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ARTICLE INFORMATION ABSTRACT

Original Research Paper In this paper, by defining a new paradigm for nonlinear aerodynamic equations of flow separation and
Received 16 May 2016 static stall, a new form of nonlinear aeroelastic equations for two degrees of freedom airfoils (torsional
Accepted 25 September 2016 and bending) are presented. Structural equations are based on the nonlinear mass-spring model which

Available Online 11 December 2016 includes the nonlinear quadratic and cubic terms. Aerodynamic equations are obtained by combining the

Keywords: unsteady Wagner model and the nonlinear lift coefficient-angle of attack for simulating stall using a

Static stall cubic approximation. Hamilton’s principle and Lagrange equations were used to derive the aeroelastic
Wagner unsteady aerodynamic equations. The obtained integro-differential nonlinear aeroelastic equations are solved using a time-
Integration historical method history integration method. The aeroelastic behavior of the airfoil is compared in both unsteady and
Limit Cycle Oscillations (LCO) quasi-steady flow. Using the time-history method compared to the phase space method leads to fewer

equations. The results show that the aeroelastic behavior of airfoil with a linear structure, using a
nonlinear aerodynamic theory for the stall, causes oscillations with a limit cycle in unsteady and quasi-
steady flow compared to other linear aerodynamic theories. Also, the use of the cubic curve instead of
the piecewise linear curves which are commonly used in other references, causes an apparent
complication of the equations, reduces the computational time due to faster convergence in solution and
makes the reduction in errors. The results show that the use of nonlinear aerodynamic static stall not
only reduces the instability velocity, but also reduces the amplitude of limit cycle oscillations in both
unsteady and quasi-steady regimes.
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Fig. 3 Comparison of the aeroelastic behavior of the airfoil (a)
Dimensionless vertical displacement .vs. dimensionless time (b)
Variation of torsional angle .vs. dimensionless time, in velocity
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Fig. 6 Comparison of the aeroelastic behavior of the airfoil (Variation
of torsional angle .vs. dimensionless time) in velocity U = 1.1 Ugyer »
(a) Reference [13] (b) Present study

O s 4ly ),.,_u) Gomgd ahaie S Ylg).' by ke, anlis 6 Js&
ol )5 (o [13] g o (W) U = L1 Uppyrrer <o o 5 (o oloy Jhlio

alox agl)) alox sl b Ty (59 o jlaie Sy 0975 oy
LLG by o (Sebial (Sailely Lylyl 285 )l 1o bolgll o (=55
Lulys 105 a0 b oojloll SxVlgpl s, awslie 5 (owyp -
L ol 5 (Sl Failely

L slolslly el oty 48,5 L5 p0 (25 (nl ;5 a5 gam 9o phate
5 (WI-11) Laly, 10 39250 (m calpd plo sl B Jgaz b conlite
2 oSl s dme sadgl Lul s ol o 43,5 L 0 yho (o -11)

odd axd 5 L 5 o )lgll g1 Cl-ot e  Seslinog pl Slasin 4 Jous
Table 4 Aerodynamic characteristics of Cl-a curve for selected airfoil

Slde Al el g9

0 CLo o salon gly 3150y

27 CLg(ay) So salos 4oy ) dlan dygli=Ty oy e o
12 CLinax oS le Lﬁjﬁ cupl
12 aemax worSlo slp cupo )3 dles sagl;

318


https://dorl.net/dor/20.1001.1.10275940.1395.16.12.82.7
https://mme.modares.ac.ir/article-15-11553-en.html

[ Downloaded from mme.modares.ac.ir on 2024-05-18 ]

[ DOR: 20.1001.1.10275940.1395.16.12.82.7 ]

O 9 aresls F ol

A 433 Sl 5 iloly e ulwlye by Ginlaa 3939 L o)lglly Slod jue SaiaoVlg 3T HUd ) () s

