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Effect of Unsteady Blade Pitching Motion on Aerodynamic
Performance of Microrotorcraft

Jongmin Kim* and Nikhil Koratkar®
Rensselaer Polytechnic Institute, Troy, New York 12180-3590

The improvement in aerodynamic performance of microscale rotors using unsteady blade motion is investigated
using numerical simulations and experimental work. The basic idea is to use dynamic blade pitching motion to
delay the onset of stall, enhance the lift, and increase the envelope of operation of small-scale airfoils operating
at the low Reynolds number and low Mach numbers that are typical of microrotorcraft. A 22-cm-diam two-
bladed microrotor system featuring piezoelectricaly actuated controllable twist rotor blades was developed and
tested in hover. The piezoelectric actuation system had sufficient control authority and was able to generate up
to +2.3-deg blade unsteady tip twist deformations under rotating conditions. Excitation of the blade in torsion
resulted in significant improvement in the microrotor thrust in the poststall regime. (At 24-deg rotor collective
pitch, up to 11% improvement in rotor thrust was demonstrated.) The experimental measurements also showed
good agreement with numerical predictions for the effect of dynamic blade pitching on the thrust output and power

consumption of the microrotor.

Introduction

NE of the key aspects of defense planning in the 21st cen-

tury is the use of swarms of unmanned micro air vehicles
(MAV5s) that operate in concert with military forces in the battle-
field. These unmanned flight vehicles are indispensable for aerial
reconnaissance, covert imaging, battlefield management, and for
damage assessment. Small-scale vehicles can also be used by civil
agencies as information and communication systems, traffic con-
trol systems, and biochemical sensors in the field or where regular
vehicles do not have the necessary access.

Three basic types of MAV configurations' have been explored in
the literature: 1) fixed wing, 2) flapping wing, and 3) rotary wing.
Fixed-wing designs are unable to hover and perform controlled ma-
neuvers in tightly constraining environments such as interiors of
buildings, caves, or tunnels, and this limits their utility for many
applications. In contrast to fixed wings, insect-like flapping-wing
MAVs take advantage of unsteady aerodynamic phenomenon and
are capable of performing highly maneuverable flight at the small
scales. However the complex nature of the flowfield, mechanical
losses associated with the transmission and control system, and poor
stability under adverse atmospheric conditions (such as gusts, turbu-
lence, crosswind, rain, etc.) can prevent the practical implementation
of a MAV based upon flapping-wing motion. The third category of
MAVs (based on rotary wings) shows promise to provide reliable
operation over a wide range of operating conditions, including the
hovering and maneuvering capabilities required to remain stationary
or in motion in tightly constrained environments. However, because
of their scale and flight regime very little is known about the acrome-
chanics of microscale rotors operating at low Reynolds number and
the associated fluid-structure-control interactions at the small scales.

In previous work? we have characterized the aerodynamic per-
formance of small-scale rotors in the 10* to 3 x 10* tip Reynolds-
number range that is typical of rotary-wing MAVs. This involved
spin testing of 15-cm-diam microrotors with both baseline NACA
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0012 as well as advanced geometry Eppler-61 airfoil sections. The
maximum lift-to-drag ratio (L/D) that was generated for the rotor
with Eppler-61 airfoil was only about 10 (C; ~0.96 and C,; ~0.1
at Re =3.3x10%), and the performance of the baseline NACA 0012
airfoil was even 50% lower at the same test conditions (a detailed de-
scription of these results is available in Ref. 2). These results are also
consistent with recent studies conducted by Bohorquez et al.* and
Young et al.* These performance indices are much lower than full-
scale high-performance airfoils that exhibit L/D ratios in the range
of 100-150. The reason for this is that in flows below Reynolds
numbers of 5 x 10* the viscous effects become dominant,>° lead-
ing to severe drag penalties, flow separation at low sectional angles
of attack, and a smaller envelope of operation.

