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A Numerical Study of Vortex-Dominated Flow around an Oscillating

Airfoil with High-Order Spectral Difference Method

M. L. Yu!,H. H/and Z. J. Wary
Department of Aerospace Engineering, lowa Sate University, Ames, |A 50011

A high-order spectral difference flow solver for compressible three-dimensional Navier-
Stokes (N-S) equations has been utilized to numerically simulate the unsteady flow over the
NACA 0012 airfoil undergoing a sinusoidal pitching motion at the Reynolds (Re) number of
12600. The effects of the reduced frequency and Strouhal number on the wake vortex
structure and force coefficient have been studied. The force coefficients under different
aerodynamic conditions agree well with experimental results. It was found that the wake
vortex structure and thrust coefficient can be attributable to the combined effects caused by
the reduced frequency and the Strouhal number. A relatively larger Strouhal number can
easily induce moderate leading edge separation, which can generate larger thrust; A
relatively smaller reduced frequency corresponds to a lower shear strain rate in the wake,
which can also generate larger thrust. A deflected wake appears at large Strouhal numbers
and the behavior of the deflected wake is greatly influenced by the initial conditions. A
simple model was developed to explain the generation of the deflected wake, and it appears
that the dipole acceleration could serve as a reason for the larger thrust generation at a
larger Strouhal number. In addition, it wasfound that the compressibility of the fluid hasan
influence on the force coefficient. Based on this observation, all numerical simulations are
performed with an inlet Mach number of 0.1, which has been verified to be reasonable for
the present study. Moreover, in order to minimize the errors from dynamic grids, the effect
of the Geometric Conservation Law (GCL) has been investigated in the ongoing resear ch.

Nomenclature

A = Peak to peak amplitude of thiéod's trailing edge
C = Chord length (=1)

T = Thrust force

S = Wing platform area

u, = Incoming flow velocity

p = Air density

® = Angular velocity of pitching nio
Cr = Thrust coefficienT; / (0.50U 2S)
Re = Reynolds numbesy _C/ u

Ma = Mach numbey _ /./yRT

f = Natural oscillating frequency

k = Reduced frequeneyC / (2U )

St = Strouhal numbeipa/U

I. Introduction

AlAA 2010-726

I t was observed that in natural flights within theyRolds number range of 11, a thrust can be generated
from flapping wing motions including both pitchirgnd plunging motions. In order to study the inheren
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mechanisms of such kind of bio-inspired unsteady fhnd in turn, to apply them in the design of Unmed Aerial
Vehicles (UAVs) and Micro-Air-Vehicles (MAVs), myaids of experiments and numerical simulations haenb
carried out recently*®. Reports from the literatut®'’ have shown that these unsteady flows are dominayed
moving vortices, which play a critical role in tflew characteristics. As*land 2¢ order flow solvers may dissipate
the unsteady vortices, we use a high-order spediff@rence method in tackling the unsteady vodexainated
flows.

Generally speaking, thrust generation from flappingtion is due to the reverse von Karman vortegestr
Recently, Bohl and Koochesfahahiave experimentally studied the flow features wihious reduced frequencies.
Meanwhile, extensive numerical simulations havenbperformed by Young and I’& who have focused on
studying the relationships between flow featured te aerodynamic parameters. They have reportdhthe
numerical simulations with the compressible flowlveo, the Mach number could affect the force cadfit
significantly. Ellenrieder et &.have emphasized the Strouhal number dependendyeofvake vortex structure
behind a translating airfoil. Godoy-Diana ef &lave experimentally studied the aerodynamic patemagependency
of the transition process from the drag-generatiake to the thrust-generation one. Kang &t &lave investigated
the Reynolds number's effects on the flow structutdu et af have done experiments to study the effects of
flexible wings on flapping flight. They have founfat the thrust generated by flapping wings expbtaky
increases with the Strouhal number. However, #tié an open question to resolve the dependencguch bio-
inspired flow on the aforementioned aerodynami@peaters.

