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ABSTRACT

To reduce the drag rise on the advancing helicopter rotor blade tips, the tip of the blade is modified to
have sweep, anhedral and pretwist. The equations of motion of rotor blade with these tip angles were
derived using Hamilton principle, programmed using FORTRAN and named as ARMDAS(Advanced
Rotorcraft Multidisplinary Design and Analysis System). Rotating frequency analysis of rotor blades with
swept tips was performed that is necessary in conceptual and preliminary design phases of the helicopter
design. Vibration analysis of non-rotating blades was also accomplished and compared with
MSC/NASTRAN results for the basis of comparison with the vibration test data. The rotating frequency
analysis of blades with an actual rotor blade data was also performed to verify coded program and to
check the possibility of a resonance of an actual rotor blade at the specific rotating speed..
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Table 1 Design specifications

Items Full scale 1/5 scale
Rotor dia(m) 110 22
Chord(mm) 320.0 64.0
Solidity 0.074 0.074
Airfoil VR-12. 15 VR-12, 15
Mass(kg) 377 About 0.3
rpm 383.4 1917.0

ShRAZXSIEEX/A 10 A A 2 F, 20008/ 233



3 5 9. Yang, Wei Dong- 3 @ &

VRI2ARFOL
04t
02}
3 .
g | ‘h'\*\w 13456 »
2 123456
> 02t
]
k‘ 123456
04}
T ae 28 P W Fig. 5 Boundary condition of analysis model
Xposlion @9
Fig. 2 VR-12 Airfoil section 2xEo] ZHAgke WA HEAN U7E AL 53
VRISARFOL dlof sttt A7IME ol 7 g vHH 2Eyor ®
, : , , , , Y2 ate] MSC/NASTRAN for WindowsE AM-3ted ] 3
oaf | A Z2E 7l g Y4559 B2 e el
FE e /e IFAEFE ¥ T4 999
a2} J 2~3M9 RzolbZ Ze(flapping), ©1X ) 1(lead-lag)
& I8 & (tosiona) EEE EFE= 108K RE71A
§ wp <O T A4 FAstgth 7 R BEMS Helse BE Al
3 Table Ad] THAEFS YT BEH A% u_cjg
> 1 g (mode shape)E& Fig. Aol Jehldd. Rte] EAe
7P Freld 2F FHE V1EeE xdsinh
Qe t 1
L L 1 ! 1 d Sl A A A
08 a2 a4 06 a8 10 3.2 3|8 Hisiol ME St H3t oA

£ dtelA Zwﬂ 2P kst 2EY %ver
& Fae MG FAY F Jo ArME 7
2l 73-g-of ﬂs}a? 34 st 2 Fug W3 sy
& f%‘o}‘iiﬁ} WA 72 2l st 4 s
71 98 2ERAA Hapeke] 31x AL 1.38E+06
(Nm/rad) 0.2 7WR&9 Y e, ey wrske] 38l
AR Qe AR sMgsta Asste Fig 69 YERIY

_,_
3
B 2

o

of E@ AR S Fig. 29 Fig. 3ol 2EIAS) Aok .
£ Fig. 49) vehhgit

ZEAS HERES EPs] 2079 B 242 RdY , i

ahaich ZEI(root) R M 218 (airfoil) o] S8 Al grat g w ’_/’/ “
E FEAlel: wRle) et mek Wil AlsAn 2 *///
Skl AAe] A g MEHOR Wity 7P sl AAb £ 743{
3ok, 190 // 2
w3 AAZA) Wl um THAESRe] Wake T ) e e
- _ _ . L] 500 1000 1500 2000 2000
6}‘7] ‘?’]3}1 Flg. 5 }’ 7Lo] 27H o] i%‘(amal sprmg)?)r Rotating Soead (rom)
370 9] 38 A= 2 (torsional sprmg) i Rdgdle] 2 BE Fig. 6 Changes of natural frequencies(flapping and
of Hasl & FMPssict lagging stiffness =0)

2000

[\
o
[
~
d
1
i
o
rz
0 J
i
™
>
~
3
ru
2
[\]



FE7H gl Ut

g8 2E e AAFHE 84

o] W ¥X B BEY ZAng 022 7pEEdd. ol2® =
A4 1917 ipm e 2 3| MAl ZHAEFE 22 Co el
Wtk Fig. 7olME #43 2ES AR 3 S
g, 392 ¢ "3 oy @dAs BFE
AeHg wel e wstel o %
JeRY, of welx BNz 2 wEY 7
&t

T3 AN wE 2EZQ BEY o] H
Sof Fag wWEE @EINV] HE FA A
1.38E+06(Nm/rad), #1=el2, e wake] 314
Qe ALz MRSt HA B ¥EY 2%t 0d B¢
B AR GRS 10% F7) 2 N#HE o 5]
W2 R WA HEY Lo 1HAES HIE 7%]’5}3}"4
Fig. 8ol “ERH At