Given the poor aerodynamic efficiency (L /D < 10), low figure of
merit (ratio of induced to total power < 0.5) of microscale rotors,>~*
and the limitations of current battery technology,’ it is not possi-
ble to meet the flight envelope for MAVs because of the extreme
power requirements. With present efficiency levels the maximum en-
durance demonstrated by battery powered MAVs has been ~20 min
[only 35% of Defense Advanced Research Projects Agency goal of
60 min fully autonomous flight]. Therefore it is critical to develop
new strategies to improve the aerodynamic efficiency of microscale
rotors to enable efficient, sustained, and controllable flight at the
microscale. One such approach might be to exploit dynamic (or
delayed) stall to achieve substantial improvements in MAV aerody-
namic performance.

Approach

Dynamic stall will occur when the airfoil is subjected to time-
dependent pitching, plunging, or vertical translation, or other type
of nonsteady motion that takes the effective angle of attack above
its normal static-stall value. Under these circumstances, the physics
of flow separation and the development of stall have been shown to
be fundamentally different®~!! from the stall mechanism exhibited
by the same airfoil under static conditions. Dynamic stall is distin-
guished by a delay in the onset of flow separation to a higher angle
of attack compared to the static case. This initial delay in stall on-
set is advantageous as far as the performance and operational flight
envelope of the airfoil is concerned.

It has been shown that the delayed-stall mechanism®~° is related
to shedding of a concentrated vortical disturbance from the leading-
edge region of the airfoil that is subsequently swept over the airfoil
chord. Such a shed vorticity serves to energize the boundary layer
for full-scale airfoils enabling it to remain attached at higher angles
of attack. This paper will investigate whether a similar performance
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benefit (improved maximum lifting capability caused by delayed
flow separation) can be realized for the small-scale airfoils used on
microrotor blades.

In this study a compact, lightweight, low-power piezoelectric ac-
tuation system is used to induce dynamic blade-pitch oscillations.
(The amplitude and frequency of the blade deformations are con-
trolled via the control signal to the piezoelectric actuators.) A finite
element structural model is developed to predict the blade torsion
deformations caused by the piezoinduced-strain actuation and val-
idated using nonrotating testing on the bench top. The structural
model is also coupled to a blade-element aerodynamic model'? with
linear inflow to predict the blade-twist deformations under rotating
conditions. The results indicate the piezoelectric actuation system
has sufficient control authority to actively twist the microblades un-
der rotating conditions.

Next, the microrotor system with active control of blade twist
is tested in hover using a small-scale rotor test rig (instrumented
with a slip ring unit to enable on-blade actuation in the rotating
frame). Tests are conducted at several different excitation frequen-
cies and blade collective pitch settings, and the resulting changes to
the microrotor’s thrust output and power consumption are recorded.
The results indicate that delayed stall at the microscales can re-
sult in significant improvement in rotor performance in the post-
stall regime. The measured rotor airloads are also compared with
unsteady Navier—Stokes flow simulations (conducted using Fluent),
and good agreement between the computational fluid dynamics sim-
ulations and test data is achieved for both the rotor thrust output and
power consumption. A detailed description of these studies is de-
scribed in the following sections.

Microblade Fabrication

Piezoelectric materials strain when an electric field is applied
across them. This property makes them suitable as actuators to con-
trol blade structural response. The actuation system for microblade
twisting and bending consists of high-aspect-ratio piezoelectric ele-
ments oriented at 45 deg to the blade axis (Fig. 1). The feasibility of
this actuation mechanism has been demonstrated in previous studies
by several researchers.!*~13 Simultaneous in phase-induced-strain
actuation of the piezoelements on the top and bottom surfaces re-
sults in a net shear strain causing the blade to twist. In the same way
an out-of-phase actuation on the top and bottom surfaces causes
flat-wise bending of the rotor blades. The amplitude, phase, and fre-
quency of blade twisting and bending can be accurately controlled
using the voltage input to the piezoelectric actuators.

