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Abstract

This paper presents and evaluates a new concept for resonance avoidance of variable speed rotors. This
concept is based on using a Variable Stiffness (VS) composite spar, which mechanical properties can be
varied in flight. This adaptive spar is made of a mixture of composite laminates and variable stiffness layers.
The variable stiffness layers are made of shape memory alloy fibers and their module of elasticity can be
changed or controlled by the addition of heat. To model the structural dynamics of the blade, a one dimensional
geometrically exact beam formulation has been coupled with a two dimensional cross-sectional analysis tool.
The rotating frequencies of the blade are obtained by finding the eigenvalues of the linearized equations about
the nonlinear steady-state condition. First the accuracy of the developed model is verified against available
results for a scaled composite blade, and a very good agreement is observed. Next, the effect of adding vari-
able stiffness layers on the blade frequencies is examined. It is found that by changing the temperature of the
blade by only 10 degrees, it is possible to modify the resonance frequencies. This is obtained by either remov-
ing the resonance crossing from the operational range or moving the crossing toward higher harmonics. Fi-
nally, the proposed concept is applied to a full-scale blade and the same observations are obtained.

1. NOTATION emissions. This is because one of the main chal-
Symbols lenges that the world is facing now is climate change.
. . Therefore, almost all international governments
A B, C Components of flexibility matrix . .
F M Internal force and moment agreed to reduce their carbon footprint so that the
h Spar height global warming be well below 2°C. The global aviation
I Mass moment of inertia industry, alone, produces about 3% of global carbon
L Rotor radius emissions and high levels of NOx emissions. There-
P, H Linear and angular momentum fore, to achieve the net-zero 2050 target, novel and
t Spar wall thickness N breakthrough solutions/technologies, such as hybrid
vV, Q Linear {ind angular velocities aircraft, more efficient aircraft, hydrogen-based en-
w Spar width _ gines, etc., are required. The Advisory Council for
B Extention-twist coupling : .
) Aeronautics Research in Europe has set a goal to re-
Qyer Rotor speed of rotation q the GO and NO o by 50% o 80% f
u Mass per unit length uce .e 2 an X emissions y b to 6 for
y and k Strain and curvature measures new aircraft [}]: One of the promlsmg concepts Fo—
; Centre of mass offset from reference ward more efficient rotorcraft is the concept of varia-
axis ble speed rotor (VSR), and Prouty presented the ben-
efits that a VSR could provide [2]. This concept has
2. INTRODUCTION received an increasing interest over the past two dec-

ades [3-5]. It has been identified that the Figure of
Merit of the rotor in hovering condition happens at dif-
ferent rotational speed for different altitudes [6]. Also,

It is anticipated that the future global aerospace mar-
ket will move toward greener products to cut
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Steiner [7] showed that the main rotor power of the
UH-60 Black Hawk helicopter can be reduced by 15%
by varying the rotor speed. Mistry and Gandhi [8] in-
vestigated the effects of varying rotor speed com-
bined by varying rotor radius on the performance im-
provement of the rotorcraft. VSR concept has already
been implemented in several products such as V-22
Osprey, AW-609, Bell 407, XH-59, and others [2].
Also, recently this concept has attracted attention of
the advanced air mobility community due to their im-
proved efficiency (e.g. Jaunt Air Mobility and
Overair’s Butterfly). The concept of variable speed ro-
tor contrasts with conventional helicopters where usu-
ally the main rotor rotates at a constant speed. There
are several reasons that a rotorcraft operates at a
constant speed, but one of the main issues is the vi-
bration of the rotor due to passing through resonance
points during speed change [5].

There are three potential ways to overcome this chal-
lenge. The first solution could be to design a rotor sys-
tem which is able to sufficiently separate the natural
and excitation frequencies for a wide range of rotating
speeds. This is very challenging as the blade design
itself is always a compromise between several condi-
tions, and hence not always a feasible option. The
second option can be to reduce the blade vibratory
loads (rather than removing the resonance condi-
tions) using passive (e.g. embedded dampers) or ac-
tive (e.g. trailing edge flaps) vibration control meth-
ods. Although active and passive vibration control
methods are workable solutions, they also have their
own challenges [3]. Alternative to these two options,
there is a third option which is to avoid the resonance
conditions in flight which potentially have some bene-
fits over the previous methods [3]. It is noted that de-
signing a very stiff blade which natural frequencies
are higher than the excitation frequencies for reso-
nance avoidance is not a viable option as this can in-
crease the blade mass by up to 34% [9]. Dibble et al.
[3] introduced a new concept for resonance avoid-
ance for VSRs. In this method, a compressive force
is applied to the blade to separate the blade natural
frequencies and excitation frequencies in flight. They
showed that it is possible to reduce the blade natural
frequencies by up to 10% to avoid the resonance sit-
uations in different conditions. Chandrasekaran and
Hodges [2] showed that the lag stiffness of the blade
has a direct impact on the natural frequencies of the
blade, and hence properly designing the lag stiffness
can result in resonance avoidance. However, they
showed that a blade with high lag stiffness can

