k—¢
NACA0012

(Overset Grids)
k—&

saghafian@cc.iut.ac.ir

ISME



www.SID.ir

(DNS)

[ ]
[]
() []

NACAQ012

[ ] ()
NACA0012

() [ ]

()

[]

! Direct Numerical Simulation (DNS)
2 Overset Grid


www.SID.ir

Baldwin-Brath

SST k—w Badwin-Brath

[ ]

Baldwin-L omax

[] ()

[ ]

Re

NACA0012

[ ]

! Launder-Sharma (LS)
2 Crafr-Launder-Suga (CLS)
% Lien-Chen- Leschziner(LCL)

/ *

[] ( )
NACA0012
( )
NACA0015
: Baldwin-Lomax
[ ] ( )
(Co) ()
k—&
[ 1S -
[ leeyy - - [ l(cLy)

[ ] [ ] [ ]
[ ]

NACAQ0012



www.SID.ir

CFD

ouU.
“Zi_p
o ()
%-FUJ%:—la—P-I—i(V%—W ( )
ot 0X; pox  oX;  0X
—TU, Ui P P
k—¢
LS - -
— 2
uu, =-21,S; +§k5ij ()
Vi (( ) ) S 5ij
k2
Vt :C,uf,u? ( )
£ k () f, C,
. e k
%_Fuji:i V+£% Pk_g ()
ot oX; 0 Oy ) 9X;
9 w98 _ 9, |9 ¢t Ep e f,ivE ()
ot lox  ox o, )ox k k
pk () E
— JU,
P = ulujaTZZVtSu di ()


www.SID.ir

e=e+D

LCL CLS

k5 -2C, f _s,

3
k3 'S 1
+Cl__2(Sijk =SS U}'Cz (Sk ]k+Sij|k)+C3 ( |ink_§QkIQk|5ijj
E

4

k k* 2
+C4__2(S|k9j| +5Q, )S(I +05__3( i€ S + €2, Q2§ -
£ £

kISQOk j

k4 k*
Gz Su S + ¢ =5 QS
£ £

oU . U
S”- aU +— b \ & ai 1
8x 0X; ox; 0%

LCL CLS LS

1SIMPLEC

2 QUICK

3 Crank-Nicolson
4 Rhi-Chow

® Hybrid


www.SID.ir

! Hole points
2 Fringe points

[

]

( )

NACAQ012
w h =—-0.1Cos(at)

[]



www.SID.ir

c k=wc/2U_
u..
_d%h
a=
dt?
ﬁ
NACA0012
()
* ()
[ ] [ ] [ ] [ ] [ ]
LS LCL CLS
LS
() [ ] k—¢e

CLS


www.SID.ir

! Stagnation Region

ol

CLS

LS

LS

CLS



www.SID.ir

LCL

LS CLS

1.0T

CLS

u

CLS

0.25T

0.75T

CLS

0.0T

CLS LCL
()
)
()
()
(
(M
0.25T
()
(
0.5T


www.SID.ir

[

I+

]

CLS
LS

LS

LS CLS
k=wc/2U_=05

LS

LCL CLS

LCL CLS


www.SID.ir

CLS LS

NACA0012


www.SID.ir

[1]

[2]

[3]

[4]

[5]

[6]

Re = 3x10°
Re=1x10°

NACAQ0012

Glauert, H., “Airplane Propellers’, Division L in Aerodynamic Theory, Vol. IV, Durand
WF Springer, Berlin, pp. 169-360, (1935).

Theodorsen, T., and Garrick, |. E., “Mechanisn of Flutter, a Theoreticad and
Experimental Investigation of the Flutter Problem”, Technical Report, N.A.C.A. Report
685, (1940).

Berton, E., Favier, D., and Maresca, C., “Embedded L.V. Methodology for Boundary-
layer Measurements on Oscillating Models’, AIAA Paper, Vol. 7, No. 2, pp. 2106-2116,
(1997).

Panda, J.,, and Zaman, K.B., “Experimental Investigation of the Flow Field of an
Oscillating and Estimation of Lift from Wake Survey”, Journal of Fluid Mechanic, Vol.
265, pp. 65-95, (1994).

Tuncer, 1.H., “Unsteady Aerodynamics of Rapidly Pitched Airfoil”, AIAA Paper, 86-
1105, (1986).