Meanwhile, nonsymmetrical vortex shedding is anogfeenomenon which needs to be further studiedat
suggested by Jones ef'#hat a deflected wake occurs generally with redatiigher Strouhal number. (in their case,
they use kh as the dominant parameter, whichualéq Strouhal number). But in their study, oalpanel code is
used to predict this phenomenon. Platzer & sliggested that under such flow conditions a visdmw solver is
necessary to provide a complete picture of the menue of the deflected wake structure. Lewin arghHtariri'*
have used an incompressible viscous flow solvesttaly the aerodynamic parameter dependency of tthrus
generation for a heaving airfoil. Nonperiodic sios are found in their research. Ellenrieder anth®? have
experimentally verified the onset of the deflectwdke and the corresponding flow features. Howetlee,
mechanism of the formation of the deflected wakeai@s an open problem. Furthermore, the deflectakiews
usually accompanied with larger thrust, which metas fully understanding the characteristics & thenomenon
might be of great benefit for the design and cdrdfdAVs and MAVSs.

In order to model the phenomena relating to thersgtric breaking of the reversed von Karman vorteses,
Godoy-Dinan et af® have performed PIV experiments. Based on theirltesthey developed a ‘dipole’ model to
explain the occurrence of the deflected wake. Troesextent, this model can explain some phenomdatng to
the deflected wake.

As mentioned above, in order to capture the detdéatures of the vortex dominated flow more prelgisan
efficient high-order method is necessary. The spkdifference (SD) methdfl > “used in the present study has
been developed and demonstrated for vortex-dominfitavs'®?°. The basic approach to achieve high-order
accuracy in the SD method is to use a high degsbmpmial to approximate the exact solution in ealoelement (a
standard cell). However, not like the discontinu@aserkin (DG) method and spectral volume (SV) metHddthe
SD method is in the differential form, which isieint and simple to implement. Since a curvilingansformation
from the physical domain to the standard elememeisded in the SD method, the Geometric Conservatiov
(GCL)* should be strictly satisfied in order to eliminatee grid motion induced errors. The GCL has been
emphasized by many researchers' > For example, Visb&l has successfully utilized a high-order method (a
compact finite-difference approach) to simulateftbe field around a SD7003 airfoil.

Based on the above discussions, the present pageawors to further study the coherent relatiorsshatween
flapping motions and the aerodynamic parameterl thi¢ high-order SD method. Furthermore, this pagasts
much attention to study how the occurrence of tigedted wake is related to trailing edge effectd the leading
edge separation, and how to model this phenomemdmedate it to thrust generation.

The present paper is organized as follows. An thtation of the SD method and different approacloes t
maintain GCL in both the explicit and implicit timietegrations is described in Section 2. Numerigaification
studies are shown in Section 3, including a grifinement study, space discretization accuracy stuidye
integration accuracy study, and initial conditidndy. The numerical results for oscillating airfodre presented in
Section 4, along with a simple flow model basedtioa results. At last, conclusions for the preseuats are
summarized in Section 5.
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1. Numerical Approach

Spectral Difference (SD) Method for Dynamic Grids
A high-order Navier-Stokes (N-S) spectral differensolver developed for stationary g€ has been
extended in the present study to moving grids.ha éxtension, a critical requirement is that theor@etric
Conservation Law (GCFE§ should be satisfied.
In the SD method, all computations are carriediothe computational domain — the standard elenigm.
governing equations are therefore transformed tiwrphysical to the computational domain.
The N-S equation in conservation form reads
a_Q+0_F+a_G+a_H:O, (1)
ot oOx ody o0z
where Q is the vector of conservative variablesi BnG, H are the total fluxes including both theiscid and
viscous flux vectors.

