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Abstract

Micro air vehicles (MAVs) are used both for civil (rescue missions) and military (surveillance, recognition)
applications. However the aerodynamic performance of the propeller is known to be lower than for clas-
sical large rotors, due to leading edge vortex occurring at low Reynolds number flows. Such rotors can
also exhibits a flexible behaviour due to the material used to build the blades, making the prediction of
aerodynamic performance challenging for numerical flow solvers. A potential way to improve the rotor
performance is also to take advantage of the flow unsteadiness, by imposing an unsteady forced motion,
like a periodic variation of the rotor pitch. There is thus a need to develop aero-elastic capabilities in nu-
merical flow solvers, which is the main objective of this paper. The method relies on the implementation
of Fluid-Structure Interaction (FSI) capabilities in a Lattice-Boltzmann flow solver, in order to take advan-
tage of the flexibility allowed by the immersed boundary approach. FSI capabilities are implemented in a
monolithic fashion, using generalised coordinates to represent the blade as a flexible beam. Two sets of
simulations are performed: a) with a forced motion and b) by coupling the flow with the equation of the
dynamics. Results show that a forced motion has a good potential to increase the rotor thrust but signifi-
cant improvements should yet to be done to reduce the over-power consumed by the forced motion. While
dynamic flapping has a negligible influence on the flow, dynamic pitching has the potential to moderately
modify the pressure distribution at the trailing edge. However its impact on the rotor performance is weak
(less than 0.5% on the thrust).
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1. INTRODUCTION

The thrust and torque are parameters of
paramount importance when designing a pro-
peller, both for payload and efficiency. Usually, the
thrust and torque coefficients are estimated for a
propeller as a function of the incidence angle o and
the rotation speed €2, such that C+ = k.f(a, Q)
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with k a coefficient that depends on the considered
geometry (for example kK = 2w in the case of
a thin 2D airfoil). Major efforts have been done
recently to improve the performance of rotor by
optimizing the design of blades under steady flow
conditions. However, the possibility to increase
the rotor performance by taking advantage of
unsteady flow effects has received less atten-
tion. Typically, the thrust and torque coefficients
could be written in a more general manner, as
Cr = k.f(o, B, w, &, B, w), with a, B, w, the three
possible solid rotation angles and ¢, B, w, their
corresponding angular velocities.

A rotor blade can experience different type of os-
cillating motions as a response to unsteady aero-
dynamic forces and fluid-structure interactions. As
a first approach, these motions can be described
as three solid rotations about axis oriented radi-
ally, azimuthally and perpendicularly to the mean
blade path, referred to as pitching, flapping and
surging motions. For low amplitude oscillations, in
the linear, attached flow regime, the resulting un-
steady aerodynamic forces and blade motion can
be predicted using conventional, potential flow the-
ory™?. However, when the effective angle of at-
tack of the blade exceeds the static stall angle of
the airfoil blade section, and leading edge flow
separation occurs, inducing highly non-linear phe-
nomena, then high-fidelity numerical simulations or
measurements are required to predict the complex
physics that lead to drastic changes in aerodynamic
performance of the blade. In these specific cases,
the blade motion is highly correlated with the time
scale of large scale coherent vortices being formed
at the leading edge of the blade.

While an uncontrolled blade motion most pre-
sumably results in a decrease in aerodynamic per-
formance, a controlled (forced) motion could poten-
tially have a beneficial impact. This was first sug-
gested by Holten3 who introduced the concept of
flapping rotor on a medium scale rotorcraft model:
the flapping motion was powered while the rotating
motion was induced by the flapping motion. Such a
mechanism has the potential to annihilate the ro-
tating reaction torque, eliminating the need for a
tail rotor. This concept was further investigated on
a micro-scale rotor#5, sometimes with the ability to
couple both flapping and (active or passive) pitch-
ing motions, and with powered or induced rotation.
It recently gained considerable interest with a sig-
nificant amount of work®7:8910122 Qverall, these
studies suggest that thrust could significantly be en-
hanced with respect to conventional rotors, yet with
lower efficiency. Similar conclusions were raised for
a pitching rotor'3, where the rotating blade under-
goes a pitching motion about a spanwise axis (with-
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out flapping motion).