There are several important issues concerning blade fabrication.
These include the following 1) electric contact on both sides of
piezosheet is required; 2) piezopatch has to be insulated from the

Fig. 1 Microrotor blades with surface-mounted piezoceramic actua-
tion elements oriented at +45 deg to the blade axis. The blades are
manufactured using a torsionaly soft polymer material to maximize the
twist response.

blade; and 3) for proper transfer of induced strain to blade, bond layer
thickness needs to be thin and uniform. For the present microrotor
system, the piezoelectric elements are surface bonded at +45 deg
withrespect to the blade axis on the top surface and at —45 deg on the
bottom surface. The choice of piezoelectric actuators is governed
by their low power consumption and high operating bandwidth.
Torsionally soft polymer blades (shown in Fig. 1) are used in this
study. The piezoelements are surface bonded close to the hub near
the blade-root region to minimize the disruption of the flowfield.

Dynamic Model for Piezoactuated Blade-Twist Response

The microrotor blade shown in Fig. 1 is modeled as an elastic
beam undergoing flap bending and elastic twist. Although deflec-
tions are considered to be moderately large, strains are assumed to
be small. The analysis takes into account precone and chordwise
offsets of the blade center of gravity and aerodynamic center from
the elastic axis. Furthermore the blades are modeled as isotropic
Bernoulli—Euler beams; therefore, nonlinear strain-displacement re-
lations can be based on the deformed configuration directly.

A piezoelectric patch of length /., width b, and thickness ¢, is at-
tached to the blade surface. If an electric field (voltage V') is applied,
then the force transfer to the blade can be expressed as

F, = dy E.bV sin B 1)

where E. is Young modulus of elasticity of piezosheet, d5; is the
piezoelectric constant, and § is the offset angle from the blade axis.
The torsion moment transferred to the blade axis is given by

M, = dy E.b.Vsind 2)

where d is the vertical separation between the actuators on the top
and bottom surfaces.

Hamilton’s variational principle is used to derive the system equa-
tions of motion, which can be written as

o}
/ U — 8T —sW)dr =0 A3)

where 8U is the virtual variation of strain energy, 87 is virtual
variation of kinetic energy, and W is the virtual work done by
external forces.

Variation of strain energy is determined using the uniaxial stress
assumption and corresponding stress—strain relationships and is ex-
pressed as follows:

R
sU =/ / (Eexy88xy + Geypbeyy + Gey ey ) dnds dx (4)
0 A

where ¢,, is the axial strain and ¢,, and ¢, are engineering shear
strains. The expressions for the strain components are available in
Ref. 16.

The kinetic energy of the blade depends on blade in-plane and
out-of-plane bending and torsion deflection relative to the hub-fixed
frame of reference. The position vector r of an arbitrary point on
the blade is differentiated with respect to the hub-fixed nonrotating
system to obtain the velocity vector V. The variation of kinetic
energy is calculated using

R
(ST:f //pSV-(SVdnd{dx 5)
0 A

where V is the blade velocity and p; is the mass density of the blade.

Both external aerodynamic forces acting on the rotor blades and
the actuation moments induced by the piezoelements [Egs. (1) and
(2)] will contribute to the virtual work of the system. The aerody-
namic formulation'® is based on quasi-steady aerodynamics and lin-
ear inflow modeling. The radial, tangential, and induced velocities
are derived in the rotating frame of reference, and two-dimensional
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strip theory is used to determine the rotor-blade virtual work for the
ith element, which is expressed as

[6Wali = 8q7 (Mag + Cag + Kaq + Qa)i (6)

where M4, C4,and K 4 are the mass, damping, and stiffness matrices
caused by aerodynamic effect respectively; Q4 is the load vector;
and ¢ is the blade nodal displacement vector.

