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This paper presents an investigation into the dynamic stability of skew plates acted upon
simultaneously by an aerodynamic force in the chordwise direction and a random in-plane
force in the spanwise direction. Due to this random in-plane force, the plate may become
unstable before the aerodynamic force reaches its critical value. In this work, the finite
element formulation is applied to obtain the discretized system equations. The system
equations are then partially uncoupled and reduced in size by the modal truncation method.
Finally, the unsmoothed and the smoothed versions of the stochastic averaging are used to
calculate the system response, and the second-moment stability criterion is utilized to
determine the stability boundary of the system. Numerical results show that the stability
boundary obtained by the smoothed stochastic averaging is less conservative than that
obtained by the unsmoothed version, and the former is the tangent of the latter at zero
spectral density of the random in-plane force.

© 2002 Academic Press

1. INTRODUCTION

The elastic stability of panels in air flow has been extensively studied by aeroelasticians
[1-3]. In most of the references, panels are considered to be acted upon by the aerodynamic
force only and to deal primarily with the determination of the critical value of the
aerodynamic pressure or of the response amplitude of the limit circle.

In reality, panels may also be subjected to in-plane forces, which are induced by the
surrounding structures, in addition to the aerodynamic force. The in-plane forces
considered by researchers include static forces, periodic forces and random forces. Dugundji
[4] found the exact solution of a simply supported rectangular plate subjected to
aerodynamic and static in-plane forces. The critical aerodynamic pressure of a quadrilateral
plate acted upon simultaneously by in-plane loads was calculated by Sander et al. [5] by
using conforming and non-conforming finite elements.

For panels subjected to periodic in-plane forces, Dzygadlo and Kaliski [6] and Dzygadlo
[7] determined the stability boundary of a simply supported rectangular plate for subsonic
and supersonic air flow. Librescu and Thangjitham [8] examined the dynamic stability of
simply supported shear-deformable flat panels subjected to in-plane edge excitation.
Recently, the dynamic stability of skew plates acted upon by acrodynamic and periodic
in-plane forces was studied by Young and Chen [9, 10]. The aerodynamic force considered
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Figure 1. Configuration and finite element mesh of a cantilever skew plate subjected to both aerodynamic and
random in-plane forces.

in these two papers is either below or beyond the critical value, and the in-plane force is
assumed to act in the spanwise direction different from the direction of the air flow. They
found that the in-plane force may, in certain situations, bring about instability before the
aerodynamic force reaches its critical value and stabilize the system as the aerodynamic
force exceeds its critical value.

The effect of random in-plane loading was investigated by Ibrahim and his students
[11, 12] who determined the second-moment stability boundaries and response amplitudes
for an infinitely long elastic plate by the moment equation approach. The in-plane loading is
assumed as the sum of a constant force and a Gaussian white noise and is acting in the
direction of the air flow. Later, Potapov [13] examined the same problem for an infinitely
long viscoelastic plate.

This paper studies the dynamic stability of cantilever skew plates subjected
simultaneously to an aerodynamic force in the chordwise direction and a random in-plane
force in the spanwise direction. The aerodynamic force is modelled by the piston theory, and
the random in-plane force is assumed as a physical noise with a zero mean. In this work, the
finite element formulation is applied to obtain the discretized system equations. The system
equations are then partially uncoupled and reduced in size by the modal truncation
method. Finally, the unsmoothed and the smoothed versions of the stochastic averaging are
used to calculate the system response, and the second-moment stability criterion is utilized
to determine the stability boundary of the system.

2. EQUATION OF MOTION

A cantilever skew plate of side length a x b with a skew angle 0 subjected to both
aerodynamic and random in-plane forces is shown in Figure 1. Based on the
two-dimensional first order theory (also called the piston theory) [14], the equation of
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motion for a thin plate with small-deformation assumption is given by

phw—DV“w—i—(ﬁa—éz—i-uw) f()awzo. 1)

In the above equation, w is the transverse displacement; {5 is one of the skew co-ordinates,
as shown in Figure 1; p, h and D are the mass density, the thickness and the flexural rigidity
of the plate, respectively; V* is a biharmonic operator in Cartesian co-ordinates; the
overdot denotes a partial differentiation with respect to time t; the aerodynamic pressure
parameter § and damping parameter y are

