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A Study on the Dynamic Stability of Advanced Composite Rotor Blades

Sung-Nam Jung*, Kyung-Nam Kim** and Seung-Jo Kim***

ABSTRACT

In this paper, the dynamic responses, hub loads, and aercelastic stability in coupled trim
condition are investigated for composite hingeless rotor blade in forward flight. The spar of
composite rotor blade is idealized as a laminated thin-walled box beam and non-classical
structural effects such as transverse shear, torsion warping and in-plane ply elasticity are
considered. The shear correction factors capable of describing the coupling behavior of bending-
shear and extension-shear are introduced here to consider the distribution of shear across the
beam section. Aerodynamic forces acting on the blades are calculated by two dimensional quasi-
steady strip theory and Dress linear inflow model is used for the distribution of steady induced
inflow. Compressibility and reversed flow effects are also incorporated. The governing nonlinear
differential equations of motion for extension, flap and lag bending, and torsion of the blades are
derived by using a finite element formulation based on Hamilton's principle. Results for the
effects of elastic couplings and planform taper on blade responses, hub loads, and lag mode
stability behavior are presented. The inplane lag motion is shown to be significantly influenced by
the introduction of the elastic couplings, such as pitch-lag, pitch-flap, and tension-pitch couplings
for the elastically tailored composite rotor.

P

E
5

£ dFolMe AR A 782 B8 A §4 7F 9 B, T S A
AR 5& A BA B AdelA FEdo FRAE 298 A At ok A
Ay n ELCQE‘%}%IP-U%, FAeke] Ay &3 WS 99, W 23 AT T2 A2

vz a9E5e zslgch EgAE B DoAY Adey $EEF 23] $Fte :al
Ay} AA-AG AAE 71+ F de ADEAALE =dskd ok HA ) FHe3te

1% e 22 £AHA F1H0 li° o] g3t T sty e, F3i8] 2d-L Dreese] A3 T"r"JE

15 o] gstgth b5 A9 2 AFES = st A, EE HH U I 2 A
o, :1?4’7 u|Ege] dAlEe] vebue A9 FH A5l & v]Ad¥ W42 Hamilton
o el A4 fFEeadS o143t FEsd FRAs 94 2 H1 HelHr} 2]
& A% s ¥atE, 283 o 2ese A vlAE 43S 2 fiss Y

wx dRRT I
wxk Aot 33



140 A A7 A=

RESSHEEZGR

71 4 49

FXH’FY[{,FZH : Hub z—}-.%‘ 63 }é% A’D’ A’lc’ A’]s : %O‘JB] }\g%
M, .M, M, :Hub %4 dl= 4¥ 6, 4 A7
o L5 e B A 6.6, F571 A A
& Ep €, - HEE AF 6, 72 29¥ X7
9, - 3] upsF B4 Azt Yoo Yup e+ Cauchy $% A%
A g elo]=n] W - ik}

L4 & k.

Ar7E B¢AEae FAN A4 2 s 54
o] 3t dmy] FF$F FREe AL
AlApskg s, HE71A] 2 54 WY s o 9=
ol lch. 53], 37 e] &F7] Hokella] Hga)ae
52 S st A AR F2ELS A
A 782 2EY Fulojs 2985t S8l
= 5, w54l 71l "ust gt olelgt A
el B R 53] Beol= )Xo g I
= 80 Fuk o] FRE] HA7A] FF3E] o]0
A gt}

Panda {11 Axln] A B 3xe]e
FTHEAETA Ao gt 4 dFE Fee
g ol &5t Syt o] AFE Bz
2ol vz LIAEE of 3R FA§ Hong &
[2]9] D<= WY7)5}E o) &8t Qo Bgas
9 AFZE 0|47 AF 7y dFe sl
B F9t}. Smith (3] o] ATE FA)sle
= 3 Ak Wy Fvtel 93 Tof nvjuAs
AAEE 28y, EAY A2 725 g B
FAE Eeolzo dis) 54 A2 a8k u}
sith. o volr} Jung 54,512 S8 Dol
Al ZEA YUE 2 A B s 3835ty
A PA B R Bl = gy FEA &)
A& 35920, o]g Cowper[6l7} SHA
"ol dhslA Fr=d 8l e ADRAATE 59
stch #E, Kim S(718 Abz o gl oFe )
2 e 2 2gAE B o] MAEs o
Uzl 57 slzbete] wrA SR g2 whale
2 ARBAALE BAE7] 9% A7 ss)