The virtual energy expression for the blade is written in the dis-
cretized form as follows:

N

Y 6U — 8T, = 8W,) =0 )

i=1

where i is the ith beam element and N is the total number of spatial
finite elements in the blade. A finite element with seven degrees of
freedom is used for the present study. These degrees of freedom cor-
respond to cubic variations in elastic flap bending deflections and
quadratic variation in elastic twist. Spatial discretization of Hamil-
ton’s principle results in the rotor-blade equation of motion after
imposing the hingeless displacement boundary conditions:

Mi+Cqg+Kqg=0 (8)

where M, C, and K are the assembled global mass, damping, and
stiffness matrices, respectively, for the microblade, and Q is the
global load vector related to the piezoelectric and aerodynamic
forces.

Nonrotating-Blade Twist Characterization

For the nonrotating-blade response, only structural mass M and
stiffness K from Egs. (4) and (5) and torsional moment M, caused
by piezoelectric force from Eq. (2) are considered. In this case the
rotor-blade equation of motion is as follows:

Mg + Ksq = Mp exp(ion) ©)

The transfer receptance o j;(w), which represent the response in
degree of freedom j caused by harmonic force of unit magnitude
and frequency w applied in degree of freedom k, can be obtained as

(@)=Y e (10)

2 _ 2
r=1 (wr (l))

where & are the eigenvectors of the system. Figure 2 shows the
nonrotating tip twist response for the polymer blade obtained using
Eq. 10 (with 200 Vrms/mm electric field applied to the piezoce-
ramic actuators). Experimental bench-top (nonrotating) test data are
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Fig. 2 Nonrotating twist response of piezoelectrically actuated micro-
rotor blades. (Electric field input to piezoactuators is 200 Vrms/mm.)
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Fig. 3 Predicted blade-tip twist response (200 Vrms/mm input to
piezoactuators) at different rotor speeds (250-1000 rpm) at 24-deg rotor
collective pitch setting.

also plotted for comparison; the predictions of the numerical model
show good agreement with measurements. The results indicate that
the piezoelectric actuation system can generate significant blade-tip
twist amplitudes in the 0-300 Hz frequency range. The nonrotating
torsional natural frequency of the microblades is estimated as 210 Hz
(Fig. 2). At this frequency over 14 deg of blade-tip twist angles
are achieved for a 200 Vrms/mm excitation to the piezoelements on
the top and bottom blade surfaces.

Predicted Blade-Twist Response Under Rotation

To study the actuator response under rotating conditions, sim-
ulations were conducted in the 0—1000 rpm range. The blade-tip
Mach number and Reynolds number (at 1000 rpm rotor speed) are
0.0339 and 12 x 10?, respectively. For the rotating-blade response,
we conducted the modal analysis using Eq. (8). Figure 3 shows
the predicted blade-tip twist response as a function of piezoelectric
activation frequency for different rotor speeds. The collective pitch
setting is 24 deg, and the excitation amplitude is 200 Vrms/mm to the
piezoactuators. The tip twist amplitude in the low-frequency range
(0-100 Hz) at 1000 rpm is about 0.5 deg compared to ~0.9 deg un-
der nonrotating conditions. The natural frequency has shifted from
~210 Hz (at O rpm) to about 220 Hz (at 1000 rpm) as aresult of aero-
dynamic stiffening, and the blade-tip twist amplitude is about 2.3 deg
at the torsional natural frequency, which is significantly lower than
under nonrotating conditions. This can be attributed to the aero-
dynamic damping of the blade torsion mode. Note that although
the Lock number of the microrotor (~2.0) is small in comparison
to large-scale rotors, the relatively large chordwise offset between
aerodynamic center and elastic axis and high sectional drag coeffi-
cient associated with the low-Reynolds-number flow results in sig-
nificant torsion mode damping under rotating conditions. Figure 4
shows the effect of rotor collective pitch on the dynamic blade-
tip twist response at 1000 rpm in the 0-300 Hz frequency range
(200 Vrms/mm input to the piezoactuators). Although a slight re-
duction in the torsional natural frequency and torsion mode damping
is seen with increasing collective, the blade-tip twist amplitudes are
not significantly affected by collective pitch settings.