The objective of the present work is thus to study
the influence of unsteady flow effects on the global
performance of a propeller, adapted to the propul-
sion of micro-air vehicles (MAV). Several challenges
are associated to this objective: the numerical pre-
diction of such unsteady flows (leading edge vor-
tex, massive separation, turbulence) remains diffi-
cult and the unsteady displacement of the blade
(due to forced motion or dynamic response to un-
steady aerodynamic forces) require adapted nu-
merical methods. To address these difficulties, the
present work relies on the development of Fluid-
Structure Interactions (FSI) capabilities in a Lattice-
Boltzmann Method, to take advantage of the im-
mersed boundary approach. The first part of this
paper present the implementation of such FSI, by
coupling the equation of the dynamics with the
aerodynamic flow solver. Then, these methods are
used to study the influence of forced motions, as
flapping, pitching and surging, on the rotor perfor-
mance. Finally, the analysis is extended to cases
where blade oscillating motions are induced by
fluid-structure interactions.

2. TEST CASE AND NUMERICAL METHODS

2.1. Geometry and operating conditions

The test case is a 2-bladed rotor of diameter
D=0.250m, operating in hover and designed to be
representative of a typical MAV propeller. The main
characteristics of the rotor are reported in Table 1.
The rotor is composed of two untwisted flat plates.
The span R, chord C and thickness h of the blade
are 0.100m, 0.025m and 0.001m, respectively. The
distance between the hinge of the two blades is set
to two chords. The angle of attack of the profiles
is initially set to aig = 15°, as shown in Fig. 1. The
rotation speed {2 of the rotor is set to 3,960 RPM,
corresponding to a Mach number at tip of 0.151. The
data presented in this paper are normalized using a
standard atmosphere, with temperature Tp=293 K
and static pressure pg=101,325 Pa.

Table 1: Characteristics of the rotor test case.

Number of blades 2

Rotation rate €2 414.69 rad.s™1
Rotor diameter, D 0.250 m

Blade chord, C 0.025m

Blade span, R 0.100 m
Blade thickness, h 0.001 m

Reynolds number, Re  0.86 x 10°
Page 2 of 13
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Figure 1: Lateral view from the hub of the blade.

2.2. Structural properties of the blade

Regarding the dynamic response of the blade to
aerodynamic forces, the main rotations of interest
are pitch (a) and flap (3). As a first approximation,
the blade is considered as a flexible 1D beam. To
predict the dynamic behaviour of the blade, it is
thus necessary to estimate the values of rotational
stiffness and moment of inertia related to the blade.
The dimensions of the blade are R, C and h, as re-
ported in Table 1. The blade is made of epoxy (ps =
1.5 x 102 kg.m™3) and is assumed to be homoge-
neous. Using solid cuboid formulas and Steiner’ s
theorem™ the moment of inertia for pitch and flap
writes, respectively, as

O Doeen = la = = (C*+ 1) + cy’
1 pitch — la — 12m5 ms 4

1 ) R 2
) lfriap =1l =~ Emsr‘? tms| 5+ loff

with ms = 3.8 x 10~3kg the mass of a blade and
losr the distance between the main rotation axis
and the hinge. The calculation of the stiffness K re-
lies on a beam approximation (K = G.J/L), with G
the shear modulus and J the polar moment of area
given by

1 C\?2
(3) intch =Jo = hC (h2 + C2) + hC <>
12 4
and
(4)
hR R 2
Jf/ap = JB = ﬁ (h2 + R2)+hR <2 + /off> .

The stiffnesses in pitching K, and flapping Kg
are then estimated considering the shear modulus
of epoxy (Gepoxy = 1.25 GPa), as shown in Table 2.
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Table 2: Structural properties of a blade.

Pitch Flap
Moment of inertia /, kg.m? 2910~/ 2810 >
Polar moment of area J, m* 23107 ° 6.510/
Stiffness K, N.m 30 8100
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Figure 2: View URANS grid.

