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Abstract

The model developed to simuiate the motion of helicopter

see-gaw rotor consists of two elastic blades attached to the
deformable shaft with pitch and skew flap hinges. The deformable
blades can bend in two perpendicular directlions and twist around
the stratght elastic axis. Nonl inear steady two-dimensional
airfoil data are used for aerocdynamic loads calculations. The
unsteady flow effects are described by dynamic inflow model.

The equations of motion are generated from Hamilton’s
principle in seml-~automatic way with most of algebraic
manipulations done by computer. The blade deflections are
discretized by free vibration modes calculated for rotating
blades.

The model can be Incorporated into computer software for
numerical integration and stabllity analysis.

The sample results concern investigation of blade steady
motion and dynamic inflow modellng on rotor behaviour.

1. INTRODUCTICN.

Although attempts are made to replace tall rotors by other
devices [1],[2], tail rotors still remain the most often used
anti-torque and yaw control systems. Tail rotors have often two
blades of see-saw type. Helicopter two-bladed main rotors are also
design of thils type.

There are not many references concerning two blade rotors
[3-7]. although some aeroelastic stability problems (8], (8] are
typical for see-saw rotors (egs. blade weaving).

The model developed in this paper is to be used for
investigation of see-saw rotor aercelastic behavior. The
derivation of equations of motion is done in semi-automatic way.
The computer program based on this model is incorporated intc the
software developed for rotor motion simulation and stability
investigation [10].

The influence of dynamic 1ﬁflow and blade steady state
pogiticon on rotor stability is investigated in this paper.
2. ROTCR MODEL.

The rotor on helicopter in steady flight or on wind-tunnel
stand is considered. External flow velocity components can vary in
time so the influence of gusts and wind can be analyzed.

The rotor model (Fig.l) consists of two blades attached
with stiff elements AO, OB toc the flap hinge placed on the shaft
axis. The flap hinge axis is skewed by the angle 3 from the axis
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perpendicular to the plane of the elements A-BE. The precone angles
of elements A0 and OB and the flap hinge spring can be included
into analysis. The shaft and drive system torsional flexibility
is modeled as torsicnal spring placed near the hub.

The rotor shaft angular velocity @ is constant.

For pitch control the blades have feathering hinges axes of
which are swept by the angle T in the plane of rotation (positive
T is opposite to the azimuth angle y}. The blade control system
flexibility 1is included intoe boundary conditions for blades
torsional deflections. The kinematic pitch~flap coupling different
from flap hinge axlis skewing effect is included into analysis.

Each blade has straight elastic axis parallel to feathering
axis. The blades are twisted geometrically around elastic axis.
The blade can bend in two perpendicular directions and twist
around elastic axis.

3. EQUATIONS OF MOTION

3.1. General remarks.

The equations of motion have been obtained with the method
developed in [11]. The derivation of equations of mection is based
on the Hamilton's principle in the form:

tz
[ [ (u-1)-sW]at=0.
t

1

The blade motion is described by:

1."Rigid degrees of freedom":
= shaft torsicn angle 9,
- flap angle B.
2."Elastic degrees of freedom"; for each blade (k=1,2):
- in-plane bending deflection v ,
- gut-of-plane bending deflection L
- torsion of the blade @w

(1}

The vector of generalized coordinates for rotor motion is:
_ T T .
q = q, i [vl,wi,él,vz,wz,éz,ﬁ,ﬁ], (121,240 00n N (2)
The deflections were discretized by blades free vibration
modes. The same numbers of modes were assumed for each blade.

The variations of T and U in (2) are calculated in terms of
the generalized coordinates and velocities variations and after
using identity &d=dé and integrating by parts, the expressions
which contain the velocity variations are eliminated.

Two kinds of equaticns of motion are obtalned:

- for "rigid degrees of freedom" (1=1,2,....N ):
d [ aT a1 8uU
%l %l] T3 Tag T % o)
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- for elastic degrees of freedem (z=u2,”.Neh

d aT _aT gl d aT _ a7 au ] ,

J[af[é'a] é‘&*éa}"id*‘*ﬂaf[*a] 5q," g M
1 L ] i 1 1

R R

au Al e
+J‘[ B_i';] 70dR = J‘anldR. (3b)

R R
The Integration in (2) extends along both blades.

In these equations:
- inertia loads result from derivatives of kinetic energy,
- stiffness loads come from potential energy,
- nonconservative loads arise from aerodynamic and damping forces.

