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ABSTRACT

The constant lift rotor (CLR) employs a control input of
pitch moment to several airfoil sections which are free to pivot
on a continuwous spar, allowing them to change their pitch to ob-
tain the desired lift. A flap-lag-torsion flutter analysis of
a constant lift rotor blade in hover was developed. The blade
model assumes rigid body flap and lead-lag motions at the root
hinge and each strip undergoes an independent torsional motion.
The results are presented in terms of root locus plots of camplex
eigenvalues as a function of thrust. The effects of several par-
ameters (including strucural damping, center of gravity and elas-
tic axis offset from aerodynamic center, compressibility, pitch-
lag and pitch-flap coupling) on the blade dynamics are examined.
With a suitable combination of lag damper and pitch-flap coupling,
it is possible to design a constant lift rotor blade free from
flutter instability.
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SYMBOLS

a. Reference lift-curve slope (5°7/rad)

c Chord

5 Blade section drag coefficient

c, Blade section lift coefficient

Ch Blade section moment coefficient

Cop Rotor thrust coefficient, T/np92R4

D Blade section drag force

e Hing offset from rotation axis in terms of blade length %

g 8 g z 9g Structural damping coefficients

I, Moment of inertia of blade (flap)

L Length of blade from hinge

L Blade section lift force

M. Blade section aerodynamic moment about aerodynamic center

M Mach number

QB'Q;’QO Perturtation aerodynamic moments at hinge
i

QBO,Q‘;0 Steady aerodynamic moments at hinge

r Blade radial station (from hinge)

R Rotor blade radius

RB Pitch-flap coupling parameter

RC Pitch~lag coupling parameter
. Ratio of torsional inertia of ith strip to blade
* flap inertia

5 Strip width (i) in terms of blade length 2

T Rotor thrust force



Blade section normal velocity

Blade section inplane velocity

Blade section resulant velocity

Chordwise offset of pitch axis from aerodynamic center
(positive forward)

Chordwise offset of cg from pitch axis in terms of
blade length (positive aft pitch axis)

Blade section angle of attack

Angular deflections

Static deflections

Precone

Initial settings

Blade lock mumber, parcst‘l/Ib

Built-in twist

Rotor inflow ratio

Nonrotating natural frequencies of blade
Nondimensional coordinate, ri/z

Air density

Sclidity ratio

Induced angle, tan ! u p/uT

Rotor rotational speed
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INTRODUCTION

In conventional rotors, lift variation is achieved by pitch
control input to blades. For a constant lift rotor (CLR), the.
lift variation is achieved through a control input of pitching
moment to the blade and allowing the blade to change its pitch.
This helps to alleviate the oscillatory loads on the rotor.

Constant lift rotor employs a finite number of segments pivot-
ally mounted on a continuous spar and the pitch of each segment is
determmined by the balance of centrifugal, aerodynamic, control, and
frictional forces. Each one of the airfoil strips is directed
through a control rod to achieve a desired amount of lift, There
is chordwise offset of elastic axis from aerodyr-. .ic center (forward
direction) and the strips can float freely torsionally.

In the present paper, the flap-lag-torsion flutter of a con-
stant lift rotoc blade in hovering is investigated. The equations
of motion for the shaft-fixed dynamics are derived for a blade with
finite number of spanwise strips. These equations are linearized
about a trim static solution in hover. The blade is assumed to have
rigid body flap and lead-lag motions at the root hinge and, also,
each one of the segments can undergo independent torsional motion.
Quasi-static airfoil characteristics are used to obtain aerodynamic
forces (stalling is not considered, however). The results are pre-
sznted in form of root locus plots of complex eigenvalues as a func-
tion of ¢ /o. The effects of structural damping, cg and elastic
axis oftset from aerodynamic center, compressibility correction,
pitch-flap and pitch-lag coupling are studied.



EQUATIONS OF MOTION

Fig. 1 presents the blade configuration considered for the
analysis. The blade consists of N rigid strips, M connected
to spar through torsional springs, and its flap and lead-lag
stiffnesses are represented by springs at hinges offset by a dis-
tance ef from the hub. The hinge sequence is flap inboard, lead-
lag and then torsional motions outboard. The flap angle 8 is pos-
itive up, the lead~lag ¢ is positive forward, and the pitch angles
8j are positive nose up, The hub has a precone angle Bp. The
blade rotates at a constant rotational speed Q.