B=2q/yM5 —1 and p=(B/V)IM: —2)/(MZ — 1],

where ¢ is the dynamic pressure, M, is the Mach number, and V' is the flow velocity.
The equation of motion, equation (1), is a partial differential equation with
time-dependent coefficients, and the problem possesses no exact solutions. Therefore, an
approximate method must be utilized to find an analytic solution. In this paper, the finite
element method is used to separate the dependence on the spatial co-ordinates first. By use
of the three-node, nine-degree-of-freedom triangular element [15], the displacement within
an element can be written as
w = NTd,, 2

where the shape function vector N and the nodal parameter vector d, are given in the book
by Zienkiewicz [15]. Substituting equation (2) into equation (1), going through the finite
element formulations yields the following equation for the discretized system [9]:

[M]d +—[C]d +[K,]d +— [F,]d +

pha pa pa’ f(tl))a2 [F]d =0, 3)

where [M ], [C], and [ K, ] are the mass, damping, and stiffness matrices, respectively; [ F; ]
and [F,] are the force matrices due to the in-plane and the aerodynamic forces, respectively,
and d is the column matrix formed by all the d,. Note that the damping matrix [C] is equal
to the mass matrix [ M] because both ph and u are constants.

Equation (3) is a set of simultaneous differential equations with variable coefficients and
cannot be solved exactly. To improve the solvability of the system equations, a modal
analysis procedure is then applied to decouple the autonomous terms in the equations. In
the meantime, since flutter usually occurs among the lowest few modes, a modal truncation
is taken during the modal analysis procedure to reduce the size of the system equations.
Therefore, introduce a linear transformation

d=[Y]v 4)

where [ Y] is a truncated right modal matrix formed by the first J normalized modes of the
corresponding undamped, autonomous system, i.e.,

3
WMy, = (KD + P Dy, and a[Mly=1 j=1.2...0 ()

in which w; = &;\/pha*/D with &; being the natural frequency of the corresponding
undamped, autonomous system; y; and z; are the right and left eigenvectors of the
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corresponding undamped, autonomous system, respectively, since the matrix [F,] is
asymmetric. Note that the random in-plane excitation f'(¢) is assumed to have a zero mean
here; otherwise, the constant part of the in-plane force has to be included in equation (5).
Substituting this transformation into equation (3) and premultiplying the transpose of the
corresponding truncated left modal matrix [Z]" formed by the first J normalized modes to
the equation yields the following reduced and partially uncoupled form if the aerodynamic
pressure parameter [ is smaller than its critical value f,,.:

f()a?

4
pha ¥+ [0+ [GIv =0, 6)

D

4
. ua
v—I—D

where the matrix [G] = [Z]"[F][Y ], and [@w?] is a diagonal matrix with each diagonal
entry being square of the non-dimensionalized natural frequency. Moreover, the temporal
variable is changed such that the differential equation is in terms of the dimensionless

variable t = \/(D/pha*)t. This change transforms equation (6) into the form
- J
v} (z) + 200)(7) + 0jv;(t) = — f(0) Y gpon(x), j=1,....7, (7
r=1

where v; and g; are entries of the matrices v and [G], respectively, “’” denotes
a differentiation with respect to t, « = pa?/2./phD, and f = fa?/D.

3. THE UNSMOOTHED STOCHASTIC AVERAGING

When the aerodynamic pressure parameter /5 increases and approaches its critical value
B.r» two natural frequencies of the system, say w, and w,, get close, and the system behavior
is dominated by these two modes. Therefore, the system can be approximated by
a two-degree-of-freedom system by considering only these two modes, i.e., equation (7) can
be rewritten as

Vj(2) + 20),(1) + 020,(1) = — f(1)(2pp0p + Zpgla)s
vy (1) + 20w,(7) + W20,(1) = — f(T)(ZupVp + Lagla)- ®)

Letting [ vy, y2, V3, Ya] = [V, U}, v,, U], the above equation can be written as a set of first
order differential equations,

Vi=Gro+ Gi1f(0), Vo =Gz + G2 f (1),
Vs =Gso+ G31 (1), Vo= Gao + Guy f (1), )
where Gig = y,, G, =0,
Gao = — (2uy, + 0y y1), Ga1 = — (&ppV1 + &paV3):
Gio0 = V4, G;; =0,

