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Abstract (b’Q

This paper briefly introduces a novel blade motion simulator with a modulé&&alable design that

has the ability to simulate a combination of both pitching and plung' otions together with the
possibility of adding bending or torsional compliances. The devi %etup motions while adjusting
amplitude, frequency, and time-lag independently. This op@akes it possible to simulate both
energy-harvesting and propulsive flapping motions. mstallatlon of different torsional and
bending compliances with different spring sti es@ orientations can simulate different material
properties in order to take aeroelastic effects into aCcount during the motion. Moreover, some results
of wind tunnel tests are also presented e tests demonstrate that the oscillatory motion generated
by the simulator largely conformmde red motion programmed into the device. Also, the results
of measuring the lift coeffici e been compared with Theodorsen's theory, and a good accuracy
has been observed. A ,@e following, as a practical example of the performance of the device for

a specific case, th@eresis loop of forces and torque of a blade has been analyzed and investigated.
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Nomenclature

c = Dblade section chord length, m

C, =  pressure drag coefficient

c, = liftcoefficient . O(b
C, = moment coefficient about blade section quarter chord x

f =  oscillation frequency, Hz

h = blade model position in perpendicular direction to the motion, m (b

k, =  blade bending stiffness, N/m

k, = blade rotational stiffness, N.m/rad. x&

t = time, s

U, = freestream velocity, m/s e ‘D

= blade section angle of attack, deg.

1) =  phase angle, deg. Q
® = 2z f , oscillation angular frequency, rad./s PY @
(W dl@n

The growing increase of energy consumption in the wor: reat of environmental pollution, surcease of fossil energy
sources together with the necessity of pos%n ofalternative energy sources for industries, increased the application
of various renewable energy sourc@cluding wind energy. Despite the many advantages of wind power, it must
compete with other conveni&r@ergy resources on a cost and efficiency basis. One of the most important parts of

wind energy generators Iades, that should convert the kinetic energy of the incoming air to mechanical power

efficiently. Dur'@)@ecent 30 years, the power and the rotor diameter of the wind turbines have been increased

fro OkWQlOme to several MW and ~160m, respectively. The blade of every types of wind turbines, ranging

from HAWTS to Darrius type VAWTS and flapping foil energy harvesters, experience high amplitude angle of attack
alteration. Also, the unsteadiness of the incoming flow, together with the length of the megawatt HAWT blades, leads
to the unsteadiness of blade aerodynamics and aeroelastic deformations along the blade. Moreover, flapping foil wind

energy harvesters have been gaining attention in recent years and several theoretical and numerical studies have been



performed on them [1 — 9]. The blade of these devices experiences a combination of pitching and plunging motions
called flapping [10]. Investigation of the unsteady aerodynamics and aeroelastic behavior of the blade element has a
game-changing role in the development and optimization of wind energy generators. Numerous numerical and
experimental investigations on different aspects of the wind turbine and heaving foil unsteady aerodynamics have

been performed during the recent years. Some distinguished review articles have been published on thes@@['ll
o

—16]. N
The unsteady aerodynamics of wind turbine rotors leads to the alteration of ae@ :orces and structural

oscillations [17]. Generally speaking, blade rotation (collective and cyclic b.lade‘w, geometric twist angle, elastic
torsion and bending of blade, flapping motion, induced downwash of nea&mes, blade leading edge perturbation
in high angles of attack and alterations of incoming air flow Iegds t@%@ flow unsteadiness in the wind turbine
aerodynamics, which are time variations of effective angl@a ck and velocity field changes [18 — 19]. All the
complex unsteady flows around a rotating blade element are modelled with four simplified problems, which are blade
section pitching and plunging, variation of i g flow velocity called lead-lag, and vertical gust flow [19]. The
pitching motion models the rotatio thebwde and elastic torsions, the plunging motion relates to elastic bending of
the blade, lead-lag problem is a@ e sudden storms and horizontal alternation of incoming flow, and vertical gusts
are generated by the in xgwnwash from the blade tip or downwash of the other blades. Numerous simulations
and experimen@@rfo med on these simplified problems of oscillating blade sections to understand different

aspects of @turbine unsteady aerodynamics [20 — 25].

