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ph.0.candidate fOLIUCtUre around a Pitching Airfoil by
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This paper focuses on a selected set of results from extensive expel

tests to characterize the wake aerodynamics of an SD7062 wind t

airfoil in steadystate and pitch oscillating motion. Investigating the w

of an airfoil provides outstandgninformation on physical aspects of
downstream. Wake measurements were accomplished througlbiré
anemometers in the Laboratory of Aerodynamics at the Hakim Sab
University. The impact of AoA and Reynolds number were both exe

in the steagstate. Regarding the pitching airfoil motion, the effec
reduced frequency, Reynolds number, symmetric, and asym
oscillation were also investigated. The results revealed that in bot
pitching and the steadstate cases, strength of the voes is highly
related to the airfoil shape, amplitude, and Reynolds number. In re

of pitching state, the Tl value is decreased as the Reynolds n
increases, while it grows up with increasing the reduced frequ
Besides, Tl in asymmetry oscilat is significantly higher than i
symmetric oscillation, which is probably due to the formation of Ia
vortices. For steadgtate, the instantaneous Tl and velocity are almos

same as their mean values. Hence, statistical data could be u:
calculate aerodynamic forces on a static airfoil. It is necessar
meticulously consider the effect of mean and instantaneous forces
pitching state, as the forces acting on the pitching airfoil could r

A. W several times its average state in some nmisnduring its impact. As
Bak Khoshnevid* result, the importance of these instantaneous loads is required

Professofl considered enabling us to select the proper material for the airfoil.

Keywords: Wind tunnel, Pitching airfoil, Hot-wire, Aerodynamic forcesExperimental
investigation

1 Introduction

Extensiveworks have been conducted amsteadyflows, specifically flows passing through
oscillating airfoils for nearly a centugue totheir application and complexityAmongthese
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applicationsinvestigatinghe loads applied to helicopter blad&s3], submarine blad€gg,5],

and turbomachine bladgs, 7] are worthmentionng. Many otherstudieshave been focused on
thepredictionand control of vibratiowf flying objectsand missile§8] as well as therediction

of fixed dynamic properties in modern flying objects and misgB¢sAlso, a long list of
applications namely the vibration of hydrofoils due to cavitation phenomenrd@], wind

turbine blade[11,12], the aerodynamic efficiency of oscillating wings in birdi$3,14]
zoological studiesni the field of animals thatanproduce high lifting forc¢15], andfar more
otherswere also reviewedHowever,the underlying mechanism of unsteady flow through
oscillating airfoils is stillincomplete andinknown due tats complexity Understandinghe

details of this mechanismopens up new horizons for modern applicatianstivating
researchers thisfield to takethislong way.

In recent years, horizontal axis wind turbines (HAWTS) have been the predominant technology
used by wind farmglL6]. Flow aroundHAWT airfoil, alsoknowma s A pi t chi nig ai r f
an unsteadyphenomenorthat canbe analyzed bgxperimentaland numerical method$he

first step to understanty the phenomenon gditching airfoil flow is to identify the factors
affecting this type of flowPrevious researchers have revealed that the characteristics of the
near wake of oscillatory airfoils are highly influenced by mean incidence, reduced frequency,
the amplitude of oscillation, and airfoil shapesach of which affectthetrailing-edge vortg

[17, 18] Aerodynamic loads can be predicted by the wake survey methtudh means
investigating the wake of pitching airfoil can provide valuableinformation about its flow
characteristics. The following represestsneliteratureincludingexperimental and numerical
findingsusingthe airfoil wake survey method.

Ma et al.[19] investigated the unsteady lift of a pitching airfoil encountering a sinusoidal
streamwise gust. They used twdimensional pitch oscillating airfoil with a NACA0015
profle. They represented that the experimental r e
a slight deviation.Zzhu et al.[20l car ri ed out an experimental
incompressible unsteady airfoil theory in the context of the trailirge étbw under an
oscillating freestream. They used elliptical choke vanes to generatediying freestream
velocity. They observed that the effects of velocity amplitude and reduced frequency on the lift
response are similar to what is predicted indsaad  thut witb siggificant differences in the
magnitude of the lift overshoot and undershoot and corresponding phakegzian et al[21]
conducted an experimental study on boundaygr transition detection over a supercritical
pitching airfoil using hofilm sensors. They showed that the formatidm laminar separation
bubble near the leading edge and at relatively higher AoAs leads to the transition of the
boundary layerlt was alscobserved that increasinige reduced frequency leads to a delay in
transition onset, postponing it to a higher Aedeningthe hysteresis between the upstroke
and downstroke motionsVernert et al[22] experimentallyinvestigated the dynamic stall
proces on a NACA 0012ising PIV and lasesheet detectiomeasurement methad$he

