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ABSTRACT

Design optimization has been increasingly investigated for an airfoil, aiming to reduce the vorticity in the
wake and increase tteerodynamic performancén the current work, a twdimensional (2D) S833 airfoil
equipped with a flapping fringe at the tiag) edge has beestudiedusing computational fluid dynamics
(CFD) simulations. The objective is to investigate the influence of the I¢bgthnd flapping frequencyf)

of the fringe on shedding vortices from the airfaild the drag and lift coefficient$he validaion of the
current numerical approador both static and dynamic motions of the airfaihs conducted First, four
different computational meshes were created Herstatic bare airfoil S833 modehnd the simulateddrag

and lift coefficientswere comparedagainst experimental result$.is observed thathe second finest mesh
contributesto the best agreement with theeasurement datan addition, he numericalaccuracyof the
dynamicsimulationwasassessely reproducing the pressure distribution around the airfoil NACA0014 with
aperiodicplunging motion at differentime phasesvithin one plunging cycleGood agreementsetween the
simulated andprevious comptational results are tdined Moreove, the investigation of S833 airfoil
equipped with dlappingfringe reveas that the model with.s =0.01 m (0% of the chord lengjtassociated
with a flapping frequency below the shedding frequency of the bare aigivisignificantly alter the coherent
structure of the shedding vorticdseaking the routine larggcale vortex into smaticale weak vortices. It
alsoresuls in reducingthe intensity ofvortices and shoehing thedistance between each pair of vortites
accelerate the dissipation of vorticity. addition, he equipped flapping trailing edge fringe can achieve extra
benefit in @rodynamic performanda terms ofthe reduction of the drag coefficients and the enhancement of
lift coefficients
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NOMENCLATURE

A amplitudeof the flapping angle of the trailing pe freestream air pressure
edge fringe Re  Reynolds number based on airfoil chord
c chord length length
CL lift coefficient of the airfoll Strouhal number defined 20 Q@Y
Cp drag coefficient of the airfoil time
Cp pressure coefficient defined as time periodof the flapping motion of the
6 n n 7m Y trailing edge fringe
frequency of shedding vortex b free stream velocity
h instantaneous position of the airfoil for the
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plunge motion . S
he  dimensionlesstroke amplitude fs :rr]%?jlglency of shedding vortex for bare airfoil
Lt length of the flapping fringe U deflection angle of the trailing edge fringe

P air pressure in the flow field

A density of airflow q amgular frequency of the plunging motion

1. INTRODUCTION comblike leadingedge serves as vortex generators,
which results in streamwise vortices over the wing

The silent flight of owls has drawn interests from @ Suppress the laminar separation from the leading
researchers for decades. It has been found that th8dge at a high angle of attack. On the other hand,
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the main noise source from the trailing edge of thebroadband tbulent boundarjayer trailingedge
wing is eliminated by the soft trailing edge fringe noise Finezet al, 201Q Herr et al, 2005 Daset
throughthe alteration of the scattering mechanism. al., 2015& Schlandereet al, 2015. It has been
Consequently, oise above 2 kHz was effectively observed that more than 10 dB of the source noise
eliminated by the compliant surface constructed byreduction can be achieved by using the bilikgh
the down feathers through a bypass dissipationconfiguration at the trailing edgelérret al,, 2005.
mechanism l(lley et al, 1998 Sarradjet al, Kamps et al. (2017 conducted an experimental
2011). Inspired bytheowl 6s wi ng, investigat®re an flaavtoveeidan airfoil with fiexible
leading edge, compliant surface, and flexible trailing edgeattachedon the suction side of the
trailing edge fringe have been investigated to airfoil considered as a passive control of the vortex
improve the aemynamic performance and reduce shedding and observedhoticeable noise reduction.
the noise of airfoilsloreauet al, 2013 Winzenet Furthermore,Talboys et al. (2019 indicated that
al., 2014 and Winzen et al, 2012. Klan et al the tonalnoise can be removed when the passive
(2009) and Winzen et al (2014) conducted flapletsare affixed to the pressure side of the airfoil,
experimental investigations to compare the flow whereas the tonal noise can be attenuated if the
around the natural and moddiowl wing and found  flapletsare placed on the suction side of the airfoil.
that the compliant surface of the natural wing could Talboys et al. (2018 also analyzed different
maintain an attached flow effectively while the rigid motions of the trailingedgeflaplet and found that
owl wing model showed separation at tkeme  the movement of the trailing edge is primarily due
angle of attack. Using owl wing inspired to small scale turbulent structures, and therefore, the
configuration as a passive control strategy for anflapletsare able to stabilize the shear layer on the
airfoil model to reduce the drag and enhance the liftsuction side to mmote the performance of the
coefficients has gained considerable attention in theairfoil. Our experimental investigation showed that
past decadeKerho et al., 1993 Klan et al, 2009 the real fringe feather edges installed on an airfoil
Miao et al, 2006 Shanet al, 2008andVeldhuiset enable the largescale vortexto breakdown into