ZEA A S04 oel GUgkel Wkl mE

FREF S AT AL ¢ 4 ok Fig 9%
v x7zs 8 EY zho] 07, F-H7ZH(sweptback angle)o©]
20 d o, A @l Ui 2RHAFTY WIlE Y

r
et

o
=2 E rfo rlo oX

Oi
oX oX

I-J

S =
500 6F
450
hady 5F
L 3sof 1
E ! a4
300
€ . v———// 3L
2 3F
g 200}
0 [
W 1sof 2L
i 3
1001
"
0 ey L 1 L 1 1
o 500 1000 1500 2000 2600

Rotating Speed (rpm)
Fig. 7 Changes of natural frequencies(hinge stiffness=
1.38E+06)

18t Torsion
380
- 6s10% Ft
360
350
340
330
320
310
300
290
280
270
260
250
0

GJ10% 2

Frequency (Hz)

500 1000 1500 2000 2500
Rotating Speed (rpm)

Fig. 8 Natural frequency changes due to changes of GJ

500

400

300

200

Frequency (Hz)

sweptback angle = 2° 8F

1T

! 5F
F/‘/
aL

_//”/ o

—_—T 1

) N
500 1000 1500 2000 2500
Rotatina Speed (rom)

Fig. 9 Natural frequency changes(sweptback angle=2")

o} ol9jilz dE ]
7h B WA B, A fR S, R oA 299, A
A HEY ZEge A tﬂ@r‘)ﬂ et I ]%—?94
stE Fig. 109] (a). (
| Z-Elz}o] wslel [ﬂr% 701‘7“%-’::-4 Halg Ho
d Hool ey Ry FEzZR wsle g ¥

FEZE 4 ~600 7HR

(b). (o), (Dol vepidict. ®EH

A0 WEE AY 98-S ¢ & ok

1st Lagging

e

swapthack
angly

—2'

——t

—_—2
—200
—3
—n®
m—50°

~
e

Frequency (H2)

T T T T —T —T
500 1000 1500 2000 2500
Rolaling Speed (rpm)

(a) Natural frequencies of 1st lagging modes

1stFlapping

twepivack
angis
—1
———l'
—2*
—
—a0*
0"
—s0*

——p0

L

=AFTE

R A . )
500 1000 1500 2000 2500
Rolaling Speed (rpm)

(b) Natural frequencies of 1st flapping modes

SER/A 10 F A 2 5., 20004/ 235



e
ol
.ts

H - Yang, Wei Dong- 4 d

2nd Flapping

swoptback
sngh
—_
p——
—12

—_—20

Frequency (Hz)
T

—s0*
—_—
—=50°

0 50‘0 IOIOU 15100 20.00 252’0
Rolaling Speed (rpm)
(c) Natural frequency of 2nd flapping modes

360 1st Torsion

—
=

340 P swapiback
angle

]
bt .
320 b 1
——
—12°
]
[y

00 | —
—'
200 F —0
—t0

——g0"

[} 5ulo 1000 15‘00 20‘00 2500
Rotaling Speed (rpm)
{d) Natural frequency of 1st torsional modes

Fig. 10 Natural frequency changes due to changes of
sweptback angle

gajzte] 07 o wf, L HEYLE 0
H3tAA 7he A WA B A oA S, 2 A
4, A WA HEY EE%Q] 3 As W] gk /3
T HEE ZEs & A Zdd HE
IHAEF7E o YL O
= A gtk HEE Zho] 8 A o, 7S
-20° 7HA RSIAIA Al b= 7&% A3E e
Fig. 11& Qﬁ'r “ﬂﬁ}‘)ﬂ o) &
E 2B 3d5(Hz) 2 veg
3 dth 047]’\1 )% ‘%}3&9] A =
L3BE+06(Nm/rad) ]2 Zehg 2 )2 3x|e
= 0, @70 AA F gL 002 7HYskn
EH AA 27F F sl ZEAY IRAEFE
2E 3A&re ool YXER] GeAE Lopry) 9
3 Fig. 1201 Q./ Q.35 Aol 283 A el
Aok A WA FUgd F oA e A4$ $8s5n
(1917 rpm) F-&llA ZEZ H59 Gpujeh 43 &

‘f: iﬁ
[l
Iy
1o
k]
Jo
e
olft
jz,
S

! ﬂ oX
o
=

ol 99 2 4 A A W ARA eAE TAEY
A% F70) dol H5H40] B % 9

236/et=2STSSEX/A 10 B A 2 &, 2000

OMEG/OMEG (1/REV)

0 500 1000 1500 2000 2500
Rotating Speed {rpm}

Fig. 11 Variations of 2./ £, with rotating speed

500

Frequency (Hz)

