ol REEAGOE st RPM vAl WES WHYgshA] &gty wio=w
Azt [44].

+45°
.\
10R .
' » Observer point
— e ——— / o
* 0
.
®_ 450

[18 3-2] @Y= THEP A3 nfo]|a=2E X

. 90 ° N 60 . ' .
1125 c0ds 675 0 Expt (NASA)
135 ¢ 459 o Pred. (OF-PSU WOPWOP)
iS - =30 ® (CONA - Linear inflow model
40 dB =) ® (CONA - Prescribed wake model
:1‘}5.‘} - L i A
1575° 20-dis Ty 2250 g 10 s 7 e o 9 B
! » | | | |
£330 . s ; g
180 ° ———— 7 ; : : :
£ RN
32 I
-157.5¢ 2 : LA TR
2 i i ; L]
v 10 : : * [}
@ Expt. {Tonal) ;
“—Pred. (OF-PSU WOPWOP) 0 : H Lt : P H :
&—CONA - Linear inflow model 67.5° i) 500 1000 1500
—©— CONA - Prescribed wake model - Frequency [Hz]
(a) Directivity pattern (b) BPF

[ 3-3] @U=H THFAM 259 49 &3 A= #&

23 A 21

]
LH

S |



3.2 UAV scale: 94 =g AR 1|3y

UAV scale°lA/] &4 ZH 3 H]8) #H5S eHang Ghost Drone 3.0

o] EHolER o]Fo R AW FdF Ry AFFERIAS o] &5

=9 A Ayt Ad Ade45] vlu HF HIAW nd z=de

AHF HE Uyp = {10m/s,15m/s}, ZH I x| Zt% o =10°°]1, T

v zANAM FF wWEE MultiPAS S8 dojxvh. ¥ &4
t}.

Ak

[ 3-4]9} #o] 434

e} FrARSE

7 R -
o Fapt (U_=10m/s) bos o Dxpt. (U_=10m/s)
6" CONA - Linear inflow model 0.07 . T e
—— C'ONA - Prescribed wake model _ Egi‘i - %;llledI:lgOW E{Udel del
5 D‘Oﬁ L A= Preseribed wake model
Z4. E 0.05
B ¥ 0.04
R =
- 003t
2k
0.02
r 0.01F
0 t ; ; ’ 0 t ; :
3000 4000 5000 6000 7000 8000 3000 4000 3000 6000 7000 8000
Rotation speed [R’M] Rotation speed [RPM]
(al) Thrust (bl) Torque
7 X
0 Fapl(U_—15mis) 0.087 ,
o o Cxpt. (U_=15m/s)
6- CONA - Lincar inflow model 0.07 . 0 )
—— CONA - Prescribed wake model CONA - LmeuI_mﬂow model
—— CONA - Preseribed wake model
5 0.06 -
Z, . E 0.05 | =
g 2 0.04
A3 & 1
a £ 003f
2L
0.02
T 0.01 -
0 0 : : ;
3000 4000 5000 6000 7000 8000 3000 4000 5000 6000 7000 8000
Rotation speed [RPM] Rotation speed [RPM]
(a2) Thrust (b2) Torque
[27 3-4] @d = A vgolA 78 & EF9 AdF a3} 45 3
(1) Uw= 10 m/s, (2) Us= 15 m/s
[e] = 1L = 3T = —
2w A5 A 7 Tl a9 AdAHe[45] Hlw A
o 5] © 2~
Hck 7€ ATl &S AP 2H IHEE N=7000 RPM A

FAHATG. F2HY
nfo] 4= FE

Overall

A=
THAAA  ZH
Ssound Pressure Level(OASPL) <]

[ 3-5]° ZA|
W s el

akglom,
Agz AA
&l ZE

16702
3=
w9 Zh
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WFow 2250 °f AR &g AYY ddHo] wlumHlow,
0° Y xJollA BPFell dial A& T3 AHEF] (Noise spectrum)©]
s vk [I1F 3-619 A HEE 2y A 5 Bdde] A
FYF BY woh A @ SR AT wow, 2% Fus
AAEY B 12~53F BPEZA A4 F5 Edo] AY #%F Ed
Hop A9 wh AR A Joldh ol 28 AR7F e Es
2ANA ZH-FF 3EAES el T 5 AE AYFFEDL 28
=] glojx] AW HAEEuT o dBe BEe wozr) BwH
w2 w5 2k UAVIE BVI @7do]l £ EAehr] vzl BVIZF
A W AL AY FF 2w gol g e WA @
F ol g Abgaof Frh

i""- =

! =25

= 150°¢ — 12R
. ,
- 0 Lt S B ey e )

