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Predicting Aerodynamics and Wake Dynamics of Tilt Rotor
using Unsteady Vortex Particle Method
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ABSTRACT

Tiltrotor aircraft has received great attention as the next generation rotorcraft, characterized by
longer range and faster cruising speeds compared to conventional VTOL(Vertical Take—off and Landing)
aircraft. However, flight instability in the transition mode where the variation in thrust direction of the
tiltrotor can cause serious safety problem due to the complex and nonlinear aerodynamic characteristics.
In this study, the aerodynamic characteristics and wake behavior of tiltrotor aircraft in the transition
mode are investigated using source—double panel method with unsteady vortex particle method(VPM).
The vortex methods used in this paper are validated by comparing the aerodynamics loads of XV-15
rotor blade in hover conditions. The effects of tilt angle on the rotor aerodynamic performance, wake
structure, and vorticity fields are discussed in detail. The findings in this study can provide an insight
into the flight characteristics of tiltrotor.

=z =5

HEZE 7= 71E $£ZA0|z57] U] 71 At whE &4 £x=rF EAQ n|dd £Zo|zE
719 2AAagon FEUw gl SAY HERE ] 29 Wil MARE AH Mol )
o Botgde thuxaq BEAFo® tjrr i 9on, Esty HIAPAQ 27|ty Exo=z Qls)
=l OE:FLE‘ Astdoltt wela] B doAs Ho|ddoAM e HERE FIr]o T EX BM 9 &=
AZg mapsigch HjdHS &8sto] AX e H|E ZAAA L XV-15 RE|JA WAYsts FHEAPMS &
Bl /\}35} MMt AZS systdon YE zhwmo] ulel WIlsts e EA BEMi 32 9 olux
BALE ol SERE Y v B0 g 1F3E JPsigith

Key Words : Tiltrotor(8EZ¥]), Source-Doublet Panel Method(31'2%]), Unsteady Vortex Particle
Method (BI A4 95 UAMH), Wake Behavior (3% #A%), Wake Structure(ZH F+=&)

T Received : February 20, 2024 Revised : July 08, 2024 Accepted : August 12, 2024

' MS. Student, > M.S. Student, ® Associate Professor, * Chief Researcher,® Associate Professor
Corresponding author, E-mail : hlee@gnu.ackr, ORCID : 0000-0002-4459-9858

© 2024 The Korean Society for Aeronautical and Space Sciences



776 SR - oAy - RE|A - 719 % - ol el e = AP
.4 2 ASsHATE Kang[15]2 OPPAVS] Zo]g oA e
Y 5/ $istol| s aFskqich

2 vy "gEet =4 &3 =2UE (Urban AR 7129 AE2 MY e A% F2F
Air Mobility, UAM) = M2< ejo] sldel7|7t A 55 A5t 2 AdssiAel digh A4t7F thgeolm, AAte]
2o we} YEZE|(Tiltrotor), E=¥HAZE](Coaxial Rotor),  HI&olA X wjgioz H|g] e 7 Al HEZEI]
HE| ZE (Multirotor) 52] 2ZA| 28] tfet e W  FEYFo] HAEE Holggol H v B4 Ades
o FAS uy 9tk Es| HEZHE mAy|et A ARHHoIQIth wEkA Tt 9E Ztko] mhE Hg &
ol7]e] Exo| At ez =g IH=o AHAA A AFe TS HEAHIYT SHAITE FHolF Aol 9]
IHS =3 SFojlAET 14 HA vgo] shse A HIFW BN HE=RE FF7IY digAHA FARe
o] E4olt}t. 1950Wth NASAS} Bellel XV-3 7idg 2 AAAI Qinh HolgdolM= ZE7 sfigto] w
AFoZ (1], 1970~80WTlo] 7AW XV-158 E3) & 2 2E E¥ol=9 3 WaZo] F743] #HIlsin, o]
EZE Fo7)9 H5S 42 4 9Tt oF v-22 £ ZFH FZolAMo mAdgAR ¥ EAGS oIt
Osprey:= %o dE=ZE L7124 A Az =8 o Eﬂ EtollA EAst= 2k Tip Vortex:s
7 2853 glom T AUH Bell V-280 Valor BVI @49 2 Aoz FA9 234 4 sl I
L oo A AT A PZE (Future Long = AW 38 #H3t U & HAg v =37
Range Assault Aircraft: FLRAA) Z2Ia3o] MAxEL  E7H &9 Edl= W7ol 7|&e] z2d F37]d
Ate LA HrH2l. =3t AL =4 mEsgo  HE w9 X HERE 379 EAY 2EY FRVL
2 UAMO =3t Agsiy dAstEn 9= sked,  T371 AAll dFE vl 7heAol FUisHAl Hu o
Joby Aviation® S4, Overair®] Butterfly, Supernale] @A BEERH &37]9 ds 9 AR AEHE A
S-A2= HEZEY UAM 7IA2 7§18 Zo|tt ojxd  °lFY Oﬂ/\H v ENT 379 A5S dSEste A+
dERY F37E 7129 MY FFVIE uAsty, ot = eHoInh
oFst W7k F& HolojAe] 8 xr} ytiEa ek £ AFoM e HolddoMe XV-15 HERE] &1