Numerical methods cannot predict all aspects of complex flow-field around an oscillating airfoil, especially when it
comes to the measurement of boundary-layer transition, wake, flow control effects, and fluid-solid interactions
(aeroelastic features of blade). Therefore, wind-tunnel or field measurement of aerodynamics and aeroelastic features

of 3D blade or blade sections have been always of great interest. Several researches are performed, using oscillating



mechanisms to model the pitching and/or plunging motion of airfoils, wings, or blades in the wind tunnel studies. DC
servo motor in connection with flywheel and linkages was used to prepare the pitching and plunging motion. The
model is attached to these oscillator apparatuses with a spanwise rod, and no external struts or connections were
needed inside the test section [26 — 28]. In other researches, pneumatic and hydraulic jacks and are used to convert
linear motions to the complicated forced pitching/plunging motion [29 — 30]. A force-measurerrent@it%so
introduced that simulates the flapping motion of a wing in which there is no control on the motic@hodel [31].
In some other test rigs, two linear motors are used to produce a pitching/plunging motion. @E instruments, two
linear rods connected to the motor transmit the motion to the model, and the difference een the amplitude of the

[ J
rod displacement produces the compound motions [32 — 36]. Other recent rese&e a rack and pinion mechanism

X

to produce a plunging motion [37 — 38]. Numerous test rigs and expe@al results are also introduced to measure

[ J
the dynamic responses of a wing or blade section to the incomi in the wind tunnels [39 - 46].

C

There are some deficiencies in the design of the oscillating’apparatuses used in the mentioned research. None of the
oscillators used in the above-mentioned literat vey can produce combinations of pitching/plunging motions with
separately controllable time-lag al equencies. It is vital to change the amplitude, frequency, and time difference
between the two motions (pitck@n plunging) independently in order to study the effects of various parameters on
the flow phenomena co, ng to the blade. Even the mechanisms that produce hybrid pitching/plunging motions
using linear rod@@ﬂ ave no control on the time difference between the motion and the individual frequencies
of the mo@. Although mechanisms used previously simulate both unsteady aerodynamics and aeroelastic
phenoiena of wing section or blade, no apparatus can be found that simulates both effects in connection with each
other. A useful investigation that can be implemented in the field of fluid-solid interaction of oscillating blades is the
measurement of induced plunging motion during a forced pitching motion and vice versa. A HAWT blade oscillates

with a known angular velocity, and a low amplitude, high frequency elastic bending or pitching is induced in the blade.



It could be called the future of fluid-solid interactions measurement of oscillating wings or blades. Another flaw of
the aforementioned rigs that restrict their use in a variety of applications and different scales is the lack of modularity
and scalability of their designs. It can be seen that the existing devices only bear moderate forces, and the designs is
not flexible for heavy-duty refinement without any substantial redesigns. Also, using mechanisms such as slider-crank

substantially includes mechanical backlash that makes the time difference control of the motions nearly il@% or
o

at least inaccurate. va

This paper aims to briefly introduce a novel blade motion simulator with a modular, d&g e design that has the
ability to simulate both pitching and plunging motions together with the p.ossiWOf adding bending or torsional
compliances. The device can set up motions while adjusting amplitude, fr&e}y, and time-lag independently. This
option makes it possible to simulate both energy-harvesting ar.1d pr@sﬁapping motions. Also, the installation of
different torsional and bending compliances with diﬁeren@}stiffness and orientations can simulate different
material properties in order to take aeroelastic effects into account during the motion. This device can be called an all-
in-one apparatus for wind tunnel simulati real blade unsteady aerodynamics and aeroelastic. A general
introduction of system parts togeth ith some design considerations are presented in the following parts. Then, wind
tunnel test results for three mo@o pure pitch, pure plunge, and combined pitch-plunge motions are presented and

discussed briefly. The strated experimental results have not been presented previously in any other studies and

from aerodynarC)@ of view are completely novel.

