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We present, for the first time, the mean deflection evolution of a flexible rotor blade using a coupled model based on
Navier-Stokes equations, for the fluid flow, and linear elasticity equations for the blade deformation. Three turbulence
models are tested to reach Reynolds numbers as high as 8 10*. The absolute tip speed ratios are in the range [0,25]. The
numerical results are validated by comparisons with available tip displacements from experiments. For the parameter
ranges, above-mentioned, the elastic behavior of the flexible rotor is characterized, and the vorticity field is compared
with results obtained for a rigid rotor. The effects of the pitch, the tip speed ratio (or frequency), and its sign, on the
blade deformation are reported. Typically, the blade deforms in the downstream direction, and it is shown that this
deformation is a non-monotonic function of the rotation frequency and the pitch angle. Furthermore, it is found that,
for particular values of the frequency and pitch angle, the blade is subject to deformations in the upstream direction. It
is shown also that the flexible rotor could develop a vortex ring state, but not the rigid one, under the same conditions. It
is found that there is a supercritical frequency associated with the apparition of this vortex ring state and this frequency
occurs for negative pitches only, for the considered blade. The vorticity field revealed, as well, that the tip vortex
changes sign with that of the blade deflection. Finally, we present the effect of the pitch and frequency on the twist
angle of the blade and characterize its evolution along the span.

I. INTRODUCTION

Rotors are often used in engineering applications, such
as wind turbines, propellers and helicopters. Flexible rotor
blades are a type of rotor blade used in wind turbines. They
are designed to be able to bend and flex in order to reduce
the effects of turbulence and other external forces on the tur-
bine. This helps to increase the efficiency of the turbine and
reduce the wear and tear on the blades. Flexible rotor blades
are made from composite materials such as carbon fiber or
fiberglass and are designed to be light and flexible. They
are usually mounted on a central hub, which allows them to
pivot and rotate in response to the wind. Generally, a flexi-
ble rotor blade is more efficient than a rigid blade because it
is able to deform and adjust to the changing air flow, allow-
ing it to generate more lift and reduce drag. Additionally, the
flexibility of the blade can reduce vibration and noise, which
can improve the overall performance of the rotor. Nowa-
days, there are several works, which are interested in im-
proving the performance of wind turbines (vertical-axis wind
turbine (VAWT) and horizontal-axis wind turbine(HAWT)),
increasing their efficiency and their energy production. The
main objectives of these works are to characterize the aero-
dynamic parameters and aspect of the blade', to study and
characterize the wake and the stability of the flows behind
the rotorsZ, and to release the aerodynamic loads on the wind

blades®. In these works, different experimental and com-
putational approaches are used, like Vortex Method (VM)®,
Computational Fluid Dynamic(CFD)’-!°, Blade Element Mo-
mentum method (BEM)!'~13 and Fluid-Structure Interaction
methods(FSI)!41°. However, in these studies, they are not in-
terested in the deformation of the blades.

The need of wind power and energy have increased in the last
decades. Then, the capacity and dimensions of wind turbine
have also increased to meet this need and reduce the cost of
wind power generation. The increasing size of large turbines
can introduce aero elastic effects, and the blades can experi-
ence elastic deflections due to the aerodynamic loads!”. On
the one hand, the blade flexibility can harm the operation of
the rotor because it can lead to excessive deformation of the
blades and thus cause undesirable instabilities of the fluid-
structure interaction'®!°. On the other hand, the design of
flexible rotor blades requires a good sizing of the elastic pa-
rameters to guarantee the resistance and to avoid the damage
to the structure due to the aerodynamic forces. For these rea-
sons, the aero elastic problem is the subject of various studies
aimed at characterizing the effect of elasticity on the aerody-
namic behavior of flexible bodies in flows, such as the work
of Gosselin et al.?2!, They presented an experimental setup
to study the effect of the flexibility and the reconfiguration on
the drag reduction. Bano T. et al.>? have analyzed the aero-
dynamic parameters of flexible flaps, fixed to the bottom and
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placed normal to the flow. Chris Sungkyun Bang et al.>> de-
veloped an FSI method to quantify the coupled effect of struc-
tural and aerodynamic performance of the front wing of a For-
mula One. However, these studies do not take into account the
rotation of the bodies.