1 n

0 500 1000 1500 2000 2500
Rotating Speed (rpm)

Fig. 12 Comparison 2./ 2, values with revolution(rpm)

AANA SE= G £5%UE AAUIRE Hat

I 0~2500rpmel] dial AL A PR F7he
FHEE A A @9 AS 0~1250rpm  EZHA
Q. 249 #ol 5 19 5%z 57 A Hn =
2] 739 1050~2500 rpm -7l A A4 19 £5%00u,
7 HA g S 1150~2500 rpm Tl Al RS 29

+5%°1H, A WA vlEES ¢ 1910~1925rpm 7ol
A A 119 £5%010 Tkl Eof F39) /HeEAE B

TI’- 015}

=

33 H3|™ ZHS NRHESHT

B dpdAMe FJdste dEFgH 2

A& AHEE ARMDAS =219 A=
ARMDASSH MSC/NASTRAN =273

At BollA vty F As &2 fﬂé
A

28 BYAZ ALALCN 1 Ad

2
P

rEord > o



FHEZ @igel e deFH 2HZY dFus A

F AEFEel A9 dAsH 1 9e]

I
TEG~10MA RE)dAE okzhe] zpo]E Ho|xwlk i
fe) _)]; [e3)]

$E CO REYY ool F§ Bst i ol
o 8419l 1917 pmol M S 7o)

FHEAN P2 Aushs LEGAR of
: ]

ot
Y
]

2al

81412 CAMRAD %
bl e 5 oglon}
2Ide @Al pusol
Tol M WelgE g A
| shel mEle] gkl
2 BlEYze) A W A
FUAH SE9 ZRIBS At

B 4 e ettt HgUA 26
1

e

e

)

ro

&,

ic)

i

o

[l

. o

o
)
mR
o ©:
~N
3
)
i
st}
P
2
=y
o
[kl

o
do,
i ol

o,
=
24
O]
=)
o
1K
il
id
fact
>
ol
e}

O
9
Q
.Alr
>
oxl
o
v
rke
2
4

L X

9'_1_‘

B orieorr
-z
e ]
ofx ¥
o
N
ox M
o\
ko
o
ko
by
o

N
-

m
do

it

o 1o
K

ot
A,

( it lj
N
H

ol

=

T

N

Eh)

offl o
%
i
o

i

a

Pt

do
Mo SN o

L% 8 N

);
o ;J ™

O -

P oo
Loog o) md | ot
Hoy ok & oot
o Lo 2
il N

N
w E
ﬁ rir
E T

=

&

&

2.

=]

0Q

&

*(TT;

ok

N

N

kS

o=

of

% 4
oo
ot
£ [
)
1z

_?(_’,

0,
s
U
o
Py
1o
K
Jo
e
offt
-
N
N
tot
o2
&
1o

.....

i
e
N

T sk g ws 5 ue AANe

~ d folr ol
IOOL_“—E‘WQFVNEFBQ—QJ
gl o ofl of ox
ro U 2
[Ny
W T s o o
=l
o g o =
LA _JH N ‘r
i3 s E
o
U
R e
P Fo |
{1
0 S
ol _:)
e u H
3 i
y) ilo
= I
= ol
ol
g
s fuoofr
o=
N
N

o
d
fit
)
offt
>
jsicc)
)

lo
i3
opp
et
o
o
ko
(o3
S
n n
1o
4

2

2}

r ol
N

N

b

MU §E O orR oo 1 ol oY o oox 2
—LJ_I_L.:
s
~
|
1
O}
D

Sorg

O;‘
e
2

re re
re
4
rr
©
O
o
X
2ol

itd]

o 2 ¢

(1) Desopper. A. 1985, "Study of Unsteady
Transonic Flow on Rotor Blade with Different Tip
Shapes” Vertica, Vol. 9(3).

(2) Celi, R. and Friedmann, P. P, 1985,
"Aeroelastic Modeling of Swept Tip Rotor Blades
Using Finite Elements,” Journal of the American
Helicopter Society, Vol. 33(2).

(3) Benguet, P. and Chopra, 1.. 1989, "Calculated
Dynamic Response and Loads for an Advanced Tip
Rotor in Forward Flight.,” Proceedings of 15th
European Rotorcraft Forum.

(4) Kim. K. C. and Chopra. L, 1990, "Aercelastic
Analysis of Helicopter Rotor Blades with Advanced
Tip Shapes,” Proceedings of 31st AIAA/ASME/
ASCE/AHS/ACS Structures, Structural Dynamics
and  Materials Conference. AIAA  Paper No.
90-1118-CP.

(5) Rehfield, L. W., 1985, "Design Analysis Metho-
dology for Composite Rotor Blades,” presented at
DoD/NASA
Composites in Structural Design.