Reynolds number and the reduced frequency were consi@gt@d10 and0.15 respectively

and theairfoil motion range was between 5 and 25 degrees. Four main phases of the dynamic
stall process, including attached flow, pestdll vortex shedding, dynamic stall vortex
development, and reattachment, were compared between numerical and experimental
appoachesSoltani and MahmoudR3] assessed the unsteady wake behavior behind a pitching
airfoil which was a section of a wind turbine blade. In a wind tunnel, the effect of various
reduced frguencies, amplitudes, and mean AoAs were obtained on instantaneous and mean
velocity profiles. Theycomparedhe oscillation cyclevith static airfoil data in reaime and
average variations of the linear momentum deffaitinvestication ofthe averag@oA effects

on the velocity profiles and aerodynamic coefficieigre performed as wellheir findings
confirmedthat the amplitude and frequency of the oscillahane a significant impact on the
aerodynamic coefficientfAnderson et al[24] considered thrugtroducing on harmonically
oscillating airfoils. They classified the principal characteristics of the flow aranddn the
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wake of a flapping NACA 0012irfoil. They implied that high efficiency accompanied by
significant thrust development is associated with the generation of moderately strong leading
edge vortices, which subsequently amalgamated with traefilage vorticity, leading to a
reverse Karman stre€thang[25] tested the Reynoldsumber effects in the nearake region

of an oscillating NACA 4412nddiscussed the instantaneous velocity field andliha the
nearwake region at different Reynolds numbe3atyanarayang26] focused on the unsteady
characteristis of airfoils and cascades at lrequency parameters. Unsteady pressures,
wakes, and boundary layers measured in sinusoidal flow. He obtainechéareand time
dependent wake profiles of an airfoil and in cascades airfoils and compared the unsteady wak
losses from timanean wake profiles. The experimental reswsecomparedo thepredicted
unsteady pressure distribution on an airfeiesentinginsteady pressure differentials near the
trailing-edge regionMoreover, Mamouri et a[27] experimentally investigated the effective
parameters on the offshore wind turbine pitching airfoil. They evaluated the aerodynamic
coefficients of a pitch oscillating wind turkdnairfoil. They studied the effect of reduced
frequency, mean AoA, amplitude, and Reynolds number on hysteresis kamuhesfahani

[28] exploredvortical patterns in the wake of a pitching airf@bodman et a[29] studied tle

near wake turbulent flow properties of the SD7003 airBofoumand and MarfB0] measured
rootmeansquare, correlation, mean value distribution, time history, and frequency of the wake
of pitch oscillating supercritical airfoil in compressible flow using-Wote. Masdari and et al.

[31] had a series of experimental tests to present lift characteristics of a pitching wind turbine
airfoil at near and posttall regions. They showed thatreasng thereduced frequency leads

to a delay in maximum lift occurrence and a decrease in lift curve slope.aldeegisclosed

that the mean AoA and amplitude of pitching motion affect lift. They indicated that increasing
the amplitude mees the airfoilenter the posstall region and delays the maximum lift
occurrence, and encounters deeper dynamicastaiiell Gisbert et al[32] studied thempacts

of Reynolds number and reduced frequency onpoggsure turbine airfoillsoth numerically

and experimentallyThey tested three Reynolds nhumbers and two reduced frequencies on a low
pressure turbine using hewire, Laser Doppler Velocimetry (LDV) and pressure
tapings.Castillo and Pol[33] presented a wind tunnel case study to explore the effect of
combining yawbased wake steering on the wake trajectory. The wake oscillasoasesult

of wind direction changed sinusoidally yawing the turbirtdot-wire and Particle Image
Velocimetry (PIV) methodswere used for gathering the measurementadegari and
Khoshnevig[34] investigatedhe effect of trip wire on the wake characteristics of a smooth
elliptic cylinder at a zero angle attack In their experimenthotwire anemometewas used

for measuring instantaneofisid flow velocityin the wake.Theyexposedhat the wire has a
significant effect on flow characteristics and reduction in the drag coefficienfydhermore,

