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In this paper, the stochastic-aeroelastic nonlinear response of a three-degree-of-freedom
(3-DOF) structural nonlinear airfoil with a control flap is presented. The critical parameter
conditions of stochastic P-bifurcation are solved by using the improved average method, the
stochastic average method combined with the singularity theory. The results show that the
periodic solution produced by Hopf bifurcation has involved a second bifurcation, the non-
linear critical speed of saddle node bifurcation points is advanced, and the airfoil appears
bi-stable. The stochastic singularity analysis shows that the increasing stochastic disturbance
intensity will cause a greater probability for a large amplitude stochastic flutter.
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1. Introduction

Structural nonlinearity of the airfoil may lead to complicated nonlinear dynamic behaviour,
such as LCO, periodic doubling bifurcation, chaos, and so on. As present, the LCO and chaos
response of a two-dimensional wing with control surface nonlinearity were studied by Virgin and
Dowell (1992). Conner et al. (1997) investigated theoretically piecewise linear state-space models
for a 3-DOF aero-elastic typical section with control surface freeplay, which was validated by
an experimental model of a 3-DOF typical section in the two-dimensional space. The flutter of
a 3-DOF wing with cubic nonlinear stiffness in incompressible flow was studied by using Hopf
bifurcation theory by Zheng and Yang (2006). The results showed that there was a subcritical
Hopf bifurcation and the flutter critical speed decreased versus the increasing linear stiffness
coefficient. Irani et al. (2011) analyzed a 3-DOF aeroelastic typical section with a trailing-edge
control surface, and the numerical analysis revealed the presence of stable and unstable limit
cycles along with stability reversal in the neighborhood of a Hopf bifurcation. The LCO of two
models of the wing/store with free play in the junction, one of a two-dimensional wing, and the
other a delta wing, were investigated by Yang (1995). The KBM method was used to analyze
the limit cycle flutter of the wing, and also, the results were compared with the wind-tunnel test
results. Other experimental studies of LCO of the airfoil can be found in the works by Dowell
et al. (2004) and Chassaing et al. (2012).

Besides, some scholars introduced higher-order nonlinearity to investigate the multi-stable
characteristics (hard-destabilization) of airfoil flutter. Christiansen et al. (2002) considered two
nonlinear models: an extended normal-form model and a nonlinear version of 2-DOF structural
models. Both models yield the same discovery. The subcritical Hopf bifurcation and the saddle-
-node bifurcation were observed by Poirel and Price (2007). At the interval between these two
bifurcations, the unstable limit cycle represents a separatrix between the equilibrium state and
the fluttering state. Missoum et al. (2010) introduced a methodology for the reliability-based
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design optimization of systems with nonlinear aeroelastic constraints. The proposed approach
was applied to the generation of flutter and subcritical LCO boundary finding a 2-DOF airfoil
with a fifth-order nonlinear stiffness. Moreover, Dribusch et al. (2010) also considered the quantic
nonlinearity stiffness when studying the stability boundary of aeroelastic problems. Hao and Wu
(2019, 2020) considered a quintic nonlinearity of the torsional spring, and showed that the pitch-
fork bifurcation occurred.

Current research of airfoil flutter systems under random perturbation is not all-inclusive
yet; few authors have turned their eyes to random perturbation and airfoil multi-stability. In
the 1990s, Poirel and Price (1997, 2003b, 2012), Poirel et al. (2005) and Lee et al. (1999) and
his colleagues pioneered researches on turbulence-induced stochastic flutter by addressing the
existence of stochastic turbulent perturbation in their studies. Poirel and Price (2007) pioneered
the stochastic bifurcation study of the airfoil flutter system by looking at the effects of stochastic
P-bifurcation of a binary airfoil model. Poirel and Price (1997) examined the stability of an
airfoil model with structural nonlinearity in the pitch direction by incorporating the effects of
turbulence into the longitudinal inflow velocity. A fairly complete description of airfoil flutter
with structural or aerodynamic nonlinearity was involved by Lee et al. (1999), and numerically
investigated the effects of longitudinal turbulent perturbation on Hopf bifurcation and airfoil
flutter boundary. Poirel and Price (2003a) addressed the effects of both longitudinal and vertical
turbulence in their airfoil model.

