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ABSTRACT

In this study, simplified whirl flutter analyses using quasisteady aerodynamic theory have been performed for a 2-DOF
tilt-rotor system with both pitch and yaw motions of a rotor-nacelle. The present dynamic system consists of the rotor
(propeller), forming the gyroscopic and aerodynamic element, supported horizontally by a pylon that is pivoted at some
wing attachment point. Several design parameters for rotor—nacelle system are considered and the effect of whirl flutter
stability are also investigated for various design parameters
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Fig. 2 Schematic view of 2-DOF rotor-nacelle dynamic
system
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Fig. 3 Front view geometry of deflected hub and

radially located typical section

-302-



22 Whirl 252 12{%t 26 3AsIE AN
B AFeMe 289 #A7 o YL Al g
P 271983 s3ANE Y8l EHA strip B F43)
o} 48139 FEmdaldA e mejsjofd Eola AlgE
28 AN F #5EEs 2H da3de by
}akal We) wWekozol £xaA HdHY pitche}d yaw
oo 71208 7)8leta) vzt wWske} pitch £= yaw
2o o8 $UHE 4545 7)9% §95SZHnflow
angle)®] W3} Sojtk

rk

c}
= £

B (B o flo ¥R
o0

P rotor plane -

Fig. 4 Air velocity components and airload components
at the typical blade section

Fig. 301419} Zo] 2EIS AWM B, 2HY AMdL &
A 9)zHazimuth angle)o] $1X1g Baol= 2AMAx) rA
ol 911817 B8 pitchst yaw $5o 2% ¥HE B
97} wrdslolel Fek webd, FPALE AT Baols
ude] i# slsiEtd 2% 2 fERAE Fig 4% 2ol
el 4 glon, o= e g AN ¥ YAl
$E5e g go| el 4 doh® '

Up= 2r+ s+ Vsina, @
Up=w+ Veosa, (5)
714,
a; = Psin2t— Ocos2t ‘ 6)
5= aRBcosNt — aRihsin?) )]

w=— n[vcoth — rfsinf?
4 frsinf2t — OrQcos2t

®

ZHOA e FAS A $A4 dolEd wH
A wAsks FE Adsiclol gt Yelg oolEY ©
Rola SIS FAL | olgkm #n ol oo Ze
Hoz UEy 4 Aok

llzﬂlt_l:%p[]f(c‘a)c 9)

dr
04?1*1
U= UZ+ U} | Q10
a:ao—%w-&;%é—k—gz—al an

4 (107 (1DE o1&sted 4 98 BNstA RS B
Asta gxAA nI=E Foh

L= _l_chc(UZ + 2V + 202rs + 2Vray)

2
or - V., Vv
. (%*712:1”"'?5“* fU—Q‘ax)

= %pc,bc (V20 — VaRO — Q2r%) )cos2t 12
+ _é-pcgc( V2 — VaRi) + 2720)sin2t

= A cos2t + Aysinft

Slgl 4 (12ANE Pis) Belel=) U & T
78 L& 1¥ Beol= gwlel goln ¥x, voix
Beos wwse) YA ANVY. B ATIME 419
2eol=g ZE 2HE J1AsEEY, Red) 9K 2
Zeolzi 1 BHol= 9 Qt+7AF Aot LA
Huz 29 Bdols Bue) e thest gol AL

L=—1 = A, cosf2t — A,sinfdt (13

Agh e PAos (R4 o) 9P 34 BHol= o
@t+ 350 9312 49 gelol= BRL FAE AU
W e Bk

L= A sinQt+ Ayjcos2t - (14
[, =— L, =— A,sin2t — A, cosf2t (15)

HAske WY zedee] IN9YY FTF A5
BHEE T3] e vEe e Ead FEPE
o2 Yol Al o HESL y, z&9 39 A,
1)3 y, 2% $F¢ ZRNE(AM,, AM,)9 o3} T4
A Hel A (12~15)F ol&3td tet 2] JEd &

1

-303-



Atk

l, = | sinysind2t — L sinysinf2t + lysinycosf2t
— lysinycosf2t
= 2siny (L sin2t + Lcos2t) (16)
- pc‘,c(_g)( V2 — VaRi + 2726)
I, =— l;simrycos§2t + L simycos§t + Lsinysing2t
— L simysin2t .
= 2sinry (— L cost + Lsing2t)