After introducing a time-dependent coordinate tfamsation from the physical domait, X, y,z) to the
computational domai(r, &,/7,{ ) , Equation (1) can be rewritten as
aQ oF aG aH -0, )

ot 05 6/7 il4
where

=JQ

:|J|(QEt +F&+GE +HE)

:|J|(Q/7t +Fn, +Gn, +Hn,)

=|3|(Q¢, +F{, +G{, +H{,)

Herein, 7 =t, and(&,7,{)0[0,1F, are the local coordinates. In the transformasibawn above, the Jacobian
matrix J takes the following form

X X X X%
:M: Ye Yy Yo Yr
0énd.n) |z 3 % z
0O 0 0 1
The GCL for the metrics of the transformation carelapressed as
6§| (|J|<ﬁ)+—(|J|m (|J|Zt)=0- (3)

If the mesh undergoes rigid- body motion Wlthout cxliBfation,|J| is independent of time. Due to the

discretization error, the GCL may not be striciifisfied if one does not pay attention to how tresimvelocity is
computed. In the present study, the GCL error rceked by adding a source term. Herein, differesdtments of
the GCL are introduced for both explicit and implischemes in light of their respective charactess In the
explicit method, the following equation

ot 4)

L0220 2 316y + 2 ol 2
PIZ2-Q) 2l + (i (31 |

is obvious. Thus Equation (2) can be changed into

0Q_1| (oF oG _oH K} Kl 9
< J{ (05 afaz] Q{ag(Jé)+a,7(3/71)+a((34)} 5
1 (GF oG OHJ
=—J-| _+—=+2_ |+source
J{ & on o
where
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0 0 0
source=Q| —(|I|&) +—(I|n) +—=(JI :
Q| (6 )+ 214
The benefits of this method are that the sourae tereasy to be inserted into the original solwerstationary
grids and it can avoid the calculation 6[J|/at, which might introduce additional errors and irage

computational cost.
In the implicit method, according to Sun ef&althe computational algorithm is

| 0R Q. 6
[At aQ]AQ RQ)-—= O

C

whereaQ, :(’jc””—(’jc”, Cstands for the present cell, atidndicates themost recently updated solutions

The GCL is introduced in the right-hand side of dymation as
| dR IR c . 0 4 ey 0 .
- A AQ J +2 (|3 +—2 (3 : )
[m aQJQ R(Q)- Q- (||<i) a”(||m) az(”“)
It should be noted that in the above equation filserete form OfA‘J‘*/At is exactly the same egQNC /At ,
which is used to cancel the errors induced by nigakeschemes.

I1l1. Simulation Detailsand Verification Studies

A. Airfoil Mation Control and M esh Movement Algorithm
In the present study, the airfoil performs a pibchmotion expressed as
a(t)=a, +a,sin(wt +¢), w=2rrf
where g, is the mean angle of attack, is the amplitude of the pitching angle. The schiémaf the airfoil's

pitching motion is shown in Figure 1.
Since the mesh undergoes a rigid body motion, tmepatational grid moves with the body and is update
using

ypreemt c - (Xforma - XC)SIn(AO')"' (yformer - yc ) COSAO’ s
where (x., y,) is the pitching center, anla = a,(cos € +dt )+ @ )~ cosét +¢, ).

{ present Xc (Xforma XC)COS@O’) (onrmer yc )5”"@0' )

B. Verification Studies
1. Space discretization accuracy and grid refinement studies

In the present study, an initial verification ofetlorders of accuracy on a coarse meb69 23« 1 cells,
Figure 2.a) has been conducted at Mach numhgrOMb and Reynolds number Re=5000 for the statioNsx€A
0012 airfoil. The skin friction coefficients (Figei8) using the' and 4'-order schemes agree well with the results
reported by Sun et &f.with the separation point calculated at 81.4% dHhength for both cases.

A grid refinement study was then performed with ayic grids and the Border scheme until the
aerodynamic load and wake structures became gifigpendent, for the k=11.5, St=0.19 case. A grdugfferent
grids, with169x 23x 1,169% 47x 1, 341x 23 1, 341x 47x 1, 685% 23x 7, 685% 47x 1, were utilized in the
refinement study. From results shown in Figure @d Table 1.a, it can be found tB4dtlx 47x Igrid is fine
enough to perform the numerical simulation.