The linear equations of motion are derived by assuming the
response consists of small perturbation motion (B,Z,87,...6y)
about a steady deflection (Bg,%o). In general, terms up to second
order are retained in flap and lag equations, terms up to third or-
der are retained in torsion equations.

Flap eqn.:
- . 3 2 N
B + 2(B°+Bp)c + (45 etvy )B + gBB - f Rm go(el+el)
3 N -
"2 XS $(BiFEgp)(e4e,) = QB/Ibsz (1)
lag egn.:
N

.. . 3 2 °
T - 2(8,%8 )8 + (FetvT)T + gL i Rmi(60+6p)9i

. o . _ 2

3
+ =
2 cg;

X

e 2

Torsion eqn.: (ith strip)

. s 2 .
Rmi{ 0, r;08+(l+vei )6i - (Bo+8p) c-r,oeweie}

* Mg Ug, 5163- 5 8, (E5+6;,0) (B¥8)+ 3 5, (5, 1vEy) [0, 2-2(8 348 )ED)

_ 2
= Q/L 0 (3)
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th

where Rh\ is the ratio of torsional inertia of i~ strip to blade
i R

inertia Ib; Xcgi is the ratio of the chordwise offgset of cg and
pitch axis to rotor radius (positive toward the trailing edge):
Igr Iy gei ara the structural danping coefficients; Vgr Vi vei
are the nonrotating natural frequencies of the blade (divided by Q).
It is assumed in the above derivations that the inertia properties

are uniform within each strip and Ei and S respectively repre-

sent strip beginning fram hinge and strip width in terms of blade

length 2. The QB' Qc and Qe. are the perturbation aerodynamic
1

moments.

The trim equations are:

3, 2 308 - v 2k o 2_3
1+ getog VeG + (4 3008, = vg"8y = (B5tB)ES" = T2 xeg 55 (65+854) 3

™2

2
= 9, /L@
BoIb

N
3 2 2 3 2
ety )y = v g - 'Z'i Xeg, Sj(E5¥E54 )€ (B¥B) 2,

_ 2
= 0 /4y (@)

where BS and Zs are the initial settings of flap and lag hinge

springs (relative to the preconed hub). QB and QC are the

o (o]
steady aerodynamic moments at the hinges.

The aerodynamic forces are obtained using quasi-steady air-
foil theory. The section lift, drag and moment about aerodynamic

center are:



L = %pvzccz(a,M)
D = lspvzccd(ﬂ,M) (5)
2
Mac = %Pvzc .

The section lift and drag coefficients c, and cy are functions
of section angle of attack and Mach number.
c, = (c0+cla)CR
cg = Sy + 8o+ szaz + Acy (6)
c. = C
m m
The campressibility correction CR and Ac 3 are
CR = —-——-l M<M
c
1M
= 1 1M M>M (7)
w2 I ¢
-M [o]
c
ey = 1.65(|al-ay. )
= 0 o < ® giv
where
= 0 M> Md

Mc and Md are respectively lift divergence and drag divergence

Mach numbers.



Fig. 2 shows the section aerodynamic environment. The flow

velocity camponents along the shaft axes are Yn and up and
00i in the pitch for the it‘h strip. The resultant flow velocity

is then Vv = ./uiq.u The resolved aerodynamic moments in

shaft axes are

N = L ocos¢ - D sin¢
C = L sin¢ + D oS¢ (8)
M = Mac

where ¢ is the induced angle of attack, tan-]up .

The perturbation section aerodynamic forces and pitch moment

AN = !spc[&lp{-—(%cl upcd)+uP (c-H&‘:M) d
2

- e

Mq,’

+<'!1T{:1,P “‘I‘ uPc)+ (c+M:M)+cV
UpUp

-

3 (cd+Mc%)} + Geo{V(iJTczz uPcdm)}] (9)
2

u
. T .

ac = Jpc [y, (- = tpcy gy ) +l.ll’v_ (cg-i-Mcc'M) +co,v
uPu

+ -“‘,-'—- ( dM
u
+ t‘ur{;—P (uPci.:uI‘cda) +u1;, (c2+M:RM) + cdv
.2

oI

v (c d+Mch) }

+ 66 {V(UPC +4 Tcd )} (10)