2.3. Unsteady RANS

The three-dimensional Unsteady Reynolds-
Averaged Navier-Stokes equations (URANS) are
solved under their incompressible form using
StarCCM+ commercial code. An overset grid ap-
proach is used that allows each blade mesh to
move following prescribed rotating and sinusoidal
pitching motions within a stationnary background
mesh. The structured mesh consists of 4.7 million
hexahedral cells (0.9 million for each blade mesh
and 2.9 millions for background mesh) enclosed
within a box domain of width 20R and height so0R
(see Fig. 2). The boundary conditions upstream
and downstream of the rotor are implemented as
pressure Dirichlet conditions while the periphery of
the domain is defined using a slip-wall condition.
The blades are modelled as non-slip surfaces.
Blade mesh is moved with a time step that meets
the Courant-Friedrichs-Lewy condition. Therefore,
the time step is adjusted to pitching motion pa-
rameters with at least 720 time steps per rotating
period. Both spatial and temporal discretizations
are achieved using second-order schemes. Mo-
mentum and continuity equations are solved in
an uncoupled manner using a predictor-corrector
approach. Finally, the Spalart-Allmaras model is
employed for turbulence closure with maximum
yT values on the order of 6.

2.4. LES-LBM

The Large-Eddy Simulation (LES) is performed by
means of a Lattice-Boltzmann Method (LBM), which
already demonstrated its capability to solve flows
for low-Reynolds number rotors™. Beyond its com-
putational performance, the main advantage of
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LBM is that the method is stable without artificial
dissipation, which makes the method equivalent to
solve the Navier-Stokes equations with a high-order
numerical scheme. Its drawback is that it requires
the use of Cartesian grids. To counter-balance this
limitation, the walls are represented through an im-
mersed boundary approach™. The main advantage
of this method is that the position of the wall can be
easily updated at each time step, which makes this
technique well suited to unsteady blade motion.
The LBM considers the discrete Boltzmann equa-
tion, a statistical equation for the kinetics of gas
molecules, instead of solving directly the Navier-
Stokes equations. As detailed in Refs.”7"8, the gov-
erning equations consider the probability f;(x, t) to
have a set of particles at location x and time t, with
a velocity ¢;:

(5) fi(x+cidt, t+4dt) = fi(x, t) +Qji(x, t)

for [0 < /,j < N], where ¢; is a discrete veloc-
ity of a set of NV velocities and €2;; is an operator
representing the internal collisions of pairs of parti-
cles. In this work, the kinetic scheme is based on a
D3Q27 formulation, that ensures the conservation
of mass and momentum. The collision operator is
represented by a single relaxation time model and
a regularisation technique is applied to increase the
stability and accuracy of the method'@2°. The reg-
ularization step ensures a LES formulation without
subgrid scale model?".

Previous works®? have shown that the conver-
gence of thrust and torque requires to achieve a
grid resolution corresponding to Ax/C = 0.01 —
0.015. The dimension of the first cell in the direction
normal to the wall is thus set to Ax/C = 0.015, cor-
responding to y*+ & 50. Far from the wall the cell
size is increased, by means of a hierarchical grid re-
finement approach with 5 grid levels (from one grid
to the next grid, both the time step and the spatial
step is increased by a factor 2). The total number of
grid points for the full mesh is 143.5 x 10° (with 50%
of the points located in the vicinity of the rotor disk
in the first grid level). A full rotation of the rotor is
discretized with 20,100 time steps. The typical com-
putational time needed to achieve one rotation of
the rotor is 1500hCPU (with 120 cores of a classical
supercomputer). About 10 rotations are simulated
to achieve a stabilised operating point.
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3. MODELLING OF FLUID-STRUCTURE INTERAC-
TIONS (FSI)

3.1. Development of FSI capabilities

A monolithic aero-elastic flow solver is developed,
to maintain the computational performance of the
LBM code. The approach relies on the use of gen-
eralised coordinates to represent each blade of the
rotor as a flexible beam. As a first step a simple dy-
namical model is considered, based on a classical
second order dynamic model for the structure de-
formation, as:

d?q(t)
9 dt2

dq(t)

+ Dy p

6) |/ + Kqq(t) = My(t)

with g a generalised coordinate of the system, /4 the
moment of inertia with respect to the axis of rota-
tion of the coordinate g, D, a damping factor, K
the stiffness of the structure and M, the sum of ex-
ternal moments applied to the system with respect
to the axis of rotation of coordinate g. Three gen-
eralised coordinates are used to represent the dis-
placement of the blade:

1. Pitching angle o around the spanwise axis lo-
cated a quarter chord away from the lead-
ing edge (corresponding to the aerodynamic
center). The corresponding angular velocity is
noted ¢ in Fig. 3(a),

2. Flapping angle 3 around the blade hinge, hori-
zontal, perpendicular to the spanwise axis and
with its origin at the rotor hub. Flapping angu-
lar velocity is noted 3 in Fig. 3(b),

3. Surging angle w around the main rotor axis.
The angular velocity is noted w in Fig. 3(c) (this
movement corresponds to a variation of the
rotation speed ).