V. Rama Krishna et al.>* presented a numerical study using the
two-way-FSI analysis to predict the hydro-elastic response of
a marine propeller. As a result, they predict the peak value of
stress and deformation developed during the transient stage.
A.S. Eldemerdash and T. Leweke? developed an experimen-
tal investigation of fluid-structure interaction, of a flexible ro-
tating rotor in water, to study the effect of hydrodynamic pa-
rameters on the elastic behavior of the blades. They presented
the induced torsion and the flapwise bending deformation of
the blade.

Due to the high cost of experimental investigations, the em-
phasis has been put on numerical methods. Furthermore, nu-
merical methods can give access to fluid features that are diffi-
cult to measure in experiments, such as the vortex field. In this
context, we present this numerical study, based on the strong
fluid structure interaction method, to study the blade defor-
mation. The aim of this work is to characterize and study
the effect of aerodynamic parameters, such as the rotation fre-
quencies and the pitch angle, on the flapwise deformation and
the torsion of the blade. To better quantify the deformations,
the rotor operates in water, where fluid forces are greater than
in air and can generate much larger deformations.

The paper is organized as follows. Section 2 is devoted
to governing equations. The numerical simulations and their
details are presented in section 3. Results and discussions are
given in section 4 and section 5 is devoted to conclusions.

Il. GOVERNING EQUATIONS:

The fluid-structure interaction problems for viscous fluid
flow and large structural displacements are governed by the
complete Navier-Stokes equations and the linear equations of
elasticity, which are represented by the following system:

du

Pf(th +pr(uy-V)up=—p+urv-(vuy)+F (1)

Vg =0 @

0%u,
5 or2

Where uy is the incompressible fluid velocity field, uy is the
displacement of the solid blade, ¢ is time, Ly is the dynamic
viscosity, F, is the body force on the fluid, in this case grav-
itational acceleration times Py, and Fj is the force per unit
volume on the blade. pr and p; are the fluid’s and solid’s den-
sity, respectively.

The constitutive relation of Hooke’s law, also called the rela-
tion of linear elasticity is used:

V. a_solid =F, (3)

ol = 2p.e+ Astr(e)l 4)
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where 0%/ is the stress fields, € is the solid deformation, E is

the Young’s modulus, v is the Poisson coefficient and I is the
identity tensor. The coupling equations are modeled by two
conditions:

-A kinematic condition given by:

us(x,t) = 881? on the blade (6)

- A dynamic condition represented by the following equation:

lid fluid
n'o-fr;)tefrface - n‘ainterface (7)
Where n is the unit vector normal to the interface (blade) and
o/!id i5 the stress fields in fluid given by the following equa-

tion:
o_fluid — *pI”I“IJ'fvuf (8)

The kinematic condition corresponds to an equality of the
fluid and solid velocities resulting in a coordinated mesh
movement of the two fields. Thus, when updating the mesh
position, the solid displacement velocity will be transmitted
to the fluid. The dynamic condition, on the other hand,
corresponds to a condition on the fluid forces applied to the
solid at the interface.

I1l.  NUMERICAL SIMULATIONS:

The two-way fluid structure interaction analysis couples the
transient structural dynamics solver based on the finite ele-
ment method to the fluid dynamics solver based on the finite
volume method. These two domains are coupled by the sys-
tem coupling interface, which makes the data transfer between
the fluid force and the blade displacement. The simulation of
this problem is carried out by simultaneous resolution, at each
time step, of two independent physical fields of fluid dynam-
ics and structural dynamics and transfer of data between the
two fields. For that, it requires a high computational time.

A. Computational Fluid Dynamics Model

The fluid field of the coupled FSI analysis is solved using
ANSYS FLUENT solver. The fluid domain is meshed and
subdivided into a finite number of control volumes, where the
general conservation equations for continuity and momentum
are then solved.

The flow domain is composed by a stationary rectangular
domain, representing the hydrodynamic flow channel in the
CFD model, and a rotating cylindrical domain for modeling
the rotation at the rotor angular velocity. The stationary
domain has dimensions of 38 cm (2.16D) width, 52.8 cm
(3D) height and 176 cm (10D) length. Note that these
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FIG. 2. Computational domain

dimensions are those of the experimental channel of A.S.
Eldemerdash and T. Leweke®. The cylindrical rotational
domain uses a diameter of 27 cm (1.53D) and width 50 cm
(2.84D) to enclose the rotor (blade, hub and shaft). In the
previous expressions, D corresponds to the rotor diameter.
The domain reference (x,y,z) = (0,0,0) is set at the center
of the turbine hub (figure 1). The origin location of the inlet
boundary is at a distance of 3D from the blade, and the outlet
boundary is 7D from the rotor center.