al., 2012. smallscale turbulence Y@ng et al, 2015,
demonstrating that the vibrating long flexible fringe
contributes an important vertical velocity in the
3low field around the trailing edgéAs a result, it
suppresss the leadingedge vortices approaching
the surface of the flexible tail and accelesatiee
dissipation of the leadingdge vortices.

Leadingedge serration has been inteety
investigated, indicating that the serration serves as
vortex generator, which results in a longitudinal
vortex and thus accomplishes the boundary control
(Hershet al, 1974 Ito et al, 2009 Klan et al,
2010 & Soderman1973. The reduction of noise
wasobserved witHeadingedgeconfigurations and  Even though numerous studies have been conducted

Reynolds numbersHersh et al, 1974 1973 & to understand the owlbés wing and
Arndt et al, 1972. The shape ofne leadingedge  for airfoil design, the underlying physical

serration can &r the noise diverselyNarayanaret mechanism for noise reduction due to flawping

al. (2015 implemented an experimental study to trailing edg fringe is still not clearVery few

investigate the effects of the waleadingedge on  studiesfocused on the effect of the flapping trailing

the noise reductionsing a produced turbulent mean edge fringe on theshedding vortices in the

flow flowing over a flatplate airfoil The results  downstream wakewhich is highly associated with

indicatedthat with increasing the amplitude of the the noise production and the aerodynamic

wavy leadhg edge, the sound pressure level is performance of the airfoilThus, he investigation

decreased linearly, mainly resulting from the of this work primarily focuses on the sensitivity of

sweepangle effect in the hill region of the serration the fringe lengthgLs) and flapping frequencief)

structureKim et al. (2016 also observed the ability on altering the flow characteristiosf the static

of the leadingedge serration to deice the airfoil  airfoil S833 Section 2 introduceshé airfoil

noisebecause ofhe interference of sound radiated geometry andsimulationappioach The validation

along the edges. In addition, the serrated trailingof both the static and dynamic motions of the airfoll

edge hasalso beenstudiedfor its impact on the is describedn section 3. Finally, theharacteristics

aerodynamic performance, wake development andof the vortex sheddingin the wake and the

noise emission from the airfoildMpreau et al, aerodynamic performance undefmrious fringe
2013 Chong& Joeseph2013 Liang et al, 201Q lengths andlapping frequenciesare presented and
Chonget al, 2013 Joneset al, 2012& Liu et al, discussed in the following sectians

2017. It has been confirmed that the trailiedge

serration is able taliminish the airfoil tonal noise 2. METHODOLOGY

especially when the serration angle andtdijpoot
distance are largeChonget al., 2013. Moreau et .
al. (2013 showed that the trailirgdge serrations 2.1 Setup of the Computational Model
candecreaseaip to 13 dB in the narrowband noise The airfoil S833 was used to study the vortex
levels because of the attenuation of vortex sheddingshedding in the wake with a rigid flapping fringe
at the trailing edge. equipped at the trailing gd. The detailed
description of the 2D geometry and boundary
conditionsis shownin Fig. 1. The dimension of the
gutside domain is 20C (length) times 10C (width)
&vith 5C between the inlet and the leading edge of

The brushlike trailing edg, which contains both a

porous feature and flexibility as the natural fringe,
has been adopted as the trailing edge extension t
suppress both the narrowband bluntness noise an
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Fig. 1. Boundary conditions of the simulation of flow over the airfoil S833 equipped with a flapping
trailing edge fringe.