The integration of Eq. 6 recovers the previous
quantities, which combined with the main rota-
tional velocity €2, returns the absolute angular ve-
locity of each discrete surface point.

3.2. Numerical implementation

To impose the unsteady displacement of the blade,
the following algorithm is implemented in the flow
solver:

1. after the calculation of equilibrium distribu-
tions and before the collide and stream steps,
every Lagrangian surface particle is assigned
with a velocity function and all forces on the
particles are reset to zero,
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Figure 3: View of the generalized coordinate system
used to describe the blade movement: (a) pitching
model with offset /,rrse+ With respect to the main
rotation axis, (b) flapping model (the blade rotates
around the hinge) and (c) surging model (the blade
rotates with a non-constant rotational speed).
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2. particles are advanced everywhere to their
new position and

3. the immersed boundary algorithm is applied
until the compatibility criterion is met (follow-
ing an iterative process that requires typically
4 to 6 iterations).

3.3. Determination of the velocity functions

Typically, two types of velocity function can be im-
posed: (a) a forced motion (the kinematic of the
blade is know a priori so it is not necessary to solve
Eqg. 6) and (b) dynamic response which requires to
solve Eq. 6 to know the new displacement velocity
of the blade.

3.3.1. Forced motion

The forced motion model imposes a periodic mo-
tion around a secondary axis (e.g. hinge, spanwise
axis or in the case of surging, the same rotor axis)
that is superimposed to the main rotation of the
blade. This approach is similar to the one presented
in Ref.?3. A sinusoidal angular velocity ¢ is chosen
for the corresponding generalized coordinate:

(7) ¢ = —WmGmaxcos(wmt)

where wp, is the motion frequency and gmax the am-
plitude of the motion. The velocity function given to
Lagragian points corresponds to the sum of the ve-
locities due to the two successive rotations, with an-
gular velocities 2 and ¢ in a single time step.

3.3.2. Dynamic response

The model solving the dynamic interaction between
the fluid and the structure requires to integrate
Eq. 6, which is done using a fourth-step Runge-Kutta
scheme. This integration is performed at the coars-
est level of the numerical simulation whereas the
immersed boundary algorithm is updated at the
finest level. This results in a constant angular accel-
eration at the chosen generalized coordinate dur-
ing the whole "coarse” time step duration and the
angular velocity of the chosen generalized coordi-
nate evolves linearly. Introducing the state variable
Q = [qgg] and rearranging Eq. 6, a system of first
order is retrieved:

q .
® —Q- {M K

D.
7 7 /q}

The inertia, damping, stiffness and force terms are
respectively (in the case of rotation): mass moment
of inertia, rotational damping, rotational stiffness
and torque around the axis of rotation.
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4. VERIFICATION AND VALIDATION

A first step is to validate the capability of the LES-
LBM approach to estimate: 1) the global perfor-
mance of the rotor compared to experimental data
and 2) the main effect of forced motion compared
to URANS predictions. The torque and thrust coeffi-
cients, Co and Cr, are defined as

T
(9) Cr= ,
521:0(Q2.D)2 D2
and
Q W
3PP D?

To allow a fair comparison between all the config-
urations in the case of forced motion, the torque
coefficient takes into account for two contributions:
a) the power needed to impose the rotation, Pp =
Q.02 and b) the power to impose the secondary
motion P, = Q;.w; (with Q; and w; the instanta-
neous torque and displacement velocity related to
the forced motion).