this influence strongly depends on the location where the trip wire is installed on the model.
Yang et al35] conducted the aerodynamic characteristics of a pitching wind turbine airfolil
with a Gurney flap under turbulent inflow. They carried out an offshore wind turbine airfoil
under different turbulence levels at Reynolds number 105. They used surface neds@ar

wake flow field methods to measure the turbulence intensity and hysteresis loops of the wake.
Aziz and Mukherjed36] investigated vortex interaction and ralb in unsteadylow past
through airfoils. Theyused ime-step to predict the individual wake shapesl modeled the
unsteady wake by discrete vorticeBheir resultsrevealed a wide range of information about
the effecs of relative velocity, phaskg, and pitchingateon airfoil performanceMamouri et

al. [37] performed aranalysis of pitching airfodfor offshore wind turbineandera dynamic

stall condition. They simulated a 2D unsteatiyte flow field acrossdiverse oscillatory
frequencies to observe the dynamic stall. They exhibited that S822 and SD7062 airfoils,
associatinga delay in flow separatioryjeld slightly lower drag coefficients compared with
S809 airfoil Kou and Zhang38] studied multikernel neural networks for nonlinear unsteady
aerodynamic reducearder modeling. Results demonstrated that for unsteady or any nonlinear
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dynamic systemsnulti-kernel networksrethe most suitablamong machine trained network
models

In this paper we aregoingto experimentallynvestigate the flow structures around a pitching
wind turbine airfoil using hewvire anemometerTo reach this aim,urbulence intensity and
non-dimensional velocityare exploredin static and pitching airfoil. The effect of four AoAs
(zero, 11;11, and 20), two different Reynolds numbers (about 150000 and 250000), and seven
stations behind the airfodreexamined in the steaestate. In the pitching airfoil motion, the
effect d reduced frequency, Reynolds number, symmetric AeA8 {0 10), ancdsymmetric
Ao0As (0 and 20are alsaonsideredit should be noted thathile most of the previous studies
have focused only on statistical datathe novelty of this research is considgr both
instantaneous and statistical fvate data to analyze the large variety of variable parameters
such as Reynolds numbers, symmetry and asymmetry ampliasdes]l adifferent reduced
frequencies in downstream stations. Investigating the velaod T profiles in the wake of an
airfoil providesoutstandingnformationon physical aspestof the downstream flowncluding

the velocity defect, diffusion amplitugadmaximum TI. These parameters are applicable in
designing tandem airfoils such as wind turbines and helicopter propellemstmicehhaving

a grasp othe effect of front wind turbine blades on airflow helps us find the proper location
for back wind tubines.Although statistical analysis of turbulence variabpgsvides us with

an overview of the phenomenon;depth information about the impact loads on the air$oil
merely accessible throughstantaneous analysis

2 Experimental Setup andProcedure

The experimental tests were carried out in a$peed wind tunnel located in the Laboratory
of Aerodynamics at Hakim Sabzevari UnivergigSU). It is an opercircuit wind tunnel with

a square crossection of 40 cmx40 cm araltest section legth of 168 cm. The contraction
ratio of the windunnel is 3:1Figure (1)ill ustrates the schematic of this wind tunnel to gain a
better insight on its structure

The maximum freestreal is less than 0.1%rovided infigure (2a) Thenondimensional
velocity profiles are plotted along the width of the test seqtimvided infigure (2b) The
maximum reachable free stream velocity inside the test seatioals30 m/s.The blockage
ratio is %6 in AoAof zera However in all cases of AAs, the blockage ratio is less than 10%
and the blockaggeldsappropriate results until it reaches 10%, as stat¢8%y10] Therefore,

no correction is required for the measured free stream velocity

The selected airfoil in this experiment is SD7062, and the validation airfoil is NACAG@E2
figure (3). Theairfoils are made of Polyactic Acid by the 3D printing methpdonsequently,
their surfaces are thoroughly polished and covered with resin.

Figure (4)presentshe SD7062 airfoiliwhereadable (1)tabulated the details of SD7062 and
NACAO0012 Airfoils. The airfoils oscillate around C/4 of the leading edge.