Tuncer, |.H., “Two-dimensional Unsteady Navier-Stocks Solution Method with Moving
Overset Grids’, AIAA Journal, Vol. 35, No. 3, pp. 2213-2216, (1997).


www.SID.ir

[7] Guilmineau, E., Queutey, P., “Numerica Study of Dynamic Stall on Severa Airfoil
Sections’, AIAA Journal, Vol. 37, No. 1, pp. 128-130, (1998).

[8] Baracos, G., and Drikakis, D., “An Implicit Unfactored Method for Unsteady Turbulent
Compressible Flows with Moving Boundaries’, Computers and Fluids., Vol. 28, pp.
899-922, (1999).

[9] Tuncer, I.H., and Patzer, M.F.,, “Computational Study of Flapping Airfaoil
Aerodynamics’, Journa of Aircraft. Vol. 37, No. 3, pp. 514-520, May-June, (2000).

[10] Akbari, M.H., and Price, S.J, “Simulation of Dynamic Stall for A NACA 0012 Airfail
using Vortex Method”, Journal of Fluid and Structures, Val. 3, No. 2, pp.75-85, (2003).

[11] Oo., G.Y., Lue, K.B., and Lim, T.T., “Wake Structures of a Heaving Airfoil”, 15th
Australian Fluid Mech. Conf., The University of Sydney, Sydney, Australia, 13-17
December, (2004).

[12] Launder, B. E., and Sharma, B.l., “Application of Energy-dissipation Model of
Turbulence to the Calculation of Flow Near a Spining Disc”, Letters in Heat and Mass
Transfer, Vol. 1, pp. 131-138, (1974).

[13] Craft, T.J., Launder, B.E., and Suga, K., “Development and Application of a Cubic
Eddy-viscosity Model of Turbulence”, Int. J. Heat and Fluid Flow, Val. 17, pp. 108-115,
(1996).

[14] Lien, F.S., Chen, W.L., and Leschziner, M.A., “Non-linear Eddy-viscosity Modeling of
Transitional Boundary Layers Pertinent to Turbomachine Aerodynamics’, Int. J. Heat
Fluid Flow, Vol. 19, pp. 297-306, (1996).

[15] Gregory, N., and O'Riley, C.L., "Low Speed Aerodynamic Characteristics of Naca
Aerfoil Section Including the Effect of Upper Surface Roughness’, NPL AERO Report
1308, (1970).

[16] Abott, 1.H., and Doenhoff, A.E., “Theory of Wing Sections’, Dover Publications, New
York, (1958).

[17] Michos, A., Bergeles, G., and Athanassiades, A., “Aerodynamic Characteristics of a
Nacaoo12 Airfoil in Relation to Wind Generators’, Wind Engineering, Vol. 7, No. 4, pp.
247-262, (1983).

[18] Sheldahl, R., and Klimas, P., "Aerodynamic Characteristics of Seven Symmetrical
Airfoil Sections Through 180 Degrees for Use in Aerodynamic Analyses of Vertical Axis
Wind Turbines', Technical Report SAND80-2114, Sanida National Laboratories,
Australia, (1981).

[19] Milas, Z., “Analysis of Turbulent Flow Around Airfoil”, PhD Thesis,University of
Zagreb, Zagreb, pp. 209, (2001).

[20] Nirschl, H., Dwyer, H.A., and Denk, V., “Three-dimensional Calculations of the Simple
Shear Flow Around a Single Particle Between Two Moving Walls’, J. Fluid Mech. Vol.
283, pp. 273-285, (1995).


www.SID.ir

[21] Rizzetta, D.P., and Visba, M.R., “Comparative Numerical Study of Two Turbulence
Models for Airfoil Static and Dynamic Stall”, AIAA Journa,Vol. 31, No. 4, pp. 784-786,
(1992).

A GV

SRS


www.SID.ir

Launder-Sharma(L S)

Craft-Launder-Suga(CL S)

Lien-Chen-Leschziner(LCL)

C. 1.44
C., 1.92
o, 1.0
o. 13
C, 0.09
G 0
G, 0
G 0
G 0
Cs 0
c, 0
Low-Re Terms
-3.4
f 7o
“ =Rt @+R /50)2)
f, 10
f, 1-0.3exp(-R?)
%

D 21/(ak—2)2

%

2U 2

E 2wy, oY,

OX;0%,

144 144
192 192
10 10
13 13
0.1 _
— = (1-exp(-0.36e 7)) 23
1+ 03577 2 1.25+ S+0.9Q
—3
~0.4c, f, 3f,/(1000+ S')
—3
0.4c,f, 15f,/(1000+ )
=3
104, f, 101, /(1000+ S))
80c; f, 80c; f,
0 0
-40c; f, -16c; f,
40c; f, 16c; f,

1- exp[-(R/90)° - (R /400)°]

10
1-0.3exp(-R?)
HE
X
YAP, (R < 250)

— 2 2 2
0.0022 Svik &
e | 9x0%

2v(

+YAP,(R > 250)

1-exp(—0.0198y")
@+2x/city)™

1.0

1-0.3exp(-R?)