The evolution of Cg with respect to Cr is shown
in Fig. 4 for two configurations: a) the reference con-
figuration (constant rotation speed) and b) a case
where a forced motion of pitching is superimposed
to the rotational speed (W, = 3%, g = 0.1724,
corresponding to a variation of £9.9° around the
average pitch angle). For the reference configura-
tion, the discrepancy on thrust between URANS,
LES-LBM and measurements is 7% and 14% respec-
tively. However, both URANS and LES-LBM correctly
estimate the Cg/Cr ratio. The figure of merits
are 0.611 (measurements), 0.647 (URANS) and 0.616
(LES-LBM). Despite the differences with measure-
ments on the thrust coefficient, this comparison val-
idate the capability of LES-LBM to predict the rotor
performance.

For the case with a forced pitching motion,
URANS predicts an increase of the thrust and
torque by 1% and 24%, respectively. For the same
configuration, LES-LBM predicts an increase of the
thrust and torque by 4% and 21%, respectively,
which is in good agreement with the URANS re-
sults. This comparison is satisfying, since the flow
is affected with alternative separation and reattach-
ment phases, which are known to be challenging to
predict for numerical simulations.

The conclusion of this section is that LES-LBM is
able to predict the effect of complex motion, like
pitching, on the rotor performance (at least qual-
itatively). The comparison with measurements in
terms of figure of merit is also satisfying with less
than 1% of error.
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Figure 4: Prediction of the torque coefficient Cq
with respect to the thrust coefficient C+: (a) com-
parison with measurements, (b) comparison of the
pitching motion influence with URANS predictions.
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5. FORCED MOTION

5.1. Influence on the rotor performance

The three kind of solid rotations (pitching, flapping
and surging) have very different effects on the flow
that is seen by the blade. A scheme is shown in Fig. 5
to explain how each forced motion will modify the
flow condition seen by the blade. As indicated by
Eq. 7, if only harmonic motions are considered, each
elementary motion depends on only two parame-
ters: the amplitude gmax and the frequency wp,. The
forced motion frequency can then be compared to
a characteristic frequency of the flow (e.g. based on
the time needed to travel from the leading edge to
the trailing edge of the blade) to define a reduced
velocity U* as:

Q.I’m,'d

m U= oC

with rmig the radius at midspan. To ensure interac-
tions between the forced motion and the flow, the
value of U* should be of the magnitude order of
1; for U* < 1 the flow does not have the time to
adapt (the forced motion effects will be filtered by
the flow), while for U* >> 1, the flow will adapt very
rapidly compared to the forced motion velocity, cor-
responding to a succession of quasi-steady states.

The simplest forced motion is the pitching mo-
tion, Fig. 5(a): the blade rotate around its center
located at quarter-chord, so the flow conditions at
the inlet alternatively vary between (a9 — Aa) and
(g + Aar). The effect of the parameter gpmay is to
directly set the minimum and maximum angles that
will be seen by the blade. The influence of the fre-
quency wp, is more subtile: by inducing an angu-
lar speed at the leading edge, it modifies the effec-
tive angle of attack seen by the profile. This effect is
added to the geometric blade angle.

The flapping is a complex motion composed of
two parts, Fig. 5(b): first a downstroke movement,
where the blade moves in the same direction than
the induced velocity, then an upstroke movement,
where the blade moves in the direction opposite
to the induced velocity. Since the flapping motion
corresponds to a rotation around the hinge, a part
of the flapping velocity component is added (down-
stroke) or deducted (upstroke) from the main rota-
tional speed. The result is that, as for the pitching
case, this movement is not exactly symmetric re-
garding the variation of the angle of attack. If the
velocity of the blade displacement is higher than the
induced velocity, this would result in an inversion of
the suction and pressure sides.

The surging motion corresponds to a variation
of the rotational speed, Fig. 5(c). Alternatively the
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Figure 5: Explanation of the influence of the three
different forced motion on the flow conditions seen
by the blade: (a) pitching, (b) flapping and (c) surg-
ing. The induced velocity is noted V.

blade decelerates, then accelerates. As shown on
the scheme, assuming a constant induced velocity
that is lower than the rotational speed, the effect of
the deceleration on the angle of attack is more im-
portant than the effect of the acceleration. During
the deceleration and acceleration phases, the angle
of attack is decreased and increased, respectively.