TABLE I. Mean blade’s tip displacement (blade with pitch angle § =
2.5°,B=5°and f =4H?)
Turbulence model Mean blade’s tip displacement [mm]

B=25 PB=5
—o 275 18.87
SST k— o 27.5 18.86
k—¢ 28.8 19.15

Three turbulence models are tested to reach tip Reynolds
numbers, Re, as high as 8 10* (see below for Re definition):
k— o, SSTk— o and k — €. We checked that these turbulence
models give practically the same mean displacements of the
blade (table I), and practically the same vortex field in the
wake of the rotor blade (see figure 17). Then, as a closure of
the unsteady Reynolds-averaged Navier-Stokes equations, we
used a standard k — € model. The inlet water flow is defined
by a constant velocity at Uy =18 ¢m/s with a turbulence in-
tensity less than 1% . The outlet of the flow channel is defined
as a pressure outlet, with a relative pressure of 0 Pa. The wall

[mm] 1

88 Jlo.70

FIG. 3. Rotor, blade and hub’s dimensions. Initially, there is no twist
(or torsion) y and B is the pitch angle. The frequency of the rotor is
f and the uniform inlet (free stream) velocity is Up.

boundary condition is defined as no—slip and assigned to dif-
ferent sides of the flow channel as well as to wall-cfd-coupled
interface (blade, hub, and shaft). In a no-slip wall boundary
condition, the velocity is immediately zero next to the wall.
The rotational domain is characterized by an angular fre-
quency o = 2z f with f the rotor frequency.

B. Transient structure Model

The main objective of this work is to characterize the defor-

mation of the blade and to study the effect of the aerodynamic
parameters on this deformation. We are not interested in the
aerodynamic profile of the blade. For this reason, the studied
rotor is a moderately flexible rotor in water. It has a simple
geometry, consisting of a single rectangular blade of constant
thickness, a hub and a shaft. The flexible rotor has a radius
R = 88 mm.
The blade is an untwisted rectangular plate of constant chord
¢/R = 0.23. Tt has a rectangular profile with a constant
thickness of 0.7 mm corresponding to 3.5% of the chord.
The shaft is an axis with 15 mm (17% of the chord) diameter
with an ogive-shaped tip. The various rotor dimensions are
summarized in figure 3.

Our objective is to study the elastic behavior of a rotor
blade. Then, the blade material used in simulations is the
Low-Density Polyethylene (LDPE) with the following fun-
damental properties: density 1070 kg/m?, Young’s modulus
3.5 GPa, and shear modulus 1.7 GPa. The carbon fiber
material is affected to the hub and the nylon material to the
shaft.

To identify the inertial forces, we have applied to the rotor
a rotational speed with the same value as that of the fluid
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cylindrical domain. Also, we have identified a fixed distant
point at the rotor center to release the moment and the
force values. The rotor is fixed at the shaft and the blade
faces are defined as coupling interfaces. Due to significant
displacements of the blade, we have enabled ANSYS’ “large
deflection” model to accurately capture its behavior.

C. Coupled Fluid Structure Interaction Model

The coupling between transient structural analysis system
and fluid dynamics is provided by the system coupling mod-
ule of ANSYS Workbench. This module performs coupled
simulations with two-way data transfer. In the fluid-solid in-
terface, and due to the pressure and friction forces produced
by the fluid, the blade becomes deformed, and this changes the
boundaries of the fluid domain. The individual physics of the
fluid and structural field are solved separately in their respec-
tive domain and then coupled by establishing a data transfer
mechanism and passing information across the fluid-solid in-
terfaces.

D. Meshing

The fluid field of the coupled FSI analysis is solved using

ANSYS FLUENT solver. The fluid domain is meshed and
subdivided into a finite number of control volumes, where the
general conservation equations for continuity and momentum
are then solved.
The computational domain mesh is realized with “Ansys-
Meshing”. We have tested several structured and unstructured
meshes in order to choose the optimal mesh with which
we will have a good result and a computation time not too
exaggerated. We reached a good compromise with a mesh
having 454188 nodes and, 235001 elements (figure 4).

