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Abstract

This paper presents the initial performance analysis of a twist morphing concept based on moving a mass in
the chordwise direction in hovering flight. The blade structure is considered to be made of composite
materials with bend-twist coupling present in the layup. The chordwise movement of the added mass
introduces an additional lag moment along the spar of the blade which is able to change the twist of the
blade through the bend-twist coupling. Therefore, the twist of the blade is related to the mass position in the
chordwise direction and its magnitude. The blade is modelled by using the geometrically exact fully intrinsic
beam equations, and the aerodynamic loads are simulated by using the quasi-steady aerodynamic model
combined with uniform inflow. The governing aeroelastic equations are discretized using a time-space
scheme. The results show that when the mass moves in the chordwise direction of the blade, the twist
distribution of the blade changes. This twist change results in variation of the aerodynamic loads and hence
change the aerodynamic performance of the rotor. The results highlighting the importance of the added mass
location and magnitude, and the lag-twist coupling value on the reduction in the rotor power required is

presented.

1. INTRODUCTION

The helicopter has many advantages such as
vertical takeoff and landing, and hovering which
makes it unique. Currently, the helicopter blade
shape is designed through a compromise
between various flight conditions, and therefore
the final shape is not optimal all flight cases. This
results in higher levels of noise, pollution, fuel
consumption, and lower levels of performance
and comfort. Therefore, the idea of changing the
shape of the blade, either locally or globally, has
been proposed. The adaptive helicopter is a
means of implementing morphing technologies to
design helicopter blades to enhance the
performance, or to reduce the noise and vibration
of the rotorcraft. Among all possible concepts for
morphing a blade, the twist and trailing edge flap
concepts have received the most attention over
the past two decades [1]. Several different ideas
for the control of a blade, including twist, pitch,
flap, and camber, were reviewed by Straub and
Chopra, and the advantages and disadvantages
of these methods for vibration reduction were
reported [2, 3]. The change in the blade twist
during flight is the focus of this paper. When a
rotorcraft is in the hover condition, highly twisted
blades are optimal, while low levels of twist are
optimal for high-speed forward velocities [4].
Therefore, the predefined blade twist variation is
normally chosen as a compromise between
different flight conditions. Blade twist morphing
changes the blade twist actively during flight to
allow the rotorcraft to fly in an optimum condition

in terms of twist variation. Han et al. [5] showed
how the performance of a helicopter during flight
could be improved by dynamic blade twist. They
demonstrated that the dynamic blade twist
improves the performance and reduces the rotor
power requirement.

One of the earliest studies concerning the twist
change of the blade via piezoelectric actuators
was performed by Chen and Chopra [6]. In this
study, the piezoelectric patches were located on
the lower and upper surfaces of the blade, and
about 0.4° of twist change was achieved at 4 per
rev. This concept was tested in the hover and it
was found that a linear twist change of about 0.6°
may result in a 10% increase in the rotor lift [7].
Chattopadhyay et al. [8] used smart materials to
reduce and control the vibratory load of a
composite box beam blade. They showed that the
number of actuators and their location significantly
affects the blade dynamic load reduction. The
dynamic behaviour of active twist rotor blades with
distributed anisotropic strain actuators for
vibration and noise reduction has been
investigated experimentally and analytically by
Cesnik et al. [9]. Good correlation between their
developed analytical model and the experimental
results was reported. This study was continued to
check the developed analytical model for the
forward flight condition by Shin and Cesnik [10].
Thakkar and Ganguli [11] considered the vibration
reduction of a soft in plane hingeless rotor blade
in forward flight with induced shear based on
piezoceramic actuation. They showed that about
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43% reduction in the vibration is feasible. Schultz
[12] proposed a new concept capable of large
shape morphing with a small energy input based
on bi-stable structures. The active vibration
reduction of composite hingeless rotor blades with
dissimilarity based on the active twist concept was
investigated by Prashant and Sung [13]. The
numerical results showed that the blade
dissimilarities influence the rotor vibratory loads
and the input energy. You et al. [14] examined the
influence of different actuation scenarios to
maximize the performance of a rotor in high-
speed flight conditions. Apart from using piezo
materials for blade morphing, there are some
other efforts focusing on using shape memory
alloys for blade twist change. Prahlad and Chopra
[15] presented the concept of using a shape
memory alloy torque tube to change the twist
distribution of a tiltrotor blade between hover and
forward flight. The effect of heat treatment of the
SMAs in tuning the actuation behaviour was
discussed. The development and experiment of
an active twist rotor blade using a thermo-
mechanical shape memory alloy was reported by
Bushnell et al. [16]. In the ONR-funded
Reconfigurable Rotor Blade program the SMA
actuator was used to change the twist of a V-22
Osprey blade [17-19]. It was shown that about 2°
of twist change is feasible with this SMA concept
[18]. Pagano et al. [20] proposed an SMA rod
mechanism for morphing helicopter blades to
mitigate the environmental impact. There are also
other concepts in the literature for changing the
twist of the blades. One concept for twist variation
of the blade is the warp-induced twist which
originally was proposed for fixed-wing applications
[21], and then extended to rotary-wing aircraft [4].
In this concept, the ribs can rotate freely around
the spar, and the skin is also free to move on the
ribs. The warping is generated by creating a
relative motion in the span-wise direction by using
a threaded rod, and when this rod rotates the
result is a twist change of the blade.