Wgaze alald b Sblogs oauay jo |y Gliluss amels ( Soliwl  Sailely
) 8 L 4 551 ,5he ol (10 S 59 JS) wnsin el
Sl Slagmie Wsh o (Sl 095 ey Gl S
Oimlos jekaie 4y .l Sgaze dilo b Sllug by a5 0l ales oanlin
dolie wouore diels b llugs atels 2als o Fwibely oasay 51 2

Ll 00 00l ul.w.: "11 JXAAJII BEE) M)" )lﬁ ‘_glaaﬁ BN ‘355

Olyz 20 Gungd dhaie Sly T Jas yaé HLidy dulio -2-3

LLU g bbas
2 Gngs glaie SVl T J18) alie 5wy 4 5 ool 0
5 LU Ol 5o Sbiad (Suildly Lull o52g pac 5 092 Laulyd
S slagas e (285 oaal b 85 Ll )0 rizren g Llard
Slogs B8, 9 M e (g Jol dulie (nl 090 0 i1 5 05le
oo atd F a0 wais g sole Slastie .l g0l Gl o 51 S e
4 o o oad ol lulps b @l adsl Ll g o 90 ghatte sl
sl el bl cepn by W Cos g 5o el
P S ps ol po g o S8 0 Saliyog ol iy g awaie I 20
bl 5o el ot anale LLL Gl 5 Llhasd obyz Sl g0 58 0

i N Nonli Chnak
02k - m. Nonlinear- Aerodynamics
| - — @ — — Nonlinear- Structure- Aerodynamics

F

ey

Dimensionless bending displacement

7500

Dimensionless bending displacement

IS EC O N IR G TN T ) (BN TSy TNt Y () Y T Eey I |
1000 1100 1200 1300 1400
Dimensionless time
Fig. 9 Comparison of the nonlinear aeroelastic behaviors of the airfoil
(dimensionless vertical displacement .vs. dimensionless time) in

unsteady flow, after LCO speed

S ohed i) o)l s e Sa¥lg T sla ks, duslie 9 S

SINLL S g sl (e 53 5 LU Gl 50 (B Ol cenm

319

15 P
- ————— Nonlinear o

) GiFUPEN (T [T SIS P [

Angle of attack

Fig. 7 C, — a curve in linear and nonlinear aerodynamics unsteady flow
(static stall) with structural nonlinear behavior at U=3.3 m/s

bt e g s slaplyz 5o ales agly mTh Sop s loges Jl8, 7 JSB
b e Jld, 585 L s bg LG el o () Slewl) (Sealusg T
U=3.3 m/s e ps yo o3l

15

T

o

P=

&
T

~ —A— — Linear Behavior

——a— Nonlinear Behavior of Structure

=== Nonlinear Behavior of Aerodynamics

——g—— Nonlinear Behavior of Structure &
Aerodynamics

=4

o

5
L

Dimensionless bending displacement

EPETREETI (PRTG.JT ATENETUNE CPETTETE [TETETIST (TOTSTITE SO
0 50 100 150 200 250 300 350
Dimensionless time
(a) ()
2r

[ — —4— - Linear Behavior

158 = Nonlinear Behavior of Structure

el

b~ —..—#—-— Nonlinear Behavior of Aerodynamics( Static Stall )
———— Nonlinear Behavior of Structure & Aerodynamics
]

Dimensionless twist

o
o

%
o

USRI NOFYNE RTINS (RSN NN (T UTASNTRTUN [ AT ST S T U NN

50 100 150 200 250 300 350

Dimensionless time
(b) )

Fig. 8 Comparison of the linear and nonlinear aeroelastic behavior of
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Fig. 11 Phase space for degrees of freedom of the airfoil in unsteady
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Fig. 13 Compare the nonlinear aeroelastic behavior (Geometric and
aerodynamic nonlinearity) of the airfoil (a) Bending displacement (b)
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Fig. 12 Compare the nonlinear aeroelastic behavior (Geometric and
aerodynamic nonlinearity) of the airfoil (a) Bending displacement (b)
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