Gao = — 2oy + G);ys), Gy = — (gqu’1 + gqqy3)'
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If the relaxation time of the system is much larger than the correlation time of the random
in-plane excitation f(t), the system response can be approximated as a Markov process
governed by the following Ito differential equations [16]:

dyi=mid‘c+6,-dej, i,j=1,...,4, (10)
where B; are mutually independent Wiener processes with a unit variance, m; and o;; are the
drift and the diffusion coefficients, respectively. If the autocorrelation function of the

random in-plane excitation Ry (t) is stationary and non-zero only within a small
neigborhood around the origin T = 0, m; and ¢;; can be given by

0 9G;
m; = Gy +Z‘[ TAG}l,r*Rff(T*)dT*’
Jj — yj

o0

(1061 )y = J GitGyr o Ry () de%, ij = 1,....4, (1)

— o0

where ([¢][a]");; denotes the i-jth entry of the product of the diffusion matrix and its
transpose, and Gy +(*) = Gj1(+, T 4+ t*). This is referred to as the unsmoothed version of
the stochastic averaging [16]. Assume further that f(7) is a delta-correlated noise, i.e.,

where S is the spectral density of f (7), and 6(-) denotes a Dirac delta function. Then the
expressions for m; and the non-zero ([¢][¢]");; can be easily calculated as

my =Yy,
2 S 2
m; = — 20‘)}2 + pr - E [(gpp + gpngp)yl + (gppgpq +gpngq ))73] H

msz = Y4,

S
my = — {ZO!)M +ogys — 2 [(2ar8rp + BaaZap) V1 + (ur€pa + Lia )ysj}’ 12

([o1[0]")22 = (gppV1 + &paY3)’s
(01001 )24 = ([61[01" a2 = (EppY1 + Zpa¥3)(EapV1 + LaaV3):
([61[61 )as = (g4p¥1 + 8aaV3)*
The above results can also be obtained by the Wong-Zakai convergence theorem [17].

By Ito’s differential rule, the stochastic differential equation for y;y; may be obtained
as

d(y1y;) = (miy; + mjy; + 30u0;)dt + (ouy; + cpy)dBy, ijk=1,...,4, (13)



406 T. H. YOUNG ET AL.

where a repeated index indicates a summation over its range. Taking the ensemble average
yields the following second-order moment equations:

d S
aE[Yﬂz] = - 29‘E[Y1yz] + E(gpngq + gppgpq)E[y1y3]

S
- [wﬁ ) (gpp + gpngp)} E[yil+ E[y3],

d
aE[J’l)@] =E[y1ys] + E[y2y3],

d S
3 Byl =— [wﬁ -3 (Zaq + gqupq)]E[ylys] —20E[y1ya] + E[y2)4]

S
+ 5 (gqupp + gqngp)E[y%]a

d S
g B2yl = — [wi -3 (gor + gpngp)}E[yl v3] —20E[y>y3] + E[y2)4]

S
+ 5 (gpngq + gppgpq)E[yg]a
d S
a E[y2y4] = E(gqupp + gqngp)E[.VlyZ] + S(gppgqq +gpngp)E[y1y3]
2 S 2 2 S 2
— | @p — E (gPP + gpngp) E[yi1y4] — Wy — E(gqq + gqupq)

S
X E[y2y3] - 40{E[.V2.V4] + E(gpngq + gppgpq)E[y3y4]
+ S2pp8ap ELYT] + 52080 ELV31, (14)

d S
i E[ysys] = 3 (Sar&pp + €4a€ap) E[V1Y3] — 20E[y3y4]

S
- [wi ~5 (g + gqupq)}E[y%] + E[yi],

d
d—E[ny =2E[y1):],
T

d
= E[y3]=—[2w;, — S(gpp + oa&€ap)1E[V1Y2] + 252,p8pa E[V1 V3]
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+ S(gpngq + gppgpq)E[J’2y3] + SgﬁpEEY%]

—4uE[y3] + SgpE[¥3 1.

d
T E[y3]1=2E[ys3y4],
T

d
aE[yi] = Zqupgqu[y1y3] + S(gqupp + gqngp)E[y1y4]

— [2w; — S(gaq + ap&pa)1E[V3Ya] + SganE[¥1]
+ SgZE[y3] — 42E[y3].