= pc,ﬂc(—g) (V0 — VaRO — 2r%))

(17

AM, = r(&‘j) ]
o (18)
- pc,hc(—(j)(Iﬂrz’lﬁ — VaRr¥%j + 02r'0)

: (19)
= pe,c %)(V2r20 — VaRr?9 — Qr'e))

4 (16)~(19)0% BE sinf2t9} cosf2t AR ] o4 U
Bl 488 ¢ Atk o] HEE o83l Z2dy
Ho] 2gshs 3719839 P ZHEY FHE 7
98 Ze Baol=e] wix§ Roll gl HEFc)

S '
L,= /0 Ldr =pc,ﬁc(.——‘§,] :
DR\ ;

x [ Vsinh 1 (%@j«p — VaRsinh - I(T)zp

s G o (P

(20)
R
L= /{; ldr = pc,nc(-!‘?—/]
x [ V%M*‘(%’i)a— VaRsz'nh-‘(%’i)a

3oy - (5B

21

1 G

(23)

70 AN TEHA 3 C0~239& H 2% 4 Q)
ol 4zt Y3t Aelstd o 2ol 3719 2l
EE ®X9Y + Aok

My= — M, + aRL,

=PCLC[_{% | R? +(QV)2(_ 3-}/;}2 + 2R3}

3Vt | Q?REVEY . . _1( N2R);
+[_8(23 + 0 ]smh (—V—)}G

aRV3 . —1 QR
,+ 7 sinh ( V)H

R

(24)

-304-



M, = M,+ oRL,

= pCi.c{; {%,/RZ + [%jz(— 3§R -&"2}23)

3t a*R2V?) . . 1 ( QRN
+[—8QS +————Q ]smh (—Vj}m/)
3
+ aRQV sinh‘l(ﬂ—lﬁz)w
V2, (e, (VY (2. . _1( QR
+—2—{R R +[ﬁ] —(—ﬁ) sinh (—V-j}()

3. M ¥ AE

2 dPoAE Fig. 29 & AR EA ZH-RA A2
ol i3 YEE g FYPstn B4 HESA ¥
Zeg Yo nagt 2de 7 ojsids gES Table 1
o A= AUck

Table 1 Tiltrotor airplane parameters

1, 580 (slug - ft*) N 0~400 pm
I | 2400 (slug - 9 V| 100~300 (ft/sec)
Cy | 800 (b - ft-s/ad) | R 10 (ft)

Cy | 800 (b-ft-s/rad) | @ 22 (ft)

Ky | 30x101b - ft/rad) | S 585

K. | 30x10'0b - ft/rad) | b 4

a . 0~20 .

Fig. 5& A2 o2 2H IJA&xdM9 pitch® yaw 2
50 Hg 1HAE 2L BoFm Qo $5s 9%
Z271Z2AL 9,=1, ¢, =08 27T ¥ D X9
ZE JA&Tr 7agE (O 48 Fn 9L S F
Qedl, Y9 ARFEHN SH&Er) FIkEA HE 2
FRAESFE Bashs ATS BolA €2 #9% 4 ok

1

3 =
kel
> 05
B
(=4
©
3 0 l'A'A"'
[~
Q
E
Q
Q
S .05
&
a8 Q=0rmpm

-1

0 2 4 8 8 10
Time (sec)
(a) £2=0 rpm

— I
-é",, r‘: I ’
1

‘;0.5=I i =| .

R

I HHHE

s R

I HUHN

g (N

£l

Q Hligr

@ o5H3 1)

3 R

8 V' 0 150 rpm
-1
0 2 4 6 8 10

Time (sec)

(b) £2=150 rpm

Displacement, 6 and w (deg)

Time (sec)
(c) $2=300 rpm
Fig. 5 Natural vibration responses for different rotor

speeds

N
e
o

o
o

0 100 200 300 400
Rotor Speed (rpm)
Fig. 6 Variation of natural frequency for different rotor
speeds