More recently, several promising concepts have
been proposed through the Shape Adaptive
Blades for Rotorcraft Efficiency (SABRE) project.
Within SABRE, six different morphing concepts
have been proposed all aiming to enhance the
performance, or to reduce the vibration or energy
requirements of the rotor system. The final vision
of SABRE is to use multiple morphing concepts in
a single blade to achieve potentially greater
benefits than possible through just one morphing
technology. One of the concepts that has been
considered is to change of the twist of the blade in
flight by moving a mass in the chordwise direction
as discussed by Amoozgar et al. [22-25]. In this
concept the change of the blade twist is obtained
by moving a mass near the tip of the blade to

create a local centrifugal force which then,
through the lag-twist coupling of the composite
layup, results in a torsional moment. This torsional
moment is then able to change the twist of the
blade. In this paper, the proposed concept is first
introduced, and the important parameters are
summarized. Then an analytical model capable of
examining this concept is developed, and the
effect of different system parameters and their
influence on the twist of the blade and also the
performance of the rotor are presented.

2. PROBLEM STATEMENT

As shown in Figure 1, a composite hingeless rotor
blade is considered. The blade is modelled by a
cantilever beam which is rotating at a constant
rotational velocity. The blade is assumed to have
a composite cross-section so that it has some
specific sort of elastic couplings. A mass is added
to the blade, near to the tip of the blade, to
generate an additional centrifugal force. The mass
can be moved in the chordwise direction, y, by
using a proper mechanism. When the mass is
moved, a variable lag moment is produced about
the spar of the blade. This lag bending moment
turns into an equivalent torsional moment through
the lag-twist coupling available in the composite
layup. Therefore, the blade twist can be changed
by moving the mass in the chordwise direction of
the blade. The mass location in the x and y
directions are denoted here by xm and ym, and it is
assumed that the mass is located centrally in the
thickness direction. The blade length and chord
are denoted by L and c, respectively, and the
blade rotates at a constant speed Qo. When the
mass is moved, the twist of the blade changes,
which in turn the performance of the rotor can be
altered. Therefore, in this study. the effect of this
proposed twist morphing concept on the
performance of the rotor is investigated.

a) ‘
J—'y

Tailored
composite spar
box

Inertial mass
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Figure 1: Schematic description of the twist morphing
concept a) spanwise position of the mass b) chordwise
position of the mass c) twisted section

3. FORMULATION

In this section, the aeroelastic formulation of the
composite blade is introduced. The composite
blade structure is modelled by using the
geometrically exact fully intrinsic beam equations
as follows
aFl/axl + K2F3 - K3F2 = 6P1/6t+ sz3 - Q3P2
an/axl + K3F1 - K1F3 = 6P2/3t+ Q3P1 - Q]_P3
aF3/ax1 + K]_Fz - K3F1 = 6P3/at+ Q]_PZ - QZPI

