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Abstract

Composite material has been widely used as important constituents of structure due to high

strength to weight ratio. This paper presents the study of composite rotor blade (S2Glass/Epoxy,

Kev49/Epoxy and AS4/3501-6) with the following stacking sequences: [+45/0;],, [90/0/+45/0]; and

[+45/0/90];. The results in terms of mode shapes and frequencies are obtained via computer simulation.

It is found that the first 6 modes of vibrations consist of three flapwise modes, two edgewise modes and

one torsion mode. Furthermore, the constraining effect on rotor blade is examined by adding boundary

condition at A, and A, respectively. It can affect the change of blade frequency. The results show that

the most increment of frequency is the 2" mode for all laminates as the frequency of the 5" mode is no

more than 5% increase for the [£45/0/90]; and [90/0/£45/0], laminates.
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1. Introduction

One of the concerns in

primary
composite blade is the vibration, which may affect
the fatigue life of mechanical components and
increase noise. It is based on the fact that
composite rotor blade has been widely used in
industry such as helicopter blade [1-5] and wind
turbine due to the flexibility and lightweight
configuration. Composite materials have high
fatigue resistance on a stress basis. Stacking
sequences and fiber directions can be tailored to
optimize the strength of structure. In general, the
unwanted vibration and resonance problems can

cause the bending of structures and lead to high

stresses and strains in structural material. The
purpose of this paper is to study the free vibration
of the composite blade under variation of
constraints. Due to the complexity of composite
structure, the numerical method was employed to
obtain the results in terms of mode shapes and
blade frequencies [5]. There are some existing
literature [6-9] showed that low frequency sound
can produce annoyance and cause adverse
health effects in sensitive people. The noise
produced by these rotor blades can be diminished
as the technology has improved. As blade
configurations have become more efficient, less

energy is converted into acoustic energy.
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2. Vibrations of Continuous System
Vibrations are of great importance in a
variety of applications. An analysis of the blade

vibration can be depicted in Fig. 1.
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Fig. 1 Schematic of blade deformation

Considering the deformation of rotating blade,
which is initially straight, is in its deformed state.

The velocity of blade can be expressed as

~
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where @ and Q are the angular velocity,
R is the position vector and (u,vand w)are the
displacements. To obtain the motion of rotor
blade, the strain energy (U) and kinetic energy

(T) are determined by the following expressions
E 2
U== [[[ 22 dxdydz (3)

in which £ is the elastic modulus and ¢__is the
axial strain in the x - direction. To calculate the
kinetic energy of system, Eq. (2) is substituted

into Eq. (4)
T = %”J; pV -Vdxdydz 4)

Axial force F'(x) in the x - direction due to the

inertial mass is defined by Eqgs. (5) - (6)
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where p is the density, m is the mass per unit
length and u is the radial distance from z axis.
The equation of blade motion can be obtained by
substituting Egs. (2) - (6) into the Hamilton’s
principle. Due to the complexity of a composite
blade, the analytical approach is impractical.
Hence, finite element method [10] was employed
in this research. The blade was discretized into
shell elements, each with 6 nodal degrees of
freedom. Based on this method, the systems of
structure are composed of the elemental stiffness
matrix [K], the elemental mass matrix [M] and the
elemental load vector {F}. The dimensions of
these matrices depend on the characteristics of
blade. The equation of motion can be defined as

M gy + K g} = {F) (7)
where {g} is the vector of generalized coordinates.
The treatment given in this study will be restricted
to the free vibration [11]. To study the natural
frequency, eigenvalue and eigenvector can be
obtained by neglecting the load vector in Eq. (7)

[M ]+ [k Jat=0 ®)

Assuming simple harmonic motion for generalized

displacement

q(t)=gqe™ )

where @ is the frequency of the system and

{(7} is the eigenvector corresponding to its
frequency. Eq. (8) can be rewritten as

[[k]-w*[M]]{z}=0 (0

Eqg. (10) will be used to extract the eigenvalue

and corresponding eigenvector of the systems.

Generally, the numerous results can be obtained

from this method. However, this work is of

interest in low frequency of blade vibration. The
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details of composite blade will be described in the
following section.
3. Composite Materials

The principal reinforcement fibers used in
this research are carbon (graphite), glass and
aramid (kevlar) fibers. The typical properties of
these fibers can be described as follows: 1).
Carbon fiber offers excellent stiffness and
strength property. They are manufactured from a
variety of starting material fibers. Most of the
graphite fibers that are commercially available
range in diameter 0.3 to 0.5 millimeters. 2). Glass
fibers are still the most popular reinforcement
materials for making composites due to their low
cost and high strength. In particular, S glass
fibers (magnesium aluminosilicate) offer high
tensile strength and better properties at elevated
temperatures. The diameters of the glass fibers
range from 0.1 to 0.8 millimeters. 3). Aramid
fibers are the generic name for fibers formed from
polymers. Kevlar fibers are light and possess very
high strength and rather high modulus. For
matrix, epoxy resins used in forming composites
are compatible with all types of fibers and are
used for the majority of advanced composite
materials. The tensile strength of epoxy can be as
high as 60 MPa and the modulus greater than
3.45 GPa.