introduce other challenges such as higher torque re-
sponses. More recently, an adjustable tendon sup-
ported by dynamically tuned squeeze film damper
guides concept has been proposed to suppress the
blade resonance vibration [10]. It has been shown
that this concept is able to introduce highly focused
blade damping to reduce the vibration amplitude.

In the last few years, a new interest has arisen toward
the application of the concept of variable stiffness
structures. Ondra et al. [11] proposed an active vibra-
tion suppression for truss structures using variable
stiffness members. The axial stiffness of the member
was varied by a small stroke of piezoelectric actua-
tors, and the results indicated that this concept can
be effective for realistic structures. Gandhi and Kang
[12] developed another concept to vary the flexural
bending stiffness of a multi-layer beam. This has
been done by adding polymer layers on top and bot-
tom surfaces of the beam. The experimental results
showed that the flexural stiffness of the beam can be
varied by up to four times when the temperature in-
creases. A variable stiffness spar has been proposed
by Chen et al. [13] to improve the roll performance of
the aircraft. The stiffness change of the wing was ob-
tained by rotating the spar by suing actuators, and it
was shown that it is possible to improve the roll per-
formance by up to 22%. Raither et al. [14] studied the
efficiency and performance of using a variable stiff-
ness element for morphing of a plate. The variable
stiffness plate was able to produce an adaptive bend-
ing-twist coupling by adding polymer layers to the
laminates. The results of this study showed that the
bending-twist coupling of the plate can be varied by
up to 10 times by changing the plate temperature.

The contribution of this paper is to investigate the ef-
fectiveness of using a variable stiffness spar (VSS)
for resonance avoidance and load reduction of varia-
ble speed rotors. The spar is made from a mixture of
composite and variable stiffness (VS) layers, and the
effects of increasing the temperature and number of
VS layers on the rotating frequencies of the blade are
determined.

3. Problem Statement

A composite hingeless rotor blade with variable stiff-
ness spar, as shown in Figure 1, is considered. The
main structure of the blade is assumed to be a rec-
tangular closed section spar. The spar is made from
several layers of composite laminates and VSS layers
as shown in Figure 1. The blade length is denoted by
L and it rotates with a rotational speed of Q. around



the z axis. Furthermore, the spar width, height and
wall thickness are denoted by w, h, and t, respec-
tively. It is noted that in this study, only an anti-sym-
metric layup is considered where the extension-twist
coupling is dominant in the cross-sectional stiffness
matrix as will be discussed later.

Figure 1: The schematic of the blade with variable stiff-
ness spar
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Figure 2: The elastic modulus of Nitinol vs temperature
(15]

It is assumed that the variable stiffness layers are
made from shape memory alloy (SMA) hybrid compo-
sites that contain shape memory alloy fibers in such
a way that the module of elasticity of these layers can
be changed or controlled by the addition of heat [16].
Here it is assumed that the SMA fibers are made from
Nitinol. Nitinol is a nickel-titanium alloy that exhibits
shape memory effect. Above the austenite

temperature, its stiffness increases and below mar-
tensite its stiffness decreases. Figure 2 shows the
Young’s modulus of nitinol versus temperature [15].
A jump in elastic modulus is seen at the transition
from martensite to austenite between 50° and 60°.

Mathematical Modelling

The structural dynamics of the blade is simulated by
combining a 1D beam model with a 2D cross-sec-
tional analysis. To model the 1D global behavior of
the beam, the geometrically exact fully intrinsic beam
equations are used [17]

F+(k+®)F=P+QP
(1) M+ (k+®)M+ (& +&F=H+QH+ VP
V+(k+®)V+ (@ +Pe=v
O+ (k+R)Q =k
where F, M, V and Q are vectors of the internal force,
internal moment, generalized linear velocity and gen-
eralized angular velocity, respectively. Also, y and k

are the generalized strain and curvature, which are
obtained using the internal force and moment

2) Y] _[A B][F
[K] - [BT c] [M]
where A, B, and C are the beam cross-sectional flex-
ibilities. Moreover, P and H are vectors of generalized
linear and angular momentum which are obtained us-

ing the generalized velocities and cross-sectional
mass matrix as follows
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where u is the beam mass per unit length, A is the
identity matrix, and I and & are the mass moment of
inertia matrix, and offsets of the cross-section mass
centre from the beam reference axis, respectively. By
substituting the above equations into the main gov-
erning equations, the final nonlinear structural dy-
namics equations of the blade are obtained. To solve
the resulting equations, a second-order accurate dis-
cretization method as explained in [17] is used. The
rotating frequencies of the blade are obtained by find-
ing the eigenvalues of the linearized equations about
the nonlinear steady-state condition [18, 19].