olAe] W FE Heol= TR g A7
= T2 1Y Wy 378 vl 71l o] 59
Ao A AeE AR 23 wlAdY ge A AA
L2 AAs 7l o] B8l AAHY B o2 S AHg
AR AT ZEo|). Rand(8]= f3tle] 34
FE o83l ¥l EH 2 FPd g3 =
SH S zeiste] BitAlg Bdolze] FA
%S A¥pgten], Fulton £[9]¢ oi#d »
o]l slztsle] AAnIPA BgAg Al
A AFE A vl gloh shA, AW »
o] &3 dil == o]’ AT ofA AA|n|E )
Mot Eelol=o Wy A% 7&ol SeHe] gl
T 5, Bt AARE A9 875, "7
delFe T2 A FFe A o2
g3k 9l AR o))

E APl M E T8-S 83t Axln]gy
Al B R Beelxe] T vhAdshy ok EA
& 2&AsY . F2 292 Jung $419] 9Tl
|23, by gapo) o 939, e o))
i3 55 e} B3 2 9o A
<8 EXE zesr] Y5t YAk 2 A
A A5E 7168 5 e AR AASE =9
gt 34 A E A uict Byo]=d e
e F71ES 44 371y o2 g e Fa)
, AR f&A mnel FAwe] gRa5 T
£ mElglc) ol 29E EAL $A35
HA A T2 A4S 2EE diA g w3
o2 A, 47 A4 Bdrt FshA et
UEE dldeA AA Beol= AAA 83 =}
B2 88 75 EE g

N

o e

.:



F10% 4%, 199712

3 2¢AE A T4 RN H A7 141

2. $EWRANY 74

B A7 e D FEE AR TEeld FA4
o N B4 WES ?‘5P= EHol=2 /1A
o). Zhzte] Bejol== gk w}E} A (u), T3
w), A2(v) 2=is ¥ a%(tﬁ) 74 Jlalél % 9]
=2 FAsge Bl F2E o BoE T
Al g A A B YR uf—ﬂ%%}ﬁiﬁ, +
#ol=of sl YRR T 58 et
3 7}t Fig 18 2 QoA o] 43 &4
ol= W3y AT st} HEAF Eﬁ%—rl 31*%

T®lel] vehd ule} o] Bale]=e] Wyg 7]
%3}7] 93 FE3AE vIA B 2 F3A
Xy ~Yy —Zy, 88 A FEA X -Y-Z, Edo]
zo| HyYA HFA x -y -z, 223 HIYF FHE
A E-n-¢2 FAE] Qo) od], A FHEA
x-y-z¥ du A F3A9) 27| LF74 B9
Zrzol olch. g, Az welel E9 W= A2
8w S wbek Ay ojg YAEL

2 FADT). o2 4] 0.2 vehie T ek,
V=V, + Vs
WS W ok W reeeeess (1)

o714 3R} b
%}%%‘ AEE UrEME}
Bolze] Au] &% WAL olget L
Hamﬂtongl A5 Agsle] Faie.

TPy e, s A

[ 6 - o1 - oWyt =
1

Fig. 1. Rotor blade coordinate systems and geometry.

