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ABSTRACT

The paper sets out to investigate the feasibility of reducing the root shear
force acting on an articulated heiicopter blade by means of superimposing
varying degrees of pre—stressing at separate sections along the span of the
blads. The study is resiricted to the analysis of the second mode of
vibration (one nodal point) set up as a consequence of the three—per—rev
excitation frequency. and the aerodynamic load function acting over the
surface of the blade is assumed to be represenied by a flve term poly-
nomial. From the results computed it was found that compressive pre-
stressing at sections either near to the hub. or. in the vicinity of the blade
tip resulted in large reduction of root shear force. Practical aspects of
this reduction in stiffness are discussed,. :

T. INTRODUCTION

The complex problem of blade vibration reduction is currenily one of the
principal means of helicopter research. Much of this work is concerned
with the transmission of oscillatory blade loads through the rotor hub to the
fuselage where excessive levels of vibration can impair the comfort and
efficiency of the crew. as well as providing a poor environment for complex
avionics. A valuable survey of recent and current work concerned with
optimising structural deslgn to achleve blade vibration reduction Is given by
Friedmann in Ref. 1, His broad conclusion is that a 15-42% reduction in
transmitted loads can be obtained by optimally distributing blade mass and
stiffness.

A primary objective is 1o keep the rotaling blade natural frequencies as far
away from the blade passing frequencies as possible but, in the case of
the flrst and second flatwise modes. this is strictly limited by the fact that
olade stiffness is dominated by the blade tension and elasticilty contributes
very little. The excitation of modes is caused by aerodynamic forces
which necessarily comprise integer multipies of the Dblade passing
frequency harmonics. There will also be aerodynamic damping present
which, If posltive (preferably), can rasult in a wide resonance peak Iin a
neighbouring blade mode., which Is consequently excited. An account of
the mechanisms Included is given by Gupta In Ref, 2.

A relatively simple design technique ilmiting the levei of the hub shears
transmitted to the airframse s put forward by Taylor In Ref.3. His
contention Is that the blade modal shape can be altered by Judiclous distri-
bution of blade mass and stiffness as a means of reducing the hub shears
attributable to the dynamic Inertia lopads., Aerodynamic loads are not
Included In his summation of the hub shears. He concentrates upon the
flalwise bending modes and by assuming a polynomial form for the span-
wise aerodynamic distributlon. defines a modal shaping parameter which
links a particular aerodynamic polynomial term with a given blade mode
shape and mass distributlon. The significance of the modal shaping para-
meter s that [t Is Independent of both the natural and the forcing
frequencies. Taylor shows In Ref. 3 that the addition of a relatively small
mass at the blade tip can reduce the level of the MSP considerably with a
consequent reduction in hub shear.
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Figure 1 Blade section
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Figure 2 Finite element model of blade
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Figare 3 Vibratory shape of second mode of vibration
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Some shortcomings of the MSP method are that the dynamic amplification
factor is ignored (the proximity of the natural and forcing frequencies) and
that the aerodynamic loads are exciuded from the summation of hub
shears. Neveriheless, the technigque does provide a useful and simple
tooi for dealing with the transmitied load problem.

Taylor found that very little advantage could be gained by tailoring the
blade elastic stiffness and this is not surprising because. when rotating.
the siiffness is targely due to blade tension. The purpose of this paper is
to investigate the effects of changing the geometric stiffness of the blades
by pre—tensioning. or pre—~compressing. a section of the biade. A deve-
lopment of Taylor’'s method is used to show the effects on hub shear of
aitering the tension in short lengths of blade. This technique can
significantly alter the mode shape -of the blades and so provides an
aiternative method to the addition of mass.

2. BLADE DETAILS

As shown In Figure 1. the blade cross section is that of ‘a fypical
symmetlric aerofoil of cord length 380 mm and thickness to cord ratio of
12%. The leading edge skin is 18 gauge stainless steel and the torsion
box is of 20 gauge stainless steel. The irailing edge skins are assumed
io be of 09/90° GFRP. and the trailing edge core is NOMEX honeycomb
which has not been included in the analysis.