Letting e = {E[y1y,], E[y1Y3], E[¥1Y4], E[¥2y3], E[y2ya], E[y3yal, E[y1], E[y3],
E[y3], E[y:]}", the above moment equations can be written as

d
aez[H]e, (15)

where [ H] is a constant square matrix. The sufficient and necessary condition for the system
to be stable in the second-moment sense is the real part of all eigenvalues of [ H] being
negative, from which the second-moment stability boundary of the system can be
calculated.

4. THE SMOOTHED STOCHASTIC AVERAGING

The solution of equation (8) can also be assumed to be of the form
v, =u;cos®; and v, = u,cos P,, (16)
Wlth @1 = CUPT + 4)1 and ¢2 = (UqT + ¢2,

where u;, u,, ¢; and ¢, are the amplitudes and phase angles of v, and v,, respectively.
Under the constraint conditions

, : :
v, = — wpuysin®;  and v, = — w U, sin P,

Uy, U, ¢, and ¢, are found to be

- 1 -
uy = [Fio + Fyy f(1)]sin ¢y, ol :u_l [Fio + Fi1f(t)]cos ¢y,

- 1 ~
uy = [Fyo + Fyy f(r)]sin ¢, 5 = u_z [F2o + F21 f(7)]cos s, (17)
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. 2
where Fio = — 20wy sin ¢y, Fi = o (gppti1 COS Py + gpgti2 COS P2),

p

. 2
Fyo = — 20, sin ¢, Fy = > (ZqpU1€COS Py + goqti> COS ).
4

If the right-hand side of equation (17) is small in some sense, the smoothed version of
stochastic averaging can be applied to obtain the Ito differential equation governing the
solution of the equation. Based on the Khas’minskii limit theorem [18], the solution of
equation (17) converges weakly to a Markov process which is governed by the following Ito

differential equations:

du1 = my dr + 011 dBl + O-IZdBZa du2 = mzdf + 021 dBl + (®P) de,

(18)

where B; and B, denote mutually independent Wiener processes with a unit variance, and

the drift coefficients m; and the diffusion coefficients o;; are given by

ok, 1 0F;
m; = ( Fyosin¢; + ZJ [—lFmr* Sin ¢;sin ¢ . + ———
< 7w | Ou; ! ! u; 0Q;

X Rff(r*) df*> N

([GJEUJT)U=<J Fi1Fj1,z*Sin¢iSin¢j.z*Rff(T*)dT*>, Ij

where the symbol ([ -]) represents the time-averaging operation, i.e.,

<[-]>=T11330%J_T[-]df.

Expressions for m; and ([¢][¢]");; are found to be

3%m+£ﬁ>i

m; = —oug + )
! ! < 4 2up ) w?

2°

3g3qu2 gc?p”%) S
[ +
Wy

m2=—ocu2+< 4 2u2 _

S
(AT s = | oy i + 2620 |

S
([e1[0]")2> = [W (gaqu3z + 2g§pu?)}

([e] [U]T)u = ([a] [U]T)m =0.

1.+SIn ¢; cos qu,,*}

(19)

(20)
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By using equation (18), the Ito differential equations for u{ and u3 can be acquired. Then
taking the expectation on both sides of the equations yields

d 5

de[Ml] =[1‘111 A12:|{E[u%]} 1)
diE[Lt%] Ayy A, E[”%] ’

T

where the elements of the matrix

2 2
&vp Epq
A = — 20( ~ 9 S, A = Sa
1 + 20, 12 202
2 2
8ap 8aq
Ay =258, Ay, = — 2u S,
7 T

The stability of equation (21) can be assured if all the real parts of eigenvalues of the
coefficient matrix are negative, which can be satisfied by the following conditions:

2 2
22520, 2a-S%s5>0,

20; 20,
2 2 2
20— 502 5 ) (20 — 210 g ) > (EmeBur g ) (22)
2w, 2wy 2mw,m,
These three conditions can all be satisfied if
S g2 g2 g2 g2 2 4g2 gZ 1/2
a>§{<i§+—q§ +H|ZE -5 ) +—57 : (23)
0, o w, W W, Wy

It is observed from the above equation that the critical value of o is proportional to S by the
second-moment stability criterion, which means that the second-moment stability
boundary of the system is a straight line on the S—o plane.