For a 3D dynamic mesh domain, we cannot apply structured
mesh>?22%. For this reason, we applied an unstructured
tetrahedron mesh around the blade and more precisely at the
level of the rotating domain, while a structured mesh was
chosen for the rest of the fluid domain (stationary domain).
To faithfully describe the geometry of the blades, we have
refined the mesh around the blade, so we have carried out a
mesh with a size of 0.001 m in the vicinity of the coupling
interfaces.

A dynamic mesh has been applied to the area near the flexible
blade, seat of the fluid structure interaction. We have applied

FIG. 5. Structure of the mesh

the remeshing, layering and smoothing methods.

The structure domain is discretized by an unstructured
tetrahedral mesh with 27707 nodes and 13795 elements di-
vided as follows: the element size is 0.001 m in the blade to
properly quantify the deformation and 0.003 m at the rotor and
the shaft (figure 5).

To test the fidelity and sensitivity of the mesh, we applied a
pressure of 100 Pa (as an example) on the upper face of the
blade, and we measured the maximum displacement at the tip
of the blade. As shown in table II, displacement values for
the different element sizes are almost equal. To have the same
mesh size as at the fluid-structure interface, we have chosen
an element size equal to 0.001 m.

TABLE II. Mesh effect

Element Maximum tip Relative
size [m] displacement [mm] error [%]
0.003 4.671 -

0.002 4.676 0.11
0.001 4.679 0.06
0.0005 4.680 0.02

IV. RESULTS AND DISCUSSIONS
A. blade deformation

In this section, we study the bending behavior of the rotor

blade, and we present the effect of rotational frequency on
this type of deformation for a blade pitch angle f = 0°.
For this study, the free-stream velocity is constant
Up = 18cm/s, and the rotation frequency of the rotor
was varied in the range 0 < f < 8Hz. This corresponds
to tip speed ratios A = 27 fR/Uy = 0 — 25, and blade tip
Reynolds numbers Re = 2w fRc/v =0—8.8 104, where Vv is
the kinematic viscosity of water.
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To reduce the time taken by simulations, we are only inter-
ested in the short time just after the transient to describe the
blade behavior. So we have chosen a total time of simulations
equal to 3 s (corresponding to more than 6 revolutions of the
rotor for the frequency f = 2 Hz). The time step taken in
simulations is 1 ms for frequencies less than 5 Hz. For the
higher frequencies, the time step is decreased to reach the
convergence of the data transfer at the coupling level.

We represent, in figure 6, the maximum displacement (in

time) and the corresponding stress of the rotor blade with dif-
ferent speeds of rotation for a blade with a pitch angle = 0°.
For simplifying the presentation, the rotational speed is ex-
pressed using the frequency f.
The displacement figures show that the blade deforms in the
downstream direction, and the amplitude of the deformation
increases with the rotation frequency. For f = 0 Hz, corre-
sponding to a non-rotating rotor, the blade is almost straight
with a slightly bent, because of the non-zero free stream.

Figure 7-a presents the evolution of the blade deformation
(in the z direction) in time for different rotational frequencies.
The deformation undergoes a transient period, then it begins
to stabilize around an average value after a number of revolu-
tions. The amplitude of the deformation oscillates according
to a period corresponding to the frequency of rotation of the
blade.

The variation of the deformation versus time for different
positive rotation frequencies (figure 7) shows the increase of
the deformation amplitude with frequency for f less than 5.
From this value, the amplitude of the deformation begins to
decrease.

As a conclusion, the bending of the rotor is not a monotone
function with the frequency of rotation.

B. Pitch angle effect

The pitch angle is an important parameter in controlling the
performance of wind turbines?’. We present, in this section,
the effect of this parameter on the blade deformation. Figure
8 describes the elastic behavior of the blade. It represents
the maximum flapwise deformation of the blade for different
pitch angles and different frequencies. The displacement
figures, show that the blade deforms in the downstream
direction, and the amplitude of the deformation increases
with the rotation frequency.

We found that the blade with pitch angle f = 5° and
B = 10°, for a higher frequency and for a specific instant,
begin to deform in the upstream direction. To properly char-
acterize and study this behavior, we present in figures 9, 10
and 11 the evolution of the blade tip displacement with time
for different pitch angles and different speed frequencies. The
blade with pitch angle § = 5°, rotating with f =7 Hz, begins
to deform in the upstream direction after 9 revolutions. The
same blade, rotating with f = 8 Hz, deforms in the upstream

direction from the 6th revolution (figure 10).