3.2. Inertia loads.

The kinetic energy T can be defined in the form:

1 .2
T =3 Hpbx dA_dR. (4)

RA

g
In [4] the vector x describing the blade point in the inertial
frame of coordinates 1is obtained as:

X = D(w]ro = D(¢)(r+ﬂx1+@s), (8)
where: A = A _{(8)A {(#)B(B)C,(8)C (T)G(6 ), (5a)
R B 1 2 o
r= r+&(x1+s), (5®k)
r=Aa(8)A ()B(BIC. {(8)e +C (T)G(6 )Ff 1, (8Be)
R B 1 o 2 o o
x+s = x2+v+FE = x + ESU (1=t,2,3). {5d)

Matrices and vectors of (5) are given in Appendix 1.

After inserting (5) inte (4) and then into (3) the inertia
loads (I.L.) are obtained in the matrix form:

I.L.=B(q)3+2C(q)g+q'D_($)q+£(q). (8)
The matrices B, C, Dn and vector f are given in Appendix 2.

3.3. Stiffness loads,

Stiffness loads consist of shaft and flap hinge springs
deformations moments and forces due to blade deflections.

The rotor shaft and flap hinge spring deformations c¢an be
arbitrary functions of the angles 4 and B8 respectively,

Blade deformation forces and moments are derived from model
given in [11}]. It is assumed that deformations are small, and
there 1is no section warping. Blade . ¢ross sections have . the
symmetry of elastic properties about the chord.
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The general expression for beam elastic strain energy,
after applying the Hooke’s law, has the form:

U= % JJ[E&?1+2G(efe+ef3)]dAst. (7)
RA
=3
Af'ter expressing the strain tensor components as the
functions of generallized coordinates, eliminating blade

longitudinal extensions, allowing for first terms of v, w and ¢
and linearizing sin and cos about ®, the expressions for strains
were put into (7).

The stiffness loads (S.L.) in the equations of motion due
to blade deflections can be put in the form:

S.L = Qq + h. (8)
The elements of matrix @ and vector h are given in [11].

This model has been chosen here for its simplicity but any
other even more sophisticated elastic load model can be easily
incorporated inte the equations of motion.

3.4. Aerodynamic loads.

Aerodynamic loads c¢alculations are based on the strip
thecry. In each blade cross section the 2D flow is assumed. The
aerodynamic loads acting in secticn aerodynamic center A.C.
consist of:

- drag: dD=%pc(x)V2CD(a)dx, (9a)

- 1ift: dL=%pc(x)V2CL(a)dx, (9b)
1 2 2

- moment: dM—épc (xIV CH{a}dx. (8c)

The airfoil aerodynamic coefficients are calculated from 2D
steady, nonlinear characteristics for instant angles of attack «a.

The section flow velocity V results from:
-~ flight (or wind-tunnel) velocity V ,
- rotor motion relative to the helicépter fuselage x ,
- induced velocity v .
and can be expressedlas:

v=(aT) ? [val-n':} . (10)

The dynamic inflow model wused for induced velocity
calculations allows to account into analysis the effects of
unsteady flow. The induced velocity vector consists of only one
component perpendicular to the plane of rotation.

Total induced velocity is a sum of constant part obtained
from momentum theory and perturbations due to dynamic inflow:

A:A_O-G-At, (11)
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Perturbations of induced velocity vector are calculated using
coefficients [12].

The aercodynamic loads in the blade section can be expressed
as force and moment vectors:

T - T
fA_[Fg’fn'fCJ . mA—DmE,mn,mC] , (12)
f€=0, m€=-dM+nAf<,
fn= dDcos(w)~dLsin{a}, mn=0,
fC= dDsin(a}+dLcos{a}, mc=0.

The vector of rotor aerodynamic loads in the equations of
motion:

_ oy T _
QA*QA(t,q,q}—{QAi] . (4=1,2,. 0,0 Y (13)

can be obtalned from (12) by successive transformations.
The loads {(12) are transformed to the section coordinates system:

f =Tf , m _=Tm (14)
AZ A AZ A

and tc the equations of motion the components of aerodynamic
loading are taken from (14) for:

~ in-plane bending: Qm%gfmﬁR, Uﬂ?p“mg, {15a)
R

- out-of-plane bending: anzjnxfazzdﬂ’ (1=HENPD, L NEREN ), {15b)
R

- for torsion: QA1= nimAzde. (1=qu$N;1,..,Nxz‘NcL(lsc)
R N =1 for I blade.