Furthermore, the scheme accuracy study for therdymgrid was performed with th841x 47x Igrid. From
the results shown in Figure 4.b, Figure 5 and Takeit can be concluded that, with tBd1x 47x Imesh, the %
order scheme almost works as well as the fourtlemrget the second-order scheme is too dissipatvee
acceptable. Therefore, ti811x 47x Imesh with a 8-order SD scheme was used in all the numerical Isitions.
A similar time refinement study was also carried, @nd the numerical results are made sure to dependent of
the time step size.

2. Timeintegration accuracy study for dynamic grids
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In order to maintain the accuracy of time integratto be approximately of theé"®rder for the implicit
method, which is also vital for the vortex-domirtaftow, a time refinement study is conducted in phhesent study.
In this section, an isentropic vortex propagatiosbtem is used to verify the time integration aemyrof a dynamic
grid.

Referring to F. Q. Hu et &f, the velocity field of the isentropic vortex isitten as

. 1, 1?2
u(r) = Ugax rei(l’?z) , Where b is the radius of the position whete occurs.

Therefore, the horizontal and vertical componentddbe written as
u=-U(r)siné 2 2
, Wherer = /(x - +(y-vy.)*-
{V:U(r)co J=x)P +(y-y)
Other initial distributions can be written as

PO =3 (=I5 7 PV plr) = (/-0 e ¥ Y
The free stream velocities are set toupe-0.5,andy, =0, and other initial conditions are given as

U'max =0.50,= 0.25,b=0.2. According to the work of Mauvriplis and Nast4sdn order to eliminate the errors

introduced by the space discretization schemeethigt obtained with the time step of 0.001 istedaas the ‘exact’
solution. The results of the time refinement stady given in Table 2 (only thé%order verification is shown) and
Figure 6. Obviously, the present numerical methaihtains the time integration accuracy.

3. Studies of effects of initial conditions

Several methods have been tried to set up initaditions, and herein, two of them, namely the taria
initial velocity distribution method and the steaslglution method, are compared and discussed. dtmlted
“harmonic initial velocity distribution method” usea smoothly changed velocity field as the initi@locity
distribution. The algorithm is shown as below,

r<r,, u=v=w=0,

U=y (sinGze- ;ro —%))+ 1)/2

0

Lsr<2r,, v:vo(sin(n(’;—ro—%)ﬁ 1)/2
0

1

w= wo(sin(rr(r;—ro —)+Y/2

r=2r,, U=u,V=Vy,,W=Ww,,

The so-called “steady solution method” uses thadstesolution as the initial condition. AccordingBal of the
present section, it has been shown that the stealiijion exists and is accurate enough wifhogder scheme.
Furthermore, considering the general experimentatquures (do not collect data till the wind/watemnel runs to
a stable condition) and that all the cases in tlesgnt study started from AoA%Chis method might be a good
choice. Some results are shown in Figure 7. Togetlith the comparison between numerical and expembal
results, which will be shown in the next sectidre steady solution method is suitable for the prestudy, while
the harmonic initial velocity distribution methodeks not seem to agree well with the real physics.

1V. Numerical Results and Discussions

An overview of the cases simulated in the presemysis listed in Table 3. In the following partmalyses of
these vortex-dominated flow fields will be shown.

A. Comparison with experimental and other numerical results

Unsteady numerical simulations were conducted HerNACA 0012 airfoil undergoing a sinusoidal pitodpi
motion at Mach number M0.1, and Reynolds number Re=12600. Flows at tdiéerent reduced frequencies,
k=5.2, 5.7, 11.5, but the same angle amplitage2’ were firstly computed and analyzed. Table 4 shthves
comparison of the mean thrust coefficient obtaiméth different methods. It is found that the Machntber
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significantly affects the mean thrust coefficientthe present numerical simulation, similar to Yg'snresulté. In
his research, when the inlet Mach number is sebed.2, the mean thrust coefficient is -0.040 foe tase
Re=12000, k=11.5, St=0.19. In the present study,dbefficient is -0.041 for the case Re=12600,k51St=0.19,
while if the inlet Mach number is 0.1, the mearusgitrcoefficient is 0.031, close to the experimenta. Though in
the experiment, Mach number is extremely smalti{gmwater tunnel), in the present numerical sinfgtit seems
that Mach number M=0.1 is suitable for the studied problems.