Fig. 6& ZE JAZE Wzl U3 /AL WS
Bz gt ZEEA $x9 AWAY £57} Y 23
o s BEE TEA UL ANSAD. Fig. 7¢ WY
£%7} 180f/s0ln 2E AAREFE()7F 300 pme) Bgol
Ug AR ALee YT HaFn Utk 7E 7]
2 S0l S e Table 10] AN e ke AHgsAL
B, 27)ZAE 0,=1, ¥, = 0& ¥7}g A%olch 1YL

W o] nlazde] disiNE YT WEAH L7 HY
& 4 9

to

" _305-



e = Fig. 8& ul8i£57) Fig. 79 598 2¢ 3385%(2)
R R vl o chsh HISES} 187 s A9l e $9 SHE
1 ' ” IN, “ o
2 osfhi. BREAS 4 A Lo CNEEVNN £ Jehiz ik 2 A9e Borys ¥EE $EE B
c H H A t Al \
A AL AL Ye ¢ & Aok
VAVAVAVAVAY
Eos ¥ ALY : 5 i
LW W 1 d
2 -1 S !.;, stable
s <30 3
] "5 10 15 20 bl
Time (sec) H
@ 2
(a) Time response £ »
. »
v § 10 divergence
a
1 g unstable
D e
— >
05t /f_\§ % 10 20 30 40
///// \h\\ Yaw stiffness, K,(-10)
> ' \\\\ ) / Fig. 9 Effect of pitch and yaw stiffness for whirl flutter
Py \& /7 stability
-1 . 224
113 03 05 — z stable
9 <€ 20
(b) Phase diagram 2 10
Fig. 7 Converged whirl flutter aeroelastic responses ::'f
0
(V=180 ft/sec, £2=300 rpm) £ 1 unstable
15 n=. 17 2y C_V=1
. . ! ] " o Ko Cp o
1 A AR\ A' 0 10 20 30 40 50

o

Pitch damping, C,(-10"

I

Fig. 10 Effect of pitch damping for whirl flutter stability

\
\ o

—

____“‘.;--—1 .
- i P
———t— :

e ——
PO i

P ——

e ———

’__,,_——0—-"‘. v 4

.Displacements, 6 and y (deg)
[=]

05 ! ; 4.
1] [ 1, H
'_1 _'e z v," i“ Vi\,’ i j" ~ stable
—] %
15 5 - -10 - 15 20 z e
Time (sec) X
(a) Time response g
. R c
" I — Ta| &
o
/// \ 00,0 0.4 0.8 1.2 1.6 2#0
0.5 Non-dimensionat
l /// \\\ pivot-hubd distance, a
> \\\\ /// Fig. 11 Effect of pivot-hub distance for whirl flutter
0.5 \ stability '
I\ 4
s —— Fig. 9% pitch ¥ yaw 243t} AEE 994 o]
I A B Y- 9:5 15 Ae 9% n&F otk B A g HHzAL ¥
| ° P&E7} V=150 f/solnl, SEHHW S 2250 pm
(b) Phase diagram (V/QR=0.573)2 A$olth 298¢ ¥ yawth pitch

Fig. 8 Diverged whirl flutter aeroelastic responses 7A4o] ARz olF7} W WEYH AW pe A B
(V=187 ft/sec, £2=300 rpm)

-306-



AR gX AF WAgHo] vEhdE & & AUtk =F
pitch 8} yaw @80 2ol ZAo] REHRA dv AL UE
e 24 gdo] A S ¢ & Utk ¥ 1¥e
o) AL I HSE nlolx vl frAlEth

Fig. 10& pitchaF Z4lA47H 9Eed8 P4 wA
e 982 723 ook 2¥g B9 pitch W& ZaAs
7t AXA =HE EHE A FAE A pitch HEFL
2 a7sEE Bl Folse ARE B ¢ F Yok

Fig. 112 #rdlA I 7R 9 A=t A5y ¢
Ao xE APLL 1FY otk 1¥E BYE IR
A7) Hola4E ATy AL 288 FoAe A
gL HYS & F Atk A9, 4 2o wt 5
Azl olAte] Hd ThA] Ad BordS ¥ & Ae A4
Wepolmg Az HAdMe A He St A
o] #AHE WAE HAF D87t Ak ol okl Fig
12M % Y8 ERirtE3ith