270°

[748 3-5] @d=2H A HY LP9 rlo|a2E 94X

25 A 21



. 90 © 80
o zo
125 7.5 o Expt. (U )U:1 0m/s)
135° R (;{() dB 45° ® (ONA - Linear inflow model
B:L =5 =70 o) ® (CONA - Prescribed wake model |
- (13 dﬁ *\Q = .
157.5 : 225 © o
360 i
- i
=0 5
— 180 0 § 3 L]
250 i © .
57.5 225 = . ®
& 40 i |
- Expt. (Um=10m-’s) 45°
—=—CONA - Linear inflow model 67.5° 30
—&—CONA - Prescribed wake model ” 1 ) 3 4 5
BPF harmonics
(al) Directivity pattern (b1) BPF
90 ©
1125° 90 67.5° 80
o Expt. (U Xj=]5mfs)
V ® (CONA - Linear inflow model
% 70 hd ® (CONA - Prescribed wake model |
T | e
Sen| o *
5 ’ i .
Eso i
= |
g .
= & 40 3 * :
o Expt. (UEZISmr’s) B -45°
<—CONA - Linear inflow model _675° 30 i
& CONA - Prescribed wake model ' 1 2 3 4 5
BPF harmonics
(a2) Directivity pattern (b2) BPF

[28 3-6] @U2H X v[PoA 259 AE #%F dF 7 (D U=
10 m/s, (2) U= 15 m/s

3.3 UAM scale: AE=2E AR 1|3y

UAM scaledl~ HE Z¥ A7 w8 A5 NASAS Concept 105
UAMOZE o]Fo] Hrf 7]&E AFoA[46,47] &g 2 s
AT 3] #A s =9 HPCMP CREATETM-AV %
Helios®Z 314 %1, o] PSU-WOPWOPS E3to] A5o] o=
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ol FeAe ddEEe FHEREC  dE  HF¥E CONA
frameworks ©]&3lod UAM &5 ZHo] w2 HEXE FH 45
YFEE HoFEr. A4 72+ &S 7ol wEl Sound Exposure
Level(SEL) & &5 AXRE EASIH. &5 AR &g gs 31t
el Farste] 25 2UE A% YFEE ESOEHN Lgo] w2 FAF
xZ71e stz Q. o]E &3 Day—Night  Sound
Level(DNL) & o]&3lo] &5 zzdl uwe} UAM 4o IS v

A WAL BelFuA gk
4.1 3 od 24

A rule ATE AS B ARE3E NASA2 194 Concept
UAMo|t}. 8l 292 Rotor RPM control 7]¥F 2213} Rotor pitch
control 7|HF R dlo] Qlom[48] & AFoix = RPM control 25
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Properties Value
Gross weight 1325 1b (601 kg)
Rotor radius 6.5 ft (2.0 m)
Disk loading 2.5 lb/ft?
Cruise speed 70 knots (130 km/h)
Number of rotors 4
Blade per rotor 3
Propulsion type Electric

[£ 4-1] 314 A& =29 AL

4.2

7

5 27 A%

A5 e (19 4-219 go] 249 $A490w wesh HT

A5 WAE "¢F ¥ (Cruise flight) - HE JFEZA
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22 93t 7<% (Decelerate to stop)" o2 FAEo] At AA
A (Ground observer plane)< HEZE S #AA T HEXE
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BE AL y=5°~90°9 HI9IE 77 AAste] 5 Wl AH
= Egetazt sidlvh o714 B3 AR Z4E7F y=90°°]" 34
= gt AEREE By AR Z4xrh a3 s S22t
W= Vortex Ring State (VRS) ol g $18 o] o). wepa] H
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Cruise flight Dacelerate to

7= T oach d
v _IC} N Iapfmacrfpeej Accelerate to vertical speed

: Steady descent
| (V="ra)
I
[ HI Decelerate o stop
2 ________________________________%Mf"gmm 1000 m
D 7
/ Grotind Observer plane
/ 3500m /

(29 4-21 UAMS] 35 A543} A4 544 99

Parameters Symbol Value
Distance D 2500 m
Altitude H1 150 m

Meter fixed H2 10 m

Cruise speed V. 36 m/s

Approach speed /A 5 m/s ~ 20 m/s
(Horizontal speed) =%)
Flight path angle Y —-90° ~ —5°

Accelelation a 01g

[¥ 4-2] 35 A4 23
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s
f

e e A :
(] 5 10 15 20 25
Horizontal speed (Vx, m/s)
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Vertical speed (Vz, m/s)
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CONA frameworkE ©]&3lo] 2% =1 (V,, y)=(12m/s, 10°) th3}
v AlEdold 9 A% Aol WA FHHY T AF A
130% o™, Al7te] wZ RPM 3ol A==E £ Wsprh (19 4-
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=& ¥, @ LA 75, @ LA 3 @
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Exposure Level, SEL)o] AAtE STt SELS 44 A &A1 1HEt
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O : Spatial averaged noise value point for noise footprint area
84