Effect on Blade Dynamic Pitching
on Microrotor Airloads

The simulations (shown in Figs. 3 and 4) predict that up to
42.3-deg blade unsteady tip twist deformations can be generated by
the actuation system under rotating conditions. To study the effect
of dynamic blade pitching on the microrotor’s aecrodynamic perfor-
mance, whirl tests were performed using a small-scale rotor test rig.
Actuator amplitude and frequency sweep tests were conducted at
1000 rpm for different blade collective pitch settings, and the rotor
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Fig. 4 Predicted blade-tip twist response (200 Vrms/mm input to
piezoactuators) for different collective pitch settings at a rotor speed
of 1000 rpm.
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Fig. 5 Test rig and whirl tower for small-scale rotor experiments:

a) load cell, rotor speed sensor and slip ring unit; b) micro-rotor-blade
assembly and hub fixtures.

thrust and power consumption were carefully monitored to study
the delayed stall effects at the microscale. First we describe the mi-
crorotor test rig used to perform the experiments followed by the
test results and comparison with CFD results.

Microrotor Test Platform

The experimental set up consists of a highly sensitive load cell
(least count of 0.02 g) for measuring rotor thrust, a laser light source
coupled to a frequency counter to measure rotor speed, and a micro-
coreless dc motor with associated fixtures that connect the microb-
lades to the motor output spindle. The motor is driven by means
of a dc power supply. Figure 5a shows the microrotor test platform
instrumented with a slip ring to enable electrical activation of rotor

blades in the rotating frame. The diameter of the microrotor used
for the present test is 22 cm. A clearance of 25 cm (more than twice
the micro-rotor radius) is maintained to minimize ground effect.”
Figure 5b shows a close-up view of the microrotor blades, micro-dc
motor, and hub attachment fixtures. The blades can be connected to
the hub at adjustable collective pitch settings ranging from 0-24 deg;
all tests are performed in the two-bladed rotor mode. The microrotor
blades are tested at 1000 rpm (tip Mach number of 0.0339 and tip
Reynolds number of 1.2 x 10*). The blade planform is rectangular
(no taper, sweep, or twist), aspect ratio is 7.33 (11-cm radius and
1.5-cm cord), and airfoil section is NACA 0012. The blade-root
cutout is approximately 35% of the rotor radius.

Rotor Thrust Measurements and Comparison
with Computational-Fluid-Dynamics Predictions

Figure 6 plots the percentage improvement in rotor thrust as a
function of blade excitation frequency at different collective pitch
settings. The results indicate that the rotor lifting capacity is en-
hanced by ~11.5% at a rotor collective pitch of 24 deg. However
this improvement is seen only at the blade torsion natural frequency
(~220 Hz). This is because of relatively large blade unsteady pitch-
ing motion (£2.3 deg, Figs. 3 and 4) that occurs at the torsion mode.
This pitching motion delays the onset of flow separation as a result
of the boundary layer being energized by harmonic shed vorticity
resulting from the blade-pitch oscillations. At actuation frequencies
other than 220 Hz, the blade torsional response appears to be too
low to significantly influence the airfoil stall characteristics.

Figure 6 also shows the effect of collective pitch on the improve-
ment in rotor lift. Below a collective pitch setting of 18 deg, no
significant improvement in performance was seen. For 21-deg col-
lective pitch, the improvement is about 7%, and at 24 deg it is 11%.
This suggests that below 18-deg pitch the rotor lies in the prestall
regime, and so unsteady blade motion does not affect the response.
As the rotor blade transitions into stall at 18-deg pitch, the perfor-
mance is enhanced by the piezoelectric actuation. Finally when the
rotor is completely stalled at 24 deg, the maximum benefit of the
pitch oscillations in delaying the onset of stall can be obtained.