500
——— 8:2
— - gmy
— 400 -+
€ \
g 4 unstable
- 300 \
[
@ A
a ~
D 200
s
s stable ~
@ 100 ~a
~
Y
0

50 100 160 200 250 300 350
Alrspeed (ftisec), V

Fig. 12 Effect of airspeed and rotor speed for stable

Fig. 12& w&zs} 28 n&ert E38 IR
AL 9%e nAY Rolo. 1YE vY 2H HHEE}
Z7ksb W YEHH HAA FAE 9 udsEe ¥
olAlof &e & 4= Utk ¥WHlE HFLErL wE ZoA
£ 28 NasEs} YolAe AYHE BIS ¢ 4 Atk

4. 8 B

2 dpdMe 8E9y sdg el 1@ 2AEA
-y A|2de Aolz2zm el FHEAE FA
of wh= ZEj(zede)7}t gy SAREAA Fdd 9
3 g4 AAFE Ade nEn. =% T2dee] 29
Zo] AFEE(V)9] W& pitchd} yaw W7 288 &
A% (angular perturbation) ¥%F FFL 1sto HHE
syt AAFes ARe fuzeaRe FEEe F
£ AAMSUL EdE ARA BiAE dPe ERFoR
A #3719 £x54 28 SEszrt FvlkeE o
Zag] BgAALL FU90, yaw % pitch Ao AZF
29Iy AAe F71EH, ol st AAE A
7l Zoldz HEFYE PFAE VFAIE IS
Bt} Sold Y sudM HE AF7AA] A W
Ay, HE Aol A 747l 9 F& IFAE BY

B a7 Add Hyzzale o 53¢ Y5
o] dis) 7Hg ZlRAeln FoY AANSE UR¥E
Tste] ¢ we ALl 7FsY FHol Atk W
A, &% degd 9 ZFE FF7|9 Aol 8E
2E R4 AES A% AN I¥AT) F85HA &
48 & A% Aoz woEn

% 7|

2 A7E FHieR Aoz FYske M| Tde
o) QAFAYATERAF A B AgeEaEP
SHNURDAIRIS Qo2 9893100 Add PAE B
s wguoh

]

g

(1) Kvatenik, R. G, 1992, "A Historical Overview of
Tiltrotor Aeroelastic Research at Langely Research
Center,” NASA TM 107578

(2) Kunz, D. L., 2002, "Analysis of Pro-Rotor Whirl
Flutter: Review and Update”  43rd
AIAA/ASME/ASCE/AHS/ASC ~ Structures,  Structural
Dynamics and Materials Conference and Exhibit, 22-25
April 2002, Denver, Colorado, AIAA Paper 2002-1602.

(3) A5, AYF, o] 9, VLE, WsY, 48, “2H
aAY He ol8d WA #37) YA BEY/ES
& w4y Ty AAA dF" FFYT$FEIA, AN
A, ABZ, 2002.12, pp. 46-55.

(4) AEF, AYFE o] ¢, e F w4y, BEE, “1&
HaAg JEe olgd ArA FF7 P4 HLL/2S
& u]Ay e AdRA 457 FFYFLFEIA, A0
A, A8E, 2002.12, pp. 46-5.

(5) Kim, D. H, Kwon, H ], and Lee, L, "Virtual
Flutter Test of a Full Configuration Aircraft with
Pylon/External Stores,” KSAS International Journal, Vol.
4, No. 1, May 2003, pp. 34-44.

6) Kim, D. H, Park, Y. M, Lee I. and Kwon O. ],
“Nonlinear Aeroelastic Computation of a
Wing/Pylon/Finned-Store  Using  Parallel Computing,”
AIAA Journal, Vol. 43, No. 1, January 2005, pp. 53-62.

(7) P%E, AN, Fad, 2HE 74FR oFF HY
& ol 'HERH B FEFL 3T B 20E
Boly] AEHAY, WFALSNFFEIIA, AI5E ALE,
2000 19, pp. 64-72.

(8) Bielawa, R. L., 1992, “Rotary Wing Structural
Dynamics  Aeroelasitcity,”  American  Institute  of
Aeronautics and Astronautics, Inc., United States of
America.

-307-



