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Abstract — This paper analyzes the unsteady flow response
of a helicopter blade-sailing control system using shape
memory alloy (SMA). The aeroelastic analysis focuses on
the performance of a proposed semi-active controller with
respect to the reduction of blade flapping vibrations in
articulated rotors during engagement shipboard operations.
The designed control yields gust load alleviation by
increasing the stiffness of the flapping motion. The
simulation results show that the proposed SMA aeroelastic
controller can yield tunnel-strike suppression and
significant reduction in upward blade tip deflections at the
unsteady wind-over-deck conditions of interest.
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memory alloy, unsteady flow.

I. INTRODUCAO

Flow-induced unsteady loads are often related to large
vibrations and damage in flexible structures. Shipboard
helicopters, operating in the hostile maritime environment
from frigate-like platforms, are especially susceptible to these
effects during rotor engagement/disengagement operations
under high wind-over-deck (WOD) conditions. These
dangerous conditions are amplified by the ship structure,
which generates flow velocity gradients and vortices over the
flight deck. Therefore, shipboard helicopter operations are
among the most hazardous military operations and the
shipboard environment imposes severe restrictions on the
missions and determines stringent requirements for the design
of aerial vehicles.

The problem of flight in the vicinity of ships is usually
called Dynamic Interface (DI) problem [1]. Among the
dynamic phenomena in the DI that must be analyzed and
controlled, one is especially important for rotary-wing
aircraft: blade sailing.

Blade sailing is an aeroelastic transient phenomenon
characterized by the occurrence of large flapping vibrations,
possibly associated with tunnel/tail-boom strikes, due to
fluid-structure  interactions  during engagement  or
disengagement operations of helicopter rotors under high
wind conditions [2].
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The blade-sailing control problem has a theoretical
importance, due to the nonlinear time-varying characteristics
of the associated blade flapping oscillator, which is also
subjected to large disturbances.

Considering the ubiquitous use of the shipboard
helicopter in critical defense missions, the problem has a
practical relevance as well, as shown by a recent NATO
symposium about the study of flow-induced unsteady loads
and the impact on military applications [3]. The obtained
theoretical results may be helpful for better understanding of
helicopter blade-sailing alleviation using a shape memory
alloy (SMA) element considering several fluctuation flow
conditions.

II. SMA CONSTITUTIVE MODEL

To describe the behavior of the shape memory alloy, the
constitutive model proposed by [4] is adopted. This model is
based on Devonshire theory and it defines a free energy of
Helmholtz () in the polynomial form and it is capable to
describe the shape memory and pseudoelasticity effects. The
polynomial model is suitable for one-dimensional cases and it
does not consider an explicit potential of dissipation, and no
internal variable is considered. On this form, the free energy
depends only on the observable state variables (temperature
(T) and strain (¢€)), that is, y = y(g,T) .

The free energy is defined in such way that, for high
temperatures (T >T, ), the energy has only one point of
minimum corresponding to the null strain representing the
stability of the austenite phase (A); for intermediate
temperatures (T,, <T<T,) it presents three points of
minimum corresponding to the austenitic phase (A), and two
martensitic phases (M* and M), which are induced by
positive and negative stress fields, respectively; for low
temperature (T <T,;), there are two points of minimum

representing the two variants of martensite (M and M),
corresponding to the null strain.

Therefore, the above restrictions are given by the
following polynomial equation:

1 , 1o, 1
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where q and b are constants of the material, T,, corresponds
to the temperature where the martensitic phase is stable, p is

the SMA density, and the free energy has only one minimum
at zero strain. The constant e may be expressed in terms of
other constants of the material:

2
T, =T, +—, ®
4qe

where T, corresponds to the temperature where the austenite
phase is stable. Thus, the stress-strains relation is given by:

2

6=q(T-T,)e—be’ + > 3)

——FF €
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According to [5], the polynomial model represents, in a
qualitatively coherent way, both martensite detwinning
process and pseudoelasticity, although it does not consider
twinned martensite (M ). In other words, there is no stable
phase for T <T,; in a stress-free state, but the authors believe

that this analysis is useful to the understanding of the
nonlinear dynamics of shape memory systems. The proposed
model captures itself all of the essential features of the
pseudoelasticity phenomenon for blade-sailing control.

III. AEROELASTIC MODELING

For control purposes the blade-sailing aeroelastic model
can be greatly simplified by considering the forces and
moments actuating only in the flapping plane.

Fig. 1 shows the forces at a blade element for the
simplified blade-sailing planar model, according to a frame
rotating with the blade. The simplified diagram of forces at a
planar blade element [6] in Fig. 1 illustrates the main factors
that govern the blade-sailing behavior.