5. NUMERICAL RESULTS AND DISCUSSIONS

Before formally presenting the numerical results for stability studies, flutter analysis of the
system defined by equation (5) must be conducted first. According to the previous study [9],
the finite element mesh is shown in Figure 1 with 126 degrees of freedom, and the number of
modes used in the mode truncation method is taken as 30 in this work. Moreover, for
a cantilever skew plate with aspect ratio a/b = 1, it is found that flutter occurs between the
first and second modes for skew angles up to 30°.

Before the aerodynamic pressure parameter reaches its critical value, the plate is still
stable if subjected to the aerodynamic force alone. In this situation, if the plate is subjected
to a random in-plane excitation in addition to the aerodynamic force, it may become
unstable according to the previous analysis. Figure 2 presents the second-moment stability
boundaries of a cantilever square plate acted upon by an aerodynamic force in the
chordwise direction and a random in-plane force in the spanwise direction in the S—u« plane.
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Figure 2. Stability boundaries of a cantilever square plate acted upon by both aerodynamic and random
in-plane forces in the S-« plane. v = 0-3, f/f., = 0:95: ————, smoothed version; - — - - - , unsmoothed version.

The boundary obtained by the smoothed stochastic averaging is a straight line, as predicted
in the above section, while the boundary obtained by the unsmoothed stochastic averaging
is a curve. It is observed that the straight line is the tangent of the curve at the origin.
Therefore, for a small spectral density of the random excitation, the solution obtained from
the smoothed stochastic averaging is the best approximation to that of the unsmoothed
stochastic averaging. The stable region (SR) lies beneath the stability boundary, and hence
the stability boundary calculated from the unsmoothed stochastic averaging is more
conservative than that from the smoothed stochastic averaging.

Figure 3 shows the effect of acrodynamic pressure on the second-moment stability
boundary of the cantilever square plate as considered in Figure 2. Figure 3(a) shows the
stability boundaries obtained by the unsmoothed stochastic averaging, and Figure 3(b)
shows the stability boundaries obtained by the smoothed stochastic averaging. All the
stability boundaries start from the origin because in the absence of the random in-plane
excitation, the plate is still stable if the aerodynamic pressure does not exceed the critical
value. The figure also reveals that an increase in the aerodynamic pressure will lower the
stability boundary, leaving a smaller stability region. This is attributed to the fact that
a larger aerodynamic pressure pushes the system closer to the unstable configuration.
Consequently, it needs a smaller random in-plane excitation to force the system to be
unstable.

The effect of damping on the second-moment stability boundary of the cantilever square
plate as considered in the previous figure is depicted in Figure 4. All the stability boundaries
in Figures 4(a) and 4(b) end at the lower right corner of the figure, at which §/f.. = 1-0,
because in the absence of the random in-plane excitation, the plate becomes unstable as the
aerodynamic pressure reaches its critical value. The figure also shows that a larger damping
factor o corresponds to a higher stability boundary and results in a larger stability region.
Actually, a larger damping consumes more energy from the system, which needs a stronger
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Figure 3. The effect of aecrodynamic pressure on the second-moment stability boundaries of a cantilever square

plate, v=03: (a) the unsmoothed averaging; (b) the smoothed averagingg ———, f/f, =090; - - - - - s
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Figure 4. The effect of damping on the second-moment stability boundaries of a cantilever square plate, v = 0-3:

(a) the unsmoothed averaging; (b) the smoothed averaging: ———, . =002; - - - - - , =005 ----—--- s

o=01.

random in-plane excitation to destabilize the system. Therefore, the effect of damping is
favourable in this case.

