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Abstract

In order to see whether the divergence phenomenon
of a transport type high-aspect-ratio forward swept wing
can be effectively eliminated by aeroslastic tailoring,
the experimental studies have been performed focusing
attention especially on the transonic regime. The
transonic flutter /divergence boundaries of the two wind
tunnel models, one of which simulates the tailored full
scale wing and the other of which simulates the non-
tailored one, have been determined. The tailored
model has experienced flutter as predicted by the linear
theory which employs the Doublet Lattice Method. That
is, the divergence phenomenon is suppressed by
aeroelastic tailoring. The non-tailored model has
experienced flutter contrary to the theoretical prediction,
which is conjectured as "Shock Stall Flutter", in which
the shock induced flow separation is playing the
dominant role. By comparing the nondimensional
flutter boundaries of the two models, it is shown that ,by
aeroeiastic tailoring, the transonic flutter characteristics
of this particular wing can be improved about 60%-80%
over that of the non-tailored wing.

1. Introduction

Divergence is a destructive aeroelastic phenomenon
which is apt to occur especially for forward swept wings.
This has long ruled out the practical use of forward
swept wings, although they have several aerodynamic
advantages compared with the conventional aft swept
wings. However, the introduction of fibrous composites
into the aircraft structures has been changing this
situation. In early 1970s, Waddoups et al.(1} have first
proposed an idea of controiling aeroelastic
phenomena by positively utilizing the directional
stiffness property of fibrous composites. This
technology called "Aeroelastic Tailoring” has found its
remarkable application in eliminating divergence,
without increase of weight penalty, of forward swept
wings. This has been first demonstrated by Krone(2) in
1974 in his design study using TSO(Taiforing and
Structural Optimization Program)(3).
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The wings he has studied are main wings of an
executive jet transport and a light weight fighter, whose
aspect ratios are moderate 4.0-5.0(2).  The Krone's
conclusion has been extensively examined and proved
theoretically and experimentally by many researchers
in the course of the development of the X-29 forward
swept wing demonstrator . ttis not, however, clear
whether the aeroelastic tailoring is still effective for
high-aspect-ratio transport type wings. Weisshaar(5)
has examined theoretically the effect of aspect ratic on
the divergence tailoring -of forward swept wings
concluding that the tailoring is still likely to be effective
at fairly large aspect ratios. It is, however, to be noted
that, in his study, the effects of tailoring on fiutter of
forward swept wings were not taken into account and
the important transonic aerodynamic effects on the
flutter/divergence characteristics of the forward swept
wings were neglected also. Thus, in order to make his
conclusion more confident, experimental verification
should be pursued.

The purpose of the present study is to examine the -
effects of the aeroelastic tailoring on the transonic flutter

and divergence characteristics of a transport type high-

aspect-ratio forward swept wing. For this purpose, we

have taken the following steps. In the first step, we

have designed a tailored wing of a hypothetical

transformer, which satisfies some given design

requirements (static strength, flutter/divergence

velocity). In addition to this tailored maodel, the non-

tailored wing (therefore it is divergence critical) has

also been designed for comparison purposes. Then, in

the second step, we have designed and fabricated

aeroelastically scaled models of these full scale wings
and determined, experimentally, the asroelastic
characteristics of these models in the transonic tests. In
the following sections, the detailed results of these
analyses and experiments will be described.

2, Design and Analysis of a Full Scale Wing

in Fig. 1, the planform of the full scale wing of a
hypothetical transformer of 150 seater, which we have
studied in the first step, is shown. The aspect ratio of
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Fig. 1 Planform of full scale wing

the wing is 9.5 and the sweep angle of the quarter
chord line is -15 degrees, and the taper ratio is 0.324.
The wing has the natural laminar flow type supercritical
airfoil sections of about 12% thick. The hatched part of
the wing shows the iocation of the box beam. That is,
the front and rear spars are located along the 20% and
60% chord lines, respectively. For this wing, we
tentatively impose the following static strength and
flutter/divergence velocity requirements.

a) It should sustain the static aerodynamic loading
induced by the 2.5G flight condition, which corresponds
with the loading of 794 KN acting on the semispan
wing. (The load distribution induced at M =0.75, and
a=2 deg is assumed)

b) The flutter/divergence velocity should clear
1.2 Vinax (=306 m/s) (Vmax is the design diving speed)
at M =0.75 and altitude of 12,500 ft.

What we have to determine is the laminate
construction of the upper and lower skin panels of the
box structures, which satisfies the above design
requirements.

In order to simplify the analysis it is assumed, as
shown in Fig. 2, that the box beam is composed from
the upper and lower membranes, and the front and rear
shear webs. The laminate construction of the upper
and lower membranes are assumed to be ( B: 66%,
459: 17%, -459:17%)s, where g is the fiber orientation
of the predominant layer, which is to be determined, by
the parametric study, to meet the design requirements.