OMy/0x; + KoM3 — KM, + 2y, F5 — 2y3F, =
0H{/0t + Q,H; — Q3H, + V,P; — V3P,

OM, /0xy + KMy — Ky M3 + 2y,3F; — (1 +y11)F;5
0H, /ot + Q3H, — QH; + V3P, —V, Py

1
@ OM3/0xy + KyMy — KoMy + (1 4 y11)F, — 2y1,F;
0H; /ot + Q. H, — Q,H, + VP, — V,P;

V1 [0xy + KV — K3V, + 2y1,Q5 — 2y138Q, =

dy11/0t

WV, [0x; + K3V — K Vg — (1 +y11)Q3 + 2y430, =
20y,,/0t

V3 /0x; + K1V, — KoVy + (1 +y11)Q, — 2y1,0 =
20y,3/0t

09, /0x; + K, Qs — K3Q, = 0k, /0t
090, /0%, + K30y — K, Q5 = Ok, /0t
00, /0%, + Ky Q, — K, Q = O3 /0t

where F; and M; for i=1,..,3, are the internal forces
and moments in the three directions, and V; and
Q; are the components of linear and angular
velocities. P, and H; define the linear and angular
momenta. The generalized strain components are
denoted by y,; and k;, and K; gives the final
values of twist and curvatures of the beam as
follows

2 Ki=K;+k;

where the initial curvature and twist of the blade in
the undeformed coordinate is defined by k; for
i=1,..,3.

It is noted that, to derive the intrinsic equations of
the beam, the three-dimensional strain energy is
solved for the warping, and the asymptotically
correct one-dimensional variables are obtained
through a rigorous dimensional reduction [26].

The cross-sectional stiffness matrix, which defines
the relationship between the internal forces and
moments to the generalized strains, is defined as
[F1] [511 S12 S13 S1a Sis 516][ Y11
[F2| [Siz S22 S23 S2a Sas Sze||2V12|
(3) [ F5 | — [Si3 S23 S3z Sz S35 Sze||2v1s|
|M1| |514 Saa S34 Sas Sas Ssell K1
M, [515 Sas S35 Sus Sss Sse l K2 J
M3 516 526 536 546 556 566

In this study, it is assumed that only the diagonal
elements of this matrix and the S, term (i.e. the
lag-twist coupling) are non-zero. This is not
generally true for a general composite structure
and the matrix is generally full. However, in this
study the focus is on the lag-twist coupling, and
hence this assumption is reasonable.

In the next step, the aerodynamic loads applied
on the blade in hover condition is introduced. For
this study, the aerodynamic loads are simulated
by using the intrinsic expression of Greenberg’s
theory [27] is defined as

faero = CBafa

) Mgero = CP%mgy + CP%x, f,

where x, is the offset between the beam
reference line and the aerodynamic centre, and
C5% is the direction cosine matrix of deformed
frame with respect to aerodynamic frame. In this
study, it is assumed that the offset of the
aerodynamic centre from the elastic axis is zero.
The aerodynamic force and moment equations in
the aerodynamic reference frame are [27]
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0

pub 1,V — €a, ViV + cayVayVa,

© Q.b ¢ Vab
1V, (Vay = 222) = 22255° — ¢ ViV, + Ca Vi

)

mg, =

—bey, Vo, 0 /8 — ¢, (b2Q4/32 — bV, /8)
2peb? 0

0

where ¢, ¢q,, and ¢y, are the airfoil lift and drag
coefficients, respectively. The variables with
subscript ( ,) are expressed in the aerodynamic
reference frame. The induced inflow velocity
corrects the vertical component of the velocity as
follows

(6)

The uniform induced inflow velocity determined by
the blade element momentum theory at % span, 4,
is given as [28]

o
A =sgn[6 + ¢(0.75R)] ry QR

@) 12
X (|1+—10+¢(0.75R) ~ 1)

where ¢ is the blade solidity, and 6 and ¢ are the
blade pitch angle and elastic twist angle,
respectively.

By combining the structural formulation with the
aerodynamic model, the full aeroelastic model is
obtained. To solve the nonlinear aeroelastic
equations, a time-space discretization scheme is
used [26]. In this method, every unknown variable
is defined on the right and left hand sides of each
node. This is appropriate to take into account any
discontinuity such as the point mass. Finally, the
equations of motion are summarized in a compact
form as

(8) @;;q; + b;;q; + ¢ qiqx = 0

where ¢ is the vector containing the unknown
parameters (Fi, Mi, Vi, Q;, i=1..3) at the left and
right side of each node, and a;j, bji, cjix are the
matrices of linear and nonlinear coefficients. The
steady state condition of the system is determined
by removing all time derivative terms and solving
the resultant nonlinear equations by the Newton-
Raphson method.