o, tynE Al Azg dhehpe,
U 8T, W= A% WHE Sl W, 2%
ouixle} W, 223 vluE Fo9e] 4 oy
As) waAe debich 1ae oix Qs
27} vhe e 34 & ool Belol Wslol o

gAML 2 fr=d 5 lrH4l

&f=f:ﬂ;(on6aa + Oy 06, + Oy 0, ) dAdx - (3a)

or :J-vab . 6Vb AV wrresremrsre s (8hb)
0 R
W =] [Ludu +(L,, +Ly, ) + &)+ Ly, +Lu,)
0
(5‘4’;,+5Ws)+M¢5p]dx .......................... (30)

og7A A, Ve 42 Teelee] A H AA
L g3, pE EYelEe ARV, E A I
A HEA FE5E 7|FoR HYF Bl A
o] qloje] Ao 458 b, Lu, Lv, Lw, M,
& 7ztzt Bajo|= Zo) whak, wlo W e w1
23 A Wk 371 AEEolth. Aed Hiet
o] Ho 2 B9 ek Y A 474 ¥
@y,> Lo, )# A 8H ARLy,, Ln) 22 el A
T},

A9 oix] B3AL HFAH o2 EHol=
9 g2 rleste, AAwy] =S
gt B3hAlg 2o A wAA 2 W
= GAALE Jung S4]e AHE o]&Eigler,
g71E 3 A Wy a3 o 99, 28lm
AR AARTE =8 9 $HEEE =3}
3 Qlch BHolzd gt Fr1HE rRA e
2 23 FAA 3718 o2& B3l T, F
718) A=F Fte) o7 vwleE FEE 2§

oﬁi%ﬂ r.E

o} Belol= A9 #4i8] £F & Dreesd 4
$relu] mal g o) g3, o] & A o2 FH3}

kg3t 2t

A=A{)+chstu’+aqsxsmw ......................... (4)

A71A Ao A, Ay B BAE A8 /‘a‘%—% et
Wz, v Bl = sl w8zt &
2l g Eeol=s 14 Moz QI ,_thg
GEA Bl AAl B = A9 Sk 9
e FAEY 9F 298 3718 AR 2
2 shseH10].

4,4
<
El



142 BRd - A - ez

BESIOHESEE

3. 4 A

@Al FEeam S A-§3te o]4sg E4o)
= Al &5 A P o3 2L 2 A
& P ERA AL 44 "o
M@+ Clg, wa+K(g, Wa=F,q,q) e 5)

A7 M, C, K, Fxe b2t A=, 233, 74 94
2 oY e & Jehlin], g Eeolz g o
g ks el 9o} Ay PHEL v Y
o], ¥l BE F7)H o] a4 v SAL 7R
of, 42k g yE ZAE G FAawae) g9
o] Aol digk 2] e S AAstr] e B
olx Aol whef ¥ oz} A wFow T 43
LaHE A4l d9d &4 daeEe FA
sl TH11l

A A BgAls A Y gAleH
A AL EAlge] dAFe] ggew ¥
Aot Eeolz Zp2to] gt B HE A2 dA A
A EE & Fale o] 273 94 3
YL ZA FA HYaa, 2ol H s A
A 283 FHEEE A o2 e Sl d
A BN E sPstr] e BHolze wxzt
2 FA AAE e g8 1A vjdA =Y
HE oA Hed, o] RES 94 =Y w40
28] 27X 2 ol 4dr). uldA Bl WAL 7
A2 2y FA9 53 4] 3 /)9 &, 9
2, 812 37 BulE HY w4, gel3 Z9
TS e A BEol= gy wAAew 2
At Edol= Py Beelm o] ulakd
ik 37 £ 2 FAA) g 4] 28 3l
2HE A A L3t Faie, A4t A Aze
st 2 28 a3 4L AH 9 2te) g
Lol WSS BAYUY. Eaol=e £Xo0
2 e F1E BA4Y ) YA Hue F
7144l 3hgFo] A4she=r, o12d B 24 515
-2 3] ¥4k (force summation method)& ©]-&3}
of F3he, AXbE HE 3L FA9 Fy&s
T& w oAl o] 4=e). o]adt Arkx dgma
A A HY, EHol= FI s, suslFe A4
< e WHoE FAgslm, A4 H4Ee] e
22 W ee Eof & w7bx] HbE A4lsed ghA gt
A BHHAE FHER Teade FAsk

Uncoupled Vehicle Trim ]

Control setting and vehicle attitude
{/1nitial Guess of coupled trim iteration

2| Solve Blade Equilibrium Equation l

Obtain steady response using
v Time Finite Element Method

Calculate Steady Hub Load !