- 2 _
MM, = kpc [aup{ UTcm:zUPcm}
+ GUT{Upcm:ZUTcm}

+ 80 o{vzcmm} (11)

and the steady forces are

N, = %pc{cp’UTV-chpV}
(12)
c, = %pc{cgUpV+c AR

The perturbrcion aerodynamic maments required for equations of

motion are
0. = Q% %)rdN - r¢ N - re.C
B o (o) (o 2dle} io0

+ erz;o (AN cosd oi+dc "LnGOl) + )(Aea;(N0 coseoi+co smeoi) }dac

Q = - e « G nNjdr -
o
£ ; MM
Q. =~ {XA 0305 DXy S1N6,;dC C}dr
i £12 e ©

and the steady aerodynamic moments are

Ay, 2 .
QB = Q=% YEN +xp 5 (N cos8 . +C  sind ;) }dr
o ) e
o = sfrcar (14)
*o o ©°

where r is the radial distance from hinge and Xp is the chord-
e
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wise offset of pitch axis from aerodynamic center (positive for-
ward) . MM: is the noncirulatory aerodynamic pitch moment due
to unsteady thin adrfoil theory.

_ L a2 P Y
Mm 7 pﬂc{r(z--t- )8 r(2+ = )o
14
3 1A X oo
3 e e
clgztyc * 2 )6}

The flow velocity components for hover are

- 2
Steady: 4, = a{(gre) - %(B°+Bp) }
(15)
up = 92{)\ + E(%ﬂ‘ﬁ )c }
Perturbations: 6u, = ae{er - E(Bo+ep)a}
(16)
G'up = Qu{eB + E(B°+Bp)c + ECOB}
and perturbation pitch for small angle assumption
(ectxy )
8 = 6, + —= 3, (17)
o i (e+e)y, T

where £ = r/% and )\i is the wake induced inflow ratio (divided
by Q&) and is assumed to be uniform within each strip for hover-
ing condition. The Ai is obtained by equating the thrust for

ith strip obtained from mcmentum theory and blade element theory

for a specified load distribution:




- J"T 5 (18)
5_'?____7___5_
fi40 "51)

where qT is the thrust coefficient and :Ei is the fractional

thrust produced by i strip (AT, = £,T). The pitch settings
are obtained as

2.2
Gp 1 3. 574

-k o s g L & Toge g e a0
i+l i i+l ~i

The resulting equations of motion for N-strips blade are

prma. 1 p— = o — p— -
M" Mﬂ. s My N+2 g cn' caz - - cl Vo2 B
Mzu Mzz L Mzm-z L4 Cz. sz - = Cz N2 i
M.Sl M_?,z - . - 0. CSI CJ!. - (:3”'_2 é'
Mﬂ,}z ' Myy22 - - Mi\f’rl N’*_Zl L N CN'Q»ZI L sz (73] 9~
(20)
i i SN ke
LT K;z - - K N2 B
Kay Kiza= - Kiwez 1
=0
L Km-zt Kw-z 2 - sz Ned 6~

The coefficients of these matrices are defined in appendix.



FITCH-LAG AND PITCH-FLAP QOUPLING

For constant lift rotors, control input to individual blade
strip is the pitch moment; thus, it is assumed here that the pitch-
lag and pitch-flap coupling moments for each one of the strips are
proportional to their torsional stiffness.

For ith strip

o, ~ " RKip 2 BFRE S 2 C

The pitch-flap coupling RB is positive flap up, resulting in
pitch down control mament "and the pitch-lag R_ is positive lag
back, resulting in pitch down control mament. “The inclusion of
these ocoupling moments modifies the stiffness matrix of resulting
equations.

th

For i~ strip

Pitch-flap coupling

Kivz1 = (o 3) * Ry o

Pitch~lag coupling

Kivz 2 = Ky o) 7 Ry juo

where () o Trepresents the blade without coupling.



RESULTS AND DISCUSSION

The flutter stability is examined for a constant lift rotor
blade with lock number y = 8.65; solidity ratio o = .088; pre-
cone = 3.59; hinge offset e = .04; chord to radius ratio
¢/R= .04 and no droop or sweep. The following airfoil charac-
teristics are used

cl = 5.7a
cg = .008 + .023 a + .076 a.z
Cp = -.02

The constant 1lift rotor blade consists of five strips with the
following properties

stacp ! 2 3 4 S

stu’p width in
radius, 5 6 J Y . N

Tonston inesba/Flap | 65018 | 00003 | .00003 | .00003 | .00003
ncabca Rm; .

Theust nabio, £; .35 "5 7 49 1y

For compressibility corrections, the lift divergence and drag diver-
gence Mach nunbers are assumed to be 0.7. Results are also presented
for a conventional rotor blade (single strip) for comparision. Figure
3 shows the trim solution, the collective pitch as a function of thrust
for constant lift rotor as well as conventional rotor. For dynamic
results, the nondimensional eigenvalues (real and imaginary) are plot-
ted in the camplex plane for increasing thrust c,I/o.