According to Bohl and Koochesfahdna neutral wake is obtained a= 2°and k=5.70 in a water tunnel
experiment. From the numerical results (Figure1®),it seems that the neutral wake is generateal @rtain
reduced frequency between 5.20 and 5.70. From &i§uand Figure 9, the averaging flow field can shbe
general flow features of different reduced freqiemn@nd help to better distinguish the thrust-gatiem wakes
from the drag-generation wakes. Taking into accdhetinlet Mach number effect in the simulationnasntioned
before, the agreement between the experiment ameénmcal results is quite good.

Figure 11 shows the thrust coefficient time hissrof the three reduced frequencies: 11.5, 5.7,lttshould
be noted that the thrust coefficients in thesecase very small (also seen in the averaged vatu€able 4). This
might be due to the relatively small Strouhal num{&t<0.5), which means that the flow is in the dgqiisteady”
regime as suggested by Hu ef.dh the section of extended numerical results gffiect of Strouhal number will be
further discussed.

B. Extended numerical results
For all cases studied below, the airfoil motiong amusoidal with the inlet Mach number,.#0.1, and
Reynolds number Re=12600.

1. Effects of Strouhal number

In this section, cases with the same reduced fregee but different Strouhal numbers will be disads From
Table 3 and Figure 12.a, it can be found that 4tli5, both mean and peak thrust will grow steaalilyhe Strouhal
number increases. It is obvious that when leaddggeseparation appears (under the condition ofiigite Strouhal
number), the shape of the thrust coefficient histuitl change from a sinusoidal one to a ‘quasiipéic’ and then a
non-periodic one. This indicates that vortices gategl by leading edge separation could signifiganfluence the
ways of thrust generation, and to some extente@sdtlin the context of the present study), theacteon between
trailing edge effects and leading edge separatiorizeneficial for the thrust generation. The samead can be
generalized for the case k=5.7 (Figure 12.b).

In order to further study the flow features, floiglfls are desirable for analysis. Figure 10 andifeidl5.a,b
show several vorticity fields of different Stroulrmaimbers at k=11.5. It is obvious that at smalb@tial numbers,
trailing edge effects dominate the flow field, vehihs the Strouhal number increases, the leading ejgaration
becomes more and more severe, and the interactiovebn the leading edge separation and trailing edigcts
become prominent for the formation of the wakedtrre. Upon Close observation of the leading eégpamsation in
Figure 15, it can be found that the separation selenbe inclined to one side of the airfoil, whishdetermined by
the initial conditions.

Another important phenomenon is concerning theedédld wake structure. Although all the initial citiwchs
are symmetric, asymmetric phenomena can be geddratause of nonlinear behaviors of vortex arraybe wake.
From Figure 14, it can be found that the deflectimection of the wake is determined by the inifilase of the
pitching motion, with all other variables kept ctard. It can be seen from Table 3 and Figure 12g¢hasymmetric
wake is accompanied with the ‘quasi-periodic’ ostigady thrust generation. In terms of the abovéyses, it can
be concluded that to some extent, asymmetric watebeneficial for thrust generation.

2. Effects of reduced frequency

In this section, cases with the same Strouhal nusritngt different reduced frequencies will be disaadk It can
be found from Table 2 and Figure 13 that, at thees&trouhal number, a higher mean and peak thogfficent
can be obtained with a smaller reduced frequenmy€sponding to larger pitching angle amplitude).