An efficient comparison of the three motions is
not straightforward, since it requires to know a pri-
ori the value of the induced velocity (that depends
on the global performance of the rotor). Assuming
that one of the most important parameter is the
variation of the angle of attack, an effort has been
done to ensure that this parameter remains of the
same magnitude order when comparing all three
motions.

The parameters used for each of the three forced
motions are indicated in Table 3. A frequency corre-
sponding to a reduced velocity of 1.0 has been cho-
sen for all forced motions to ensure a contribution
of unsteady flows to the rotor performance.

Table 3: Parameters of the forced motions.

Pitch Flap  Surge
Amplitude gmax, rad  0.1724 0.0912 0.2314
Frequency wp,, rad/s 30 302 302
Reduced velocity U* 1.0 1.0 1.0

The effect on the torque and thrust coefficients
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Figure 6: Comparison of the torque coefficient Cg
with respect to the thrust coefficient C+ obtained
by imposing different forced motions (the reference
case corresponds to a pure steady rotation case).

is shown in Fig. 6. The three different motions lead
to an increase of the thrust for the same rotation
speed €2, by +4%, +14% and +45% for the pitching,
flapping and surging motion, respectively. However,
a penalty on the torque is observed for all three mo-
tions, compared to the pure rotation case. The data
reported in Table 4 show that except in the case
of pitching, the power needed to actuate the blade
and impose the forced motion is found to be signif-
icant (around 40% in the case of flapping and surg-
ing). This means that some improvements could be
done to optimise the kinematics of the blade and re-
duce this penalty. In the case of surging, the penalty
is moderate compared to the increase in thrust (the
new operating point is close to an operating point
corresponding to a = 20°).

Table 4: Contributions to the torque coefficient.

Pitch Flap  Surge

Total torque coefficient  0.0074 0.0101  0.0111
due to rotation 99% 61% 55%

due to the forced motion 1% 39% 45%

The increase of thrust is correlated to the periodic
variation of the angle of attack as shown in Fig. 7.
For the reference case, the thrust coefficient varia-
tion is around 0.001. In the case of forced motion,
the thrust coefficient varies by £0.034, £0.021 and
40.038 in the case of pitching, flapping and surg-
ing, respectively. In the case of pitching, the time lag
between the variation of the angle of attack and the
variation of the thrust is about 0.17, with T the pe-
riod of revolution of the rotor, which is similar to the
time that a particle needs to travel from the leading
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edge to the trailing edge. The same time lag (0.17)
is observed in the case of flapping, which corrob-
orates the use of €2.r/C as the characteristic fre-
quency of the flow to compare with the frequency of
the forced motion. In the case of surging, the thrust
varies fully in phase with the rotation speed.
Instantaneous flow fields related to the reference
case are shown in Fig. 8. An intense leading edge
vortex develops along the blade span, leading to a
massive separation close to the blade tip. Such flow
phenomenon has already been reported in the liter-
ature for similar low Reynolds number rotors 2425,
The picture shown in Fig. 8(b) confirms that the flow
is fully separated at r/R = 0.8, generating intense
vortices behind the trailing edge. These vortices ac-
tually generate a high level of turbulent activity that
impacts the leading edge of the following blade.

5.1. Pitching motion

Instantaneous flow fields for the pitching case are
plotted in Fig. 9 at four different instants, describ-
ing a period of time associated to the pitching mo-
tion (corresponding to a third of the rotor revolu-
tion). The flow in Fig. 9(a) corresponds to the high-
est value of angle of attack (¢ = ag+Aa =~ 25°). As
expected, the boundary layer on the suction side is
fully separated. When the incidence is progressively
reduced, the flow reattaches completely. However,
the influence of the leading edge vortex is still vis-
ible, even at the lowest incidence. When the blade
returns to its original position @ = ay, Fig. 9(d), the
intensity of the leading edge vortex re-increases.
This vortex is then ejected towards the trailing edge
when the incidence is further increased. The be-
haviour of this leading edge vortex is responsible
for the moderate increase of the thrust coefficient,
compared to the reference case.