-10-



Figures 4-6 present the dynamic stability of a single strip
blade. The first case considered is a conventional blade with
torsion frequency of w, = S/rev anc with no elastic axis/aero-
dynamic center offset ?er = y) (Fig. 4). The blade is stable
except near zero thrust level where lead~lag mode gets into a very
weak instability. However, with zero torsion frequency (ug = 0)
and zero elastic axis offset (x, = 0), the blade becumes very
unstable (Fig. 5). The lead-lag Finstability expands up to higher
thrust levels; and at still higher thrusts, torsion divergence takes
place. With inclusion of elastic axis effect of Xae = .12c, the
blade becames torsionally stiff (due to aerodynamic ~forces) (Fig.
6). The lead-lag mode is still unstable and it becames more and
more violent with increasing level of thrist. The flap mode also
gets into a weak instability at loweyr thrusts.

Figure 7 shows the results for a constant 1lift rotor blade
with five strips, freely floating torsionally (wgj = 0), and
with elastic axis offset (xa, = .12¢). All the seven eigen-

i

values are plotted here. The nature of two lowest damped modes
which happen to be flap and lag modes is very similar to single
strip case (see Fig. 4). The torsion modes of different segments
are quite stable and therefore in subsejuent figures only flap and
lag modes are plotted.

In Figures 8(a)-(b), the effect of elastic axis offset from
the aerodynamic center (x5.) on the blade dynamics of constant
lift rotor is presented. {:%r er = .15, the flap and lead-lag

modes are hardly different from 1 those for the blade with
xﬁe = ,12c. The offset XA primarily affects the different

1
torsion modes, in fact, with increasing er, the torsional modes
become stiffer, as expected.

Figures 9(a)-(b) show the influence of the cg offest from
elastic axis, Xeg {positive toward trailing edge) on the blade
dynamics. For Xegi = .12¢ (cg coincidental with aerodynamic

center), the flap and lag modes are chanjed very much and also
torsional frequencies are reduced fram that of the blade with
Xcg = 0. (Fig. 9(a)). Also, for some lower thrusts, the lag
i
mode gets into static divergence. For xcg = ,06c (c.j. lying
i .
midway between the elastic axis and the aerodynamic center), the
nature of flap and lag modes is quite similar to that of blade
with x = 0. (Fig. 9(b)).
94

-11-



In Figures 10-11, the influence of structural damping on
the dynamics of constant lift rotor blade is shown. The flap
mode instability, which was mild, can be easily stabilized with
a low level of flap dumper (Fig. 10). On the other hand, the
lag mode instability becomes increasingly violent with higher
thrusts, needs a fairly big lag damper to stabilize it (Figs.
11(a) and 11(b)).

Figures 12-18 show the effects of pitch-flap and pitch-lag
coupling on the blade stability. The inclusion of positive pitch-
flap coupling (pitch down moment with flap up) increases the cross
coupling stiffness (k;,, ;) for ith strip. This destabilizes
the flap mode somewhat ™ (Fig. 12(a)). The opposite effect is
seen with negative pitch-flap coupling which stabilizes the flap
mode. (Fig. 12(b)). The addition of positive pitch-lag coupling
(pitch down moment with lag back) stiffens the lag mode slightly,
however, with littie effect on its stability. (Fig. 13(a)). Again,
with the negative pitch-lag coupling, the lag mode gets softened
but the instability region is nearly the same (Fig. 13(b)).

Figure 14 shows the effect of campressibility for a blade
with tip Mach number of .6(xA = .12C). The general behavior
e

is similar to the blade reglecting the compressibility effects,
particularly for low thrusts.

Figure 15 presents the blade dynamics with a suitable cambi-
nation of lag damper (gc = .5) and pitch-flap coupling (RB = =-,3)

for a constant lift rotor (yx = ,12C, x = 0). The blade is
A cg

. i
€i

quite stable in the covered range of thrust. The same cambination
of lag damper and pitch-flap coupling is also used for another
blade configuration (XA = ,12C, x og = ,06C). In Figure 16

. i
i

the blade is shown to be stable except at very high thrusts

i

> .2) the lag mode gets into static divergence.