0

C.,f, %exp(—O.OOS?Sy*Z)

3
2

k \ k2 = (k - (k - =
R =—ve = yn7,8:(;) 25;S;.Q :(;] 20,0, 7= Max(S,Q)
E 3/ - 3 3
YAP = Max 0.83(y—1)72[E],0 Ly = kz/c,gyn.c, =25,¢ :[k2/kynj(cﬂi + zfc/y*j

LS * -
C-type Grid C. C,
n xn; At=0.01 At =0.005
102x52 1.240 1.245
102x 82 1.235 1.239
142x52 1.232 1.232
142x 82 1.228 1.230



www.SID.ir

Lift Coefficient

Drag Coefficient

1.6

12

0.8

0.4

0.4

0.3

0.2

0.1

— — T — T —
I CLS. Model 1
o0
| J.g g i
oEER
L \ 4
ﬂ;”g/ \Q* \\

I /,//'B/ \\\,\ \ 1
- ,(/,’//' ggih—:;?_‘g—
» ~
| . i

B - - 8- - Re=3e6
L v
/ —-—-$.—-— Re=1e6
r 7z ——& —— Re=0.7e6
/s
_«\ o oy ey 17
— T
I CLS. Model ,57
- 4
/'ﬁf
| o i
7/
L 7z 7 m
=
I - -a-- Re=3eb6 ?’,’ |
- —-—%-—-— Re=1le6 i -
|  ——e—- Re=0.7e6 ,l‘.' |
| !
L ,H, 4
| £ i
PP :
=== ‘a?wl‘ L1 1
0 5 10 15 20 25
Angle of Attack(deg)

CLS

Lift Coefficient

Drag Coefficient

1.6

1.2

0.8

0.4

0.4

0.3

Present Work(CLS. Model)
Present Work(LCL. Model)
Present Work(LS. Model)
Abott(Exp.,M=0.3,1960)

—-—@—-— Sheldahl(Exp.,Re=5e6,1981)

—--=A—--— Milas(Num., with k-e st.,2001)
. ST NS RN I

— —©—— Gregory(Exp.,Re=2.88e6,1970) -

I ——=—— Present Work(CLS. Model)

——e—— Present Work(LCL. Model)

- ——e—— Present Work(LS. Model)

—-—@—-— Sheldahl(Exp.,Re=5e6,1981)

— —©— — Gregory(Exp.,Re=2.88e6,1960) o
—--—A—--— Milas(Num., with k-e st.,2001) /.’

Angle of Attack(deg)

