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ABSTRACT

Lightweight and high strength composites are attractive as
alternatives to metal alloys for lifting devices such as
marine propulsors. However, most of the work thus far
focus on the steady-state response. The objective of this
work is to study the impact of various nondimensional
parameters on the dynamic hydroelastic response of
composite foils. The results show that if the principal
directions of the fibers are oriented moderately toward the
leading edge, static-divergence instability is avoided, but
flutter instability may become critical. For hydrofoils, a
new mode appears (due to the nonlinear wake effects)
with very low frequency at some high speed, and the
damping of the new mode may go to zero at a critical
higher speed. In contrast, for airfoils, it is one of the
original structural modes that loses its damping during
flutter. Typical flow-induced damping values are higher,
and the natural frequencies are lower, in water than in air.
As the aspect ratio of the foils decrease, the fluid loads
decrease, warping effects become more significant, and
the critical speeds for the onset of elastic instabilities
become higher. Lowering the thickness to chord ratio
lowers the dimensional structural stiffness, natural
frequencies and divergence speed, but the nondimensional results remain unchanged, as the fluid and
plate models omit plate thickness effects and a linear
stress gradient is assumed across the thickness of the
plate.
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INTRODUCTION

High-strength, lightweight composite materials with high
resistance to corrosion and fatigue have been
commissioned during the last few decades for aerospace
and ground vehicles, as well as for wind turbines. There
have been many studies on their aeroelastic response,
interested readers may refer to: (Mihaila-Andres et al
2016) (Farsadi & Hasbestan 2017) (Botelho et al 2006)

(Edwards & Wieseman 2008) (Lottati 1985) (Shirk et al
1986) (Weisshaar & Foist 1985) (Weisshaar 1981)
(Weisshaar 1980) (Minguet 1989). A particular
application of composite structures are their use for
various lift generating surfaces, such as wings, rudders,
ailerons, propeller and turbine blades, etc., which are
essentially cantilevered plates. Depending on their
customizable lay out, composite structures could exhibit
specific material anisotropies. For instance, cantilevered
plates have various bending and twisting degrees of
freedom, and the anisotropic response of composite
materials could be exploited to improve performance. As
suggested by their name, the purpose of lifting surfaces is
to generate lift. Until flow separation develops, lift
increases proportional to their effective angle-of-attack
(AoA), but when the AoA reaches the stall angle, the lift
drops and the drag increases rapidly. Even prior to stall,
the hydrodynamic lift and moment relative to the elastic
axis can lead to elastic deformations that can modify the
hydrodynamic loads, depending on the structural
stiffness. Furthermore, flutter and static-divergence
instabilities may occur as the external forces may negate
the total effective stiffness and damping of the lifting
surface. Note that there exist non-traditional applications
of lifting surfaces, where they are designed to undergo
flow-induced vibrations or flutter for flow kinetic energy
harvesting purposes (e.g. (Akcabay & Young 2012a),
(Akcabay & Young 2012b), (Erturk & Inman 2011)).
In contrast to the vast aerospace applications, composites
are still not frequently used for marine applications. This
is in part because of the challenge with the design of
marine composites and the lack of systematic
experimental data. The fluid forces acting on the marine
structures are higher than the same structure in air
operating at the same speed, as these forces are
proportional to the fluid density, and the density of
seawater is about 850 times higher than air. In addition,
high-speed operations near the sea-surface may be
susceptible to cavitation and ventilation, which can lead
to sudden and drastic load changes, as well as flowinduced vibrations, related instability and control issues