From Figure 13, it can also be found that smakeluced frequencies make the thrust coefficienbhisdepart
more from the sinusoidal shape. From the discussinonB.1 of the present section, it is clear thiatremluced
frequency k=11.5, this shape modification of theush coefficient history is due to the leading edgparation.
However, herein, from Table 2 and Figure 13.a/&L K, even leading edge separation does not appeashape of
the thrust coefficient history still exhibits cdrtaunsteady features. One reasonable explanatitimatssince the
pitching frequency reduces when reduced frequercyedises, there is enough time for the shear flom the side
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boundary layer of the airfoil to interact with thrertices generated through trailing edge movingerEat higher
reduced frequencies, this effect also exists. Hanebecause of the short contact time, this phenomds

suppressed. Still, it can be confirmed that theradtion between flow structures from side boundizygr and wake
vortices can enhance the thrust generation. Fuitlvestigation of flow field in Figure 15 shows ththe onset of
the leading edge separation seems to be only delaténe Strouhal number (also seen in Table 3)tHmiseparation
mode is determined both by the Strouhal numbertl@deduced frequency.

3. Overview of all theresults

It has been widely accepted that the thrust geeétay the flapping motion is due to the reverse Yanman
vortex street, and the present results are of memon. From Figure 16, it is obvious that in t@me region
behind the airfoil, the vorticity in (b) is muchrehger than that in (a), meaning that high velogitadient region is
larger in (b) than in (a). The more important feataf the figures is that the number of vorticegbhis less than
that in (a). Since the reduced frequency is theesamthe two figures, the only possible explanat®that vortices
in (b) move faster than those in (a). This meaas fibr the relatively high Strouhal number, thetearpair formed
after one pitching-up-and-pitching-down stroke eexcelerate in a certain distance after the airfeflich further
can lead us to the conclusion that such vortexcitras can extract more energy from the flow fithdn the
traditional reverse von Karman vortex street.

The general physical process can be described llasvéal. The trailing edge motion transmits the kine
energy to the flow via viscous effects (in the soid theory, this is treated as Kutta conditiond)is process
determines the circulation (energy stored in thenfaf deformation) shed into the flow field, andfwafter one
stroke, the concentration of vorticity is extrembligh in the vicinity of the trailing edge. Thus, the reverse Von
Karman vortex street, the large velocity gradiesttates the vortex/vortex pair to accelerate. Oytiis course, the
deformation energy of the flow is released in thief of kinetic energy. Quite possibly, the vorteirpean release
more deformation energy, which can be proved bynibx@inear increase of the mean thrust coefficewn in
Table 3 for the cases with the same reduced fragesibut different Strouhal numbers. The correspandffect is
to generate a counterforce --- thrust on the airfoi

Herein, two features of this energy transformagioocess should be further mentioned. One is the¢dan
the above discussion this process should greafigrite on the vortex sheet formation (therefore pthenomena are
strongly related to aerodynamic parameters, likeubial number and reduced frequency), which closglyences
the energy storage-and-release process. The atlileati since the viscous force plays an importalet during the
transformation and the nature of this force isiget®d, higher vorticity strength must accompanghwaore energy
waste. This could be verified through Figure 13attsmaller reduced frequency is more beneficialttie thrust
generation under the same Strouhal number.

C. Modeling of flow structures
Based on the former discussion, flow models ar@igét the present section to further explain tvenation of
the deflected wake with the symmetric initial cdiatis. A semi-infinite vortex array is considered the modeling
in term of generality and simplicity.
First of all, we assume that all the vortices igufe 18 are isentropic and of the same strength.vEtocity
field has been given before (in the Section 3, Ba@jl herein, all the formulas are non-dimensiaedlias below:
& _ Leé( -+ —~U-= ;eg(l‘?z) , Where; _U(N) ;_r.
Upee b U. b
In the following discussion, all distances are mlmensionalized with b and all velocities are non-

dimensionalized wittJ,__ .

max

1. Equally-spaced vortex array
As shown in Figure 17.a, only the behavior of Vamlthe induced velocity field formed by all the eth
vortices is considered. This could help to investiigthe onset of the deflected wake and the dtabihinditions of
the whole vortex array. The velocity differencetie vertical direction experienced by Vorl can beayalized as
o n 1 sic)? m L (21 -DT)2+(2D)2)) )\
Var =V Vi :(ZZiez(l @02 -3 —1)e2(1 ((2i-DC)?+(2D) ))JC'
i=1 j=1
where i, j indicates the position of the vortextie upper and lower row, respectively.
From figure 18.a, it can be found that i,j=10 i©egh for the semi-infinite vortex array analysi©ieTmain
feature of this figure is that if these isentropartices are equally spaced, the first vortex @main stable with a
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wide range of parameters C and D. Using the supéimo method, it is reasonable to conclude thahé first
vortex could remain stable, all the other vortizethe array will remain stable and therefore, wh®le system will
remain stable.