4. Results and Discussions

In this section, the developed numerical model is first
validated against published results. Then, parametric
studies are carried out to evaluate the effectiveness



of the proposed concept for resonance avoidance of
variable speed rotor blades.

In order to verify the developed method, a composite
hingeless rotor blade with a rectangular composite
cross-section as described in [20] is considered first.
Each wall of the composite box is made of 6 layers,
and they are arranged in a symmetric way to produce
a bend-twist coupling. The comparison between the
rotating frequencies is presented in Table 1, and a
very good agreement is observed. It is noted that 16
elements have been used to discretize the blade.

Table 1: Comparison of the rotating frequencies of the
composite beam with symmetric layup of [15]s, [15/-15]3 at

2 =1002 rpm.
Mode Present Detailed FEM [20]
Flap 1 35.741 36
Lag 1 56.854 57.1
Flap 2 197.01 197.3
Lag 2 350.26 349.3
Torsion1 713.92 714.9

A composite scaled helicopter blade is considered as
a baseline configuration [21]. The blade spar is made
of AS4/3501-6 graphite/epoxy, and the spar box outer
width and height dimensions are w=12.804 mm and
h=8.944 mm. The rectangular box-spar has four
walls, and each wall consists of 6 layers with a total
thickness of t=0.804 mm. The blade properties are
listed in Table 2 and its material properties are sum-
marized in Table 3.

Table 2: The hingeless rotor blade properties.

Here, only one layup case with & ply angle is consid-
ered where the extension-twist (E-T) coupling is dom-
inant as presented in Table 4. It is noted that in future
studies other types of couplings will be considered as
well.

Table 4: The blade layup cases.

Case Top Bottom Left Right

(E-T) []e [—¢s (16 [—¢]e

Parameter Value
Blade length (L) 0.9615m
Mass per unit length (u) 0.343 (kg/m)
Polar mass moment of inertia (i11) 2.062x10*
(kg.m)
Rotor baseline speed (Qref) 1000 (rpm)

Table 3: The material properties of AS4-3501-6.

Parameter Value
E;; (GPa) 142
E,, = E;; (GPa) 9.8
Gy, = G5 (GPa) 6.0
G,3 (GPa) 3.77
Uip = Vg3 0.3
Uys 0.34
p (kg/m3) 1445

In the first step, to understand the effect of different
ply angles on the dynamics of the blade, the rotating
frequencies of the baseline blade with this layup is
determined and shown in Figure 3.

Figure 3: The rotating frequencies of the baseline blade
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Figure 4: The Campbell diagram for the blade with ply an-
ge&=0°

As it has been mentioned before, here it is assumed
that the rotating speed of the rotor can be varied to
improve its performance [5]. Here the transition speed
is considered between 60% to 100% of the rotor
speed as also considered in [3]. Figure 4 shows the



Campbell diagram of the rotor for & = 0°. It is clear
that when the blade is rotating in nominal condition
(e.9. 2/Q,.f = 1), no resonance point is available.
However, if the rotor needs to be running in the tran-
sition speed range (0.6 < Q/Q..r < 1), there are sev-
eral resonance points that the rotor faces which could
lead to high vibratory loads, and hence, it would be
beneficial to find a way to remove these crossing
points from the operational speed range.

To do this, it is assumed that some layers of the com-
posite spar are replaced with variable stiffness SMAs.
First, it is assumed that only the second and fourth
layers of the spar are made from hybrid composite as
discussed above. The effect of temperature on the
flap, lag and torsional stiffness changes of the box is
determined and shown in Figure 5 with respect to the
baseline values. It is clear that the stiffness of the
blade now is variable and depends on the tempera-
ture of the variable stiffness layer. It is noted that the
highest change is seen in the torsional stiffness by up
to 70% when the temperature changes from 50° to
60°, while the flap and lag stiffness values change
only by about 10%.
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Figure 5: The change in cross-sectional stiffness of the
blade versus temperature for ply angle ¢ = 0°

Figure 6 shows the nondimensional extension-twist
coupling of the blade versus ply angle for the blade
with and without variable stiffness layers and for dif-
ferent temperatures. It is noted that here the nondi-
mensional extension-twist coupling is obtained as fol-
lows

Sia
VS11 X Sas

where, S;1, S44 @and S,, are the axial, torsional and ex-
tension-twist coupling stiffnesses, respectively. It is

obvious that the elastic coupling of the blade can also
be altered as the temperature increases. In what fol-
lows, a parametric study is done to understand the
impact of variable stiffness layers on the rotating fre-
quencies of variable speed rotors.