(Young et al 2017). While most aerospace structures tend
to employ hollow or foam core geometries to reduce
weight and to embed various sensors/actuators to achieve
multifunctional structures, the stringent strength
requirements and the harsh sea environments typically
force hydrodynamic lifting devices have solid/non-hollow
profiles (Young et al 2016). (Lin 1996), (Lee & Lin
2004), (Young 2008) are among the first studies that
considered the hydroelastic response of composite marine
propellers. The recent review article by (Young et al
2016) summarizes the current state-of-art of composite
marine propulsors and turbines. The recent works of
(Zarruk et al 2014), (Young et al 2018), and (Liao et al
2019) show the steady-state hydroelastic response of
composite hydrofoils. They show that by taking
advantage of the intrinsic bend-twist coupling properties
of anisotropic composites, hydrofoils can be designed to
undergo nose-down deformations that are proportional to
the load, and hence flow separation, cavitation, and the
onset of static-divergence instabilities could be delayed.
Recall that static-divergence occurs when the effective
structural torsion stiffness is totally negated by the fluid
de-stiffening effects.
In addition to higher fluid forces and lower operating
speeds in water, (Besch & Liu 1974) showed that the
hydroelastic response of submerged structures can exhibit
surprising differences than their counterparts in air.
Specifically, they experimentally and theoretically
showed that a new vibration mode with very low
frequency might appear for hydrofoils operating above a
certain operating speed. Depending on the operating
condition, this new mode may eventually lose its damping
and reach flutter instability, which results in increasing
load fluctuations and vibration in the presence of negative
total damping. The emergence of such a new mode could
be critical for structural designs, as a low frequency mode
without sufficient damping can easily interact with
various ambient excitation sources (e.g. sea state
excitations in marine environments or non-uniform wake
inflow due to hull-propeller-rudder interactions). In
(Akcabay & Young 2019), we have numerically showed
that, indeed, such a new mode may appear for a
cantilevered composite foil/plate in water if there is a
positive coupling between the nose-up twist and bend-up
deformations. Note that the wake of the flow past the
cantilevered foil undergoing unsteady spanwise bending
and twisting deformations exerts nonlinear convolution
terms in the hydrodynamic forces, affecting the elastic
response of the hydrofoil, which in turn permits the
emergence of the new mode. Our same work also showed
that the dynamic-to-static load ratios could be
significantly higher for composite lifting surfaces
operating in water compared to in air.
The objective of this study is to examine how various
critical non-dimensional parameters affect the dynamic
hydroelastic response of composite lifting surfaces. To
focus on the physics, a simple cantilevered plate
configuration is used as a canonical proxy to more

complex lifting surfaces such as propellers, turbines, and
energy saving devices. The focus is on the dynamic
hydroelastic response, as parametric studies of the steadystate response have already been discussed in previous
work by the authors (see (Young et al 2016) for a recent
review). It should be noted that the current work does not
consider free surface and cavitation effects. We also
assume compressibility and viscous effects are negligible,
so potential flow assumptions are assumed to be valid.
The organization of this paper is as follows: Section 2
describes the geometry, the problem setup, and the critical
nondimensional parameters. Section 3 outlines how the
hydroelastic response of a cantilevered composite plate
changes with the nondimensional parameters. Section 4
lists our conclusions and future works.
2.

PROBLEM
DESCRIPTION:
GEOMETRY,
PHYSICAL AND NUMERICAL MODELS

As explained in more detail in (Akcabay & Young 2019),
we model a cantilever composite plate in external fluid
flow with spanwise bending and twisting degrees of
freedom. The model that we study is shown in Fig. 1a,
where L is the length (span) of the plate, 2b is the width
(chord), q is the thickness, and  is the effective angle of
the fibers of the composite material relative to the
spanwise axis, and defined positive when leaning towards
the leading edge. Here, we model the composite plate
with an equivalent unidirectional ply made of a
matrix/resin material reinforced with strong fibers. In
practice, the composite material may consist of many
layers of laminated plies with variable fiber angles and
stacking sequences. However, was shown in (Kramer &
Young 2013) and (Gay & Hoa 2007), the load-dependent
deformation response of such a structure may be
modelled with an equivalent single layer, where the fibers
make an effective angle  with respect to the spanwise
axis.
h(y,t) and (y,t) are used to denote the spanwise bending
and twisting deformations, respectively, defined at the
elastic axis, and t is time. The Cartesian coordinates x-y-z
are chosen such that x is parallel to the incoming flow, y
is along the plate length, and z is such that z  x  y . U0 in
Fig. 1a is the speed of the incoming fluid flow. Fig. 1b is
a cross-sectional view of the plate (normal to the y-axis)
that shows the definitions of various critical length scales
used in the physical model. These length parameters are:
ab, the distance from the mid-chord of the section (where
x=0) to the elastic axis (E.A.), which is positive if E.A. is
aft of the midpoint; 𝑥𝛼 b, the distance from the E.A. to the
center-of-gravity (C.G.) of the section, which is positive if
C.G. is aft of the E.A.; and eb is the distance from the
E.A. to the center of pressure (C.P.), which is positive if
C.P. is upstream of the E.A. The C.P. is the location
where the resultant lift force (Fzfluid) acts, and for most
cases where eb is positive, the lift-force induces a bending
up and nose-up deformation about the E.A. Finally, in
Fig. 1b, 0 is the initial angle-of-attack (AoA) of the plate
with respect to the inflow.