The larger amplitude of LCO flutter induced by subcritical Hopf bifurcation, which occours
before the linear critical flutter speed, may infect flying security, where the jumping of nonlinear
solutions increases the difficulty of traditional optimization design and critical speed prediction.
Since the airfoil flutter system may exhibit secondary bifurcation and multi-steady state due to
high-order structural nonlinearity, in this paper, the high-order quantic structural nonlinearity
is introduced to investigate nonlinear flutter of the 3-DOF airfoil . By combining the numerical
method and the stochastic P-bifurcation analysis for high dimensional systems, the influence of
parameters variation on the linear and nonlinear critical flutter speed is discussed.

2. Equations of motion

Consider a 3-DOF airfoil with a control surface (flap) and a nonlinear torsional spring (Zheng
and Yang, 2006; Irani et al., 2011). The plunging deflection is denoted by h, « is the pitch angle,
and ( is the flap angle, positive when the trailing edge surface is moved down. The elastic axis is
located at a distance apb from the mid-chord, where b is half of the chord. The wing mass center
is located at a distance x,b from the elastic axis. The axis of rotation of the flap is located at
a distance c;b from the mid-chord, while the flap mass center is located at a distance zgb from
the flap hinge. All the previous distances are positive when measured towards the flap of the
airfoil.

Based on Theodorsen’s linear aerodynamic model in (Theodorsen, 1935), the aeroelastic
equation of motion for nonlinear torsional springs are originally found by Irani et al. (2011) as
follows

mh + Sai + S + Kph =L
Sah + Jud + [J5 + blcen — ap)]B + Ka[kiaa + M(a)] = M, (2.1)
ngl + [J5 + b(cp, — ap)]6 + Jgﬁ + KglkigB + M(3)] = Mg

where K, K}, Kg — linear stiffness coefficients at «, h and 3; S,, Sz — airfoil static moments

about the elastic axis and the flap hinge; J,, Jg — airfoil mass moments of inertia about the
elastic axis and the flap hinge.



Stochastic P-bifurcation of a 3-DOF airfoil with structural nonlinearity

309

Our study ignored the aerodynamic force, aerodynamic moment acting on the flap, hence
Mg was not considered (Mg = 0). M(«) and M () are the nonlinear pitch and flap stiffness
terms. For incompressible flow, the governing equations of the airfoil system are established on
quasi-steady aerodynamics. The aerodynamic lift force and the aerodynamic moment are given
by Zheng and Yang (2006)

L = —2mpbQ* {aQ* +h+ b(% - ah)d}

1 1 1 (2.2)
_ #72( ~ * ] - o *713 -«
M, = 2mpQ"b <2+ah) [aQ —|—h+b(2 ah)a} 271',0Q b°a

where p is mass of the air per unit of volume, Q* is generalized flow speed, the stochastic distur-

bance w7} is considered in Q*, we assume that Q* = @}, + u}, v} is the stochastic disturbance.

In the particular case, we only define high order structural nonlinearity in the pitch degree

of freedom (M(a) = k3aa® — ksaa®), where M(3) = 0 and k3,, ks are nonlinear stiffness

coefficients. Specify the following non-dimensional coefficients by these definitions

h S, S Ky, K,
€=3  mamon o wmmgn o whi=on o W=t
K J, J m Q
2 Bg 2 _ Yo 2 _ B _ _
“B=g, T = e B 2 U= @m =5
* *
t
uT:uT wlzﬂ wgzﬂ T—Qm
bwy Wa Wa b

where 7 is the aeroelastic modal amplitude, rq, 73, ¢ amplitude of «, 5 and ¢&.
We obtain the system of &, f,a &, 8,8, let 21 = &, w9 = §, T3 =, 14 =&, x5 = 3, 16 = 5,
then Egs. (2.1) could be expressed as

T1 = T3

Tg = G121 + a22T2 + A2373 + A24%4 + a25%5 + a26T6 + azr M (3)