Ship motion effects are not included. The resulting
moments about the flapping hinge in conjunction with the
droop/flap stop effects, modeled as a nonlinear rotational
spring, determine the blade tip deflections related to the angle

5.
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Figure 1: Forces at a flapping planar blade element for the
proposed blade-sailing model (rotating frame)

Fig. 2 shows the flow velocity components in the plane of
the rotor for the proposed blade-sailing model, considering
the WOD conditions. Vyop and Pyop are, respectively, the
magnitude and direction of the incoming wind velocity with
respect to the ship centerline
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Figure 2: Flow velocity components for the WOD
conditions

The blade-sailing modeling is based on a proposed rotary-
wing aeroelastic scheme applied to articulated shipboard
rotor blades, according to the Figs. 1 and 2, taking into
account some simplifying assumptions [7]-[9].

Generally, the flow field that affects the rotor behavior is
non-uniform and unsteady, thus, the three velocity
components vary with space and time. Mean flow velocity
gradients arise due to the ship geometry and the fluctuating
flow velocity components arise due to the ship geometry and
also to the meteorological effects, like turbulence from
storms.

To simplify the aeroelastic analysis, only the lateral (90°
or 270% wind condition is considered, focusing the ship
airwake modeling on the effects of the horizontal and vertical
velocity components related to this worst-case blade-sailing
condition [2]. The WOD velocity component V, is neglected.
For a typical frigate-like configuration with only one flight
deck, as considered in this work, the WOD horizontal
velocity V, for the lateral condition can be considered
uniform along the shipboard rotor.

The mean flow vertical velocity related to the interaction
between the lateral undisturbed wind flow and a typical
frigate-like structure can be approximated by a linear
distribution along the flight deck and the helicopter rotor
[10]-[11]. Therefore, for a rotor blade element at radial
station r and azimuth ¥, and constant WOD horizontal
velocity component V,, the WOD mean vertical velocity,
according to the linear distribution approximation (“linear
gust model”), is given by:

_ r
v, :KVVyEsm‘P. (@)

Unsteady flow effects can be modeled by considering a
sinusoidal gust across the rotor disk for the WOD fluctuating
vertical velocity component, representing the effects of the
dominant frequency «y of the ship airwake on the helicopter
rotor, as follows:

V, =KV, sinot. 4)

The gust amplitude parameters K, and K; and the
sinusoidal gust frequency ; govern the flow-induced
unsteady loads associated with the WOD vertical velocity
component, which characterizes a flow field over the flight

deck that varies with space and time according to Egs. 4 and
5. The aerodynamic components affecting a shipboard rotor
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blade can be calculated according to the blade-element
theory, as follows [12]:

V. = Viop €08 Pyops V, =Vyop sinWyop s
U, =Qr—Vy cos¥+V sin¥,

U, =1B+(V, sin ¥+ V, cos¥)B -V,

(©6)

In particular, ¥ is equal to 90° for lateral port side

woD
winds and to 270° for lateral starboard side winds. Up and Uy
are, respectively, the normal and tangential flow velocity
components at the blade element at radial station r,
azimuth ¥ and flapping angle .

Smart materials can be applied to the reduction of blade-
sailing vibrations by means of flapping stiffness effect. As
mentioned in the introduction, previous researches on blade-
sailing active control were based on swashplate actuation
[12], trailing edge flaps [13], active twist [14] and individual
blade root control [7]-[9].

Introducing the shape memory alloy stiffness effect:

ﬁ+%[1+3(ux sin'¥ -, cos‘l—’)}fwﬂz {H%E(u* cos W+, sin W) —

—_
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3
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Note, in Eq. (7), that the restitution force may be
expressed as Kqy o, =CA , where A is the area of the SMA
element, which is placed at the blade root.

IV. MODEL VERIFICATION AND NUMERICAL
SIMULATION

The verification of the blade-sailing model given by Eq. 7
is obtained by comparison with results given in [12] and [10]
from models validated with experimental data, according to a
fourth-fifth order Runge-Kutta numerical simulation. Table 1
show the parameter values for the simulations, which are
based on the H-46 Sea Knight shipboard helicopter
characteristics, in conjunction with a WOD linear gust
parameter K, equal to 0.25.
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Table 1: Parameters for the model verification

y (Lock number) 7.96

Qy (nominal rotor rotational speed) 27.65
rad/s

V, (lateral WOD velocity) -42.5kt

V. (longitudinal WOD velocity) 0 kt

R (rotor radius) 25.5 ft

@y, (blade non-rotating flapping 6 rad/s

frequency)

Bps (droop stop angle) -1°

Bgs (flap stop angle) 1°

0 ;5 (collective pitch angle) 3°

0y, (built-in twist angle) -8.5°

0, (longitudinal cyclic angle) 2.5°

0,. (lateral cyclic angle) 0.0693°

A numerical simulation is carried out for the linear gust
model of the ship airwake and Fig. 3 illustrates the results.