Upon the basis of the above details, the section moduius about XX, ‘and
the mass per [ength of the wing were computed to be 37400 Nm and
4. 81 kg/m respectively. The total length of the blade was taken as 5.4 m
and articulated at 0.95 m from the central rotating axis. The speed of
rotation was assumed to be 425 rpm. Upon the basis of private
communication, Ref. 4, only the second flapwise mode of vibratlon (one
nodal point) was considered {(see Flgure 3}, and it was further assumed
that this mode was predominantly sexcited by the three per regv. excitation.
Upon the basis of the above wing data. the natural frequency of this mode
was computed o be 1262.25 vibrations per minute. |.e. 2.97 times the
rotational speed of 425 rpm., For the purpose of modal reduction., which
will be discussed at a latter siage., only structural damping was assumed
. and o be represented by a value of € = Q. 15%,

3  ANALYSIS
3.1 Finite element model of helicopter blade

Consider the articulated helicopier blade exhibiting at a cross sectional
iorm as shown In Figure 1. Furthermore. since in this study only flapwise
motion about section XX Is being considered. the complete blade s
modelled by 10 simple 4 degrees of freedom beam elements as shown in
Figure 2. For any element i bounded batween 7, and n, as shown, the
flexural stifftness and mass matrices. [k{ and Iml respsctiully. based upon
a non~dimensionalised vibratory deflection form of the form:

q=w/b = (ag +a;n+an? +agnelt (N
pecome:
El T
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Iml = pAb? (87} (C] (B] (3)

Furthermorea. since ail elements are subjected to in—-plane siressing due to
canirifugal loading and. where appllcable. static pre—stressing. a
geomsetric stiffness matrix for each slement must be included. Basead upon

an in—plane stress distribution of the form:

02b2
c=p——(1+c—n2) (4)

the geometric stiffness of the 1" stement can be derived as:

pAb3n? .
[kg] =— [B'} {G] I8} {(5)
2
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andg

. r 0 0 0 0

(G} = J i f 2n f 3n 2t
LY %n“"k _ 4m 2§ 673t

| {.é?w | ons

where f =_'l +C - '172

th

Hence the complate stiffness maitrix of the i*'' element can be writtan as:

[K] = kel + [kg] . (6)

3.2 Aerodynamic load vector.

For k per rev excitation (k=1,2.3.etc.). the aerodynamic force per non-
dimansionalised length (flapwise only) over the it element will be
assumed to be adequately reprasanised by the general form

4
p= L PN

N=0 (7

N

where PN = AN ?’)Nejknt

giving the 4 term force vector for the ith glement. for the NP term of
equation (7) as:
M2

1

By means of standard finite element technigues. the stiffness matrices.
mass matrices. and force vectors of all elements are combined to form the
structural stiffness and mass maitrices and the total force vector
corresponding to the reievant value of N in equation (7). :

3.3 Modal reduction

Since, as previousty mentioned., we are only concerned with the effect of
the second mode of vibration of the blade, [t is convenient to apply the
standard procedure of modal reduction to the system. whareupon the
system is reduced to a one—degree-of-freedom system describing the
second mode, l.e. :

d?y dy ,
—+ 20w, — +wlX =Ky vy elk | (9)
dt? dt

where  ky = Ay bN*2/0AD3

and YN = modal force/modal mass
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Expressing w, = natural frequency of the second mode
= e
and solving for \ gives: .
A\ = principle co~ordinate of second mode
= Ky n(17am 2/7{(1 - 8%) +j2(8} €10)
where B=kla
Having solved for the principle co-ordinate A and remembering that

w = vibratory deflection = bg. one can solve for the root shear force SF
from

8F = total Inertial force over biade + asrodynamic load over blade
= (k) 2 jp Aw dx + J aerod. force dx (11
L L

Performing the necessary aigebraic manipuiation. one arrives at an
axpression for the root shear force dus to the k per rev excliation and the
N term of the aerodynamic load of the form:

SF = Ay bN*1(seN

reaLt SFS;AG} (e

4 RESULTS

For values of N in equation (7) equal to 0.1.2.3 and 4, SF was pilotted
{In polar form) for varying values of ¢ as contained in equation (4) acting
sgparately at elements 2 to 10 in Figure 2. Two seis of resuiis were
computed., namely. when ¢ ranging bsetween 0 and 1 in Increments of 0.2
were piotted and are shown In Figures 4a to 4e. For the cases of pre—
compression, howevaer, values of ¢ ranging from 0O to the particular valus
of C = Cpnp corresponding to a state of buckling of the element under
consideration. were plotted In increments of 0.2 Cppp. These latter
rosuits are presentad in Flgures 5a to 5. Thea tabie beiow detalis the
symbol key used in Figure sets 4 and 5.




DISCUSSION

Resuits presented in Figure groups 4 and $ indicate that substantiai
changes to the root shear force can be effected by alteration to the
geomaetric stiffness at certain sections of the blade length. Furthermors.
as is evident from the results shown in Figure group 5. a decrease in
geomeiric stiffness at any of the 10 eiements considered will. in effect.
reduce considerably the magnitude of the roct shear force. With special
refersnce to Flgure group 5. it was observed that generally alterations to
the stiffness of elemenis, 4, 5 and 6. by and large. was not guite so
gffective as alterations to all other elements. Upon refiection this can be
justified when. for the particular mode of vibration under consideration in
this study. one considers that is is in the vicinity of these elements that the
vibratory siope is generally at a mintmum, (see Figure 3). thus reducing
in magnitude the terms of the geometric matrices of these particular
elements. It would seem therefore that reduction of the root shear force
by means of compressive pre—stressing at elements along the wing span is
most effective when elements sither near the hub or near the lip are
subjectad to this form of pre—stressing. In a practical context, such
compressive pre—stressing could perhaps be effected by a pre—siressed
wire running centrally through the section as shown in Figure 6. In such a
situation. a reduction in the geomeiric stiffness matrix of the particular
element could only be realised if the design was such as to allow the wire
to dynamically perform as a finite "bar" slement and the section of the wing
to perform as a finite "beam" stement.

As mentioned at an earller stage of the report, the degree of compressive
pre~-strassing was a fraction of the critical compressive stress J.. which,
if applied {0 the element wouid result in the onset of buckiing. Upon cai-
cuiating this critical compressive stress it was assumed that the natural
stifiness of the section was the combination of the flexural stiffness and the
geometric stiffness due to the centrifugal loading only. Furthermore.
since the In—-plane stress due to centrifugal Ioadlng rapidly towards the tip
of the blade. then the value of CopT(= 20,/pN?b*) decreases from 0.92
at the first element (at the hub), to 0.0823 at the tenth element (at the
blade tlp). This would suggest that If it were declded to reducs the
stiffness at element(s) near to the hub, this could only be practically
impiemented by aitering the geomsetric stiffness, which In this vicinity, is
predominantly higher than the flexural stiffness. Conversely. if It were
decided to investigate changes to the stiffness in the vicinity of the blade
tip. then one may consider alteration to the flexural stiffness. since in this
vicinity the flexural component of stifiness Is more predominant due to the
geometric component approaching Its minimum level.

6 NOMENCLATURE

A cross sectional area of blade

AN constant relating to index N contalned In aerodynamic loading
axpression

b blade tlp span (= 0.635 m)

c pre-stress factor (= 20/p0?%b?)

El section modulus through section XX of blade cross—section

k constant Indicating number of excltations per revolution of rotor

N index in aerodynamic loading expression

q non—dimensional vibratory deflection (= w/b)

X distance from central rotating axis 10 a general paint on the biade

w flapwise deflection at a general point on thse blade
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m>»J0aq3

-

non—dimensional biade radius

constant pre—stress value

critical compressive pre—stress value to Induce buckiing
rotational speed of blade

principie co—ordinate of second mode of vibration
non—dimensional damping factor (= 0. 0015)
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