Ty =T (2.3)
Ty = a4171 + a42T2 + 4373 + Q4474 + 4575 + ag6T6 + as7 M (23)

T5 = xg

Te = ag121 + a62T2 + A63T3 + aaxs + ae5T5 + ageTe + agr M (x3)

where
2 26(% + ah>U1 2el;
a9, = Q2 (5203 — bco) a9y = T((@Cg —ascp) + (bacs — bzca)
«
26(5 —i—ah)Uz( Ly ) 2eUs b bscs)
a9y = —————(ase3 — azco ascy — ascsg) + 2C3 — 03C2
ur? Q2
1eU1( )+2€(§—ah>(§+ah>U1( )
agy = =— (asce — asc ac3 — asc
24 > w2 3C2 — a2C3 wr? 203 — a3C2
26(% — ah) Uq
- T(bg% — bsc)
2
ew &
azs = Q22 (a2bs — asba) az =0 “r = (asez — azcs)
2 2e( %+ ap )
2 2eU
ag = Q2 L(bics — bser) Q42 = %(al% —ager) + = (bics — bse)
o
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a deterministic system is (z

2¢(L 4+ ap)Us
2 k 2eU:
aq3 = %(alcg — a301) + Q—2a(a’361 — alcg) + 2 (b103 — bgcl)
« m
1 1
1 €U1 26(5 — ah) (5 + ah) U1
Q44 = §u—r§(a301 —aic3) + ur? (a1c3 — aszcy)
26(% — ah) Uq
+ ————(b1c3 — b3c1)
u
w3 e
ags = Q2 2 (a1bs — azbr) ase =0 ag7 = oz (azcr — aics)
2 26(% + ah)U1 2el;
agt = —5-(bica — bacy) age = ————5——(a1ca — aze1) + (bicg — bacy)
Q ur?
ag3z = M(m% —ascy) + —5—(age; — ajez) + 2eUs (brca — bacy)
ur2 Q2
1eU1( )+26(§_ah)(§+ah)U1( )
ags = ——(ajc; — ayc a1Cy — a9C
64 2 ur? 1€1 — a1c wr? 1C2 — aacy
26(% — ah) U1
+ —————(bica — becy)
u
W2
ags = Q2 2 (a1by — azby) ag6 = 0 ag7 = Q2 (ager —aycep)
1
e =
a1bacz — arbzeo — asbicz + azbzeq + azbica — azbacy
a; =1 a9 = Ty az =g
Ta 9 1
by = — by =1 bg = [Tﬁ =+ xg(ch — ah)]—2
rOl TCM
A T
Cl:r_g 02:1+T_§(0h—ah) c3=1
I¢] B
T T)\ 2
T R )
Qm Qm

3. Power density distribution of 3-DOF aeroelastic modal amplitude

Equations (2.3) can be expressd as

= F(z,Qm,T)

here the inflow speed @),, is a bifurcation parameter under which the bifurcation point of
,Qm) = (0,Qmo), and Qo is the bifurcation critical point. Let
= @Qmo +u. It is defined that the perturbation near the Hopf bifurcation point is © = p+urp,
where p is the introduced small parameter, up(7) is the stochastic disturbance. Hence, the
Jacobian matrix concerning perturbation can be expressed as

oF

A(u) =A(0,u,0) = D1 | 5%, 0
t=0



Stochastic P-bifurcation of a 3-DOF airfoil with structural nonlinearity

311

Expanding Eq. (3.2) at u = 0, yields A(u) = Ag + DA(u)|y=0u = Ao + Aju, Hence, Eq. (3.1)
can be rewritten as

x = (Ag+ Aju)x + [F(xi, Qm,t) — (Ao + Au)x] = Aox + Fo(z4,u) (3.3)

where F,(x;,u) are the quadratic polynomials. Assume that the solution of the derived system
(% = Apx) is

x =G(7)b (3.4)

where G(7) = TE(7) is the fundamental matrix of Eq. (3.1), where E(r) =
diag (eM7, 27 M7 eMT oMT AT T = [0y, 02, 03, @4, @5, 6], and b is a function of 7. Aj is
the eigenvalue of Jacobian matrix, A1, Ao are the pair of pure imaginary numbers, and the other
four (A, ..., \¢) have negative real parts, ¢; is the eigenvector corresponding to each eigenvalue.