5.2. Flapping motion

Instantaneous flow fields for the flapping case are
plotted in Fig. 10 at four different instants, describ-
ing a period of time associated to the flapping mo-
tion. The flow in Fig. 10(a) corresponds to the be-
ginning of the downstroke step of the motion. At
this position, the intensity of the leading edge vor-
tex is reduced compared to the reference case. Dur-
ing the downstroke step, Fig. 10(b), the blade experi-
ences large angle of attacks (¢ = ap + Ao = 30°),
which results in a large separation in the vicinity of
the blade tip as well as the periodic emission of co-
herent flow patterns at the trailing edge. The sepa-
ration is amplified at the beginning of the upstroke
motion, Fig. 10(c), where the boundary layer on the
suction side is separated on the full blade span.
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Figure 7: Correlation between the thrust coefficient
Ct and the variation of the angle of attack seen by
the blade (at r/R=0.8): (a) pitching, (b) flapping and
(c) surging.

Figure 9: Instantaneous flow fields at four different
instants, for the pitching case: slice at r/R = 0.8
coloured with the total pressure.
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Figure 10: Instantaneous flow fields at four differ-
ent instants, for the flapping case: iso-surface of Q-
criterion coloured with the normalised streamwise
velocity V;/(€2.R). The zones noted 1 and 2 cor-
respond to the typical patterns generated by the
blades at the beginning of the upstroke step.

During the upstroke step, the typical movement of
the blade creates some regions in the flow, noted 1
and 2 in Fig. 10, where there is no turbulent activity.
These particular flow patterns are then convected
with the flow and are still observable after half a ro-
tation of the rotor.

5.3. Surging motion

Instantaneous flow fields for the surging case are
plotted in Fig. 11 at four different instants, describing
a period of time associated to the surging motion.
The flow in Fig. 11(a) corresponds to the lowest ro-
tational speed. At this position, the intensity of the
leading edge vortex is reduced compared to the ref-
erence case and no separation is observed close to
the rotor tip. During the acceleration step, Fig. 11(b),
the blade experiences a moderate increase of the
angle of attack (¢ = ag + Aa &~ 189), which results
in an increase of the intensity of the leading edge
vortex, and the beginning of a separation process at
the tip. When the blade achieves its maximum rota-
tion speed (€2 + gmax-3€2 = 1.69¢)), the separation
is amplified at the rotor tip, Fig. 11(c), and the activity
of the leading edge vortex starts to decrease. Dur-
ing the last instant, Fig. 11(d), when the rotor speed
is returned close to its nominal speed 2, the lead-
ing edge vortex is ejected towards the trailing edge.
This phenomenon is due to the inertie of the flow
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Figure 11: Instantaneous flow fields at four differ-
ent instants, for the surging case: iso-surface of Q-
criterion coloured with the normalised streamwise
velocity V;/(£2.R). The velocity vectors close to the
blade tip are added to the figure to identify the cor-
responding step of the superimposed motion.

that is rotating at a higher speed than the rotor, so
the leading edge vortex, previously attached to the
blade, is blown by the flow. This process is shown in
Fig. 11 by following the zone noted 1 (then 2 at the be-
ginning of a new cycle). Together with the periodic
increase of the rotational speed, this process is re-
sponsible for the increase of the thrust coefficient.

To separate the effect related to the increase of
the rotational speed (steady effect) from the un-
steady flow effect, it is possible to estimate what the
thrust evolution in time should be in the case of a
quasi steady approach. Knowing the thrust coeffi-
cient for the reference velocity €2, the quasi steady
thrust coefficient is estimated as

(Q + Gmax-wcos(wt))?
()2

(12) Cr(t)=Cr x

with w = 3£2. Based on this approximation, the
quasi-steady thrust is compared with the thrust ob-
served during the surging simulation in Fig. 12. The
difference between both curves corresponds to an
estimate of the unsteady flow effects. This com-
parison shows that most of the increase in thrust
during surging is related to a quasi-steady effect.
Unsteady flow effects are however responsible for
an additional increase of the thrust when the rotor
achieved its maximum rotational speed.
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Figure 12: Comparison of the observed thrust coef-
ficient C7 in the case of surging with an estimation
based on a quasi-steady assumption.

6. DYNAMIC RESPONSE MOTION

The last section of this paper is dedicated to the
resolution of the flow coupled with the dynamic
response of the blades. The relation in Eqg. 6) is
solved for each blade, so each blade is independent
from the other and free to react to the aerodynamic
forces. The values reported in Table 2 are used to
investigate two cases: pure dynamic pitching and
pure dynamic flapping.