0.2 T . .

N —— Without VSL
0.6 AR R4 ---T=30
i o T = 60°
-0.8 ‘ ‘ ‘ ‘ ‘
0 15 30 45 60 75 90
¢ (degree)

Figure 6: The change in nondimensional extension-twist
coupling for various temperatures and ply angles

Table 5 and

Table 6 show the effect of temperature on the first five
natural frequencies of the blade with & =0° at
Q/Qrer =0 and Q/Q,.r = 1, respectively. Here, the
percentage difference of the frequencies are calcu-
lated with respect to the baseline blade. As expected,
the highest change happens when the temperature
increases to 60°.

Table 5: The blade frequencies at 2/0,..f = 0.

Temp 1F (%) 1L (%) 1T (%) 2F (%) 2L (%)
30° 1442 1464 239 -1410 -14.27
40° -15.26  -1549 -3.02 -15.02 -15.20
50° -1491 -1513 -0.69 -14.63 -14.80
60° 926 943 1170 779  -8.75
70° 917 934 1181 817  -8.66
80° -870  -8.86 1242 10.19 -8.16
90° -843  -859 1276 1131 -7.88

Table 6: The blade frequencies at 2/0,..f = 1.

Temp  1F (%) 1L (%) 4T (%) 2F (%) 2L (%)
30° -10.76  -243 206  -7.66 -10.21
40° 1143 -259 254 -816 -10.87
50° -11.14  -252  -057 -7.95 -10.59
60° 677 -150 2756 -468 -6.26
70° 670  -149 2797 -463  -6.20
80° 634 -140 3014 -436 -5.84




90° -6.13 -1.35 31.34 -4.21 -5.64

Next, the effect of temperature variation on the reso-
nance avoidance of the blade is considered and the
results are presented in Figure 7 for ply angle of £ =
0°. Itis obvious that as the temperature increases, the
resonance points are shifting which could be a way of
resonance avoidance. In this case, the highest shift in
frequency is seen for torsional mode, and the lowest
shift is evidence for first lag and flap modes.
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Figure 7: The effect of temperature variation on the rotat-
ing frequencies of the blade for ply angle & = 0°

To have a closer look at the separation between ro-
tating and excitation frequencies, a nondimensional
variable, Modal Separation (MS), is defined here. It is
noted that an increase in the MS value means the
separation between excitation and rotating frequen-
cies increases, and MS=0 refers to a resonance point
at a specific rotating speed.

. min (|lw(Q) —nQ|)
Bl Q

So, the calculated minimum modal separation (MMS)
of the diagram shown in Figure 7 is present in Figure
8 for each mode and up to 5/rev harmonics. It is noted
that the minimum acceptable level of separation has
been mentioned in the literature as to be 10% of the
rotor speed, and hence this line has been drawn
alongside the MSS values. It is clear that by increas-
ing the temperature, the first flap and lag modes are
slightly affected, but the location at which the reso-
nance occurs has shifted. It must be noted that when
the temperature increases, an extra resonance point
occurs for first lag mode at around Q/Q,.r = 0.62.
Also, it is obvious that the temperature works better
for flap mode compared to the lag mode.

Furthermore, the temperature is helpful for second
lag mode compared to second lag mode, as it in-
creases the MSS value for all rotating speeds. Alt-
hough the MSS of the first torsion mode doesn’t show
too much benefits, but as it is clear from in Figure 8,
the resonance point of this mode is shifted toward
higher harmonics (e.g. from 3,4/rev to 4,5/rev). This
has the benefit of reducing the resonance loads, as
when the crossings happen at higher harmonics, the
blade response/load will be less severe than when
the crossing happens at lower harmonics [2].
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Figure 8: The effect of temperature on the MSS value for Figure 10: The effect of temperature variation on the rotat-
ply angle ¢ = 0°, and for a) first flap and first lag, b) first ing frequencies of the blade for ply angle ¢ = 15°
torsion, c) second flap and lag modes