Re=3x10°

WWW.SID.ir

25


www.SID.ir

_Cp

Lift Coefficient

8 g T T T T T 8 T T T T T
7% O  Present Work(CLS. Model) 1 I Present Work(CLS. Model) i
6 o) Present Work(LCL. Model) — 6k o Greogry(Exp.,1970) —
Lol Present Work( LS. Model) 3 o Milas(Num. k-e st.,2001)
-8 i 8
Re=3e6
4 —65 -
i Ooo 0=12° ] 5—
2 °°o° B
3 (=¥ ]
8 _,q00000000000 edclc o
-2 | | | | | 1 2 | | | | | 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
xlc xlc
- CLS -
a=12" Re=3x10° a=12" Re=3x10°
CLS. Model vist/viscos CLS. Model
. 1000 . . o1
Re=1e6,0=12 700 Re=1e6.,0=12 0.01
400 0.001
250
100
50
1
LCL. Model vist/viscos LCL. Model k
. 1000 5 P oos
Re=1e6,0.=12 700 Re=1e6,00=12 0.01
400 0.001
250
100
50
1
—
LS. Model V'Slgggf’s LS. Model . 01k
Re=1e6,0=12° 700 Re=1e6,00=12° 0.01
400 0.001
250 =~ 0.0001
100 =
50 ..
1
Re =1x10° -
14 T T T T 0.065 T T T T
Re=1e6 —.—cooom CLS. Model | [ Re=1e6  __._._._ CLS. Model
8 _____ LCL. Model N 0.06 - .,  —m——- LCL. Model
=16 — LS.Model = 0:=16 LS. Model
R A NNV O O WOV LD W U A\ Y W 3 r ]
B 2
AN AN A A AN N RN R 800554 /4 h A A A N A A A R OA A
AR IR S ST TR R U R,
SR RARERRRAN S N AR/ S T Ty
Nopd alpba b o v A Al e a 11 [‘ll'| ||ll||
4\"\.1\--1\.,\.",'\,!\'\..l\--l\--l\--l\-’ ) AEREREN bialar byt REAN
TRV YA AT RV ATRTRVATATRTAVRY 0.05 l,\',\l Mk Ay ,h'\ AT
DAk VA H
L , Y \‘." y '\‘0.' i.‘,’ iy U‘I \l/ "H lv‘.l »"I\ U\ il U ),’
1.3 | | | | 0.045 | | | |
250 260 270 280 290 300 250 260 270 280 290 300
Time Time

o =16 Re=1x10° -


www.SID.ir

Lift Coefficient

1.4 | . T 0.4 I , ,
[ Resle6 = ———mm CLS. Model i A |
12 | o TTTTT LCL. Model At A LN A
' 0=20 LS. Model - Ve PN N /'/'I vy NV NN
c 0.3 Fa \,\ / \/ Y, -
| 1 & A I /\\ //\\ /\‘\ /\\ AN N //“\ //“\ )
LEa o poA A NN nonop Tl 5 [VV LV VY SV VY
(o N
/‘/\«/\’\’\\/\I\" ’\\/\,’\ 9
P N g VA U B L Restes oo CLS. Model
Y v .’\. v . \ 5 2+
08 F , (Vi AU A A A A A 0e20° LCL. Model
."‘\,-‘-\ TRV RN VAW AYAVIRY LS. Model
o ) . \y [ Y | i
[ vi \/ v ]
0.6 L L L 0.1 | 1 1
200 225 250 275 300 200 225 250 275 300
Time Time
a=20" Re=1x10° -
12 T T T T T
L |
10 —'; 4
@ CLS. Model o q=14°
8 o o o=16° 1
i Re=3e6 <o o=20° 4
6% i
S |°8 ]
4t 8 4
8 |
o ég
2o goc —
I 000638808 g 0069 ]
of g8 _
[ B op008808888 888@§§%7
-2 | | | | |
0 0.25 0.5 0.75 1
x/c
CLS -

Re=3x10°


www.SID.ir

\

i\\\\\

Re=1e6, a.=14° Re=1e6, 0.=15°

Re=1x10° CLS -


www.SID.ir

T (025T)——— |

a=20" Re=1x10° LS CLS

l——  ~ cLS.Model— .

=20 Re=1x10°



www.SID.ir

Present Work(CLS. Model)
Present Work(LS. Model)

Tuncer(Num.,1997)
\
B
0.5F Re=3¢6 a=0° k=05  AC=0.11
e e
0
-0.15
0
Time
A/C=0.05 CLS. Model
- - - - A/IC=0.10 o=Q°
e A/C=0.15 k=05
o.si‘c‘”,” — T
\ L I\ n ’ 4 .-r" i i
O] AT X N S S A S NS AN A g
H Y g y E

[ (i ] q
- I 4 B

H \ } Ii s H
Y \\' 2! \:\,-' Y i Vi \r
Y \J \/ \/ \; v v Vo
TR R NSNS AR U SO RSN (NI SO RUTA [ MR !