The general motion of an oscillating elastic blade element can be defined as a combination of pitching «(t) and

I1.Elastic Blade Motion Description

plunging h(t) motions. Restricting to a pitching axis located on the chord line at position x, from the leading edge, the

airfoil motion is expressed as below:

a(t) =ay+a; )+ (t) =, +a; sin(ot) + aesin(ot+¢,) (1)



h(t) =h; (t) +h(t) =, sin(@,t + @) + hsin(w,t+@,) (2)

where ¢, is the mean angle of attack; &, and h are, respectively, the forced pitching and plunging amplitude; &, and
h. are, respectively, the elastic induced pitching and plunging amplitude; », and w, are, respectively, thWed

o
pitching and plunging angular frequencies; o, and w, are, respectively, the angular frequency of the glaStiefinduced

pitching and plunging motion and ¢, , ¢, and ¢, are, respectively, the phase difference betweengﬁ@:hing motion,

forced plunging motion, and elastic plunging motion, with forced pitching motion. De@)n the application under

investigation, the above equations can be reduced to a simpler form. For example, :E the case of rigid blade of heaving
0

foil energy harvester, the elastic induced motions can be ignored, and », can b& dered equal to w, [1]. Therefore,

in general, the motion of an elastic blade element can be characterized mithtgight independent parameters, as is shown
in Table 1. Parameters of induced motion due to aeroelastic‘e% n be identified by the torsional and bending
C

compliance of the blade which is in relation with m eri@ tural design and manufacturing process. In fact,

aeroelastic induced motion parameters can be measu orja blade with specific torsional and bending characteristics
in a defined steady or unsteady flow field. It cauld\be concluded that a blade motion simulator should have control on

mean angle of attack, pitching and plung@)lit e, frequency and phase difference and bending stiffness (k, ) and

rotational stiffness (k, ) of the blad

& 111. Blade Motion Simulator
1. Overall Configufati ne

Figure 1 S@Qexploded view of the blade motion simulator. The device consists of two main units of pitching
(A) %ging (B) mechanisms assembled in a columnar arrangement. A plate (B) connects the pitching unit (A)
to the lower parts of the machine while converting the rotating motion of the plunge AC motor (i) to linear
reciprocating motion. Actually, the rotating motion of the plunge AC motor converts to reciprocating motion with a
customized arrangement based on the Scotch Yoke mechanism (also known as slotted link mechanism) [44 — 45]. In

this mechanism, the reciprocating part is directly coupled to a sliding yoke with a slot that engages a pin (I) on the



rotating part. The location of the slider versus time, h(t) , is a sine wave. The amplitude of the sine wave ( h ) is adjusted

with a so-called plunge arm adjustment system shown in Fig. 1, and its frequency (@, ) is controlled by the rotational

speed of the plunge servo motor (i). The amplitude of the plunge motion (h ) is adjusted with a linear actuator consists

of a DC step motor (k), a linear ball screw (m) and a linear guideway (n) (Fig. 1). A built-in battery and Wi-Fi iver

(j) are also assembled inside the plunge arm adjustment system to supply step motor and control dr&l@‘ver and

receive commands. Q'
2. Blade Motion Simulator Integration with Wind Tunnel x‘

Figure 2 shows the integration arrangement of the blade motion simulator vﬁ@nd tunnel test section and blade
model. The proposed configuration of the simulator apparatus is appr r the vertical installation of the model.
The motion simulator locates under test section and blade n%@nects to the pitching axis with a customized

connection device. This device can be designed bas Qodel connecting screw or spar. This device sits on a

standard connecting flange of the pitching axis (Fig. 2a). An electrical panel is also attached to the main frame of the
simulator includes motors drivers, PLC'WIS witches, indicators, and human machine interface. For 2D blade
model experiments in which no el@ﬁects are needed to consider, two towing cable can be connected from the
ceiling guideway to the plx.@@scillating plate (Fig.1 (B)) to insure the same motion dynamics for the upper and
lower points of the @@g 2b, d, and e). Also, for this case, a pitch and plunge motion measurement unit can be
installed or&e}@ng oscillating plate indicated in Fig.2 d to measure the motion dynamics on the upper part of the
mod ure the same pitching motion along the model. For 3D models, none of the ceiling motion measurement
unit and towing mechanism is needed. In the case of 3D model oscillation (e. g. blade tip), structural vibrations of any
points of the model can be measured during the test, using a pair of laser distance sensors or a built-in accelerometer.