We have found the same behavior for negative frequencies
(negative pitch angle), i.e., the deformation increases with
rotation frequency except that the amplitude for negative
frequencies is greater than that for positive ones (fig 9, 10).

Figure 12 shows the deformation in the z direction for
different pitch angles with a rotational frequency f =4 Hz.
It is clear that the amplitude of the deformation decreases
with the pitch angle, due to the orientation of the blade with
respect to the flow. Indeed, the quadratic bending moment
along the z axis increases and the perpendicular surface to the
flow decreases.

It is clear from the previous figures that after a transitory,
of two or three rotations of the flexible blade, the normalized
maximum blade-deformation, z/R, could be written

z {(2) a

R-R +Rcos(wt—|—¢), )
where (z) is the mean bending, a is the amplitude of oscil-
lations, @ = 2z f is the angular frequency of the blade and
¢ is an arbitrary phase. The amplitude increases with fre-
quency, reaches a maximum, then decreases and disappears
for high frequencies. When it is maximum, it is of the order
a/R = 0(0.1). The behavior of (z) /R is summed up in figure
13. For the range of parameters considered here, it is clear that
(for a fixed pitch) the mean blade deformation increases with
frequency, reaches a maximum then decreases with a possibil-
ity to change sign for high frequencies. This change of sign is
a signature of a transition from downstream to upstream de-
formation. The frequency corresponding to the maximum is
highly dependent on the pitch angle. The upstream bending is
obtained for a positive pitch only (8 = 5°) when the frequency
is relatively high. Furthermore, at a given frequency, there is
no reflection symmetry of the mean blade deformation (with
respect to B = 0 when the sign of the pitch is changed), even
for low frequencies. finally, it is interesting to note that the
maximum of the mean blade deformation is not a monotonic
function of the pitch angle.

Figure 14 presents the maximum blade flapwise defor-
mation (taken on the middle line) for different rotation
frequencies. The tip positions are all related to a single circle
whose center is distant by 2 cm in the radial direction from
the rotor center. The initial very slight bent of the blade, for
f = 0Hz, is due to the non-zero free stream. The maximum
blade bending increases with rotation frequency until it
reaches its maximum curvature for a specific frequency.
Above this frequency, the blade curvature decreases.

To characterize the magnitude of the flapwise deformation,
we define O as the angular position of the blade tip on this
circle, with 6 = 0 representing the undeformed blade. The
variation of this angular position with the rotation frequency
f is presented in figure 15 and compared to experimental
results. This plot shows clearly the evolution of the amplitude
of deformation as a function of the rotation frequency.
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f=0Hz f=2Hz f=4Hz
Type:Directional displacement (2 Axis) Type: Directional displacement (2 Axis) Type:Directional displacement (2 Axis)

Unit: m Unit: m Unit s m

Time : 5,e-002 Time: 0,2 Time : 0,28
0,0032018 Max 0,022467 Max
0,002846 001997 gg::;;f e
0,0024903 0,017474 0:037425
0,0021345 0014978 0032078
0,0017788 g 0o 0026731
0,001423 0,0099851 0021385
0,0010672 0,0074888 0,016038
0,00071149 0,0049925 0,010692
0,00035574 0,0024962 00053449
-2,0141e-8 Min -1,4903e-7 Min -1,6853e-6 Min

Deformation

Type:equivalent (Von Mises) Stress

Unit : Pa

Type: Equivalent (Von Mises) Stress Time $0,2

Unit : Pa

e 15002 1,5636e7 Max
2,5015e6 Max 1,38997
2,2236¢6 1,2162¢7
1,9456e6 1042467
1,6677e6 8,6869¢6
1,3897¢6 6,9495¢6
1,1118¢6 52121¢6
8,3384¢5 3,4748¢6
555895 1,7374e6
2,7795¢5 3,179 Min
3,0239e-5 Min

Type: Equivalent (Von Mises) Stress
Unit : Pa
Time : 0,28

1,5449e7 Max
1,3732e7
1,2016e7
1,02997
8,5828¢6
6,8662e6
5,1497¢6
34331e6
1,7166e6
10,231 Min

Stress

FIG. 6. Maximum flapwise displacement and stress distribution of the blade with 8 = 0°, as function of the rotational frequency f.
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FIG. 7. Total maximum blade deformation variation (a)with time (b)with number of revolution for different frequencies

Figure 15 shows that the experimental and numerical curves
have the same shape. Indeed, the amplitude of the deforma-
tion increases proportionally to the rotation frequency, then
decreases for high frequencies. Moreover, this figure shows
that the breaking of symmetry between the negative and posi-
tive pitch angles is well captured in our simulations.