The effect of the spectral density of the random in-plane excitation on the
second-moment stability boundary of the same square plate is illustrated in Figure 5. Note
that the stability boundaries, obtained by the smoothed stochastic averaging, in Figure 5(b)
are not straight lines any more. All the stability boundaries in both figures rise quickly and
approach the horizontal line §/f.. = 1-0 as the damping factor « increases. This shows that
as the aerodynamic pressure is well below its critical value, stability of the plate is mainly
decided by the damping and random in-plane excitation. However, if the aerodynamic
pressure is very close to its critical value, stability of the plate is predominantly affected by
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Figure 5. The effect of the spectral density of the random in-plane excitation on the second-moment stability
boundaries of a cantilever square plate, v =0-3: (a) the unsmoothed averaging; (b) the smoothed averaging:
, S =002 ----- ,S=005------- ,S=01.
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Figure 6. Stability boundaries of a cantilever skew plate acted upon by both aerodynamic and random in-plane
forces in the S-uo plane, a/b = 1-0, v =03, 6 = 30° and f/f. = 0:95: ————, smoothed version; - - - - - N
unsmoothed version.

the random in-plane excitation and the aerodynamic pressure itself. Above the line, the
system is unstable even if the random in-plane excitation is absent. It is found from the
figure that a larger spectral density corresponds to a lower stability boundary, leaving
a smaller stability region. Therefore, the effect of the spectral density of the random in-plane
excitation is destabilizing in this situation.

Figure 6 presents the second-moment stability boundaries of a cantilever skew plate
subjected to both aerodynamic and random in-plane forces in the S—a plane. Although this
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Figure 7. The effect of the skew angle on the second-moment stability boundaries of a cantilever skew plate,
a/b =10, v =03 and /.. = 0-95: (a) the unsmoothed averaging; (b) the smoothed averaging: ———, 6§ = 0°;
=15% =30°.

is a skew plate, not a square plate as studied in Figure 2, the stability boundary obtained by
the smoothed stochastic averaging is a straight line and is again tangential to that obtained
by the unsmoothed stochastic averaging at the origin. Also, the stability boundary
calculated from the unsmoothed stochastic averaging is more conservative than that from
the smoothed stochastic averaging.

Figure 7 shows the effect of the skew angle on the second-moment stability boundary of
the cantilever skew plate considered in Figure 6. Again the stability boundaries in
Figure 7(a) are obtained by the unsmoothed stochastic averaging, and those in Figure 7(b)
are obtained by the smoothed stochastic averaging. All the stability boundaries in both
Figures 7(a) and 7(b) start from the origin because of the same reason as previously
mentioned in Figure 3. In Figure 7(b) a larger skew angle corresponds to a steeper stability
boundary, leaving a larger stability region. Therefore, the effect of the skew angle is
stabilizing if predicted by the smoothed stochastic averaging. However, it is not always true
in Figure 7(a) in which the stability boundary is a little bit higher for a larger skew angle at
smaller values of o but is visibly lower for a larger skew angle at larger values of «. Therefore,
the effect of the skew angle is favorable but not very significant at smaller values of «, and is
unfavorable at larger values of «. The reason for this is: in Figure 7(a), as the skew angle
increases from 0 to 30° the stability boundaries bend more, that is, the curvatures of the
boundaries at the origin get larger. Hence, the tangents of the boundaries at the origin
become steeper for a smaller skew angle, and this is the result shown in Figure 7(b).

6. CONCLUSIONS

The dynamic stability of a cantilever skew plate subjected simultaneously to a sub-critical
aerodynamic pressure in the chordwise direction and a random in-plane excitation in the
spanwise direction was studied in this paper. The unsmoothed and the smoothed versions of
the stochastic averaging are used to calculate the system response. Parametric instability in
the second-moment sense was shown to arise due to the random in-plane force before the
aerodynamic pressure parameter reaches its critical value.
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Numerical results show that the stability boundary obtained by the smoothed stochastic

averaging is less conservative than that by the unsmoothed version, and the former is the
tangent of the latter at zero spectral density of the random in-plane force. The effects of

sy

stem parameters on changes of the second-moment stability boundaries of the system

were studied. It is found that the effect of damping is stabilizing, while the effects of the

ae

rodynamic pressure and the spectral density of the random in-plane excitation are

unfavorable to the second-moment stability of the system. For skew plates, the effect of the

sk

ew angle is quite complicated. It depends not only on the aerodynamic pressure and the

damping factor of the plate but also on the method applied to obtain the system response.
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