Itis important to differentiate between the collective pitch and the
angle of attack. The pitch setting is a constant for the entire blade,
whereas the angle of attack varies along the blade span and is ob-
tained by subtracting the local inflow angle from the collective pitch
setting. For the 75% span airfoil that is representative of the rotor, the
effective angle-of-attack variation with collective pitch is shown in
Fig. 7a using blade-element momentum theory in hover.'"'> From
the figure we see that collective pitch settings of 18, 21, and 24 deg
correspond to angle-of-attack settings of approximately 11, 14, and
17 deg, respectively. To confirm that the airfoil transitions into stall
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Fig. 6 Percentage change insteady rotor thrust vs excitation frequency

(input to piezoactuators is 200 Vrms/mm) at three different rotor col-
lective pitch settings.
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Fig. 7 Performance and stall characteristics of baseline microblade
airfoil section located at 75% of blade span (Mach number of 0.0254
and Reynolds number of 9 X 103): a) angle of attack at 75% blade
spanwise location for different rotor collective pitch settings; b) airfoil
mean lift coefficient at 75% blade spanwise location.

close to a collective pitch setting of 18 deg (i.e., at an airfoil angle
of attack of about 11 deg), we performed numerical flow simula-
tions using the commercially available Navier—Stokes flow solver
Fluent. Figure 7b shows the results of the simulations for the airfoil
section at 75% spanwise location (chord Reynolds number 9 x 10°
and Mach number 0.0254). Figure 7b shows that the predicted-stall
onset angle lies in the 9—10 deg range, indicating that the microrotor
will in all likelihood be stalled beyond about 16—18 deg collective
pitch. Test data from Fig. 6 for the active rotor thrust were used to
estimate (using blade-element theory) the airfoil sectional lift coef-
ficient at 75% span and are also shown in Fig. 7b for comparison.
The results confirm that the full impact of unsteady blade pitching
in enhancing lift and improving the airfoil performance is seen only
in the deep-stall regime.

Simulations using Fluent for the solution of the unsteady Navier—
Stokes equations for a microscale airfoil were also conducted and
compared with the measured test data. The dynamic mesh model
in Fluent is used to model flow where the shape of the domain is
changing with time as a result of oscillation (dynamic pitching) of
the airfoil section. The airfoil motion is specified by the angular
velocity about the elastic axis of the airfoil using user-defined func-
tion in Fluent. The airfoil upper and lower surfaces are described
by polynomial interpolation functions to the given airfoil geome-
try. The far-field (outer) control surface is described by a parabolic
surface of about 20 airfoil chords away from the airfoil leading

i

RRARARAAN
TN
Fig. 8 Control volume and computational mesh around the airfoil for
CFD simulations.

——

edge that is cut by a vertical segment far downstream of the airfoil
(Fig. 8). A structured computational grid composed of quadrilat-
eral cells is constructed in the flow control volume between the
airfoil and far-field surfaces with K radial grid lines and L circum-
ferential grid lines (a mesh of K x L). The cells are clustered near
the airfoil such that the cells nearest to the surface have high as-
pect ratios to accurately capture the flow in the very thin velocity
boundary layers. Perfect-gas law is used for the equation of state,
specific heat is held constant, and Sutherland law is used to take
into account effect of temperature on viscosity and thermal con-
ductivity. The far-field conditions model a freestream uniform flow
with prescribed freestream Mach number, static pressure, and tem-
perature, whereas along the airfoil surfaces the no-penetration and
no-slip boundary conditions are imposed. An implicit and iterative,
second-order procedure is used to integrate the continuity, momen-
tum, and energy equations and calculate the unsteady-state fields of
velocity, temperature, density, and pressure.