gdegE g7l tist $£271 Zopo] ulet T  olE9 FH EA BAIL £/ 7% dE5E Ssith
1w S| 23E|3 QItl Acree S[3]C XV-159] HolddoAe fEE RAGtL RER §UEE HiE
3 Zog A AAE 9ot 1x2A 2 Aoz 2 9 YA A= wE JIAHE BASH] Sldll, 2E 7
B AMAMZ] gist 1% 2354th Kreshock & =0l W& ©d ZE] E¥oj=9o £x314& Hagste]
[4]e YE=EIS Feh HAA FAS 98] TRAST U BE ZAE=EE ZE Y JAZ3 §AUF AolY A==
HAEWZE o]8dt Wy AY 9 ZTEAYS Sosty  FAsHlen, 2E9 AEe 14T A FY=Ee W
t}. Johnson[5, 612 CAMRAD II1& 83t v-22 2¢ Y WA A=E B8 HE ZA=F WHIA7|H Holy
o] 1/4 ZA®RwQl TRAMS] H3 mio] w2 vjg 4 HolM9] HE 7HYsioltt. dERE S HE 7=
L g 1zA %S DNW AY ZAztel nla ¥ 248 wTE FHIAA Aol 3'd® (Source-Doublet  Panel
58319tk Garcia® Barakos[7]&= ERICA €E=Z¥  Method) 7I8F9| In-house ZEE ARSSIGITE gt H
7)ol AAta] v, A=A Blg) o Moldod(Transition 973 & YA (Unsteady Vortex Particle Method) =
Area)oll Aol A SiMS seetn ESAIY Aapel v ©l&5t] 21T A|M(Lagrangian) ME UAE 23

o, BASIY Jia 5[8]3 Gates T[9]2 XV-152
Elo] AAtg] 2 AR HFW A] 2B BAZS S3Fo

Peimin =[10]2 Computational Fluid Dynamics(CFD)
g8&sto] V-22 HeFEY AA v Al FH
F BAE 7Yslth. Potsdam[11]12 OVERFLO
£ #83% @Y =¥, Half-span, Full-span &7
9] 8% 9 Blade Vortex Interaction(BVI) &
=5 9t §%5 H= BAS #gsielth
2 XV-15 2E9 A &3 o5 &5
W5t 3, Massaro 5[13]2 HEZRE A&
gt AS ZYAYZE AASHEE I =
2 370 tigk A7t 2s=la itk Hwang
4] CAMRAD II& &£3t TRAMS F714935H4

= EO
4g B8 zgEol 38 9 P2 §F AN

1o

x
o

1=
T

Garcia

r
,_. rol

—
—
\]