3. Bending and Torsional Compliance Add-ons



In order to take the effects of blade material elastic properties into account, two modular add-ons are designed to
accommodate the simulator to model bending and torsional compliances. In fact, these add-ons want to alter the
parameters regarding the elastic motion in Equations (1) and (2). The application of these parameters is modeling the
aeroelastic interactions. Figure 3 shows the integration arrangement of the add-ons with the system and detailed view
of each add-on. Bending compliance mechanism as is shown in Fig. 3b consists of a support, a Iineazgui@%, a

pair of linear springs of specified stiffness (k, ), a slider, and a linear potentiometer. Mechanisn@r sits on the

plunge oscillating plate (Fig.1 (B)), and pitch mechanism units attach to the slider. The @m be designed for
each structural elastic condition and easily replaced. The torsional compliance unit ¥§ shown in Fig. 3c. This
oo
mechanism is inspired by the automobile clutch mechanism. It consists of@( isk and an inner disk connecting
with a set of springs and fasteners. The shaft hollow in the center of@!tem is in connection with the inner disk
[ J
and connects the torsional compliance mechanism to the pitwechanism unit (Fig.1 (A)) shaft, and the model

attaches to the outer disk. A casing is installed to he compliance assembly. The number of springs, their

stiffness, and springs placement configuration should be selected to achieve the desired rotational stiffness (k, ).

4. Automation and Control 6

The mechanism uses a 7.5kW/A tor and a1.8kw servo motor, which are responsible for operating plunge and pitch

motions, respective@%«: motor is equipped with a 14-bit angular encoder to provide the ability of close loop

motion cor@g main control unit of the system is a motion-control PLC. The PLC generates the prescribed
sinus otion command for the pitch servo motor, controls the speed of the AC motor, senses the signals of the
servo motor and AC motor encoders, controls the time difference between the pitch and plunge axes, and adjusts the
initial position of each axis. The settings and commands are applied by the user through a human machine interface
(HMI) located on the simulator. The signals of some vibration and proximity sensors monitors in real time and

automatic emergency stop or speed reduction commands are generated to ensure safe operation of the system.



IV. Test Setup and Procedure

Experiments were conducted in an open loop, low speed, suction-type wind tunnel with a rectangular test section

0f80x100x 200cm® . Flow speed in the test section varies continuously from10 to 100m/s , corresponding to Reynolds

numbers of 0.6 x10° to 6x10° per meter. Tests were conducted for the current study in the Reynolds nhumber of 0@06
. It should be noted that the tunnel is of an atmospheric type one, and variations of Reynolds nﬁ&@mot be
accomplished through constant Mach number. The nozzle of the tunnel has a 7 :1 contractio d is equipped
with a honeycomb and a set of 3 monolith anti-turbulence screens in its settling@r to reduce the tunnel
turbulence level to an acceptable value. The turbulence intensity of the inco;ninw in the test section ranges from

0.2%1t01% , depending on the freestream velocity. Measurement inaccura&y the freestream parameters are listed

in Table 2. . ’Q
\6

A 2D wind turbine blade section model with 25 d 80cm span and a 3D wind turbine blade model with
25cm chord and 60cm span have been used in this \nvestigation. The models have been constructed of fiberglass with
a measured accuracy of +0.2mm. T mwere installed vertically inside the test section on the wind turbine blade
motion simulator as shown in F@ d e. The accuracy of the angle of attack regulation is 0.0013" . To measure the
pressure distribution o &Jrface of the 2D blade section model, 63 pressure taps were used, congested at the
leading edge. F@@ case, the model is a rectangular blade. 3D model, three rows of pressure taps were located

in three di@t spanwise locations called root-section, mid-section, and tip-section. The airfoil section, in this case,

is the Critical section of a 660kw wind turbine blade. To measure the pressure distribution over three sections of the

model total number of 87 pressure taps were used, congested at the leading edge (29 taps for each section). The surface

pressures have been measured using differential pressure transducers with ranges from 0.075t01.0 psi and maximum

uncertainty of 0.15% of full span with a sampling frequency of 1kHz .