the airfoil, where C is the chord length (0.1 e
numerical simulation setup was definbdsed on
the previous experimental workYanget al, 2015,

V12 (Dayton, Ohio)was used to conduct the
numerical simulations The computational solver
employs the finite volume method to compute the

aiming to explore whether the current approach cangoverning continuity and momentum equations

capture the characteristics of thertex shedding
observed in the experiment. The inlet velocity was
set at 6 m/s, and the densityd viscosity of the air
were assumed as 1.225 kdand 1.837510°Pa s
to obtain the Reynolds numberRf 4x10¢ used
in the experiment. The outlet boundary condition

using hybrid grids, where hexahedral grids were
generated around the airfoil as prism layers to
capture the velocity boundary layer, aetrahedral
grids were distributed on the rest region generated
by local mesh refinement technique, as shown in
Fig. 2. The tetrahedral mesh wsslectedsince it

was defined as static pressure (Pressure = 0 Pa), arglipports the adaptive mesh refinement techniyue

the airfoil and top and botto surfaces were defined
as nonslip wall condition. The angle of attack
(AoA) of the airfoil is set at @legree.lt is worth
noting that the current CFD simulation results are

the software The validation studies alsadicated

that this meshing strategy satisfies the numerical
accuracy in capturing the aerodynamics of both
static and dynamic airfoil models, as discussed in

not comparable to the experimental data since theSection 3.

flapping motion of the fringén the experimentvas
dependedupon its material (performed with a
random flapping frequencyYhe Lt of the flapping
fringe ranges from 8% to 12% of the chord length
with a 2% increment, and tHeranges from 80 Hz
to 170 Hz with a 30 Hz incremerithe initial f was
determined according to the vortex shedding
frequency fs) from the bare airfoil model. Thie of
the bare airfoil model was 140 Hz obtained via the
power spectral density (PSD) of the velocity in the
wake of the airfoil, which isconsisent with the
experimental result Yang et al, 2015. The
dynamic motion of the trailing edge fringe cha
expresseddy d = A s #th Whered is the deflection
angle of the fringe in degred, is the anplitude of
the flapping angle and set agsl&greeg(according to

A threeequation turbulence model of LKE-KL-¥
was selected to evaluate the turbukenegion. The
description of the detailed equations and
coefficients used in the model is referred to the
references Walterset al, 2002 & Walterset al,
2008. This turbulence model is caple of
predicting the transition from laminar to turbulent
flow in a simulation of flow around a body.

For the dynamic simulationhé stretching mesh
technique was adopted to model gtenging airfoil
(Validation study)and the oscillating trailing edge
fringe simulations. This moving mesh technique
enables the expanding and shrinking of the mesh
elements depending upon the movement of the solid
region, and thus avoids producing the pressure or

the observation in the experiment). The pivot point velocity fluctuations at interfaces when using
of the flapping motion is fixed at the tip of the overset or dicontinuous mesh, resulting from
trailing edge. The simulations were performed on adifferent grid sizes between the static and dynamic
computational Cluster, which is 3.4GH&AMD fields.

Phenom Il X4 965 Quadore and 8 GB RAM, and
each case was run with 32 processtrshe current
study, a total simulation time of 1.5c8 the flow
was performed with a time step of-5es. The mean
computational time for each flapping fringe aitfoi
simulation is 23 hours

3. GRID SENSITIVITY STUDY AND THE
DYNAMIC MOTION VALIDATION

The computational mesh sensitivity study was
implemented using the baréfail S833 model by
comparing the simulated drag and lift coefficients
against experimental resultSdmeret al, 20095.

. The boundary conditions were defined based on the
The commercial CFD software Cradle SC/Tetra

2.2 Computational Fluid

Simulations

Dynamics
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a) Mesh elements:

Mesh-A
¢) Mesh elements: 1,085,180

b) Mesh elements: 823,475

Mesh-B
d) Mesh elements: 1,435,514

Mesh-C

Mesh-D

Fig. 2. Closeup viewsof four types of computational grids around the leadingedge of the airfoil. a)
meshA with the mesh elements of 637,640; b) medhwith the mesh elements of 823,475; c) megh
with the mesh elements of 1,085,180; d) meghwith the mesh elements of 1,43514.
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Fig. 3. a)Comparison of the drag coefficient
coefficient with

Re number of 410° in the experiment. Four
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with reference; b) the comparison of lift
reference.