In principle, laminae with various fiber
orientations are combined together to form
laminated composite. A laminate consists of a
number of different fiber orientations. Each lamina
may contain one or more plies of the same fiber
direction. The laminate properties depend on the
lamina fiber orientation as well as its position in
the laminate (the stacking sequence). The

symmetric lay-up was used in this work.
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According to the plate constitutive equations, the

stiffness matrix of blade shell can be defined as

A B
Stiffness matrix = (11)
B D
(4,,8,,D,) j 0Lz, (12)
1]’ 1]’
—h/2
—(k)
:ZQU tk (13)
k=1
(k) _
B; =2 0; % (14)
k=1

3
D, ZQ (tk z7 + ] (15)
where coefficients Al.j ,Bl.j and Dl.j are extensional,
coupling and bending stiffness respectively, / is
the thickness of the plate and n is the number of
layers in the laminate. The thickness and the
distance to the centroid of the k" lamina are
denoted by 7, and z, respectively.
4. Research Procedure
Lightweight configuration of blade was
constructed of composite materials and analyzed
by computer using finite element method. The
mechanical properties of composite materials:
(S2Glass/Epoxy, Kev49/Epoxy and AS4/3501-6),
which are necessary for a blade model, are
summarized into tabular form as listed in Table. 1.
Table. 1 Mechanical properties of composite

materials [12,13]

Composite S2Glass | Kev49 AS4
materials /Epoxy | /Epoxy | /3501-6
E,(GPa) 433 87 140
E,(GPa) 12.7 55 10
G, =G,(GPa) | 45 2.2 7
G,,(GPa) 3.2 1.57 5
Vi 029 | 034 | 0.30
plg/em?) 180 | 140 | 155
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The whole blade was made of individual
composite materials as given in Table. 1. The
symmetric lay-ups of [+45/0;],, [90/0/+45/0], and
[+45/0/90], were used as blade shell.

e -

Fig. 2 Two-cell unsymmetrical cross section

The blade configurations such as chord length
and span are shown in Figs. 2 - 3. The chord is
0.4 meters in length, the span of blade (L) is 2.64
meters in length and the skin thickness of
composite blade is 9 millimeters approximately.
The planform of the composite blade with two-cell
cross section was modeled using ABAQUS [14]
and then discretized into 44,610 biquadratic plane
stress elements (CPS8), which have 8 nodes.
Each node of element has 6 degrees of freedom
(u,v, w,9x,9y and 0_ ). Where (u,v and w) are
the displacement degrees of freedom and

(0,,0, and 0.) are the rotational degrees of

freedom.
! I\\%j |
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Fig. 3 Boundary conditions at A, and A,

It can be seen in Fig. 3 that A, denotes the
distance between the rotor hub and the additional

boundary condition in order to study the effect of
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constraint. The degrees of freedom (1, v and w) at
the constraining point were set to zero. The ratio
L/A] is 13.25 and L/A2 is 7.75 with A, =0.20
meters and A, = 0.34 meters respectively. For
the case of A, the blade shell was clamped to
the hub center (x = 0 meters) and all degrees of
freedom (u,v,w,0, .6, and 0. ) were constrained.
The simulation results will be described in the
next section.
5. Results of Computer Simulation

To study the blade vibration, the model
was developed as mentioned in the previous
section. There are two parts of simulation results
obtained from numerical method. Since this study
is of interest in low frequencies, the first 6 mode
shapes and frequencies will be presented.
5.1 Mode shape

Results in terms of various mode shapes

under boundary condition (A, ) in the range of

low frequency are demonstrated as follows:

F1: First flapwise mode

E1: First edgewise mode

F2: Second flapwise mode
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F3: Third flapwise mode

T1: First torsion mode

E2: Second edgewise mode

Fig. 4 The first 6 modes of composite blade

It is evident from Fig. 4 that the first 6 modes
appear in the following order: F1:First flapwise
mode, E1:First edgewise mode, F2:Second
flapwise mode, F3:Third flapwise mode, T1:First
torsion mode and E2:Second edgewise mode.
5.2 Frequency

For resulting frequencies, Figs. 5-7 show
the three different sets of blade frequencies
corresponding to three stacking sequences for

each type of composite material.
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Fig. 5 Natural frequency of S2Glass/Epoxy
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Fig. 6 Natural frequency of Kev49/Epoxy
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Fig. 7 Natural frequency of AS4/3501-6