A
N =N for II blade.
A c

The next steps of aerodynamic loads calculation are:
transformation to the feathering axls at the root of the blade,
calculation of the total blade loads in the feathering coordinate
system:

F =ff dR, M =J.de. (18)
Al Al AL Al

R R
The aerodynamic loads in flap hinge coordinate system are
obtained as:

F,,=B(B)C (3)C (7)6(8 )F, , (17)

M =B(B)C (8)[C,(T)6(8 )M +exC (T)G(6 )F, ].
From (17) the moment component along flap hinge axis is
taken into the rotor flap equation:

QA1=MABY’ (1=2~Nc+1). (18)
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Next, the aerodynamic loads in the shaft system coordinates
are obtained:

FAR-—-AB(MFAB, M _=A (9)H (18}
and the component along the rotor shaft is taken into the equation

of shaft deformation:

= =P8N +2) . 20).
QM MABZ’ (1 Rl (20)

The rotor aerodynamic loads for dynamic inflow model are
calculated as:

FAS=&R(5)FAR, MAS=ﬁR(6)HAR. (219,

3.5. Damping moments

The damping forces can be described as a vector:

—_— ' — T —_
Fn_Fn(ql’qx)-[Fni]' (171,2,. N ). (22)

Moments flor shaft tersien and flap hinge damping can be
arbitrary function of shaft torsion and flap angles and angular
velocities:

FDimFDl(ql, ql), (1=N_«1,.. N +2). (23}

For blades deflections the viscous damping loads are
modeled in the form:

FDl=qgjn1?‘dR. (1=1,2,...,8 ), (24)
R

3.6. Final form of equations of moticn

After collecting together the expressions: (8), (8), (13),
(22} the equations of motion are put in the form:

B(Q)&=-2€(q)iznqrﬂllg‘q}q-f{q)«-ﬂq—h-—i”n(q,61 )+Q, (¢, q,4). (25)

Most of algebralc manipulations needed for generation of
these equations are performed by computer. The derivatives of
transformation matrices and translation vectors were calculated
analytically to avold numerical diffiiculties, The blade
generalized masses and stiffnesses are obtalned from the separate
computer program before solving these equations, so the inertial
and structural operators need not be integrated along the blade
span during the computation of equation right hand sides.

The equations are adopted to computer software allowing for
numerical integration, linearization and stability analysis.
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4.SAMPLE RESULTS

The model was applied for investigation of influence of
inflow model and steady motion parameters on see-saw rotor
stabllity motion. This problem has not been investigated so far.

The dynamic inflow contribution to the rotor motion was
analyzed for two cases:
A. full model with dynamic inflow coefficients.
B. no inflow perturbation, A1= 0.

The rotor motion for rigid blade is shown in Fig 2. The
influence of inflow modeling is evident.

The influence of inflow on eigenvalues of sample elastic
blade deformations is illustrated in Table I. Dynamic inflow
included into model changes mainly in-plane and pitch deformations
and has less influence on out-of-plane stability.

5. CONCLUSICNS

The model was developed for simulating a see-saw rotor
metion for helicopter in steady flight.

The method which was applied for derivation of equations
of motion enables easy modifications, extensions and
incorporation of new model elements,

The model was used to investigation of inflow medeling on
roter motion.
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NOTATION
As - blade section area,

B{g) - inertia matrix,

c
C

I
n

£
£

F

{x) - blade section chord,

{q)} - Coriolis loading matrix,
C(} -~ aercdynamic coefficients: D-drag, L-1ift, M-moment,
{g} - gyroscopic loads matrices {n=h..queh
e - vector of feathering hinge locaticn, e = [ex,ey,e?}?
E - Young modulus, T
f =~ vector of elastic axis lecatien, fo= [fx,fy,fz],

Q
{q) - vector in the expressions of inertia loads,
A) section aerodynamic force,

A()
F_ - vector of damping moments,

G - Kirkhoff meodulus,
K - control system stiffness,

- rotor aerodynamic force,

K: - shaft and drive system stiffness,
mk() - section aerodynamic moment,
HA{) - rotor aerodynamic moment,
Nc - number of blade deflections, NC=NV+N“+N¢,

- number of generallzed coordinates, Nd= 2'Nc+Nr,

N

N - number of "rigid degrees of freedom", Nr=2;