+ Using Force Summation Method

Solve Vehicle Equilibrium Equation

Update Control Setting and
Vehicle Attitude

Convergence

Stability Check l

Using Floquet Transition Matrix Method

Fig. 2. Forward flight solution procedures for the
rotor aeroelasticity.

o} olelgk A B3y A4 FA L Fig. 200 el
o}
A NS AAs, Bz n{A%T
T I AF B=E 1Y o] A A
Abste], o] 238 AYstd 4% e WAL
Tk o] Y3l ol uA4]S Fouri-
er ¥ W3 F Floquet ]2 o]&3}o] alA
A BAE gstgd o2l

4. 23 gl HE

@A A3 AL 22 {-Jdd(soft-in-
plane) A& 2 F8x] E3tAg A o
3 54 <A S-S skt s)4 ) o143
FHolz= Weller[13]7} A¥ 7oA A3
MBB BO-1059] &4- A1§ rd g4, o] AlA4 &
2JFe9 w8 BA1} fA8l=2 Fround-scal-
ing ¥ Zlo]t}. Table 13+ A ite)| o]-4-% de]z]
9 B4 FES BAFT Qo) EHol=E: AS4/
3501-6 Graphite/Epoxy 2§48 =}u| s A}z}
X e A3 Fxoln, 47y EAAE e




10 E488, 1997.12

A BiAs A F4 A B 47 143

Table 1. Model rotor properties

Property Value
Rotor Radius, R, in 52.8
Chord, ¢, in 3.70
Rotor Speed, 2, RPM 660
Lock No. v 6.5
Solidity Ratio, o 0.089
Thrust Ratio, C, /o 0.08
Hub Vertical Offset, h /R 0.2
C.G. Offset, X, /R, Y /R 0. 0
Hub Length, x,, /R 0.015
Hub Precone, B, 1
Blade Pretwist., 6, -5
Mass per Unit Length, m, slug/ft 0.00866
Flat Plate Area, f/7R? 0.01
Tail Rotor Radius, r, /R 0.2
Tail Rotor Solidity, o, 0.15
Tail Rotor Location, x, /R 1.2
Tail Rotor above C.G., h, /R 0.2
Horizontal Tail Location, x,, /R 0.65
Horizontal Tai. Area, S,,/#R? 0.008

5} o} E;=141.2 GPa ; E,=9.79 GPa ; G, =
6.0 GPa ; v, =0.42,

£ dFe B389 A 51} bgAld 1)
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Table 2. Different Composite box-beam con-
figurations

Top Bottom Left Right

Baseline | [90/0)2s | (90/0)2s | (90/O)2s | (90/0)as
Sym A | (90/0)2s | (90/0)2s {(00/(0/0)3)i(302/000)3)
Sym. B | (90/0)2s | (90/0)2s -302/O0/0DE-02/00)3
Sym. C | (B0/(00)3) iBR/@0DE (90/0)2s  (90/0)2s)
Sym. D | F0RA00)3) 302/ 000 (90/0)gs | (90/0)2s]

Anti-Sym. A |(-30/(00/0)a) } (302/(90/0)a} {-302/(90/0)a); (202/ %0/ 0)3)
Anti-Sym. B | (302/(00/0)3) {-202A90/0)a); (302/(90/0)3] -302/(%0/0)3)

Table 8. Rotating Natural Frequencies at normal
rotor speed 2=660 RPM (/rev)

1% Lag | 1% Flap | 1% Torsion
Baseline 0.721 1.124 5.017
Sym. A 0.701 1.129 5.322
Sym. B 0.701 1.129 5.322
Sym. C 0.720 1.116 5.672
Sym. D 0.720 1.116 5.672
AntiSym. A | 0.701 1.122 6.281
AntiSym. B 0.701 1.122 6.281
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Fig. 10. Effects of pretwist on the lag mode sta-
bility with forward speeds.
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Fig. 11. Effects of planform taper on the lag
mode stability with forward speeds.
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Fig. 12. Taper effects on blade steady responses
with azimuth variations (u=0.35).
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