[l

[e)

i—{)olno:ééxu&mlm

37149 A% 44 glo] 2E Beol= sjdo] whe} %
Aete 32 AZS oS5t B doAE XV-15
o] 2¥ Eol=g siMrdls Ad7Asto] 15° 1+49
Aol GE WU gERul Yy S T 5
}@‘E} Oloﬂ OW XV 15 §E1 Haﬂo]c4 A
= —'—E}\]o-]
og;ﬁ OHA47]H44 14%]-1\-10

o] Eq“:'—} u:]qo}_ Collectlve

€l
=
E

F EE

2.1 Hioi Aoy



H 52H H 105, 2024. 10.

rst
jilu)
lu
fu
a
|
(a2}
o
n
o
l

o=

777

2.1.1 Source-Doublet IH'd%H

e 3Ad FA4e 2E Eol=
A BFez AALYE Y Sourcest Doubl
Atgkstol EdojmoA WAst:E 38 e g
71¥oltt  Source-Doublet THEHL Az
3t 321U 2E Byolzol 7|sletEl EALS

STt ZHH (Vortex Lattice Method) @t
ans A f= ZdA7A] ALt
W odEE AN & Sl
]3-”}— CFD siA7]xol vls] &&
Aol ]’%3}‘:}“ EXo] St}
&% ZHAEL Laplace Equation
3, o]df Laplace Equationg® TH£3s
&4 39 Source(o)2t Doublet

(o]

AA

SFO
EiEe

o

oy

2L

I=

—t
~
o

Source, Doublet I
C,., B;< o]&s}d]

L/’

(1)

N My, N

EALkluk + E i + EBLkUk 0 (2)

Al (2)9] Source(oy,)2t T
B=E= ZFZF Kutta 2713 Tangency ZAAIRZ10] <J3H
AArEILE T3t Tangency ZA7A12710) Kinematic Velocity

Agsto] BElol=9] FHA Ao TR 27h
94 959 E4E 1% Kinematic Velocity®
(3)7 Zo] A5 &% Flappingd &2 E3 0]

£3 3740:10“’\1 = &5 I H=9 4
2 Aogith Edol= #H 3 Doublet
Ast7] 18 Matrixe A (4)9F Zth

Ftoll 23k Doublet (py;) &

O

U:*(U()ﬂL’UTﬂLQXT) (3)
011 G19 - QN || 4 RHS,
Qgq Qg+ Ay N| ) Hal_ RHS, (4)
Anp Qo= O] L RHS),

et e HgS o 2 Edol= ®Ho] EAist
L olatE wdel Al £= HEE A (5)2 B 4
9% 4 Qlt}. ojul] AAFE Local Coordinateo|Xe] <
= AEL dA AASE Source(o)2t Doublet(pn)o2 A
BE
‘/t()tal kT Vkmem{m( k + V)Mtznbatmn K (5)
0 _on oy
Vl 5l ’ ‘/m am ’ ‘/n o (6)
o]& o]&sto] 7+ #de] Collocation PointollA2] F
Y Ass =290 g4 AeE =3s] g A
(1)} Zo] Hl2+o] WAHAS o|gsto] Arts 3T
. 859 mely 0.3 ool EHNE HIGEHS
7}3t= Laplace Equatione E444, &=4 23& 2
gst7] fsl dFE B AsE &8st 39 st o
Mg 29 ek
Vil 2 0
Ctpﬁ(): - | ttdl 9 2_? (7)
| Vkinenmticl | Vk’inenmticl 9
2.1.2 HIZY 2AF7 XY
YEgHel Beolst uEY 7o a3 ZAo] e
2ol EAoltt([14]. =3 Ho|FHolM o EMR 75
=4e 2% 5R 722 oplstn HTNAY Ti
Vortext ergol whet AERE Y £F A5L HIol
Al dl&st7] 9 Aqts deAolth & Aol H
B o BARS AHEStol HEEHOAM WAst: &
o] HIFE AsE ddSstAth A7 dAEL Edl
Eo) Wb WYoR WAHE FRE FAYAL 9%
Az mHFT, FaLAG Wy YA BRI R
o et=7F AMPYAEA L A (8)3 ol xIY 4+ UAth
BIQHEA gEolMel ohE U 4= HES Aod Ao
2 I =¥ =2 wzit)o2 Holstylon,
Ve o QR B, 02 dxe] ZEE ouldt
gt 3R AT e SEE TR ASHY
2AHE S8 AL8EE] A] (9)= Aeojsith