V. Uncertainty Analysis

In this section, the error of the main motion parameters generated by the simulator is assessed. These parameters are

the pitch amplitude (& ), plunge amplitude ( h ), pitching reduced frequency ( k, ) and plunging reduced frequency (k,

) and the corresponding relative errors are E, , E, , E,and E, , respectively. Figure 4 shows these errors for different

measured cases. It can be seen that for none of the cases, the relative error is not more than 7% . Also, t e%of
o

amplitude and frequency of plunging motion is even lower ( <5%). One of the important paramete ding the

errors is dynamic forces. Because of this, several errors may occur for a single pitching or W amplitude and

frequency. x&

V1.Wind Tunnel Test Result .

1. 2-D wind turbine section

Experiments were conducted in an open loop, low speed, suctlon @Qtunnel with a rectangular test section of
80x100x 200cm* . Tests were conducted for the current stud eynolds number of 0.27x10° . It should be noted
that the tunnel is of an atmospheric type one, and Vatiations of Reynolds number cannot be accomplished through
constant Mach number. In these experiments, theurbulence intensity of the incoming flow in the test section ranges

from0.2%1t01%, depending on the fw@m elocity. Further details, including wind tunnel specifications,

measurement tools, methods, and @;ies can be found in [47-48]. Effective angle of attach corresponding

to a combined pitch—plu% tion is calculated as below:

0

O@t);ao+ap(t)+aeq(t) a,+asin(ot)+ton” 1[UHJ

Q - 3)
. - ,hcos(w,(t+¢))

Yy =q,+asin(at)+tont| —2 0

Figure 5 compares the measured equivalent angles of attack with analytical formulas. The results show a good fit

between the movement produced by the simulator and the theoretical movement set in the device. Also, this figure
compares the experimental results of lift coefficient with the predicted values obtained by Theodorsen theory for a

combined pitch-plunge motion with pitch amplitude of 2 degrees, pitch frequency of 2.55Hz , plunging amplitude of

10



0.44m and plunging frequency of 1.02 Hz at zero-degree angle of attack and freestream velocity of 20m/s . Theodorsen

derived a related model to study the aeroelastic problem of flutter instability [49]. Theodorsen’s model is an unsteady
extension of the quasi-steady thin airfoil theory to include added-mass forces and the effect of wake vorticity. Further

details on this theory can be found in [47 — 48]. Also, a brief overview of the Theory and its extensions can be found

>

Fig. 6 shows the measured hysteresis of aerodynamic coefficients for three motions of pure pitch,.p& ge and

in [50].

combined pitch-plunge with mean angle of attack of 10 degrees in freestream velocity of 20m/s \Jhe aerodynamic

coefficients are calculated by the integration of the measured surface pressure as pro@a. D. Anderson [48]. As
it is shown in Figure 6, the values for pitch frequency, pitch amplitude, pluage @ncy, and plunge amplitude are

2.55Hz, 5 degrees, 1.02Hz, and 62mm , respectively. The equivalent pj Nirtude of the plunge motion is 1.138

degrees. The frequencies, amplitudes, and phase lag of oscill&tior@ained the same in the combined pitch-plunge
motion. The effective angle of attack formulation, to er@ its variations versus time for each motion, is shown

on the top of each motion column. For combined pitch-plunge motion red line is the variation of pitch angle ( A(t) ),
the blue line is the variation of plunge man e of attack ( B(t,¢) ), and the black line is the summation of both.

The aforementioned motion is not rin related to a common motion of a blade but is selected to show different
aspects of the blade motion%r capabilities. In this test case, all the parameters of the motion are independently
configured, which @Q;in technical capability achievable with the current motion simulator that has been
inaccessibl@@ Also, this figure shows that the super-position of pitching and plunging motions can affect the
conf ion of force hysteresis. For pure pitching lift, hysteresis is narrow in lower angles of attack but becomes
thicker as angle of attack increases. Superposition of the pitching and plunging motion makes the width of the loop
constant all over the cycle. It greatly depends on the amplitudes of pitching and plunging motions and the time-lag

between them. For drag force, the effect of superposition leads to the change in the orientation of the loop in lower

11



angles of attack. Generally, it could be said that the aerodynamic response of a pitching-plunging motion greatly
affected by the amplitudes, frequencies and the time-lag between the motions.