Va = 5m/s,y = 5° Spartial Average ]
Ya = 20mss, y = 10° g ¥
Va = 15m/s, y = 10° §' 180 z
VHZIZFH/S,)’:_I_QO 'g_ %
. S " § 76
) 74
o 5 10 ‘ 15 20 ) 25
Horizontal speed (Vx, m/s)
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4.4.1 34 37 99

T2 s 49 AZZEIE #AFHA] FHOE sAetAY wlg =&
gl Az LR sitske A9 otk Y oS hAgol M 2
ogololtt, ol FRIV FAWIoR wAUrt ZEH-FF A3z
WAEkA] okal e wExrt ZEHO w7t W gom  dYst
H A4 8% A< (Unsteady loading noise)©] w|-$- w7] wjfo|t}, H|=
Sl o] s grol 7Y W sAIRE 4 S AFS oS 2
olfrZ AiE= AF o] ofyrh

AMAZ FL o FRE i AFHORE 7 HAHFshes AL
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A2go] EE YL L =12m/sE FAHCE YW vy FARE ZH(5°<
y<iso)el AA Fysel otk Y Joe RE-FiF EAEOR
Ast BVIY ZHL7b =of 7MY & & IS Hoed. [O1¥ 4-
111+ 72 &% 279 2¢Y 57 #A4% 2t €9 dFz/dy TEE
HolFEth o714 dFz/dy = Belol= Azpe]l wWejzte] g £
u)] & ¥ (The azimuthal derivative of sectional normal force)©]™
Farassat Formulation 1A9A B|AA 3k 459 T2 ¢ =
olul gttt [46].
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4 (Tip mach number) 7} GA @ = o] St o= #AFHA] 73 £52
V., 7F =71 wiiEel 87 #% (Required power)7} Yol Ed =&
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DNL = 10109[
i=1

o]714 T & reference time©]il, N <&
7t olm LE10AIHFH 247
10 dBA A7 =w o] Ak W =0

o
B

N
1 (SEL;+W);
— 10 10
LS g

UAMS] 25350l w i

A Abele] #Hse AVEA W=

dBA ©]t}. 7zt

= [3E 4-31° g=sksinh
Symbol Meaning Value
T Reference Time 86,400 sec (1 day)
W Weighting 10 dBA 0 dBA
(10 PM to 7 AM) (No landing at night)
N Number of landings 420 landings (1 day)
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(29 4-14] &5 =7¥ DNL &8 A&

DNL Area under Influence Decrese of %
Landing condition High noise Low noise )
cond. cond.
> 65 dBA 33.2 ha 0.7 ha -97.9%
> 60 dBA 111.6 ha 3.5ha -96.9 %
> 55 dBA 326.4 ha 8.9 ha -97.3%

[¥ 4-4] 35 278 DNL &% S149 94 Hlu
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Abstract

Numerical Investigation of
Multirotor Type UAM Noise Near
Vertiport Under Various Landing

Conditions

Huisang Cho
Aerospace Engineering

The Graduate School

Seoul National University

In this study, a preliminary investigation of the noise abatement
landing procedure of the multirotor type UAM is carried out in CONA
framework. The CONA framework is developed to analyze the noise
of the multirotor type UAM based on landing trajectories. CONA
framework is composed of many modules such as aerodynamics,
control module, and noise prediction module for multirotor type UAM
noise analysis, including RPM change based on trajectories. The
aerodynamic module used parameterized Beddoes wake model, which
is one of the prescribed wake models. It is combined with the
Farassat formulation 1A for noise prediction in the noise prediction
module. CONA framework is verified through wvalidation and
verification studies of the single rotor and quadrotor models.

For the quadrotor type UAM, the noise impact is analyzed over a
wide range of landing conditions. Based on the results of noise impact
according to landing conditions, the three major lading conditions are

identified, vertical descent, high noise landing condition, and low
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noise landing condition. After the detailed analysis of each landing
condition in terms of UAM noise, the landing condition with high
approach speed and high flight path angle is recommended for noise
abatement landing.

The noise influence near the vertiport for the landing conditions is
presented as the area within the contour line with DNL. At 65 DNL,
the low noise landing condition showed a 97.9% decrease in the noise
influence area compared to the high noise landing condition, and at
55 DNL, the noise influence area decreased by 87.2%. The noise
influence area near the vertiport shows a significant difference
depending on the landing conditions of the multirotor type UAM. The
results reveal that it is necessary to select a landing condition based
on the analysis of the aerodynamic/noise characteristics of the
multirotor type UAM to reduce the noise impact near the vertiport
during UAM operation. This study pointer towards a selection of
various multirotor type UAM landing conditions for minimizing the

noise impact on the vertiport surrounding area.

Keywords : eVTOL, UAM, noise abatement procedure, rotor noise,
vertiport
Student Number : 2020—21526
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