2. Dipole

Careful observation of the flow fields with the Beted wakes tells that the vortex array seemstwsist of
infinite dipoles. Godoy-Dinan et &thave used the ‘dipole’ concept to set up the mémealeflected wakes. In their
approach, they treated the dipole as the combimatidwo point vortices. Herein, the dipole is t@mbination of
two isentropic vortices. The velocity difference time vertical direction experienced by the firspale can be
generalized as

(LD e R e N
-re

n 1 n 1
- o T o, St ) e o ((
Vdiff :Vup _Vdown = Z (I Ll - Lz)e2 _Z(J Ll + Lz)e2 c — —
i=1 =1 \’ L2 +D

wherer_=2,/L,>+D?and; -, i, j indicates the position of the vortex in tingper and lower row, respectively.
‘b

In this case, it has been verified that i,j=10new®gh for the analysis. From Figure 18.b it carfduend that if
the distance between the adjacent vortex pairsnig nough, the first dipole will definitely movewnwards (the
first vortex is positive) or upwards (the first vex is negative).

In the real cases, the closeness (suggested mePkital'®) between the adjacent two vortices or the voticit
from the side boundary layer and the leading eégaration can contribute to the formation of thgoté. The later
can also be treated as a kind of disturbance, wtocitd affect the practical behavior of the vorseray.

V. Conclusion

The compressible N-S flow solver with a high-or@&® method has been successfully extended in theeptre
research to simulate the unsteady flow inducedHheygitching motion of a NACA 0012 airfoil. With d&rent
approaches, GCL has been efficiently introducedbiath the explicit and implicit time integration$.has been
shown that the present algorithm for GCL works weith the SD method. The present simulations arepared
with experimental results and other numerical satiohs. Promising agreement has been obtained.dBas¢he
numerical simulation, several conclusions can laevdr

1. Flow with larger Strouhal numbers can generatgenthrust on the oscillating airfoil than that kvismaller
Strouhal numbers. For the same Strouhal numbel| sedaced frequency (large pitching angle ampluis more
beneficial for thrust generation. Wake vortex amvédth a small Strouhal number is mainly dominatedttailing
edge effects, while the wake structure under I&teuhal numbers is complex because of the interacf leading
edge separation and trailing edge effects.

2. For the small Strouhal number, the wake striectuill remain symmetric if the initial mean AOA izero,
meaning that the vortex array could remain staglédelf. While for the large Strouhal number, doethe vortex
instability and relatively larger disturbances, ragyetric wake structures will appear. A simple flomodel is
developed to explain the formation of different wadtructures.
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FIGURE 1. The schematic of airfoil’s pitching matidn the present study,, = 0° (zero mean angle of attack (AOA)), and the
pitching angle amplitude defined in the papeunjs corresponding to a the peak to peak amplitud2amf.

T

T/
L
]

a 0.2 0.4 0.6 0.8 1

0g

==

AR

04

02

02

-04

L]
AT

08 T,

a 0.2 0.4 0.6 0.8 1
X
(c)
FIGURE 2. Several meshes for the verification st(@$69x 23« 1, b.341x 47x 1, c.685% 47x J).
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FIGURE 3. Comparison of the skin friction coeffiste using schemes of different orders of accurdds.= 0.5,Re= 500(
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FIGURE 4. a. Comparison of the thrust coefficiemsing different meshes witH%rder scheme. b. Comparison of the thrust
coefficients using the medium mesB4(1x 47x J) with schemes of different orders of accura8y=0.19k = 11.t.

a.