The pitching motion of the airfoils 8hown by equatiofi), wherea is the instantaneoUsoA,

a is mean AO0A, f is the frequency of oscillation, aaglis pitch oscillationamplitude(See
figure (5).

a= a+g@n2 fp @)

The instantaneous AoAs vasifom -10 to +10 degrees for symmetry and 0 to 20 degrees for
asymmetry oscillation.
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Figure 3 Validaton (a) and tested (b) airfoils
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Figure 4 Details of SD7062 airfoil

Table 1 Details of the tested S7062 and NACA0012 Aioil

Details SD7062 NACAO0012
Chord 145 mm 130 mm
Max thickness 16% at 39.2% chord 12% at 30% chord
Max chamber 1.8% at 59.5% chord 0% at 0% chord

Freestream Velocity

Chord based Reynolds Number

15 and 25 m/s

Re=153169 and Re255282
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Figure 5 Details ofpitch oscillating motion in SD7062 airfoil

Step motor
Pitot tube
Probe traverse
= —
ﬁ ﬁ
£ Thermometer
€ > —
g | U—s . —h
—l F C —‘ —_— Probe Hot-Wire sensor
el Free stream —_—)
velocity profile
- 1680 mm -

Figure 6 Schematic view ofthe model inthetest section

Figure (6)presents the schematic view of the model in the test section. The eistairfoil

in the way of free stream flow create wake on the back of the model.

The velocity is measuredsing a hotwire sensor. The position of the heire sensor is
controlled by the traverse mechanism. This mechanism uses thremaitep for each
direction. A pitot tube measures the static and total pressure of the free stream flow and obtains
the velocity of the free stream by calculating the dycgonessure. A thermometer senses the
temperature of the passing air on the wind tunnel.

Figure (7)shows the block diagram of the wind tunnel test section frefhaxis orientation
representinghe devices and mechanisms used in this experiment. In the following, each of the
mechanismsalong with the shape of the deviésgxplainedn some details

Figure (8)displays the apparatus used in the pitching mechanism. In the pitching mechanism,
the motor driver sets the frequency of pitching, and the controller runs the motor driver
manually. Servomotor, crankshaft, and universal joint rotate the airfoil by specified frequency.
The rotation amplitude is controlled by an -oéinter connection betwedhe amplitude
adjusment disk and the crank system.
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e) Crankshaft - B f) Universal joint

Figure 8 Devices used in the oscillating mechanism

a) Traverse device

C) Pitot device

Figure 9 Traverse and hawire mechanisms installed in the Laboratory of Aerodynamics at HSU

Figure (9 representshe traverse antdotwire devices used in our wind tunnel. The traverse
device runs the stemotors to guide the hatire sensor to the specified position. Pitot tube
measures the velocity of free stream flow and gives its data to PC by A/D (Analogue to Digital
device). Ho-wire sensor and thermometer transmit the measurementswrbatevice. This
hotwire device accomplishes the overheating of the sensor, CTA gaining, signal condition
gaining, offsetting, and low pass filtering of the collected data and transmiestliesito A/D.

Finally, A/D converts the analog signals into digital signals and sends these digital signals to
the PC. In summary, the forces and velocity profile can be measured over time through the

aforementioned mechanisms.
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The hotwire anemometer probe is a edienensional SN (Single Normal). Wire of the sensor

is made of tungsten with a diameter of 5 micrometers. These sensors are designed to measure
fluid flow with high TI. These sensors are created by Fara Sanjesh SaébacfBpany (see

the characteristics itable (2))

The probdas mounted on a supporting rod in the center of the airfoil span. The wake profiles
aremeasured at seven downstream stations: X/C = 0.28, 0.62, 0.96, 1.31, 1.66, 2, and 2.34. The
probeis travessed in a nordimensional length Y/C ranging fror.7 to +1. The measurement
positions along the ~axisaretaken at 2nm intervals.

The sampling rate is one of the essential parameters in choosing a DAQ cawdreHot
anemometer is capable of measuring ittstantaneous velocity with a frequency of more than
50kHz. The sampling rate should follow the Nyquist rule to gather the correct data. According
to the Nyquist theorem, the sampling rate should be more than two times the highest frequency
required taberecorced This frequency is specified in the signal adopting cirgsiimga low-

pass filter.The frequency of turbulent flow is determinaxtording to the type of the fluid flow

and Reynolds numbeThis frequency is the highest frequency required,the sampling rate

is determined based on it. In the current study, the frequency of mean sampling, the frequency
of instantaneous sampling, time of the sampling, and#dtequency are chosen at 5000 Hz,
10000 Hz, 25 s, and 16000 Hz, respectively.

Freestream velocities foneasuring the characteristic properties of aidod 15 and 25 m/s.

The corresponding Reynolds numbers based on the chord lengtRe=153169 and
Re=255282, respectively.