=4 10* and the plunging motion was defined as

different computational meshes were tested ash=choc 0 s (whereh is the instantaneous position

shown in Fig. 2, and the resultant Y+ values were
1.43, 3.35, 10.13, and 19.92 for md3lio meshA,
respectively. Seven AGA of the airfoil were
modeled,rangng from O to 6-degree. A can be
seen in Fig. 3, mes@ and mestD can provide
accurate ¢ and G coefficients compared to the
experimental data with theverall difference being
less than 10%. By considering the computational
efforts, meskC was selectedto carry out the
simuldions for the airfoil models equippedvith a
flappingtrailing edge fringe.

The validation of the dynamic motion simulation
was conduated toreproduce the pressuceefficient
distribution around the airfoil with glunging
motionreported byMiao et al. (2006) The detailed
description of the computational model and
boundary conditions can be found hiao et al
(2006) In brief, the airfoil NACA0014 was used as
the computational model under tbenditions of R
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of the airfoil ho is the dimensionless stroke
amplitude c is the chord length of the airfoily is
the angular oscillation frequency. Instead of using
the dynamic moving mesh method defined the
userdefinedfunction utilized in the report, the
current simulation employed stretching moving
mesh technique to mod#ie plunging motion. fie
pressurecoefficient distribution in the flow fieldat
different timings was compared against
numerical resultsMiao et al, 2006).

the

Figure 4 shovws the comparison of pressure
coefficient distributions over the flofield when t =
0/20 T, 7/20 T, 10/20 T, and 17/20 T. As can be
observed the overall pressure contourcan be
captured very well by the current dynamic moving
mesh technique. It might be ted that there are two
vortices predicted behind the trailing edge at t =
0/20 T as compared to one vorthservedfrom the
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CFD results by Miao ef al. (2006) Current simulated results
t = 0/20T, AoA = 0, h,=0.4, k=2

Fig. 4. Comparison of the pressure coefficient distributions of the laminar flow over rigid flapping
airfoil model att=0/20T, 7/20 T, 10/20 T, and 17/20 T between the current method (right side) and
previous CFD results (left side) byMiao et al. (2006) The pressure coefficient ranges from6.67 to 1.74.

report. However, from the pressure coefficient equipped with dlapping fringe was implemented.
distribution at t = 17/20 T, two vortices were shed The bare airfoil model was defined as the baseline
from the trailing edge before the airfoil reaches the model for comparisons. The investigation primarily
top position. After 3/20 T the airfoil reaches the top concentrated on the spanwise vorticity in the wake
posiion, these two vortices should be maintained since it states theortical velocity and turbulence of
and maed in a certain distance away from the the fluid.

trailing edge. Therefore, the two vorticebtained
downstream when t = 0/20 T is more reasonable
compared to the referenc®ligo et al, 2006. In
sum, the selectedmesh distribution me$-C and
moving mesh technique cdre used to model the
effect of the flapping fringe on the flow
characteristicin the wake of the airfail

Figure 5 presents the simulated instantaneous and
time-averaged vorticity distributionia the wakefor

the baseline model. The quateady statewas
reached with evenly shed vorticdhe freqiency of

the shedding vortices fs=140 Hzobtained through
the calculation oPSD of the velocity in the wake

It results in a Strouhal number of St = 0.4hich

is defined as St f«c/Us, where U is the free
stream velocity. The timaveraged vorticity

) ] o distribution shows two straps of vimgs with a
The CFD simulation of flow over the airfoil S833 gjmilar magnitude but with negative and positive

4. RESULTS AND DISCUSSION
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a) No fringe, 2140 (PSD), t=1s

b) No fringe, time-averaged
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Fig. 5. Vorticity distribution in the flow field. (a) represents the vorticity distribution at t = 1s. (b)
represents the timeaveraged vorticity distribution in the flow field.
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Fig. 6. Instantaneousvorticity distributions of the airfoil model with a fringe length of 0.008 m at t = 1s.
(a) represents the airfoil model withf = 80 Hz. (b) represents the airfoil modelith f= 110 Hz.
(c) represents the airfoil model with the fringe flapping frequency of 140 Hz. (d) represents the airfoll
modelwith f =170 Hz

values respectively anddecaying along the flow
direction. The Karman vortex street downstream of
the airfoil, as shown in Figh, is considered as a
typical vortex shedding mechanism for the euntr
Re of 4 10% The following work will focus on the
effect of flapping fringes onhe vortex generation,
interaction, shedding processiddecaying feature.