The difference in amplitude between numerical simulations
and experiments, for high frequencies, can be explained by
several reasons. On one hand, in the experimental study, a
blade manufactured by 3D printing is used for each frequency

of rotation, and as it is known, it is not possible to have the
same material properties (e.g. Young’s modulus) for parts in-
volving 3D printing. On the other hand, numerically, we can-
not reach a high simulation time, so we achieved up to 3 s mo-
tion time as indicated above. Then the deformation averages
are calculated over a period of 3 s, while for the experiment
they are determined over 300 s.
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f=0Hz f=2Hz

Type: Directional displacement (Z Axis)

Type:Directional displacement (2 Axis
ype B () Unit:m

f=4Hz f=8Hz

Type:Directional displacement (Z Axis)
Unit : m
Time : 0,28 Type:Directional displacement (2 Axs)

Unit:m
Time : 5,6:002 Time: 0,2
0,02171 Max
0,0032049 Max o 6610208
00028488
00024927 ggliﬁ:‘;
00021366 !
00017805 0012061
00014244 0,0096489
0,0010683 0,0072366
000071219 0,0048244
000035608 I 0,0024121
-2,0553e-8 Min -1,419e-7 Min

f=0Hz

Type:Directional displacement (Z Axis)
Unit: m

B=25°

f=2Hz

Type:Directional displacement (2 Axis)
Unit:m

Time: 5,6-002 Time ;0.2
0,0031697 Max 0,02084 Max
00028175 0018525
00024653 0016209
00021131 0013894
00017609 0011578
00014087 0,0092623
00010566 0,0069467
000070436 00046311
000035217 00023155
-2,0135e-8 Min -1,375e-7 Min

0,044348 Max
0,03942
0,034493
0,029565
0,024637
0,01971
0,014782
0,0098542
0,0049265
-1,1561e-6 Min

f=4Hz
Typeectons dplcement (2 A

0,039592 Max

E 0035193
0030794

Unit:m

Time

Ty
Unit
Time

10,1386
0,042117 Max
0,037437
0,032758
0,028078.
0023398
0018718,
0,014038
0,0093586
0,0046788
-9,5588e-7 Min

f=8Hz

Directional displacement (Z Axis)

0 1386

0,036726 Max
0,032646
0,028565
0,024484
0,020403
0,016322
0,012242
0,0081609
0,0040801
-6,8317e-7 Min

B>

f=0Hz f=2Hz

Type:Directional displacement (Z Axis) Type:Directional displacement (2 Axis)
Unit:m Unit:m

Time :5,e-002 Time : 0,2

0,0031114 Max 0,018356 Max

0,0027657 0,016317
0,00242 | 0014277
0,0020743 0,012238
0,0017286 0,010198
0,0013829 0,0081584
0,0010371 0,0061187
0,00069142 0,0040791
0,0003457 0,0020395
-1,9233e-8 Min -1,1973e-7 Min

B =10°

= 0026395
0,021995
B oorrsos
0013197
0,0087978
I 0,0043986
-6,5456e-7 Min
Type:Directional displacement (Z Axis)
unit:m
Time : 24
0,00052137 Max
-0,00070033
-0,001922
-0,0031437
-0,0043654
-0,0055871
-0,0068088
-0,0080305
-0,0092522
-0,010474 Min
f=4Hz f=4Hz
Type: Directional displacement (Z Axis) Type:Directional displacement (Z Axis)
Unit:m Unit:m
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FIG. 8. Maximum flapwise displacement of the blade with § =2.5°, B = 5° and 8 = 10° as function of rotational frequency f.

C. Torsion

Figure 16 shows the magnitude (in absolute value) of the
distribution of the average radial torsion for a blade with a
pitch angle of || = 2.5°.