Numerical simulations were conducted with varying levels of
mesh refinement. For this study, the gradients normal to the airfoil
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Fig. 9 Numerical verification studies performed for a uniform flow of air with Mach number of 0.0254 and Reynolds number of 9 x 103 around a
NACA 0012 airfoil under prescribed unsteady airfoil pitching motion with amplitude of +2.3 deg and frequency of 220 Hz: a) prescribed unsteady
airfoil motion (4-2.3 deg at 220 Hz) at 17-deg mean angle of attack, b) lift coefficient vs time for various meshes at 17-deg mean angle of attack, c) drag
coefficient vs time for various meshes at 17-deg mean angle of attack, and d) lift vs angle of attack polar for the 50 X 100 mesh; static case is also

shown for comparison.

surface are much greater than those tangential to the airfoil, except
near the leading and trailing edges. Consequently, the quadrilateral
cells nearest the surface have very high aspect ratios. Mesh conver-
gence studies were performed for the case of a uniform flow of air
around a NACA 0012 airfoil with Mach number 0.0254, Reynolds
number 9 x 103 (corresponding to a representative airfoil at 75%
microblade span spinning at 1000 rpm), and freestream pressure
and temperature of 1 atm and 300 K, respectively. The time history
of angle-of-attack variation is shown in Fig. 9a. Unsteady motion
of airfoil is prescribed by amplitude of £2.3 deg and frequency of
220 Hz at 17-deg mean angle of attack. Results of the computations
with various meshes are shown in Figs. 9b and 9c. Figures 9b and
9c show the lift and drag coefficient as a function of time, respec-
tively with a mesh of 80 x 40 (7200 cells), 100 x 50 (9800 cells),
and 130 x 60 (19,000 cells). The results with a mesh of 80 x 40
show an overprediction of the lift and drag coefficient near the peak
region leading to a corresponding overprediction of mean lift and
drag coefficient. However, for finer mesh of 100 x 50 and beyond,
no significant change in the solution is observed. Note that the drag
coefficient is very high because the flow is in deep-stall regime. We
conclude from Figs. 9b and 9c that a mesh of 100 x 50 is sufficient
for a converged (mesh-independent) flow solution, and this mesh
is used in all of the following computations. Figure 9d shows the
Fluent prediction for the lift vs angle-of-attack polar for the angle-
of-attack perturbation shown in Fig. 9a. The baseline steady result
(no actuation case) is also shown for comparison. The predictions

for the dynamic (active) rotor response show clear deviations from
the static curve in the poststall regime; this is consistent with the
test results shown in Fig. 7b.

To compute the rotor thrust, the predicted dynamic airfoil pitching
amplitude obtained from Eq. (8) (for each excitation frequency and
collective pitch setting) is applied to a number of discrete blade
elements along the rotor span. The computational-fluid-dynamics
(CFD) flow solver just described is used to generate the unsteady
airfoil lift at each section along the span, which is then averaged
to obtain the mean lift coefficient. This mean airfoil lift coefficient
for each individual blade element is used in conjunction with blade-
element momentum theory'! to predict the total integrated thrust
output of the microrotor. Figure 10 compares the experimental data
with the numerical simulations for the 24-deg collective pitch case.
The predictions of the numerical simulations show good correlation
with the measurements. For example, the estimated thrust increase is
3.7% with an exciting frequency of 190 Hz and 11.8% with 220 Hz.
The experimental results show 2.9 and 11.5% for each case.