Finally, to close the composite blade formulations,
the following boundary conditions are considered:

Fi53(R,t) =0,M;,5(R,t) =0,
V1,3(0,t) =0,Q,,(0,t) = 0,Q03(0,t) = Q,
4. RESULTS
A hingeless rotor blade that resembles the main

rotor blade of the BO-105 with the characteristics
reported in Table 1 is considered ([29]).

Table 1: Parameters of the BO-105 main rotor blade

Iltem Value
Radius (m) 4.91
Chord (m) 0.27
Pre-cone angle (deg) 2.5°
Rotating velocity (rad/s) 44.4

It is noted that the BO-105 blade has variable
spanwise properties, but here it is assumed that
the equivalent blade has uniform spanwise
properties. The cross-sectional properties of the
equivalent uniform blade are selected so that the
fundamental frequencies of the blade are as close
as possible to the BO-105 blade.

Table 2: Comparison of the equivalent blade
frequencies with those of the BO-105 blade

Mode Present (Hz) | Peterson et al. [29]
(HZ)

1%t Lag 4.61 4.66

15 Flap 7.52 7.91

2" Flap 20.03 19.64

15 Torsion 25.40 26.78

2" Lag 290.8 30.6

To achieve these frequencies, a GA optimization
algorithm was used, and the proper cross-
sectional properties are obtained . The
comparison between the fundamental frequencies
of the equivalent blade and the BO-105 blade are
reported in Table 2. From here on, all the results
are based on the equivalent blade.

As mentioned before, the lag-twist coupling plays
a significant role in this concept and hence the
lag-twist stiffness term, i.e. Ss, exists and is
related to the torsional stiffness (S44) and bending
stiffness (Sgs) through the following relation:

) S46 = A~/ S44-See

where « is the nondimensional bend-twist coupling
index which can have a value between -1<a<1
[30]. It is assumed here that this term is added to
the blade stiffness matrix without altering other
properties.

A non-structural mass is added to the blade to
produce an extra centrifugal force. The added
mass value is considered to be a fraction of the
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blade mass itself as follows
(10) n=m,/uR

First, the effect of moving the added mass on the
twist change of the blade is determined. Figure 2
shows the blade tip twist change when the added
mass moves from most forward position to the
most aft position. In this case, when the leg-twist
coupling is 0=0.8, and the added mass is n=0.1,
about 33° of twist change is achievable at the tip
of the blade. However, it must be noted that due
to aeroelastic instability problems, it is not
possible to freely move the mass toward the
trailing edge of the section, and the permitted
design space is limited.

40
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Figure 2: Change of blade tip twist for different coupling
and mass ratio values
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Figure 3: Change of blade tip twist for different coupling
values and different spanwise locations

The effect of the spanwise location of the added
mass on the tip twist change of the blade is
determined next and shown in Figure 3. By

moving the mass toward the tip of the blade, the
twist value increases rapidly due to the increase in
the centrifugal force. Therefore, in terms of the
twist change, it is more advantageous to place the
mass near the tip of the blade, although this may
not be the best option due to other restrictions.

Next the effect of this concept on the performance
of the rotor in hovering flight is determined. First
the rotor performance of the equivalent rotor blade
is obtained and compared with the experimental
results reported in [31] and shown in Figure 4.
The results are a good match, and the
discrepancy is mostly due to the use of a simple
aerodynamic model and also using the equivalent
blade with constant properties instead of the
actual blade. However, since the main focus of
this paper is on the rotor power saving/reduction
of the proposed morphing concept, this difference
will not affect the results and conclusion. The
figure of merit of the rotor with the equivalent
blade is obtained and compared with experiments
in Figure 5. Again, the results are a good match.
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Figure 4: Comparison of the rotor performance to the
experimental data from [31]

0.8
0.7F
[ O
[ (@]
[ OO
0.6
05
Z0af
03:_ @) Warmbrodt and Peterson, 1984
T Present
02
01f
07\\\\l\\\\l\\\\l\\\\l\\\\l\\\\l\\\\