Non-dimensional reduced frequencieskadre0.05, 0.8, and 0.12. Therefore, frequencies of
oscillation according to freestream velocitae1.65, 2.63, and 3.95 Hz for Rend 2.75, 4.4,

and 6.6 Hz for Re

The uncertainty in devices and mechanisms to measure the aerodynamic characteristics are
listed acording totable (3) The table indicates that the total uncertainty in measuring the
velocity is below %2.

Table 2 Characteristics of the hatire sensor probe used in this experiment

Manufacturer Model Type Characteristics

Fara Sanjesh Saba (FSS) WP11 Plated Single Normal(SN) D, =2.9mm
L, =25mm
L, =6.5mm
S=3mm
S, =1.25mmr

Table 3 Considered uncertainty in the tests

Type of uncertainty Uncertainty value
Uncertainty in velocity measuremenising pitot tube and pressure transducer 0.008
Uncertainty in the traverse mechanism 0.003
Uncertainty in the A/D board resolution for 12 bit and 10V 0.0008
Uncertainty in the ambient temperature variations 0.003
Uncertainty in spline curve fitting 0.005
Total

0.0198
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3 Validation

The experimental study of referendd] is used to validate the resibf the pitching motion.

In this researchNACA0012 airfoil is used under the following conditianshord length and

width of the airfoil are 145mm and 450mm, respectively. The mean AoA is 2.5 degrees, and
the amplitude is 8 degrees. The oscillation dietpy is 1, 2, and 3 Hz. The tested Reynolds
number is 50000. Three cases of oscillation frequeaceexaminedor assessg the results.

Also, the mean velocity profiles are compagadl illustratedn figure (10) The results of this
researchwerein accordancevith the resultonducted bysadeghiet. al.[41]. The percentage

of error is less than %5 in each case. Therefore, the accuracy of the laboratory devices and the
measurement meth@ie acceptable andlidated.
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Figure 10 Comparison of the results of the present study with the reference [41]

4 Governing equations

In this research, the effective parameters on the behavior ofittteturbine airfoil were
assessed. Different effective parameters on the airfoil are introduced as follows:
Reduced frequency of oscillation introducedgsation (2):
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Where,fi s t he frequency of osci | IpastthedreestreamC i s
velocity. The reduced frequency is defined as the flow unsteadiness around the airfoil and
blades i.e. a relation between the convective time $CAlE and time scale i€l / .%\Jhen the

reduced frequency is zero, the flow is in steady state and whel®2 1@t 1,uhe flow is in

quasi steady state and wheén 1@t 11, uhe aerodynamic flow is unstead?].

The Reynolds number is calculated based on the chord length and definadtamngg):

u,C
n

Re= (©))

Where thé’ is the kinematic viscosity. The relation ©F and velocity defect are calculated
from equation(4) and egation(7) respectively.

—

%TI=% 3100 Jur 180 )
ui=U U )

— 1T
U(x,t)—ll_n!? [U(x t) dt (6)

fo
%:Uu - Umin (7)

U U

Where thaumsis the fluctuation terms of velocity athin is the minimum velocity in the wake
of the model.

5 Results anddiscussion

Figure (1) shows a comparisdoetween thenean Tl at diverse stations for static airfoil and
different AoAs. The results infer that at AoAsder 11 degrees, the farther the data location
from the model, the lower the Tl due to the attached flow on the airfoil in these AoAs. Thus,
no Leading Edge VortexL[EV) is formed, and the TI profile has one peak in all stations.
However, in the first sttion at AoAof 20 degreedwo peaks are observed in the TI profile,
where Tl is decreased in the center of the wake.reduction in Tl is a consequence of the
low-pressure field in the middle of thErailing-Edge Vortex TEV) at this AoA. To the
contrary, the Tl increases dramatically at the boundary of the TEV to free streamflow. It is also
observed that the higher the Reynolds number of the flow, the lower the TI amddihl{b./2)
caused by higher free stream velocity and momentum in hignarolds. Besides, it is found
thatthe more AoAs, the more Tl because larger vortices are created. Larger vortices increase
the rotation of the flow, which highly mix the fluid layers and TI.

The results show that at the first station and zero AoA, themum Tl occurs exactly atg#0,

and at farther stations, it tilts very slightly down the airfoil. Because at zero AoA, the flow is
attached to the airfoil, and the flow separation point will be at TE, creating a very small TEV.
Due to the different presire gradients at the top and beneath the airfoil, the flow velocity over
the airfoil is higher than the flow velocity under it, so the resulting vortex is formed
clockwise(CW). Due to its rotation, this vortex is inclined downwards in farther stations.