Rotor Power Measurements and Comparison with CFD Predictions
Note that although the lift is enhanced by the dynamic- or delayed-
stall effects, the airfoil drag can also be increased as a result of the
continuous shedding of vorticity from the leading edge. To com-
pute rotor power, the unsteady airfoil drag computed using CFD was
time averaged, and the mean drag coefficient for each blade element
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Fig. 10 Comparison of predictions and test data for mean rotor thrust
at 24-deg collective pitch setting for a 200 Vrms/mm electric field input
to the piezoelectric actuators.
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Fig. 11 Comparison of predictions and test data for mean rotor power
at 24-deg collective pitch setting for a 200 Vrms/mm electric field input
to the piezoelectric actuators.

along the span was used to calculate the rotor power consumption.
Figure 11 shows the increase in rotor power for the 24-deg collective
pitch case over a range of excitation frequencies using both experi-
mental and numerical simulation. The increase in rotor power was
experimentally estimated by monitoring the excess power supplied
to the dc motor in order to maintain a constant rotor speed (1000 rpm)
with the blade actuation turned ON. Both test data and numerical
predictions show similar trends (power consumed increases caused
by blade-pitch oscillations) with the numerical model overpredict-
ing the power penalty. For example, the estimated power penalty
is 1.1% at a blade-pitch exciting frequency of 150 Hz and 9.6% at
220 Hz. The experimental results show 0.9 and 7.2% for each case.
Although the rotor aerodynamic power consumption increases as
a result of blade pitching, the overall thrust-to-power ratio (in the
20-24-deg collective pitch range) shows ~5% increase compared
to the baseline condition with the actuation turned OFF.

In addition to the dc power supplied by the battery to drive the
micromotor, ac power must also be supplied to the microblades for
actuating the piezoelectric sheets. Figure 12 shows the piezoelectric
power consumption at different frequencies. The power consumed
by the actuation system at 220 Hz is about 1.08 W. The dc power
supplied by the motor for operation at 24-deg collective at 1000 rpm
is also shown in Fig. 12 for comparison. In this study the actuator
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Fig. 12 Power consumption of the actuation system at several different
excitation frequencies for a 200 Vrms/mm input to the piezoelectric
sheets.

and blade design was not optimized, and we believe that the actua-
tor power requirements can be significantly decreased by tailoring
blade structural properties, by the use of mechanical torsion hinges
and by use of improved actuator materials such as piezoelectric fiber
composites.

Summary

The improvement of aerodynamic performance of microscale ro-
tors using unsteady blade pitching motion was investigated using
numerical simulations and experimental work. The objective was
use dynamic blade pitching motion to delay the onset of stall, en-
hance the lift, and increase the envelope of operation of small-scale
airfoils operating at the low Reynolds number and low Mach num-
bers that are typical of microrotorcraft. Blade actuation was achieved
using the induced-strain response of piezoelectric patches bonded
close to the blade root at £45 deg with respect to the blade axis.
The piezoelectric actuators were chosen because of their compact,
lightweight design and low power consumption.

Spin tests were conducted using a 22-cm-diam microrotor system
featuring piezoelectricaly actuated controllable twist rotor blades.
The piezoelectric actuation system had sufficient control authority
and was able to generate up to £2.3-deg blade unsteady tip twist
deformations under rotating conditions. The study indicated that
unsteady blade pitching motion has a significant impact on the lift-
ing capability of the microrotor in the poststall regime. An 11%
increase in lift is achieved at 24-deg collective pitch, with 220-Hz
activation of the piezoelectric materials. Although the rotor power
also increased by ~7% as a result of the shed vorticity, the overall
microrotor thrust-to-power ratio was enhanced by about 5% in the
20-24-deg collective pitch range. The experimental measurements
also showed good agreement with finite element model predictions
for the piezo-induced blade-twist response and computational fluid
dynamics predictions for the effect of unsteady blade pitching mo-
tion on the microrotor thrust and power.

These results indicate that unsteady blade motion shows poten-
tial to enhance lift, improve efficiency (thrust-to-power ratio), and
expand the envelope of operation of microscale rotors. Future work
will focus on extensive parametric studies using the numerical model
to study the conditions under which the microrotor thrust can be
maximized with minimal power penalty. Optimization of the mi-
crorotor blade’s mass and stiffness distribution and new improved
actuator materials (such as embedded piezoelectric fibers) will also
be investigated to maximize the overall system performance.
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