The two figures show clearly that the twist angle increases ac-
cording to the rotation frequencies, but it is not always max-
imum at the tip of the blade. For § = 2.5°, the torsion mag-
nitude reaches a maximum of 1° for f = 3Hz. For f = 5Hz,
the magnitude reaches its maximum y = 0.75° at about 1/5 of
the span (from the hub), then it decreases and remains almost
stable.

For a negative pitch angle, and in particular for f = 5Hz which

presents the highest torsion (~ 2.5°), the twist angle reaches
its maximum at 1/5 of the span and remains stable to the end.
This maximum twist is explained by the fact that the vortex
at the tip is most marked in this configuration (figure 18).
This proves that this torsion is influenced by the presence and
by the amplitude of the vortex. furthermore, for the negative
pitch angle the torsion is a monotone increasing function of
the frequency, contrarily the case with a positive pitch.
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FIG. 13. Normalized mean blade-deformation, (z)/R, against fre-
quency f (in Hz) for different pitch angles 8 (in degrees).

D. The flow field in the wake of the rotor

This section presents the study of the time-averaged and

phase-averaged vorticity field for pitch angles of f = £2.5°.
Phase-averaged means that images are taken at the same phase
of the rotor rotation, i.e. when the rotor comes back to the
same position. The average of these images is presented.
In this part, we are only interested in the vortex near the blade.
Figure 18 shows that for a positive pitch angle, the vortex
wake extends radially and in the flow direction. In the case
where the pitch angle is negative, the rotor has a concentrated
flow area around the blade, which stays restricted around this
blade for frequencies = 4Hz. This phenomenon is called the
“Vortex Ring State” VRS. In fact, this phenomenon is unsta-
ble: the vortex ring is discharged in the wake at low frequen-
cies (compared to the frequency of the rotor), which causes
strong variations of the fluid forces acting on the blades®.
This phenomenon resembles the flow structure of the turbu-
lent ring state of a helicopter, which is a dangerous condition
that causes its descent. Figure 18 shows also the vortex field in
the wake of the rotor for a rigid rotor in the same conditions.
No VRS is observed for the rigid rotor. It can be concluded
that the flexible structure, with a negative pitch in the present
study, is in favor of the VRS which appears for particular fre-
quencies that are to be avoided.

Finally, it is interesting to note that the tip vortex changes
sign with that of the blade deflection. This can be seen in
figure 19. Note that this change of sign is in agreement with
experimental results of Eldemerdash and Leweke?.

V. CONCLUSIONS

We have studied, for the first time, the mean deflection evo-
lution of a flexible rotor blade using a coupled model based

on Navier-Stokes equations, for the fluid flow, and linear elas-
ticity equations for the blade deformation. Turbulence effects
are also included in the present study. We have characterized
the deformation of this moderately flexible rotor, considered
as working in water. We used two nondimensional control pa-
rameters in the present study, namely, the tip Reynolds num-
ber and the tip speed ratio (related to the frequency of rotation
and to the free stream velocity). We also considered positive
as well as negative pitches. We show that the blade deforma-
tion is highly dependent on the rotation frequency, the pitch
and its sign. The mean and maximum deformations of the
blade tip increase as a function of the rotation frequencies. At
a critical frequency, this deflection starts to reduce. Typically,
the blade deflects in the downstream direction, but for partic-
ular configurations of pitch angle and rotation frequency, the
blade starts to deflect in the upstream direction from a given
time. We computed the torsion of the blade, along the span,
and show its dependence on the frequency and the pitch.
Understanding the deformations and the elastic behavior of
the blade helps us to properly study and characterize its vor-
tex wake. We find that for a negative pitch, there is a critical
frequency above which a Vortex Ring State (VRS) is present.
Under the same conditions, no VRS is observed for a rigid ro-
tor. Elasticity enhances the possibility for the appearance of
the dangerous (for some applications) VRS.

The present results, particularly those in figures 13 and 16,
could be used to validate coupled models based on the inter-
action between a flexible rotor and a model of its wake repre-
sented with a helical vortex. Such coupled models are actually
under active developments®®.
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FIG. 16. Twist distributions along the rotor blade for (a) B = 2.5° and (b) = 2.5° at various rotation frequencies.
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FIG. 17. Averaged azimuthal vorticity in the center plane of the rotor wake for different turbulence models.
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