As we have done in (Akcabay & Young 2019), we model
the plate with linear beam equations with bend-twist
coupling term (Ks) that arises due to the fiber orientation

in the plate, and with warping stiffness (Ss). The equations
of this model are given in Eqns. (1) and (2):

Figure 1: A cantilevered composite plate with bending and twisting degrees of freedom with length L, width 2b, and thickness
q in cross flow along the x-axis with a speed U0. The composite plate is made of unidirectional fibers that are aligned with an
angle  with respect to the y-axis along the plate length towards the leading edge of the plate. The initial angle of attack is 0,
and various length scales are defined in the plot (b). Plot (a) is the 3D view, plot (b) is the cross-sectional view normal to the
y-direction. C.P. is the center of pressure, where the resultant lift force, Fzfluid, acts and C.G. is the sectional center-of-gravity.
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In Eqns. (1) and (2), ms is the sectional mass of the plate,
IsE.A. is the sectional mass moment of inertia of the plate
about the E.A., EIs and GJs are the sectional structural
bending and torsion stiffness, and Myfluid is the sectional
fluid induced moment about the E.A.. We neglect gravity
and all the other external forces in this model, and we
assume uniform inflow. The boundary conditions of this
higher-order beam equations are given in Eqns. (3-7).
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oscillations, similar to the geometry shown Fig. 1b. We
applied the steady state lifting line solution of (Glauert
1947) with the 3-D unsteady corrections introduced by
(Yates Jr. 1966) to extend Theodorsen’s 2-D theory to
account for spanwise variations. The method assumes the
flow to be incompressible and inviscid, and to be
tangential to the plate on both its top and bottom
surfaces; and a thin wake sheet being shed from the foil
trailing edge in a direction parallel to the inflow. In Eqns.
(8-9), f is the fluid density. The reduction in the 3-D lift
slope, a0, due to induced downwash velocity caused by
free vortices shed in the wake is shown in Fig. 2.
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The fluid forces and moments are calculated through
Eqns. (8-9), which were originally derived in
(Theodorsen 1935), (Sears 1941) for 2-D unsteady forces
on a thin plate undergoing harmonic heave and pitch
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where  is the oscillation frequency of the spanwise
bending and twisting deformations.
This work considers the spanwise bending and twisting
deformations only. Since the deformations are assumed
to be harmonic, we express them as:

 h( y, t )   H ( y,  ) 


 exp(i t ) .
 ( y, t )   ( y,  ) 

(11)

Finally, H12(k) and H02(k) in Eqn. (10) are Bessel
functions of third kind. In this study, we assume
eb=(1/2+a)b, so that the center of pressure is at quarter
chord aft of the plate’s leading edge.
For steady-state analysis, we omit the time-derivative
terms in the above equation of motions and take k=0 and
use =1, and solve for the resultant deformations as a
function of 0 and U0. For dynamic problems, we predict
 by solving an eigenvalue problem. The numerical
procedure for predicting the eigenvalues follows the
method described in (Beaulieu & Noiseux 1981) in
conjunction with the Secant’s method.
The physical and numerical models described above have
been validated in (Akcabay & Young 2019) (Akcabay &
Young 2018) by comparing the predictions against
published results. Specifically, the composite plate
aeroelastic predictions matched closely with the reported
results in (Edwards & Wieseman 2008), (Lottati 1985).
These validations are not repeated here for brevity.

Table 1 with their physical meanings. Note that the
current list of dimensionless parameters do not include
the ubiquitous Reynolds (Re), Froude (Fr), and cavitation
(𝜎𝑣 ) numbers, as those effects are ignored in our model.
In the presence of Re and Fr effects, it is often difficult to
design a model scale experiment where all the
nondimensional parameters are kept the same between
the model and the full-scale, unless the length scale ratio
is one. This is because it is impossible to satisfy Re and
Fr similarities simultaneously unless the length scale ratio
is one. In addition, it may not be possible to find a
material that ensure all the nondimensional parameters
listed in Table 1 to be the same between the model and
full-scale for very small scale models [(Motley & Young
2012), (Akcabay & Young, 2012b), (Ducoin & Young
2013)].
A closer look at the nondimensional parameters listed in
Table 1 reveals that the total number of independent
variables could be further reduced. First, note that for a
rectangular plate, as shown in Fig. 1a, the 2nd moment of
area, Is, and polar moment of area Js are expressed as:

Is 

2bq3
q2  (2b)2 (2b)3 q
. (11)
, and J s  2bq

12
12
12

Therefore, EI s GJ s  q 2  E G  . If the material is kept
the same between the model scale and full-scale, then
EI s GJ s scales with q 2 . Next, we observe that
ms  s q  2b for a plate with a rectangular cross-section,
where s is the solid mass density. Therefore,   s  f
is just the solid to fluid density ratio.