Simulation results illustrate that blade natural
frequencies have similar trend for all three types
of composite materials. It can be observed that
frequencies keep increasing from the symmetric
lay-ups of [£45/0;), [90/0/+45/0], and [+45/0/90]
by comparing individual mode.
5.3 Results of constraining effect

In this section, the constraining effect
was investigated by adding boundary condition
away from rotor hub at A, = 0.2 meters and A, =
0.34 meters respectively as shown in Fig. 3. As
mentioned earlier, the degrees of freedom (u,v
and w) at this constraining point were set to zero.
The normalized frequency (f/fo) defined as
frequency for each case divided by its normal

mode is illustrated in Figs. 8-10.
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Fig. 10 Normalized frequency (f/ f;)

in case of [+45/0/90], laminates

It is apparent that the normalized frequencies
(f/f,) vary as the boundary condition is added
from A,, A, and A, respectively. In case of the
blade shell with the lay-up of [t45/0;];, the

increment of frequency becomes greater starting
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from the 4" mode. Contrary to the [+45/0/90]; and
[90/0/+45/0]; laminates, the constraints have
minimal effect on the 5th mode. The percent
increase of frequency produced by attaching
boundary conditions at the distance of (A, ) and
(A,) on a composite blade can be seen in Table.
2 and 3 respectively.

Table. 2 Comparison of percent increase of

frequency in case of the ratio L/A, = 13.25

Mode 1 2 3 4 5 6
S2Glass/Epoxy
[£45/0,], 217 | 47.7 | 165 | 14.8 | 137 | 10.3
[90/0/x45/0]4 215 | 506 | 162 | 146 | 1.0 | 149
[+45/0/90]; 214 | 533 | 162 | 146 | 40 | 129
Kev49/Epoxy
[£45/0,], 215 | 425 | 166 | 15.0 | 143 | 141

[90/0/x45/0]4 214 | 482 | 160 | 145 | 1.0 | 145

[+45/0/90]¢

21.2 52.8 | 16.1 14.6 3.8 13.7

AS4/3501-6

[i45/03]s 21.7 433 | 16.7 | 15.0 | 144 | 141

[90/0/+45/0], 216 | 491 | 162 | 146 | 1.0 | 14.8

[+45/0/90]¢

21.3 53.2 | 16.1 14.6 5.0 12.4

Significant change of blade frequencies can be
observed between the blade’s flapwise, edgewise,
and torsion mode as listed in Table. 2 and 3. It
can be noted from Table. 2 that the shifts in
frequency of different composite blade under
constraining effect have similar trend. That is, the
blade frequencies keep increasing for all
laminates. The increasing frequencies of mode 1,
3, 4 and 6 are within the range of 22% and the
frequency of the 2" mode increases to
approximately 50% as the 5th mode is no more
than 5% increasing frequency for [+45/0/90], and
[90/0/+45/0] laminates.
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Table. 3 Comparison of percent increase of

frequency in case of the ratio L/A,=7.75

Mode 1 2 3 4 5 6
S2Glass/Epoxy
[£45/0,], 30.3 | 109 | 323 | 29.8 | 184 | 26.1
[90/0/x45/0]4 400 | 116 | 324 | 298 | 0.6 | 36.8
[+45/0/90]; 304 | 120 | 321 | 2907 | 36 | 344
Kev49/Epoxy
[£45/0,], 384 | 983 | 321 | 29.8 | 347 | 284
[90/0/x45/0] 400 | 112 | 324 | 298 | 05 | 36.4
[+45/0/90], 390 | 120 | 319 | 206 | 3.4 | 3258
AS4/3501-6
[£45/0,], 38.7 | 996 | 322 | 29.8 | 349 | 284
[90/0/x45/0]4 40.1 113 | 325 | 298 | 05 | 36.7
[+45/0/90], 302 | 121 | 321 | 296 | 50 | 321

It can be seen in Table. 3 that the resulting
frequencies show the same trends as presented
in Table. 2. That is, the highest increment of
frequency is the 2" mode for all laminates except
the 5 mode with the following stacking
sequences: [+45/0/90], and [90/0/+45/0],.
6. Summary

In this work, the composite rotor blades
made of S2Glass/Epoxy,
AS4/3501-6 with the

Kev49/Epoxy and
symmetrical stacking
sequences were developed and analyzed by finite
element method. Due to the interest in low
frequency, the resulting frequencies of the first 6
modes consisting of three flapwise modes, two
edgewise modes and one torsion mode were
extracted. To study the effect of constraint, the
additional boundary condition was applied. The
results revealed that the supplementary boundary
condition attached away from the rotor hub at the
rato L/A,=13.25 andL/A,= 7.75 respectively

can cause the blade frequency shift. It is
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interesting to note that the 2" mode exhibits the
significant increment of frequency for all three
types of laminates as the frequency of the 5"
mode is no more than 5% increase for the
[+45/0/90], and [90/0/+45/0], laminates.
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