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
C.lo

Figure 5: Comparison of the rotor figure of merit to the
experimental data from [31]
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As mentioned earlier, when the mass is moved in
the chordwise direction of the section, the twist of
the blade changes. This twist change can result in
a reduction in the required power. Figure 6 shows
the rotor power reduction for different values of
lag-twist coupling. For all values of coupling, the
power reduction increases by increasing the thrust
ratio. In this case, 5 percent mass (n=0.05) is
added to the blade and the chordwise movement
of the mass is ym/c=-0.25. Furthermore, by
increasing the coupling value, the power reduction
value increases. This is because when the
coupling value increases, the twist change
increases. It must be noted that if the mass could
be moved further toward the trailing edge of the
section, more power reduction is achieved. But in
this case, above the point yn/c<-0.25, the blade
experiences aeroelastic instability. Therefore, in
this paper, the mass chordwise movement is
limited to this point. However, it is possible to
optimise the system by considering the
aeroelastic stability constraints to gain more
power reduction, but this is beyond the scope of
this paper.

100 -
oo b
- —5— a=02 o F
80 F - —A— - a=04 Poa
o ——v—— 0=0.6 _.,O’
70F - —0O—— 0=08 pog
z ~
= F po
= 27
¥ 50 o E
~ - By Rl A ol v S
SF @ e B o
< 40F 4 7
- §ss w7
G
S P e -
C ., - P
L @ _ A-
20, o =B
L N &
F A~ 2T
10F
SRS SRR SNSRI SUATEETIN SRS R
8.02 0.04 0.06 0.08 0.1 0.12 0.14
c/lo

Figure 6: Rotor power reduction for different values of
coupling for ym/c=-0.25 and n=0.05

Figure 7 shows the effect of lag-twist coupling of
the composite blade on the change in the rotor
figure of merit for different thrust ratios. It is clear
that the lag-twist coupling influences the rotor
figure of merit. This shows that the change in the
figure of merit is completely dependent to the
thrust ratio and also the lag-twist coupling value.
Note that, in this case, the maximum achievable
figure of merit is about AFM= 0.06 which is
achieved at CT/0=0.14 and a=0.6.
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Figure 7: Rotor figure of merit enhancement for different
values of coupling and thrust ratios for ym/c=-0.25 and
n=0.05

Next, the effect of the added mass on the rotor
power reduction is obtained and shown in Figure
8. In this case, the mass is moved to ymw/c=-0.25,
and the lag-twist coupling is a=0.8. By increasing
the added mass, the rotor power requirement
reduces. This highlights that the added mass
value significantly affects the power requirement
of the rotor.
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Figure 8: Rotor power reduction for different values of
mass ratio for a=0.8 and ym/c=-0.25

Finally, the effect of chordwise location of the
added mass on the rotor power requirement is
calculated and shown in Figure 9. In this case, the
mass ratio is n=0.05, and the lag-twist coupling
value is a=0.8. This shows that when the mass is
moved to the trailing edge of the blade section,
more power reduction is achieved. This is
because when the mass is moved toward the
trailing edge of the blade, the amount of twist
change increases.
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Figure 9: Rotor power reduction for different values of
chordwise mass locations for a=0.8 and n=0.05

5. CONCLUSION

In this paper, a new morphing concept capable of
changing the twist of the helicopter blade in flight
is introduced. The concept is based on a movable
mass that can that produces an additional
centrifugal force. This centrifugal force and its
resultant lag moment turn into an equivalent
torsional moment through the lag-twist coupling
present in the composite layup of the cross-
section. The blade structure is modelled by using
the fully intrinsic beam equations, and the
aerodynamic loads applied of the blade are
simulated by using quasi-steady lifting line theory
combined with a uniform inflow. The governing
aeroelastic equations are discretised using a
proper time-space scheme. The results show that
the twist distribution of the blade depends on the
mass magnitude, mass location, and also the lag-
twist coupling of the cross-section. Then required
power of the rotor is estimated and it is shown that
this morphing concept can result in a reduction in
the power required. Finally, it has been shown
that the added mass magnitude, location, and
also the elastic coupling of the composite cross-
section influence the rotor required power and can
enhance the figure of merit of the rotor.
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