N~ number of in-plane bending deflection modes for one blade,
N

- number of out-of-plane bending deflection modes for one
blade,
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number of torsicn deflection modes for cne blade,

vector of generalized coordinates,
noncenservative forces in Hamllton’'s equations of motion,

vector of aerodynamic lcading in equations of motion,

rotor radius,

time,

kinetic energy, T=T{t,q,4.9°.4 ),

potential energy, U = U{q,q’,q"), T

blade translation vector due to deflections, v=[0,v,wl,

induced velocity,

in-plane bending deflections of the k~th blade,

flow velocity in the blade section, V2=V2 +V2,
p Ly Lz

blade section flow velocity vector,
flight (or wind-tunnel) velocity,

out-of-plane bending deflection of the k~th blade,

work of nonconservative forces, W = W(t,q,4,9°,4" ),
angle of rotation in flap hinge,
blade precone angle,

blade viscous damping coefficients (£=L2,.“,Ndh

flap hinge axis skew angle,
components of blade strain tenser (i,j=1,2,3),

blade deflection modes,

blade geometrical twist angle,

angle of rotation in the feathering hinge of i-th blade,
collective pitch angle,

induced velocity coefficient,
induced velocity perturbation coefficient,

constant term of -induced velocity coefficient,

advance ratio

section peint coordinates vector, €=[O,n,§]?
air density,

blade local density,

feathering axls sweep angle,
shaf't torsion angle,
torsion angle of the k-th blade,

azimuth angle,
shaf't angular velocity.

Vectors are written bold, matrices-draw.
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-APPENDIX 1.

Transformation matrices due to hub angles.

cos(y) sinly) 0
G = -sinly) cos(y) 0
. © 0 1
cos(®) sin(g) 0
ﬁgz ~ain(®} cos(8) o
0 0 1
[ cos(d) sin(8) G
me ~gin{&} cos(d} Q
9 0 1
C 1 0 o
G =] O casiso} giniao}
0 wsin(aq} QGS(&Q} 4

"

¢
2

[ cos(§)

sin{d)
g

[ cos{fB)

G

| sin{g)

cos{t)
sin(r]
Q

~gin{s&}
cos(8)
0

0
1
0

-gin{T)
cos{t)
0

0
0
1

-5in(B8) ~

g

cos(g) |

a
o
1

Matrix of sectlon rotaticon due to elastic deformations.

1 ~v'eoz(8 )} + wain(e ) -v'sin{é ) - wcos( ]
g q g g

T o=l v cos(8 } ~ ¢ sin(g )
g g

W

Vectors of translatlons.
= { X, ¥, 27},
{-v'y, v, O},
{x,Q,0},

i

1]

AFPENDIY 2.
Inertia matrices.
Ar ar

g

Il

Ra

b

dr azr
D = °
i d

aq
n

r T
— [+ o
IR N
RA

T
Q
] [ éqiaq}]dﬁsdg*

: «zin{g } -~ ¢ cos(s )
g q

52={—w’z, 0, wl,

v = {v, w0},
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3i§feg] + @ cosieg)
cos{s } ~ ¢ sin{8 )
g g

5= {0, ~z¢&, yd},

¥

ywncosieg}+§sin{693, z=~nsin(eg}*<cos(6g),



blade II

th

in

rust
hover

No azimuth angle (¥=0) .
No shaft torsion G¥=0)

Fig.l. Model of see-saw rotor.

Table I. REAL PARTS COF EIGENVALUES

[ L Ay e i T Ard ke ke ko bkl AR b SO i T L M M e YIS A Y VS e i PR Y P o ek Al e
e fens e~ e fnaciin e s

.

ER=E===

A - with dymamic inflow,
B ~ no dynamic inflow.
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In-plane bending Out-of-plame bending Torsion
_____ Al o8 1 o | 8 | A | 8 |
469E-4 492E-4 -.156E+1 | -.156E+1 232E-3 924E-4
399€-4 434E-4 -.168E+]1 | -.168E+1 S71E-3 340E-3
522E-5 SO0E-4 -, 200E+1 | -.200E+] 222E-2 222E~2
-.750E-4 | -,780E~4 - 172E+1 | -.174E+1 291E-2 226E-2
64BE~2 648E-2 - 119E+1 | -, 119E+1 ~-,259E-3 511E-3
e S B e e et i e el madergirrr i e i -t e it i e Aomsmmmme
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