Flapping Response (rad)

# Linear Gust: H-46 validated model
= Linear Gust: proposed mode|
T T

202 L i L L
0

;
0.5 1 15 2 25 3 35 4
Time (s)

Figure 3: Flapping response for the linear gust model

The flapping response diagram in Fig. 1 shows a very
good agreement of the proposed model with the results given
in [10]. The time range 0-4 seconds of the simulation
corresponds to 6-10 seconds for the actual H-46 engagement
behavior, when rotor rotational speeds are low, varying from
10% to 46% of the nominal rotation speed (NR).

As the shape memory alloy presents different properties,
depending on the temperature, a study on the pseudoelastic
dynamic behavior is presented, considering a higher
temperature, where austenitic phase is stable in the alloy. In
all simulations, in order to analyze the behavior of the
aeroelastic dynamical system, the spring is assumed to be
made of a Ni-Ti alloy and the properties are presented in
Table 2 [5]. In this case, it is used a temperature of the alloy
around T =315K (approximately T = 42°C ), and is assumed

a SMA element with A =107 m?.
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Table 2. Material constants for a Ni-Ti alloy

0.25 T T T T T T T T T
Parameter Units Values 0z . T, - -
]
b Mpa 40x10° = o
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The performance of a blade-sailing controller using a =
. . . . o 01
SMA spring is then analyzed considering unsteady flow &
effects. Fig.4 shows the flapping response of the sinusoidal = 5f ]
gust for an incoming wind velocity V., of 50 kt (nominal 02 : e G
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i Figure 6: SMA response for K;= 0.1, w;=5 rad/s, and
: fluctuation flow of 10%
0.15
L)
=]
g [ SRR I T) PRI 1) RSUUPRIRY EN'| IUURRN B | RS 03
8 0.05
e 02
a =
% [ FUPUSUI | PRI | SRS FIURUN JUFPN NUNE DU [N RN IS DUTY Y SO S
o =0t
o 005 ) g
= S ol
a 01f 1 £l
: : ]
- G fsminibnn kil e Lisnianes Shanaroestin Nominal Ywod = 80 kt o 01
———5MA Response g‘
o i 1 : ] : ==+=Tunnel Strikes ‘a0z
g 05 1 125 2 258 3 35 4 45 5 % : 4
. Time w 03 Marminal Vwod = 50 kt
Figure 4: SMA response for K,= 0.1 and w,=5 rad/s, === SMA response
X X - i ] : : ] —==Tunnel Strikes
o 05 1 15 2 25 3 35 4 45 5
Time

Now, the next simulations illustrates the case when occur
the fluctuation flow condition in relation to nominal value of
Vyop - In figs. 5, 6, 7 and 8, the fluctuation flow corresponds
to 5%, 10%, 15% and 20% respectively of the nominal value.
Note that in all situation the system present a blade sailing
phenomena but when is introduced a SMA element in the
system and considering the temperature of alloy in
approximately 42°C a significant reduction of flapping
vibration is observed in all cases.
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Figure 5: SMA response for K;= 0.1, wy=5 rad/s, and
fluctuation flow of 5%
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Figure 7: SMA response for K;= 0.1, wy=5 rad/s, and
fluctuation flow of 15%

o
o

o

=}

Flapping Response (rad)

Marminal Vwod = 50 kt

03
— ——SMA response
i : 3 —+==Tunnel Strikes
04 i I i i L
i} 04a 1 15 7 25 3 35 4 45 i
Time

Figure 8: SMA response for K;= 0.1, wy=5 rad/s and
fluctuation flow of 20%

V. CONCLUSIONS

This paper analyzed the influence of SMA element
controllers on the helicopter blade-sailing phenomenon. A
study on the pseudoelastic behavior of a SMA element was
presented, considering a higher temperature, where austenitic
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phase is stable in the alloy. The simulations showed that a  [14]Khouli, F., Wall, A.S., Langlois, R.G., Afagh F.F., 2008,

temperature-controlled SMA element can compensate high “Investigation of the Feasibility of a Proposed Hybrid
lift conditions during engagement shipboard operations by Passive and Active Control Strategy for the Transient
modifying the stiffness properties of the flapping oscillator. Aeroelastic Response of Helicopter Rotor Blades During

The results showed that a SMA device can significantly Shipboard Engage and Disengage Operations”. In:
reduce the blade-sailing vibrations, avoiding tunnel-strike American Helicopter Society Annual Forum, 64.

occurrences at severe unsteady flow conditions and for
several fluctuation flow conditions.
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