By substituting Eq. (3.4) into Eq. (3.3) from the method of variation of constants, we have

b= G*(T)Fa(:ci,u)‘x:G(T)b = H(b;, u,7) = [H1, Ho, Hy, Hy, Hs, Hg]" (3.5)

where G*(7) is the inverse of the fundamental matrix G(7). Suppose b are functions of 7, which
is convenient to derive the solution in a more familiarized familiar form

by = relf by = re 10

3.6
by = bi(T) 1=3,...,6 (36)
where r is the aeroelastic modal amplitude, # is generalized phase-angle.
By making use of the stochastic averaging and modified averaging method (Hao and Wu,
2019, 2020), when 7 approaches to infinity, b; = 0 (i = 3,...,6), we obtain the normal equation
by substituting Eq. (3.6) into Eq.(3.5)

. —Hysinf + Hscosf _ o

7= HycosO+ Hysinf = @(r,0,u) 0 (r,0,u) (3.7)
T
where
B(r,0,u) = —[—1.2788 cos(4.56247 — 40) + 1.11845in(2.28127 — 20) + 0.0315

— 0.25185in(6.84367 — 66) — 0.1983 cos(6.84367 — 60) — 0.0905 sin(4.56247 — 40)
— 1.1484 c0s(2.28127 — 20)]ksar® + [0.3319sin(2.28127 — 20) — 0.0181 sin(4.56247 — 40)
— 0.3475 cos(2.28127 — 26) + 0.071 — 0.2395 cos(4.56247 — 40)]kzqr>
+[0.0005 + 0.6777 cos(2.28127 — 20) — 0.5706sin(2.28127 — 20)]pur
+ [0.0099 5in(2.28127 — 20) — 0.0114 cos(2.28127 — 26) — 0.0004] pru’(7)
+ [0.0121 sin(2.28127 — 26) — 0.0156 cos(2.28127 — 26) + 0.0005]purur (1)
&*(r,0,u) = —[—0.2518 cos(6.84367 — 60) + 3.2046 — 0.1514 cos(4.56247 — 46)
+ 1.9169 sin(4.56247 — 460) + 0.1983sin(6.84367 — 66) + 3.5304 sin(2.28127 — 20)
+ 3.2625 cos(2.28127 — 20)|ksar? + [0.7046 5in(2.28127 — 20) + 0.7206
+ 0.2395 5in (4.56247 — 46) — 0.1814 cos(4.56247 — 46) + 0.6533 cos(2.28127 — 20)]kzqr>
+ [~0.8861 — 0.5706 cos(2.28127 — 20) — 0.6777sin(2.28127 — 20)|u
+[0.9902 cos (2.28127 — 20) + 0.114345in(2.28127 — 20) + 0.1512)p (7)
+[0.1214 cos(2.28127 — 20) + 0.1558sin(2.28127 — 26) + 0.1925)purp (1)
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The new normal equation is about r and . By substituting G(¢) and b into x = G(t)b, we
have the expression of x, where ¢ = 1.14067 — 0

€T [ 1.2774r cos ¢ + 0.6538r sin g ]
3 0.7457r cos ¢ — 1.4571r sin ¢

o —2.08847r cos ¢ — 0.99907 sin ¢
o —1.1394r cos ¢ + 2.3821r sin ¢
Ié) —1.2614r cos ¢ — 0.5714r sin
3 | —0.65187 cos ¢ + 1.4387r sin ¢ |

The stochastic average and deterministic average can be utilized in Eqgs. (3.7), and we obtain
the following stochastic equations for the aeroelastic modal amplitude r and generalized phase-
-angle 0

dr = [—0.0320ks0 7> + 0.0072k3o 73 + (5.4284 - 10~ Dp? + 1.7946 - 104 p0)r] dr

+1/3.6238 - 10-4722 D AW (7) (3.9)
df = (—3.0853ksa 7" + 0.6908k3,72 — 0.82591) dr + 1/0.0010Dpu2 dWa(7)

where D is the intensity of stochastic disturbance up, Wi(t) and Wa(t) are two independent
Wiener processes. The probability density function p(r, 7) of the instantaneous aeroelastic modal
amplitude r satisfies the FPK equation