6.1. Coupling with pitching

The coupled resolution is activated only after one
full revolution of the rotor, in order to avoid the
large oscillations of the force that are associated
with the first part of the transient regime. The nor-
malised displacement and the normalised velocity
displacement are plotted for the last rotation of the
simulation, Fig. 13. Two conclusions are drawn: first,
the blade oscillations are periodic in time, with a
frequency close to the resonance frequency of the
blade, defined as

1 /K
13) fos = 5\
a,

Then, after the transient regime, the oscillations are
nor damped or amplified. A residual oscillation, cor-
responding to less than 0.02 degrees of angle of at-
tack, remains associated to the blade. When con-
sidering the natural frequency of the blade w,, the
value of the reduced velocity U*(see Eq. 11) is found
to be 1.33. This means that a coupling between the
flow and the blade is possible since their respective
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Figure 14: Time averaged pressure coefficient at 80%
of the rotor span, r/R = 0.80, showing the influ-
ence of FSI on the pressure profiles.

behaviours are related to the same range of fre-
quency. An effect of less than 0.5% on the thrust
and torque coefficients is observed.

The pressure coefficient defined as C, = 2(p —
po)/(p.(2.D/2)?), is plotted in Fig. 14 at r/R =
0.80. As expected, the main effect is observed close
to the trailing edge. On the rear part of the profil
(x/C=0.8), a small decrease of the flow deflection is
pointed out, which is responsible for the small vari-
ation of the torque and thrust coefficients.

6.2. Coupling with flapping

The simulation is now run in a coupled fashion con-
sidering the flapping mode. The normalised dis-
placement and the normalised velocity displace-
ment are plotted in Fig. 15. Contrary to the pitch-
ing case, that shows a periodic undamped signal,
the flapping motion is rapidly damped in less than
half a rotation. Very small oscillations are still ob-

Page 11 of 13

This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s).



x100 x100
0.020 -

o
X

Normalized displacement velocity /< (-)

Displacement
rrrrrrrrrrrrr Velocity

M R
e

o
o

-0.1

Normalized displacement B.R/C

I I .
0.6 0.8 1.07

0.4 ! )
Normalized time t/T (-)

00295 02

Figure 15: Normalised displacement and normalised
velocity displacement registered during the coupled
resolution of the flow with the dynamic flapping
mode.

served after many rotations, but they have no effect
on the rotor performance. A new equilibrium posi-
tion is found, very close to the uncoupled case, cor-
responding to an unsignificant deflexion of 0.003%
of the chord in the opposite direction compared to
the induced flow. When considering the natural fre-
quency of the blade wg, the value of the reduced
velocity U*(see Eq. 11) is found to be 0.46, which is
significantly lower than 1. This explains the limited
interaction between the dynamic flapping and the
flow.

7. CONCLUSION

Fluid-Structure Interactions capabilities have been
implemented in a LBM code, based on the use of
an immersed boundary approach. The flow solver is
coupled in a monolithic way with the dynamic equa-
tion, considering a simple beam approximation for
the blades. These new capabilities can also be used
to impose a new kinematics based on pitching, flap-
ping or surging, that is superimposed to the rota-
tion of the blades. Regarding FSI, the dynamic pitch-
ing has more influence than the dynamic flapping.
This is mainly due to the natural frequency associ-
ated with pitching that is closed to the typical fre-
quency encountered in the flow. However, in both
cases, the influence of vibrations is very small (flap-
ping has no influence on the rotor performance,
while pitching reduces the thrust by less than 1%).
The different forced motions imposed to the ro-
tation show much significant influence on the rotor
performance. Pitching, flapping and surging lead to
an increase of the thrust coefficient, at the price
of a penalty on the torque that completely balance
the advantage on the thrust. Among these forced
motions, surging and flapping are promising can-
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didates. A margin of improvement can still be ex-
pected to reduce the overcost on the torque (about
40% of the power is required to power the flapping
or surging motion).

Perspectives to this work incluse the study of
more complex motions, considering a combination
of many angular velocities. Regarding FSI, future
works will focus on more flexible blades (higher as-
pect ratio or lower stiffness).
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