-12-



OCONCLIISIONS

The flap-lag-torsion flutter of a constant lift rotor in
hover has been investigated. The CLR blade consists of a finite
number of strips pivotally mounted on the spar and their torsional
stiffness is attained through the elastic axis offset from the
aerodynamic center. The perturbation equations of motion were
derived, retaining the higher order steady terms. The dynamic
results for multi-strip constant lift rotor are quire similar
to -those of a single strip blade under the same environment.

The effects of several parameters on the blade dynamics
were examined, including structural damping, cg and elastic
axis offset from aerodynamic center, compressibility correction,
pitch-lag and pitch-flap coupling. With a suitable cambinaticn
of lag damper and pitch-flap coupling, it is possible to design
a constant lift rotor blade free from aeroelastic instability.

-13-



APPENDIX

1. Inertia Matrix "M"

My = 1o k= (+2
M, =0

Mlk = -3 X, b‘(g {m)_

Mz: = 0

M,, =0

M

2k = %‘ xcg‘:/S" (§¢ + ;iﬂ)goc

Mp, = 4 % b"(’: M iw)a"i
- + Y X, ¥
Mok = Rt LT L g o (B T

2. Damping Matrix 'C"

(a) Structure

= 35

= 2(B+B)
= 0

= -2(B+p)
= 3{

14



2h = 3 x‘ﬂ Si(% + 5, (B+B)
Ck = 0
CI!Z = -3 x‘:;‘s‘. (;‘ + ;‘“)(é +P;)

C‘?k = R"l" 20‘_

(b) Aerodynamics

G =~ M{RLR (4L OIRF L AR, ve R,

* X, T,R, Cos 6, 1 ]
Co =-X E‘NL [T {808 + (1-82-L1OR] + L{ 2R +eR,
* %, IR 05§, }]
Cp=-Y7[1L {Rs(-4 BN +BLR YT feRs 4 R +x, LR, casgt}]
2 25_[ L{RLS +(1-£8)8} « L{4s, +eS}]
22 ={§[ L{BLS +(1-£ 85, +13{2‘-33+e5"}]
Coh =X7[ L{B1S +(1-1 B} 4 L (A5, +e8))]
Coo = Y[ L (AT +eT) e LIgLT +(1-£)T}]
Co = =X [L(A Ty +eT) +L{BLT, +(-4EVT}]
T G (-18)+RLT} « L(eTeaT)]

]

Z

+Y C(LC ¢ Xg-
TR (TR )

M
Il
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3. Stiffness Matrix "K"
(a) Structure

KIZ =0
Kig = -2 Yeg. S (% *5ies ) =R T,
K =0

Koy
P
P
n
x
I
-~
-
<
<
~?

(b) Aerodynamics
K = =X 5 [ L{L(AR reR)-g Rk rek)} 5, (18, R,
Kp = -X g [ {8 (%K +eR)} T BR,~1L A
+ X, (B, 056, + B Sin 6:) ]
K =-% [I‘l {Rs(i-8") +BL K, } + Is{ae(l~’/z B Ks
(AT, L A BYR, + KT, A Ry + Ty T, Rs 056

+ Iz{ezk’s +e A K I—RL'Z ﬁ,} - nc]

16



where

N
-
I

~
]

[af o (s 1 €52~ (Asyees b, (15,85
[13{{3.,(2‘-5,+e523}+I.,(ﬁrsz)]
[Iq{('”'éé-z)ss*ﬁtoss}"‘Is{'?e('"%’;rz)ss
*(ire il {2 g5+ L{€'Ss+ he sf A ]

=Mz <M=

Y
2
Y
2
Y
2

K, = [[ (A LT req T, - ET3-€pT, WLLL-£T, )]

Koo = ~L[L(ART +eR )+ LET, ]

e = =L[T{(-B)Ts 1B LT b+ L {2e(1-5 B s+ 2844 T,
HA BT AT L€ T e N Ty +he T}

T = (X +4c) /L

Ry = a(dy+2d, €y + Ay 1 (g + 0o (R + M Ry)

Ry = =C R = (do+ 6 +dy 82 4dC,)

Ry = —=C (R + M Ky, ) —fy + by 6 + dy G +dC + M dC, )
Ry = (G4 6,)(2CR + 1 €R,)

Rg = € CR

Rg = —(cd,+ 2,8, + C )

Ry = 2d,

17



\“

o~ S W

<

—2C, R +2d, + (dy + 8 +d, 8 4+ dC)+MdC,

(Co+C &) R = (dy +2e, Gy + o)y

—(d + 24, O + c/C,*) +C + G Qlc' )( R+M CRM)