Figure 2: The effect of the aspect ratio L/2b on the slope of
the 3-D lift coefficient a0 at steady-state hydroelastic
analysis of a rigid hydrofoil.

The key physical parameters that govern the response
are:  (the fiber angle); L, 2b, q, ab, 𝑥𝛼 b, eb (the various
length scales relating to the plate); EIs, GJs, Ks, Ss (the
effective stiffness parameters of the composite plate); ms,
IsE.A. (the sectional mass and mass moment of inertia of
the plate); and U0, f (the flow parameters).





For rectangular slender plates, Ss  EI sb2 a2 1 3
(Lottati 1985). In addition, Ks could be expressed as a
function of the EIs, GJs, and  ; and IsE.A.is just a function
of ms and the sectional geometry of the plate. Hence, the
governing independent parameters are:

 , L,2b, q, a, x , e, EI , GJ , m ,U ,   .


s

s

s

0

f

These 12 parameters have dimensions of length, time,
and mass. Hence, the Buckingham PI theorem yields only
12-3=9 independent nondimensional parameters that can
uniquely describe the physical model, which are listed in

As defined in Table 1, U is the ratio of the inflow speed
to the theoretical static-divergence speed (UDt) of an
isotropic hydrofoil with torsional stiffness GJs without
bend-twist coupling and without warping stiffness
effects. The critical static divergence speed is the speed at
which the steady-state lift-induced moment about the
E.A. is equal to the structural elastic restoring moment
(Young, et al. 2018); hence, UDt is solved using Eqn.
(12):
1
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4L2
is the torsion stiffness of the plate along E.A. in vacuum,
and t0 is the 1st torsion frequency of the plate in
vacuum (derived through the classical beam torsion
model without bend-twist coupling and without warping).
Therefore, UDt is
12
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In this study, we vary AR, q , ,U to study their impact
on the dynamic hydroelastic response and stability
boundaries. Note that it was reported in (Besch & Liu

1974) that different  values would result in different
flutter mechanisms and critical speed limits for isotropic
plates. In the results shown next, we non-dimensionalize
the frequency  as
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where, t is the 1st torsion frequency of the plate in
water (derived through the classical beam torsion model
without bend-twist coupling and without warping):
12





2
GJ s

 t  

 
6
2 1
 s  2b  AR q  
 
 3 32 q  

3.

(16)

SCALING THE DYNAMIC RESPONSE OF
COMPOSITE CANTILEVER PLATES

As shown in (Zarruk et al 2014), (Young et al 2018),
(Liao et al 2019), (Akcabay & Young 2019), the elastic
response of composite cantilever plates varies with
material anisotropy. When the fibers were aligned

towards the leading edge (positive , as in Fig. 1a), the
twist deformations were nose-down and static-divergence
was eliminated. Nose-down deformations reduce the
effective angle of attack, which in turn reduce the lift and
lift-induced moment (Young et al 2018). However, for
positive , above certain high-speeds, flutter instability
became critical (Akcabay& Young 2019). The
mechanism of the onset of the flutter instability was
shown to be different for vibrating plates in water
compared to in air.
For all the results shown next, the reference geometry
and material is the one described in (Akcabay & Young
2018), (Akcabay & Young 2019); namely a 0.3 m long,
0.1 m wide, 0.012 m thick, cantilevered composite plate
made of unidirectional carbon reinforced fibers
embedded in a matrix material. E1=117.8 GPa, E2=13.4
GPa, v12=0.25, G12=3.9 GPa, solid density, s=1540
kg/m3. Table A1 in the Appendix lists the dimensional
values of the reference divergence spend and the
reference 1st torsion mode frequency of the plate in the
fluid it is immersed in.

