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Investigation of nonlinear aeroelastic behavior of airfoils with flow separation
based on cubic static stall modeling
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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. 2 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. 5 Comparison of the aeroelastic behavior of the airfoil
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Table 3 Geometrical and Structural properties for airfoil [13]

e g alas sk g5
025 m c ol iy Jobo
48 kg m oylolly p >
00069 kgm? lea S e Jg ol oo
0.4 - Xg Sl S 50 5l o2 S0 d g dlold
81.67 mm a Yy by I SVl 8 10 dold
42 Nm/rad Ky iy (S (et o s
4000 N/m K, (sHiod (B Jod oo
0 Nm/rad? Kgs3 ity (B b e oy
100 N/m?3 K3 et s (Jad e oy
1 kg/m? p oo S
48
N —.—G~.— Present Work
44~ —— Experimental results
S B Classic Theory 2D
@ 40|
& [«
— : \‘\
o i
3 sl g
v =
8
E 32
i N
E P
B e -
- . ~.
28 — B ‘”\O
. T .
e e
LY el IR BTSN TSI P -
4000 6000 8000 10000 12000
Bending Rigidity (N/m)

Fig. 4 Comparison of the variation of flutter speed .vs. bending rigidity
in present study & [13]

a5 ol 5 50 phed e b B Gy Ol 0gon aglie 4 JSCh

[13]

12 o plads 16 055 1395 il s rde ilSe e



O 9 aresld F 2l

A 433 STl 5 iloly Yo ulwlye Ol Hinlaa 3939 Ly o)lglly Slod jue SaiaoVlg 3T HUd ) ) s

o))l gas (gl 5 owiin Sledbl 5 Jguar
Table 5 Geometrical and Structural properties for airfoil

e Sl s sehl g9
0.3 m c olgl s Jsbo
9.847 kg m olsll p o
0.063 kgm? Lea SVl o gyl oo
0.25 - Xp SVl S50 5l o2 3550 dng dold
0.25 - a g Ly § StV S yo dn s Aol
1 Nm/rad Ky o (o (S oo

5 N/m Ky (oot (B (b oy

35 Nm/rad? Kgs3 o (P (Jad b oo

1 N/m?3 K3 et (s b oy
1225  kg/m? p o 85 2 s JISe

(W ©ygo &) (g0 syl Lyl,s 6 Jgoor
Table 6 Assumed the initial conditions (nondimensional)

e s el gy
0 ) gl (iod (B yonis
15 6, osd Jlas! algl yiomy dygly s
0 S gl s eyt s
0 6o O gl) et s oo

U=219M/5 LG o> o 5 5550 Slasie b ol gly 5ol
ol 00 dle
asl3) abox gl b Ty (55 cupd e Dl 052 gy 0
lle w05 Gl &5 jeblen LLL by 50 5 o)lsl o 4o (155 alex
o U5 @ ez 4l b T o pd Slds oS dsles (8) b b
6oliT Sl yo e 1o b ales digly ool Slade a5 Cal du a4 j0 doles
Wolrs colpd 4 azgi bl s b j0 ol Slitie g dllas 10 39290
9 009 dlnly odd a8 S Ll o olglly wlakin 4 Sl (pl jsSde
Ol ewin Ll (85 Sl o Lol 58 4 paxie olell o sl
oy I S ard yloged (somgd gl sl iy (nl 0 ead
Sl (B jme 09800 Jol T JSET b Gillae (Sl ale 4yl
oy lyeds Siloy (59508 y3m0 5 (420 cen ) ale 4yl Ol s
amd e i |y ald e das e ol agly o 40 Ssbiul T
Ol 9 55y bt Seeludg pl 5Ll el Lls (s 508 )18, 05l (] )5 a8
Soged ol o Sl atie Sl a5 jebyles sl oals oslaul
Sbely Lulyd (28,5 Sl o b pg loges el 2 plp g Sl o)lgen
255 4 dsd e odaline a5 sbiylen g Ceul sdal Cwsd Sbiu
r o ol 0 wles (gileand 1) oSl (Sealiog pl jlis, anslys
5 e Gl yudi (sl g b SaaVlgpl L3, anlis
P sy gody ax g S Llid o wlell o loy (b o sdary
OEB 5 L o g s oamline 8 S 10 oS j5blen 05 e aiFly
3 s (Slogs U8 s pas Sl czrgo (Silinl (Saibely Ll
s Ly oad ad 5 a5 5o s Ojge 4y plces o il b anlis
Aglio b yizman 005 g0 8,5 )15 )y 050 o5l S d LS,
5 Sl Sulily Lyl o s é Se¥lynl ool mls
oS 05 00 ol (g Il ey 5l VL ey po as Saliyog

12 o plads 16 055 1395 il s rde SilSe usdige

20
Nonlinear U = 11Uy

15
10 L
5

0

-5

Dimensionless twist

-10

-15

o e g g g T o T LT
500 1000 1500 2000 2500
Dimensionless time

(@) )

o

Nonlinear U = 1.1U¢

i

NI

P ST SR NSNS S SO NS TR ST SN N SO S NS N S ST S
0 600 1200 1800 2400 3000
Dimensionless time

(b) )

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
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Fig. 8 Comparison of the linear and nonlinear aeroelastic behavior of
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displacement .vs. dimensionless time. (b) Variation of torsional
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Fig. 13 Compare the nonlinear aeroelastic behavior (Geometric and
aerodynamic nonlinearity) of the airfoil (a) Bending displacement (b)
Torsion changes, in quasi and unsteady flows and U = 3.22 m/s
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Fig. 12 Compare the nonlinear aeroelastic behavior (Geometric and
aerodynamic nonlinearity) of the airfoil (a) Bending displacement (b)
Torsion changes, in quasi and unsteady flows at U = 2 m/s
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