4.1 Instantaneous Vorticity Distributions
for The Airfoil Equipped with Different
Fringes

Figure 6 shows the instantaneous vorticity
distributions for the airfoil model equipped with

= 0.008 m and coupled with variotis The airfoil
model withf = 140 or 170 Hz shosvevenly shed
vortices compared to the baseline modéiere he
casewith f = 170 Hzproduces smaller gaps between
each pair of vorticesIn terms of the vortex
structure, thairfoil model withf = 140 Hz tends to
break the positive vortex into two parts distributed
vertically with a similar magnitude. This behavior
can also be observdtbm the model withf = 170
Hz. However, the positive vorticeshow relativdy
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weak strength surrounding the negative vortices
accelerdhg the dissipation. Nevertheless, when the
fringe flapping frequencyf is lower thanfs, the
vorticesare irregularly shed with a unique pattern
and nonuniform scales and gaps between each pair.
As can be observed, the airfoil modéth f = 80 or

110 Hz can change the coherent structure of the
largescale shedding vortices, and at the same
while, accelerat¢he vortex dissipation. This effect
is particularly distinct for the model with 110 Hz,
which can be observed in Fig(b).

Figures 7 and 8 present the instantaneous vorticity
distributions at various flapping frequeesifor the
airfoil models withLs = 0.01 and 0.012 nfSimilar
vortex shedding characteristicscan be observed
where cases withlow f (<140Hz) can change the
coherent structure of the largeale shedding
vortices, accelerating the vortex dissipation
Overall, & the fringe length increases, the long
fringe with f = 170 Hz breaks the negative vortex
into two parts instead of breaking the positive ones
compared to the vortices structure ind-ig and 7.
Changing the fringe length might not improve the
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a) Fringe length: 0.01 m, 380, t=1s b) Fringe length: 0.01 m, /3110, t=1s
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Fig. 7. Instantaneousvorticity distributions of the airfoil model with a fringe length of 0.01 m long at
t = 1s. (a) represents the airfoil modelvith f = 80 Hz. (b) represents the airfoil modeWith
f =110 Hz. (c) represents the airfoil modelvith f = 140 Hz. (d) represents the airfoil modelvith
f=170 Hz.

Fig. 8.Instantaneousvorticity distributions of the airfoil model with a fringe length of 0.012 m long
att = 1s. (a) represents the airfoil modelith f = 80 Hz. (b) represents the airfoilmodelwith
f =110 Hz. (c) represents the airfoil modelith f =140 Hz. (d) represents the airfoilmodel
f=170 Hz.

structure of the shedding vortices e@ampared to  function, 50% overlay bet®en segments, and the
the effecs induced by varying the flapping default FFT lengthThe results show that the vortex
frequency shedding frequencies are 80 Hz, 110 Hz. 140 Hz,
. . and 170 Hz for each case, whisithe same as the
4.2 The Effect of the Fringe Motion on the  f3n5ing frequency of the fringe accordingly. To
Vortex Shedding observe thalissipationand coherent structure of a
Jortex acurately, attention was paid tme airfoil
model (¢ =0.01 m) by tracing a negative vortex
during one flapping cycle when it departs from the

instantaneous velocity was sampled at 20000 Hz,f_ringe end,_ as shown in Fig. 10.-pfane dased
and the total number of samples was 20000, Ieadingtne.S crossing Fhe same nex ar.1d.the values of the
to a frequency resolution of 1 Hz for the spectrum VOrticity intensity at different timings were labeled
analysis. The PSD was }Pedfnupdgrstanding th Woﬁgg jand figeay

method with the default Hamming window of the shedding vortices. The original frequency o

Figure 9 presents the power spectral densities of th
velocity in the wake of the airfoils equipped with
L+ = 0.01 and coupled with variousf. The
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