) )
P (gt ) _ —8—{[—0.0320k5ar5 +0.0072k30 7% 4 (5.4284 - 104 Dy
" L o (3.10)
+1.7946 - 10~ 4 p)r]p(r, 7)} + 55,3(3:6238 1074242 Dp(r, 7)]
By solving the FPK equation, we obtain the stationary probability density function
2759.56 0.9905 —3.4494r* + 3.4494r2
ps('r) = ,{MTTO.QQGO'F uD exp( HQD ) (311)

where k is the unified coefficient, and the system stationary response &, 5 , o, &, (3, ﬂ and modal
amplitude are shown in Eq. (3.8).

4. Anlysis of the critical flutter speed

Figure 1 represents bifurcation of the deterministic system, Eq. (2.3), since the high order
nonlinearity term M (a) = k3aa® — ks exists, which causes the second bifurcation and a bi-
-stable steady state of the system. Here, the solid line, dotted line, blue stars are the equilibrium,
unstable response and the corresponding numerical results, respectively. It can be see that the
analytical solution approaches to the numerical solution by adopting the Runge-Kutta fourth-
-order algorithm.

The main parameter involved in the airfoil flutter is the critical folw speed, which is the
critical value of @,,. In Fig. 1, the critical speed of Hopf bifurcation Qg = 1.348 is then de-
fined as the linear critical flutter speed. Moreover, the critical speed of saddle node bifurcation
Qa = 0.478 is defined as the nonlinear critical flutter speed. In Fig. 1, it can be seen that the
nonlinear critical flutter speed is less than its linear counterpart. However, in the 3-DOF airfoil
with structural nonlinearity in the pitch degree of freedom, even below the linear flutter speed,
we encounter large amplitude oscillations.
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Fig. 1. Bifurcation plot for the aeroelastic modal amplitude » with v = 100, z, = 0.25, 3 = 0.0125,
7o = 0.5, 75 = 0.079, w1 = 1.2, wy = 3.5, Mg = 0, M(a) = 0.1746a> — 0.0782a°

The linear critical flutter speed Qg can be determined by linear stability analysis, whereas
the nonlinear critical flutter speed @ 4 can only be determined by nonlinear analysis. The effects
of high order nonlinearity ks, and ks, in the pitching degree on the the nonlinear critical flutter
speed Q4 are obtained through the averaging method. From Fig. 2a, it can be seen that with
the increasing k3, in the pitching degree of freedom, the value of the nonlinear critical flutter
speed Q4 decreases. In addition, the nonlinear critical flutter speed @4 increases with a growth
in the value of ks, in the pitching degree of freedom (Fig. 2b).
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Fig. 2. The cruve of the nonlinear flutter speed Q4 varying with: (a) ksqa, (b) ksa

5. Stochastic P-bifurcation analysis of the stochastic system

For this non-linear 3-DOF airfoil, we analyze stationary response behavior of the system by
investigating the standard equations of the aeroelastic modality amplitude r and 0. First, the
bifurcation equation is selected as

9(r) = R(r, D, i) exp[Q(r, D, j1)] — ps(r) =0 (5.1)
where
2759.56 .99604 2:9905 —3.44947% + 3.4494r2
R(r,D,p) = IUT?" D Q(r,D, ) = 12D

The transition set H (hysteresis set) of the non-linear flutter system corresponding to Eq.
(4.1) is solved by using the singularity theory. Types of the transition sets and their calculation
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methods are the same as those in (Hao and Wu, 2019). Here, the aeroelastic modality ampli-
tude r is a state variable; the stationary probability density ps(r) is a bifurcation parameter;
the intensity D of the stochastic disturbance, the perturbation p of the inflow speed @, near
the Hopf bifurcation point are unfolding parameters.