169x 23 | 341x23 | 685x23 | 169x47 | 341x47 | 685x47 | 341x95
a 0.032 0.034 0.034 0.029 0.031 0.031 0.031
Note: Implicit schemes with the time integration 8f-®rder and the spatial discretization 8t8rder for all the cases.
b.

2nd gd 4th

-~ 0.034 0.031 0.030
C,

Note: Implicit schemes with the time integration df-rder for all the cases. Cells number of the nmiegv1x 47x 1.
TABLE 1. Mean thrust coefficients for grid refinenmteand scheme accuracy study

w*ClU,

FIGURE 5. Comparison of the vorticity fields usitige medium mesh341x 47x J) with schemes of different orders (from left
to right: 29, 39, 4", & =0.19k = 11.E.

T-2
Euler N-S

At Llerror Accuracy Llerror Accuracy

0.1 1.626E-004 1.601E-004

0.04 3.486E-005 1.680 3.414E-005 1.686

0.02 9.750E-006 1.838 9.513E-006 1.843

0.01 2.592E-006 1.911 2.511E-006 1.922

0.005 6.374E-007 2.024 6.135E-007 2.033

0.002 7.646E-008 2.314 7.315E-008 2.321

‘exact’: At =0.001

Table 2. L1 norm and time integration accuracy
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FIGURE 6. a. Time integration accuracy b. Initiglacity distribution for the isentropic vortex ceMcity distribution after
t=1.0s, with Euler equations.

& i &

(€) (d)
FIGURE 7. a. Harmonic initial velocity distributiob. Simulated vorticity field after approximate?¢ cycles using a harmonic
initial velocity distribution c¢. Velocity (Mach mber) contour of the steady solution d. Simulatedticity field after
approximately 24 cycles using the steady solut®imaial conditions
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FIGURE 8. Averaged vorticity field in the wake difet oscillating airfoil for three reduced frequemsc{érom left to right: 11.5,
5.7, 5.2)a, =2 . (All contour scales are the same as those of tiperérental results; all experimental results acenfrthe

literaturé)
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FIGURE 9. Averaged velocity field in the wake oEthscillating airfoil for three reduced frequencfem left to right: 11.5,
5.7, 5.2)a,=2". (All contour scales are the same as those of tiperérental results; all experimental results amerfrthe

literaturé)

S k A/C a Reversed | Deflected LE

BvK wake wake Separation
0.19 11.5 0.0524 0.031 Y. N. N.
0.20 11.5 0.0546 0.036 Y. N. N.
0.25 11.5 0.0683 0.076 Y. N. N.
0.33 11.5 0.0911 0.16 Y. Y. N.
0.50 11.5 0.1366 0.50 Y. Y. Y.
0.63 11.5 0.1707 0.74 Y. Y. Y.
0.10 5.7 0.0524 -0.015 Y. N. N.
0.25 5.7 0.1378 0.12 Y. N. N.
0.33 5.7 0.1837 0.23 Y. Y. N.
0.50 5.7 0.2750 0.56 Y. Y. Y.
0.63 5.7 0.3445 0.83 Y. Y. Y.
0.33 24 0.0436 0.035 Y. Y. N.
0.33 34.5 0.0304 0.017 Y. Y. N.
0.50 34.5 0.0455 0.072 Y. Y. Y. (little)
0.09 5.2 0.0524 -0.018 N. N. N.

Note: ‘-’ for the mean thrust coefficient meansgira
TABLE 3. An overview of the simulation information
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FIGURE 11. Thrust coefficient histories fo=11.5,5.7,5.29, = 2
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FIGURE 15. Instantaneous vorticity fields with lesgl edge separation. & =0.50k =11.5, b. ¥ =0.63k=11.t,
c.2=0.50k=5.7,d.9=0.63k=5.7.
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FIGURE 17. Schematic of the vortex array models.
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FIGURE 18. Velocity differences in the verticaletition for different flow models.
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