—_—— T

-, 4
AN INON I INS ER NN EN
AR VAVANEUA NS
HATRYAVEVAVAVA YA YAV A
CRTRTRIRIRTRVETRE
ST A

0.35

0.5

0.25

-0.25

0.01

-0.01 (i

Flapping Motion
Velocity
Accelaration

A

\\\\\\A‘T\—\\\\

IR P i .
10 15 20 25
Time
2.5 T T T T
I CLS. Model |
2r AIC=0.1 1
k =0.5 L Max |
£1s
S ]
% 1 CL,Min_
3
= C_ staic atoil|
- 05 -
O -
0.5 L1 L1 L1 Ll .
5 10 15 20 25
Angle of Attack(deg)
k=0.025 CLS. Model
- —— - k=0.05
—————— k=0.125 0=0°
———— k=0.25
e k=0.5 AIC =0.1
T T T T T
F S R ) ]
AN Y A U A U A A
| H -~
N 1
:' : 1 .+
NG H ]
:— :\__l: v s I \ —':
oy
— T T T T T T T T T T T T T T T T T
- Cp .



www.SID.ir

CLS. Model

e - CLS. Model
g T LS. Model el LS. Model
. T 1 . T T T
CL B CL N
p : ¥ % AN : i L h A | 13 A f Anon A A )
16 I8 .-"\ A\ ! ﬁ'\“-\ i'\\ iﬂ\ ,f,"\ I\ !‘\ - 2t/ ) AWA / I/\\ /A / \ AVAWA 2
VAV ACAVAVEVATAVAVAVAVAYE YRVAVAVAVAVAVAVAFRYRYRYE
AR A A I VYUY Vv
og| Re=3e6  o=17° k=10 AIC=0.1 | Re=3e6 a=10° k=05 AIC=01 |
! ! ! 1 ! ! ! 1 ! ! ! ! ! ! ! 1 ! ! ! 1 ! ! !
[ T T I I T i ! ! I I !
L C R | C a
0.1 H\ ?" A N\ AR f'\ -'\ A Oll,i\. ?\ nop R AN A R A
AV AVAVAVARAWANARAVANAS AN A WA AW
FRVRFEVAVEVEFEY il Of Vi tivgg AYRNERE
YIRS LR I VAR T | Y Y VAV R VAV VAR VART
oF g ¢ \ I [ [ H \ i ? HN
ARARER AR A AR vy VYV Y vy
T —0.1—““|““|““—
‘ T T L L
[ C, c ]
n D) A - 0.2} M —
04 B oL R N A RN R RS I _ ]
1 .i\"g AN ff'{ ANANINIE i A _i“\\ AAAAA AN
_OG;H!_,-’11543,:!!-,5-,'“%‘,-1!3_ S AN AN AN AVANANANRNAVAS
SEA Y U STRVRVERT \/ VRVRYRYRYRTEY
A AR R R VR R
0.8 ' ‘ ' l 06— — 1 ‘
25 50 75 100 25 50 75 100
Time Time
0!2170 - 6‘(:10O -
e - CLS. Model
————— LS. Model
2r ‘C‘ T T T 1 T ]
[ C, ]
EA D h R oA fofp A A
tsER AL AAANAARA N AT
TRTATAVATATRVAVAVATAVAVAVAVANAY:
HARRREARATE R AN Vo
[ Re=3e6 0=22° k=05 AIC=0.1 ]
[ L L L | L L L | L | L L
03f &% l' E
Gl At Aok oA 8 AMayoa
0 zuﬁ'ﬂi I'\,"'ii?""i,-'"J 1 a‘""‘\ i 4‘; 1 ,’j i h’1 ‘;I"'ﬂ‘i r
TR WOR g ey
AEARRRRRRRRRANRS
Olf ] -
[ L | | | L
[ ‘C‘ T T I b
| M i
g N 3 A \ i
A EAARAAARRRAARA
oot LA AL AT
WA YU
SARAERRAREREE f
ol ) ‘
100 125 150 175 200
Time


www.SID.ir

&

e ] p—

[ (1) —

a=200 CLS _


www.SID.ir

Abstract

In this numerical study, unsteady and incompressible turbulent flows have been considered
around stationary airfoils. Overset grid technique is used in this work. Three turbulence
models have been examined including the linear and non-linear k—¢ models. The two-
dimensional, incompressible governing equations are solved using a finite-volume
discretization technique. Results indicate different capabilities of capturing separation angle
of attack using linear and non-linear models. Non-linear models predict smaller stall angle
compared linear turbulence model. Linear turbulence model overestimates turbulence level in
the stagnation region and the boundary layer. The results are compared relatively well for lift,
drag and pressure coefficients with other experimental and numerical results.

In the second part of this paper the flow field around an airfoil undergoing a flapping motion
or oscillation is considered and the effect of the amplitude of oscillation, the frequency and
the angle of attack are investigated. Comparing with experiments, -it is obvious that the
aerodynamic forces and moment are not only a function of the incidence angle but also is
dependent to oscillatory quantities.
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