Figure 4 shows the transition set profile in (D, @,,). Here, the dotted line is the hysteresis
set Ho, and the dot-and-dash line is the hysteresis set H;. The transition sets H; and Hs divide
the parameter plane (D, @,,) into different regions marked as 1, 2, 3.
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Fig. 3. The critical condition of P-bifurcation (transition sets)
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Fig. 4. PDF curves of the aeroelastic modal amplitude r for different regions in Fig. 3

Figure 4 shows the stationary PDF of the aeroelastic modal amplitude r yielded at points
selected in different reginons divided by the transition sets (in Fig. 3). Here, the black curve
and the blue asterisked line are theoretical results and Monte Carlo (MC) simulation results,
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respectively. From Fig. 4, it can be see that the theoretical calculations agree well with the
numerical results which we ran with the Monte Carlo simulation with the sample number set
as 106,

The PDF of the aeroelastic modal amplitude r obtained from region 1 (in Fig. 3) of the
(D, @) parameter plane is shown in Fig. 4a. No large amplitude vibration can be observed in
this region, the response refers to a zero solution and a steady-state.

An obvious peak appears in the amplitude r in the PDF curve when the parameter set
passes through region 1 to region 2 (in Fig. 3) of the (D, @,,) plane, as shown in Fig. 4b. Large
amplitude vibration can be found, but small amplitude vibration still exists.

With the increase of stochastic intensity D, passing from region 2 to 3 in Fig. 3, the second
stochastic P-bifurcation appears, and only one peak in the PDF curve could be observed. Its
probabilistic curve is shown in Fig. 4c. Large amplitude vibration could be observed on the
airfoil, and it corresponds to the steady responses of the system.

Through the analysis of the transition sets and the bifurcation curves, the steady response
of the system depends on the value of (D, @,,) in the diagram. When (D, @,,) obtained from
region 1 (in Fig. 3), the response behavior appears to be like the balance point in a deterministic
system. With the increasing stochastic intensity D, the parameter set will cross the hysteresis
set Hy or even Hs and reach to region 3 (in Fig. 3). This crossing is the occurrence of stochastic
P-bifurcation. The crossing in this direction is associated with the increasing vibration amplitude
until only one peak occurs in the PDF curve, and the system depicts the LCO flutter similar
as in the deterministic case. When the flow speed is lower than the critical flutter speed, for
instance Q,, = 0.25, we can observe the appearance of large amplitude vibrations in the system
with the increase of the intensity D of the stochastic disturbance. Otherwise, the decrease of its
intensity can significantly restrain the behavior of substantial vibration of the airfoil.

In Fig. 5a, slight vibration was located in the steady-state response with the increasing flow
speed @y, for D = 0.6. Another scenario could be observed in Fig. 5b when the (D, @,,) is found
in region 2 (in Fig. 3) as @, = 1.05. The greater the stochastic intensity D is, the higher peak
in the PDF curve could be observed. Hence, the augmentation of stochastic intensity increases
the probability of the substantial vibration of the system.

@) 54 1 ) 59 1 :
\:L/” 95 ~ - ==0Q,=06] \:L/”“ 95 /\ -=-=Q,=034
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r T

Fig. 5. (a) Influence of @, on PDF curves of the modal amplitude r at D = 0.6, (b) influence of D on
PDF curves of the modal amplitude r at @, = 1.05

6. Conclusion

In this work, based on the dimensional multi-steady state stochastic P-bifurcation method,
stochastic nonlinear flutter and stochastic P-bifurcation of the multi-stable 3-DOF airfoil in the
steady flow with a stochastic disturbance are studied.
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The high order nonlinearity in the pitching degree of freedom causes the secondary saddle-
-node bifurcation and bi-stable steady states. Meanwhile, large LCO flutter occurs in the system,
and the nonlinear critical flutter speed is shifted earlier comparing the linear critical flutter
speed of the Hopf bifurcation. Furthermore, the nonlinear critical flutter speed decreases with
an invrease of k3, in the pitching degree of freedom, and increases with an increase of ks, in
the pitching degree of freedom. Moreover, the analysis results show that the large amplitude
vibration could still occur along with the increase of the intensity of the stochastic disturbance
when the flow speed is inferior to the critical nonlinear flutter speed.
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