The maximum Tl occurs below the airfoil A&bA of 11 degrees and first station. According to

the downwash direction, the maximum Tl goes downward in farther stations due to the CW
vortex at the TE. These effects are the oppositéé# of -11 degrees. For instance, in the
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AOA of -11 degrees, the maximum point of turbulence will be above the y/c=0 due to the
counterclockwise(CCW) vortex.

The flow is stalled at AoA of 15 degrees. Therefore, at Ao2(Qfthe separation occurs near
the LE. Two vortices are created in the wake of the airfoil, one CW over the airfoil and the
other CCW uder the airfoil. Because at AoA 8D the reverse pressure gradient is very high,
the separation point of the flow on the airfoil moves to LE, and a large Clékusrcreated on

the airfoil. A CCW vortex is created at TE because the pressure is high under the airfoil and
low over it. The effect of these two vortices on the farther stations is gradually diminished.
Unfortunately, in this experiment, due to theited length of the wind tunnel test section, we
could not achieve the state that the effects of these two vortices are completely ainbutate

it can be seen that atcx2, the effects of vortices are reduced also, Reynolds number greatly
reduces the &cts of vortices.
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Figure 11 Comparison of meail for differentAoAs (static airfoil)

Figure (12 shows a comparison of mean TI for two different reduced frequencies, 0.05, and
0.08, at different stations for symmetry (amplitude varied from t1Xalegrees)Seefigure
(12a)to figure (12d), and 0.05 reduced frequency in asymmetry oscillation (amplitude varied
from O to 20degrees) (Sekgure (12e)andfigure (12f). Figure (12)presents that the reduced
frequency is positively correlated with Tl in symmetry and asymmetry oscillationbdtbr
cases, Tl value shrinks and gets wider in stations farther away from the airfoil. Similar to the
static airfoil, Reynolds number is inversely proportional to Tl value, which means by increasing
Reynolds number, we should expect a lessening in Tl v&oiesymmetry oscillation, two
peaks are observed within the TI profi@ne CW at AoA ofl1 degrees and the other CCW at
AoA of -11 degrees. Becaudeure (12)shows the average values of Tl in the oscillating
airfoil, the effect of both vortices is axved. The shape and the strength of these two vortices
are nonidentical as the airfoil is asymmetrical.

There is only one peak for asymmetry oscillation, which means only one vortex is formed in
the wake because the effect of high AoAs is dominant taitfi@l shape. Also, in this case,

the Tl was much higher than the symmetric oscillation because of forming assdatge
vortices are formed in asymmetric motion, unlike the symmetrical one. We should focus on the
instantaneous TI data for recognizirtte texact size of the wake vortices, which comes as
follows.
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Figure 12 Comparison of meanl for different reduced frequeiss (symmetry and asymmetry oscillation)

Figure (13)epresents a comparison between the instantaneous Tl values at differentiséates
measured instantaneous equals mean TI for static aifedfigure (13a). Statistical data

ar ou
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provides mean measurement properties of passing flow over the airfoil. Thus, statistical data
could be considered for calculating the upcoming force on thelairfibie static airfoil. There

is a different scenario in oscillating motion because the measured instantaneous Tl value is far
from the measured mean TI. In symmetry oscillation at X/C=0.28 and Rel for instance,
although maximum measured Tl in the instar@ous state is %40, the maximum measured Tl
from statistical data is around %1Segfigure (13b). Regarding the oscillating case, two
vortices are formed in the wak®ne of these vortices is CW for positive AoAs, and the other

is CCW for negative AoAsThese vortices impact dynamic forces into the airfoil. Accordingly,
dynamic forces are to be considered as well as static forces using instantaneous data. In other
words, it is essential to consider both statistical and instantaneous data for calthedinges

acting on the airfoil while choosing the appropriate material for the production of dynamic
airfoils. Figure (13ckhows that as the Reynolds number increases, the Tl decreases. The reason
for this is that as the freftow velocity increasesthe velocity fluctuations also increase, but

this increase in fluctuation velocity components is not proportional to the increasefinvree
velocity, so the ratio of root mean square of fluctuation velocity teffoee velocity, which
represents TI, Mlibe smaller.

0.3

T

a) instantaneous| for the static airfoil, AOA: zero, X/C=0.28, Re

b) instantaneous! for symmetric airfoil, k=0.05, X/C=0.28, Re