2. 3-D wind turbine blade model

The popular method for the calculation of lift coefficient variation of a 2D airfoil undergoing simple
harmonic motion has been based on the Theodorsen model. To verify dynamic experimen&@ts,
o
this method has been used for comparison. Theodorsen introduced a mathematice@(in which
both the airfoil and its shed wake are represented by a vortex sheet, wit t&m extending as a
planar surface from the trailing edge downstream to infinity. The a@m of a planar wake is
[ J
justified if the angle of attack disturbances remains relatively sr&}eodorsen solved the unsteady
airfoil problem for simple harmonic motion in a form Qhat@esents a transfer function between the
forcing and the aerodynamic response. It coul Qd that for a combination of two general simple

harmonic motions of pitch (aroundc/4) plunge with a reduced frequencies ofk, Theodorsen’s

model gives the lift coefficient gs: @
ce h| zcla h  ca
Ct@k) “+W_U}L7{__F+W} 4)
Where ¢ and h ar@@aneous pitch angle and plunge position, respectively. Theodorsen’s transfer

function c@;xpressed in terms of two modified Bessel functions of the second kind and is given by

—Men = Ki(ik)
E CHO=ME =)+ Ky ®

Figure 7 and Figure 8 compares time evolution and hysteresis loops of measured and calculated lift

coefficients for a plunging motion with ﬁ/c:O.l,k:0.0? and zero mean angle of attack. Theodorsen lift

12



model calculates the unsteady part of the lift response, so the zero-mean value of the measured lift
coefficient is used for comparison, which is denoted asC_"in the rest of the paper. This parameter
shows the unsteady features of the lift coefficient regardless of mean value. Also, the measured lift
coefficient is interpolated with a simple harmonic function using a zero-mean filter (ZMF). Th(ban
filter helps us to qualitatively compare the measured sectional lift coefficient value with N measured
2D and Theodorsen values in terms of slope and amplitude. These figures sho @%penmental
lift values are appropriately close to the Theodorsen theory results even in roofand middle sections of
the 3D model. However, for the tip-section, Theodorsen theory &Nas a root in thin airfoil theory
fails to accurately predict the lift response amplltude Thij %e is expectable regarding wing tip
effect. The tip section is greatly affected by tip v tIC@} still Theodorsen theory accurately predicts
the phase of the lift response.

Experimental results are not exactme rmonic and some deviations from the sinusoidal function
is seen. This leads to a lift %@s that deviates from the common elliptical shape. The slope of the

lift hysteresis is also mower for the tip section, which leads to decreased lift amplitude. It means

that the rowCI)@ar he tip of the model is affected by body motion less than the middle and root

sections. Q

VI11.Conclusions

The design of a blade oscillating motion simulator is described in detail. In addition, the various parts of this device
and how they are related to each other and how they are designed are discussed, and some results of wind tunnel tests

are also presented. These tests demonstrate that the oscillatory motion generated by the simulator largely conforms to

13



the desired motion programmed into the device. Also, the results of measuring the lift coefficient have been compared
with Theodorsen's theory, and a good accuracy has been observed. Also, in the following, as a practical example of
the performance of the device for a specific case, the hysteresis loop of forces and torque of a blade has been analyzed

and investigated. A suggestion for future research is to add closed-loop control capability to adjust motion parameters
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Tables:

Table 1 Independent parameters to characterize an elastic blade element motion

Forced Pitching Forced Plunging Induced Pitching Induced Plunging
Motions — = _ ) — )
o, O @y h+ @, 1) a, 0N (21 he o, ?,
Independent — =
a w 1) k k
Parameters % ' ! h 2 9 ' b
- i

o
Table 2 Freestream flow measurement Inaccuracies (%) Q&

AT/T AP/P Aplp AU, /U, ARe/Re

1.421 0.035 2.009

0.033 2.
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Figures:
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Figure 1 Exploded view of the blade motion singul Qpitch servo motor, b) pitch axis brake, ¢) model

holder, d) right angle 1:1 gearbox, €) plunge motio nsmission carriage, f) linear potentiometer g) plunge
linear guide, h) plunge amplitude adjustmept system (PAA), i) plunge motor, j) WiFi receiver k) PAA motor,

1) PPA connec linear ball screw, n) PPA linear guide
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Figure 3 a) Inclusion arrangement of bending.and to;sional compliances in the basic simulator configuration,
a%c) Torsional compliance mechanism detail view
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