(8)

9)



\'
\'
(0]
b
ox
%

oAk - &

B4 - 719% - ols

F 4R A= 2 E¥ol= SHo|M Kutta &

o8l AA=a, JAE Y f= F== A (10)
T+ Zo] Biot-Sarvart 2lo| Q&) AAEHTH AR
e AN o dAl 93 f= £= AET ARF
&zo] 93 A A (Explicit Method) WHOoZ fJd|o]
=

M = 349 Vortex FilamentE ©|83] TH{HE
LASHE Free-wake 71WH¥ €29 oF YA 2t
shE AWEA] URTE 7 AIRE HAuY 5864
TEo[16]. WA FR-TF, 2E-ZH, FA-EH
9 ARGl Qs WS v Aol B
Fo AsS ST 4 Utk SHAIEE 24t ofgh
APSHA] ot AAHHE o f UA F=of Wt
He AA 2E Edol=oA WAdstE £/
Tha Ao|7h AT ofA7F EAR ol & Ay
© &7 &4te] gFol $8% Far Field 77} of
W3}5lE= Near Field2] BItHA 29l
P FE Hx ALS

Exol BlA: FFe

x
&

5
b

i)
kil

< i)
4o (m
N
i
- H
1o
ol-d &

oot Job fC 2 | e o
M

N WY 2
i

11 S
oo oY
ol

i

Y,
>o u

N N
N N o
r
E
ol —'—\|‘-'
— =4
ix
M
oy
o,
s

—
oH
JB
%
£
o
e
oY
oN

j.?_l'.
2
> &
il

WA 3 shET 38 54
2 BAst7lol oM, AR dolEt EXlske Axte ]
% A XV-15 ZEo] Tist FsNA AnE ol §sto]
A A7 Ee AEsinh gy o BEs e
olgs) e XV-15 2E Beol=t Fig 13 2
. XV-15 2EE 309 Beol=z AEN, /& @
Jgelel & =¥ Beolmo] & HmH ®E@o|
2 0] EHolth, AMF AL Table 12 ol Ao
don], 2y Beols mual Al B2 Raat Beol
= Tuolde g8 9 FR 49 A= WS 9l
3 AXE wixstTh A9l were® 3070, WA W

¢

_O'L

o

24

o= 31709 #d 24F HiASto] XV-15 =& E#0]
TS olatsella, oAttt ARE Ei g mEo)
+HHN 45 S 349

Yok AT
Table 2= 2¥| E#oj=o] 97 wgo] wet sfxH
NACA 64 oojZzd ExZE Yehglon[9], AHEH of
ojzdol F¥ A4t C81 Table FACE dlolEHo]
23tsto] A 9 gdEAHE 2T 3NS5k
th Fig. 2 XV-15 29 o 23 Ao tish o
A HEE £ Axto|t 47 r/R=0.75 AH0IA 9]

Fig. 1. XV-15 rotor blade modeled by source-doublet

panels

Table 1. XV-15 rotor and simulation conditions

Property Value
Number of blade [-] 3
Rotor radius [m] 3.81
Reference aspect ratio [-] 10.71
Hub offset [%] 20
Twist angle [’] -40.25
Tip mach number [-] 0.69
Pitch angle at r/R = 0.75 [’] 3,5 10, 13
Time step [] 5
Total revolution [-] 20

Table 2. Airfoil distribution of XV-15 rotor blade

r/R Airfoil

0.09 NACA 64-935
0.17 NACA 64-528
0.51 NACA 64-118
0.80 NACA 64-(1.5)12
1.00 NACA 64-208
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Fig. 10. Comparison of thrust contour of rotor blade dependingn on tilt angles
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