Table 1: The independent nondimensional parameters governing the physical model

Dimensionless
Parameter

Physical Meaning

Dimensionless
Parameter

Physical Meaning



Fiber angle

  ms   f 2bq 

AR  L 2b

Aspect ratio

a

Eccentricity of the elastic axis
from the midchord

q  q 2b

Thickness to chord ratio

e

Eccentricity of the center of
pressure from the elastic axis

EI s GJ s

Bending to torsion stiffness
ratio

𝑥𝛼

U  Uo UDt

Solid to fluid relative mass ratio

Eccentricity of the center of
gravity from the elastic axis

Flow speed to reference
Divergence speed ratio

First, in Fig. 3 (for =15o) and Fig. 4 (for  =-15o), where
q =0.12 and AR =3, we examine the effect of the solidto-fluid relative mass ratio (  ) and flow speed ( U ) on
the natural frequencies and damping loss factors () of
the eigenmodes of the plate. The frequencies and
damping factors vary with speed because of the
dependence of the fluid loads to speed (Eqns. (8-9)).
Dimensionally speaking, the frequencies are lower for
low  cases, due to the increased fluid added-mass terms,
as they depend on the fluid density. For a similar reason,
typical damping values are higher with lower  . For the
plate in air (case with  =1283) for =15o, the
frequencies of the 1st and 2nd vibration modes tend to
converge with higher flow speeds, but the damping of the
1st mode decreases and becomes zero at the flutter speed
of U =0.65, while the damping of the 2nd mode keeps
increasing. The natural frequency and  of the 3rd mode
is mostly constant over the same range. For the case of

plate in water (  =1.54) for =15o, the natural frequency
of the 1st structural mode (1st among the modes that exist
in quiescent fluid) decreases with increasing speed; at the
same time, a new mode emerges at a speed about U
=1.34 with an initially high damping factor, but at the
flutter speed of U =4.3, the damping of this new mode
vanishes. Note that excessive stresses and cavitation may
prevent the plate from reaching the flutter speed in
practice. It should be noted that U can be greater than 1
for positive fiber angles, as the bend-twist coupling
induces nose-down deformations and hence staticdivergence typically does not occur for such plates.
Recall that the theoretical divergence speed, UDt, was
derived for an isotropic plate with the same GJs but
without the bend-twist coupling or warping stiffness
terms.
For the case with =-15o in Fig. 4, flutter does not occur
in air and in water, but the plate undergoes static-

divergence instability at a much reduced flow speed, U
=0.54 both in air and in water, because of the higher load
created by the nose-up deformation for plates with
negative . Just before the static-divergence, a new mode
arises again, both in air and in water, slightly below the 0
vibration frequency, and the damping value of this mode
suddenly becomes negative at the critical speed. Notice
that static divergence occurred while the structural modes
still have a positive frequency for both the plates in air
and in water. This type of static divergence can be
dangerous, as it can occur without sufficient warning, as
it is caused by the new mode.

here. The results show that for =15o, flutter governs, and
for =-15o, static divergence governs, and both are
caused by the new mode. Also note that for the cases
with =-15o, the natural frequency of the new mode is
very close to zero, and that static divergence again
develops while the natural frequencies of the structural
modes are still positive.

Figure 5: The effect of nondimensional thickness ratio q
and flow speed U on the dimensionless natural frequencies
and associated damping for fiber angle  = 15o and in water.
Figure 3: The effect of nondimensional solid-to-fluid density
ratio  and flow speed U on the dimensionless natural
frequencies and associated damping for fiber angle  = 15o.

Figure 6: The effect of nondimensional thickness ratio q
and flow speed U on the dimensionless natural frequencies
and associated damping for fiber angle  = -15o and in
water.
Figure 4: The effect of nondimensional solid-to-fluid density
ratio  and flow speed U on the dimensionless natural
frequencies and associated damping for fiber angle  = -15o.

For the plate in water (  =1.54) and for AR=3, Figs. (5)
and (6) show the effect of changing the flow speed U and
q , the relative thickness of plate, for =15o and =-15o,
respectively. The results with q =0.06 and 0.12 are
essentially the same; although, dimensionally speaking,
the critical speeds and the typical frequencies will be
significantly lower with thinner plates (as shown in Table
A1 in the Appendix). Our plate model postulates a linear
stress gradient across the thickness and our fluid model
altogether omits plate thickness effects via the “thin
plate” assumption. Therefore, it is intuitive that changing
the relative plate thickness would not result in any
difference to the nondimensional quantities considered