1]

2(do +d) 8 4 Ay, +dCS)+MdC‘,_

= (CI, 4 -?dz Q’){, 1 L/C,#)

"

CI C’R - R Q’z

C

™y

= 2

<
€

= -—i(ile" (FZ COS@O‘: + Sz sn 60()

I ¢ ;
Jec K, cos by - i‘zee S, sin8,;

= - .x‘ifc (RS cos &oi + 53 sin Gn")

] G B Ky b S, 8

e
(o N

= _ ﬁe‘- (ES s &OL I SS Sin G(L)

= - _l{‘?q ( Ry Cos Cc + S¢ sin 561)

T %" (K Cos€ + S5 516, )

= TR, (I, +2e LY+ TR A I, + TRy (BT, L, +2 I re2 L)
- 7‘({ (13 +2€ 1’2) + TR, )z I‘ + TK, ([27[0 I, .,..)‘. Iz +—82" I‘)

= TR, (Iy12e I3)+ Tk 2:1'2 + TR (B L, 12; I; s 4 [2)
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B = TR (L+2€ L) + R A L, + TR (BY, I +3 L +eX 1))

TRy = (G +6 6 )R
TRy = =GR — (dy +df € +d, G + G )
TR, = oy +2d,8; +dC

TR, = dp +ch G + o, G +dG

TRs = (G +€, §,)R~(d, + 2o, §; +dC*)

TA’G = -¢ R
I -
R
I _

[
!

$(%,-5)
L (5 -5)
71’— ( {:’, “5:')

d) = 165 ¢/ foc

1

’
w

!
~
n
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Figure 1.~ Schematic of the N-strips blade model considered; the hinge
sequence is flap, lag, torsions; flap motion B positive up,
lead~lag motiocn g positive forward, torsion ei positive

nose up.
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Figure 2.- Blade section aerodynamics.
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Figure 3.- Pitch settings for individual strips as a function of thrust.
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Figure 4.- Root loci for a single strip (conventional) blade
for wg = 5 and Xp, = 0
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Figure 5.~ Root loci for a single strip blade for wg = 0 and XAe = C
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Figure 6.— Root loci for a single strip blade for wg = 0 and XAe = .12¢

25



16 —
22 t’g STRIPS _[

6.8 —)

6.0 4+

5.6 —+
im )
52 2 .

48
<
34
1
30+ Crlu

LAG

o Vi T S VS Y N VA N A S S SV
0 66 -65 -59 58 52 51 44 -43 22 -21 -1

Re )\

Figure 7.- Root loci for a constant 1lift rotor (5 strips) blade for
wg =0 XAe = ,12¢c
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(b) Elastic axis offset Xpe = .15¢c

Figure 8.- Flap and lag modes for wg = 0
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(b) C.G. offset from elastic axis Xeg = .06c (aft)

Figure 9.- Flap-lag roots for wg =
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Figure 10.- Flap-lag roots for wg = 0 and X, = .12c with flap
structural damping (gB = .,1)

29



12~ ——
FLAP

1.0~ | é:

8 4

s
Im) g
8 r_ % ——
0o 1 .2
Al -:>/¢f”’*——'...
y |
2 ——
0 I 1 1 | 1 I
~.25 -.20 =15 -.10 -05 0 .05 .10
Re )\
(a) Lag structural damping g = .1
1.2 — ——
FLAP
10— ﬂ—_
[ ==
K
8= 0 1 2 —_—
Im)
6 4
4 |— ——
LAG

21+ —4—

0 | L 1 | 1

-.25 -.20 -.15 -10 -.05 0 .05 10

Re )

(b) Lag structural damping g; = .S

Figure 11.- Flap-lag roots for wy = 0 and XAe = ,12¢
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(b) Pitch-flap coupling Rg = -.3.

"Figure 12.- Flap-lag roots for wg = 0 and er = ,12c.
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Figure 13.- Flap-lag roots for wg = 0 . nd er = ,12c.
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Figure 14.- Flap-lag roots for wg = 0 and er = ,12¢
with tip Mach number M = .6
(compressibility effect).
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Figure 15.~ Flap-lag roots for wg = O, XpA = .12c, Rg = -.3.
and lag structural damping gce= .5.
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Figure 16.- Flap-lag roots

Xcg = ,06¢c, RB =
lag damping g; =
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for wg = 0, XAe = ,12¢,
.=3 aud structural
. 5.