Next, the effect of elastic coupling combined with tem- )50 T
perature on the rotating frequencies of the blade is e =T =T0° /
investigated. Figure 9 shows the Campbell diagram 2
and resonance crossings of the composite blade with-
out VSL and for ply angle ¢ = 15°. As itis clear, in this
case the resonance only happens for first torsion and
second flap and lag modes.
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Figure 9: The Campbell diagram for case 3 with ply angle
& =15°

The effect of temperature on the resonance avoid-
ance of this case (¢ = 15°) is considered and the re-
sults are presented in Figure 10 and Figure 11. Again
temperature change can result in change at the loca-
tion at which the resonance happens.
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Figure 11: The effect of temperature on the MSS value for
ply angle ¢ = 15°, and for a) first flap and first lag, b) first
torsion, c) second flap and lag modes

By now, it has been showed that using VSLs would
influence the resonance behavior of the blade. But,
the effect of the number of VSLs has not been con-
sidered. Hence, Figure 12 and Figure 13 summarizes
the resonance points for various modes and number
of layers of VSLs for two ply angles. As the number
of VS layers changes, the resonance points also
ggange, but the behavior is different among different
modes. For instance, as shown in Figure 12 (a), when
the number of layers increases to 3, the resonance is
completely removed from the operational range of the
rotor. Also, the number of layers can change the num-
ber of resonance crossings for each individual
modes, as shown in Figure 12 (c).
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Figure 12: The effect of number of layers on the first reso-
nance points for ply angle ¢ = 0°, and for a) first lag, b)
first torsion, c) second flap and d) second lag modes
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Figure 13: The effect of number of layers on the first reso-
nance points for ply angle ¢ = 15°, and for a) first torsion,
b) second flap and c) second lag modes

Finally, to evaluate of the proposed concept on more
realistic blade, a full scale blade with the properties
presented in [2] is considered. Based on the stiffness
change that variable stiffness layers can provide for a
blade, as shown in Figure 5, it is assumed that the
flap, lag and torsional stiffness values can be altered
by 20% when the temperature changes from 30° to

60° which has been shown to be feasible. Figure 14
shows the Campbell diagram of this full scale blade
alongside the resonance crossing points that hap-
pens in the operational speed range (0.8 < Q/Q,.r <
1).
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Figure 14: The Campbell diagram of the full scale blade

There are several resonance points that are happen-
ing in the operational range of the rotor speed. Here,
the focus would only be on the first three crossing
points (e.g. first lag, second flap and first torsion). Fig-
ure 15 shows the variation of these crossing points of
these three modes for changes of lag, flap and tor-
sional stiffness values due to temperature.
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Figure 15: The change in blade resonance points with the
change in a) flap stiffness, b) lag stiffness and c) torsional
stiffness

When the flap stiffness decreases by 20%, the reso-
nance that happened initially at Q/Q,.r = 0.81 has
not been removed from the speed range. Same ob-
servation is seen for the lag mode crossing. For the
torsional mode, when the torsional stiffness de-
creases, the resonance points shift toward higher har-
monics (e.g. 7/rev,8/rev to 9/rev and 10/rev). This
clearly shows that using a variable stiffness mecha-
nism, it is possible to shift or remove the resonance
points from the operational range of speeds of the ro-
tor. However, it is still necessary to understand how
this can impact the vibratory loads of the blade. This
will be investigated in future studies.

5. CONCLUSIONS

In this paper, the effectiveness of a variable stiffness
spar on resonance avoidance of a variable speed ro-
tor was investigated. The blade spar was made from
composite laminates combined by shape memory al-
loy hybrid composites of which their material

properties can be varied by increasing the tempera-
ture. The blade dynamics was simulated using an ex-
act beam theory, and the blade frequencies are ob-
tained by obtaining the eigenvalues of the linearized
equation of motion about the steady-sate condition.
An anti-symmetric laminate layup was considered
where an extension-twist coupling is available, and
the effect of temperature on the rotating frequencies
of the blade were determined. It was found that when
the blade temperature increases by only 10°, the flap,
lag and torsional stiffnesses of the blade can be
changed. This is the main mechanism of varying the
rotating frequencies of the beam. Also, it was shown
that by adding variable stiffness layers to the spar, it
is possible to either remove the resonance crossings
from the operational speed range of the rotor or shift
them towards higher harmonics. Furthermore, the
number of variable stiffness layers directly impacts
the speed at which the resonance happens. Finally, a
full-scale blade with variable stiffness spar was con-
sidered where the results indicated that this concept
has the potential to be used for resonance avoidance
of variable speed rotor. Further research is necessary
to be performed to investigate how this concept can
influence the vibratory loads of the blade.
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