(6) Weller, W. H., and Davis, M. W, 1993, "A

Modal-based Procedure for Efficiently Predicting Low

seventh Conference on Fibrous

Vibration Rotor Designs,” Journal of the American
Helicopter Society, pp.62~73.

(7) Cesnik, C. E.S. and Hodges, D. W. 1997,
"VABS: A New Concept for Composite Rotor Blade
Cross-Sectional Modeling.” Journal of the American
Helicopter Society, pp.27 ~ 3%,

(8) Walsh, J. L., Bingham. G. J, and Riley, M. F.,
1987,  “Optimization Methods Applied to the
Aerodynamic Design of Helicopter Rotor Blades,”
Journal of the American Helicopter Society, Vol 3,
(4).

(9) Cesnik, E. S., Cesnik, Hodeges. D. H. and
Sutyrin, V. G.. 1996, “Cross-Sectional Analysis of
Composite Beams Including Large Initial Twist and
Curvature Effects,” AIAA Journal, Vol. 34, No. 9.

(10) Millott, T. A. and Friedmann, P. P.. 1994,
“Vibration Reduction in Helicopter Rotors Using an
Actively Controlled Partial Span Trailing Edge Flap
Located on the Blade.," University of California.

Sr=ASTESSEEA/A 10 A A 2 220008/ 237



3 3 - Yang, Wei Dong- 3 A .

Mechanical, Aerospace and Nuclear Engineering
Department. NASA CR-4611.

(11) Robinsion, L. and Friedmann, P. P, 1991, "A
Study of Fundamental Issues in Higher Harmonic
Control Using Aeroelastic Simulation,” Journal of the
American Helicopter Society, Vol. 36, No. 2.

(12) Ormistion, R. A. and Hodges, D. H., 1972,
"Linear Flap-Lag Dynamics of Hingeless Helicopter
Rotor Blades in Hover,” Journal of the American
Helicopter Society, Vol. 17, No. 2.

(13) Celi, R., 1987, "Aeroelasticity and Structural
Optimization of Helicopter Rotor Blades With Swept
Tips,” Ph.D. Dissertation, Mechanical, Aerospace, and
Nuclear Engineering Department. University of
California. Los Angeles, California.

(14) Friedmann, P. and Kottapalli S.B.R., 1982,
"Coupled Flap-Lag-Torsional Dynamics of Hingeless
Rotor Blade in Forward Flight.,” Journal of the
American Helicopter Society, Vol. 27, No. 4.

(15) Jacob, H. G., and Lehmann, G., 1983, "Opti-
mization of Blade Pitch Angle for Higher Harmonic
Rotor Control,” Vertica, Vol. 7, No. 3.

(16) Lehmann, G., 1985, "The Effect of Higher
Harmonic Control(HHC) on a Four-Bladed Hingeless
Model Rotor,” Vertica, Vol. 9, No. 3.

2 =

Table A Natural frequencies of a non- rotating
rotor blade (NASTRAN Z271% A}l&)

No. | Mode characterization Frequency (Hz)
1 1st Bending 461
2 1st Lagging 16.45
3 Z2nd Bending 29.26
4 3rd Bending 80.49
5 2nd Lagging 91.76
6 4th Bending 151.69
7 3rd Lagging 240.34
8 5th Bending 25747
9 1st Torsion 348.11
10 6th Bending 365.14

238/3t= AN SIS X|/A 10 E A 2 3., 2000

4th Bending(151.69 Hz) 3rd Bending(80.49 Hz)
Fig. A Mode shapes of a rotor blade
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Table B Natural frequencies of rotating rotor blade Table C Natural frequencies of rotating rotor blade
(spring stiffness of elastic constraint at pitch = (spring stiffness of elastic constraint at pitch =
1.38E+06, stiffness of flap, lag hinge = 0, 1.38E+ 06, stiffness of flap, lag hinge = 0,
pitch angle, twist angle = 0, rotor speed= 0 pitch angle, twist angle = 0, rotor speed = 1917
rpm, ARMDAS Z2 73 AM2) pm, ARMDAS Z2 713 AL
No, Mode characterization Frequency (Hz) No. Mode characterization Frequency (Hz)
1 Ist Flapping 476 1 1st Lagging 20.88
2 st Lagging 16.46 2 1st Flapping 33.25
3 2nd Flapping 2954 3 Z2nd Flapping 63.18
4 3rd Flapping 80.92 4 2nd Lagging 107.2
5 2nd Lagging 91.24 5 3rd Flapping 112.3
6 4th Flapping 155.52 6 4th Flapping 1819
7 3rd Lagging 238.24 7 3rd Lagging 25738
8 5th Flapping 255.36 8 5th Flapping 2770
9 1st Torsion 34799 9 st Torsion 351.5
10 6th Flapping 359.52 10 6th Flapping 395.1
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