Figs. (7) and (8) show the effect of changing the flow
speed U and aspect ratio, AR, of the plate in water ( 
=1.54), for when q =0.12. Dimensionally speaking, as
the AR increases, the dimensional loads will increase, the
natural frequencies will decrease, and the critical speeds
will decrease. The nondimensional trends of the behavior
for AR=3 and 6 are similar, but these responses are
different from the response with AR=1. This difference is
because of reduced downwash effects with higher AR
(Glauert 1947). In Figs. (7) and (8), note that the
reference divergence speed scale used to nondimensionalize the speed does not account for the
warping stiffness effects, which are increasingly
important with plates with shorter aspect ratios; hence the
reference velocity scale under-predicts divergence speed
for short plates. A similar argument holds for the

predicted versus the theoretical reference 1st torsion
natural frequency in water. The theoretical divergence
speed, UDt, also does not account for the stiffening (or destiffening) due to positive (or negative) bend-twist
coupling effects and hence underestimates (or
overestimates) the divergence speed for plates with
positive (negative) fiber angles. Note that comparison of

U with AR for an isotropic plate (i.e. without bend-twist
coupling) but with warping is given in Table A2, both of
which converges toward 1.0 with higher AR, i.e. as
warping effect becomes negligible. Similarly, Table A3
shows the predicted 1st torsion frequency in still fluid
converges to the predicted value of 1.0 with higher AR, as
warping effects becomes negligible.

Figure 7: The effect of the aspect ratio AR and flow speed U on the dimensionless natural frequencies and associated
damping for fiber angle  = 15o and in water.

Figure 8: The effect of the aspect ratio AR and flow speed U on the dimensionless natural frequencies and associated
damping for fiber angle  = -15o and in water.
4.

SUMMARY AND CONCLUSIONS

We have derived the critical nondimensional parameters
that govern the dynamic elastic response of composite
hydrofoils and airfoils. Specifically, the nondimensional
parameters considered include the relative mass ratio,
relative velocity ratio, aspect ratio, and thickness-to-chord
ratio. We approximated the plate vibrations by coupling a
dynamic composite beam model with and an unsteady
potential flow model with the 3-D corrections given by
(Yates Jr., 1966). The current model ignores the influence
of fluid viscosity, free surface, and cavitation.
The results show that the natural frequencies and damping
coefficients of hydrofoils and airfoils change with speed
because the fluid forcing terms change with speed. For

the same composite foil, the in-water natural frequencies
tend to be lower, and the damping coefficients tend to be
higher, than the in-air values. When the fibers are oriented
moderately towards the foil leading edge, bend-up and
nose-down deformation results from positive incidence,
which tends to decrease the loads relative to the rigid
values and static-divergence can be avoided. When the
fibers are oriented towards the foil trailing edge, bend-up
and nose-up deformation results from positive incidence,
which tends to increase the loads relative to the rigid
values and promotes static divergence in addition to stall
and cavitation.
For composite hydrofoils, a new mode may arise at
certain critical speeds, initially with near zero natural
frequency and with relatively high damping. For cases in

air and in water where the fiber angle is leaned towards
the trailing edge, the natural frequency of this new mode
remains very close to zero, and static divergence develops
when both the natural frequency and the damping of this
new mode go to zero, while the natural frequencies of the
structural modes (modes that exist in quiescent fluid) are
still positive. This type of static divergence can be
dangerous, as it can occur without sufficient warning. For
cases in water where the fiber angle is leaned towards the
leading edge, at higher speeds, the frequency of this new
mode grows and the damping may vanish, resulting in
flutter. In contrast, in air, flutter typically occurs when
one of the original structural modes of the plate losses its
damping at a critical speed. The emergence of the new
mode for hydrofoil is caused by the speed dependency
and memory effect of the fluid damping and de-stiffening
force terms. The new mode can lead to destructive largeamplitude low-frequency vibrations and even flutter at
higher speeds. Some of these dynamic results above were
also dimensionally discussed in (Akcabay & Young
2019), and the static-divergence results are also in line
with the theorertical data given in (Young et al 2018).

Table A2: Effect of plate aspect ratio (AR) on the predicted
divergence speed for q =0.12,  =1.54, with GJs=224.6
N.m2 and Ks=0 (i.e. no bend-twist coupling. In the absence of
warping stiffness, the divergence speed should be at U =1.

AR
1
3
6

U at divergence
2.69
1.48
1.23

Table A3: Effect of plate aspect ratio (AR) on the predicted
1st torsion natural frequency in still fluid for q =0.12, 
=1.54, with GJs=224.6 N.m2 and Ks=0 (i.e. no bend-twist
coupling). In the absence of warping stiffness, the 1st torsion
frequency should be at  =1.

AR

 for 1st torsion in still fluid

1

2.22

3

1.36

6

1.16
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