The parametric study has been done by using the
preliminary design code developed at the National
Aerospace Laboratory. The code is based on the beam
theory(® for the structural analysis and employes the
unsteady lifting-surface theory (Doublet Lattice Method
(M) for the static and dynamic (flutter and divergence)
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aeroelastic analyses. The composite material used for
this parametric study is the Graphite-Epoxy
(T300/5208). The failure criterion used in the present
study is that of Tsai-Wu® ( the strength ratio R of the
weakest layer should be greater than 1 under the 2.5G
loading). The full fuel condition is assumed for
determining the mass distribution. In Fig. 3, the resuits
of the parametric study is shown. The thickness of the
membrane is 12 mm at the root station and is tapered to
the tip station with the taper ratio 0.324, and the same
thickness distribution is also assumed for front and rear
shear webs. In Fig. 3, the behaviors of the flutter
velocity Vi and the divergence velocity Vp, the strength
ratio R of the weakest layer, and the static aeroelastic
deflection Wy and twist angie 8; at the tip station are
plotted with respect to the variation of the fiber
orientation angle p . As seen in the figure, Vp, 6,
and Wy are all very sensitive to the vaiue of p,especially
in the range between B=0° and -10° . That is,Vp
increases rapidly as B varies from 0° to -10° without
degradation of the flutter velocity. it also should be
noted that the static aeroelastic deformations (8; and W
t) is very large for the values of B around 0° since the
wing has the divergence tendency (although Vp still
clears 1.2V yay = 306 m/s).

ltis clear that f=-10° is the best choice for the design
of this wing since VF, Vp and R all satisfy the design
requirements, and Wi and 6¢ also stay in the
reasonable range. The detailed quantitative results for
the full scale wing, which are obtained for $=-10° , are
as foliows: The natural frequencies up to the sixth
mode are 2.28 Hz, 7.78 Hz, 17.7 Hz, 20.8 Hz, 30.0 Hz,
and 34.5 Hz, respectively. W; and 6y are 1.30 m
(Wybo=0.515) and 8, =0.87°, respectively, where b, is
the root semichord. The flutter/divergence conditions
are as follows:
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Fig. 3 Strength and aeroelastic characteristics of the
full scale wing
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VE= 505.4 m/s, fg = 6.83 Hz, kr =0.215,
Vg =1.65, Vp =826.3m/s

where fg is the flutter frequency, kr is the reduced
frequency and is defined by (2xfrbo )VF, and Vg is
defined by VF = Vg/(bowfi) Where ay is the first natural
frequency and u is the mass ratio ( u= m/frp b2 { (
M(1-A )2/3)), m: total mass of semispan (9,100 Kg), 4
:semispan, p: air density, A : taper ratio).

3. Evaluation by Wind-Tunnel Tést

3.1 Design and F
Models

rication of Aeroelastic Scale

In order to confirm the resuits of the design study
described in Sec. 2 for the main wing of the
hypothetical transformer, we have designed and
fabricated the aeroelastically scaled modeis of the full
scale wing. The models are designed to confirm the
flutter or divergence velocities of the full scale wing in
the NAL 0.6 m x 0.6 m blow down transonic flutter wind
tunnel. The planform and the construction of the wind
tunnel models are shown in Fig. 4. As seen from Fig. 4,
the model is constructed from the core composite beam
and the urethane foam to provide the aerodynamic
contours. It is a 1/45.5 scale model of the full scale
wing, and is cantilever-mounted in the wind tunnel wall.
As already mentioned in the previous section, we have
designed two kinds of model, namely, the model which
simulates the tailored wing { f= -109) and the one
which simulates the non-tailored wing { $= 0°). The
laminate construction of the core composite beam of
each mode! is determined so as to simulate the natural
vibration characteristics of the corresponding full scale
wing. As pointed out in Ref. 9, there is a simple relation

URETHANE FOAM

AR =9.50

TAPER RATIO = 0.324

Fig. 4 Planform and construction of aeroelastically simulated wind tunnel

model
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between the laminate construction of upper (or lower)
skin panel of the box structure and that of the solid
beam,. which approximately give the same vibration
characteristics, if the effects of the front and rear spars
of the box structure of the full scale wing are negligible.
The relation presented in Ref. 9 is

h'm X (hg2hy)13

where h';,, hmand hg are defined in Fig. 5, namely,
h'm is the distance to the upper edge of m th iayer from
the symmetry plane of the solid beam, while hy, is the
distance to the upper edge of the m th layer from the
symmetry plane of the upper/lower membrane of the
box beam, and hg is the distance between the
symmetry planes of the upper and lower membranes of
the box beam.

T
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Fig. 5 Definition of laminate constructions of
box skin panels and solid beam

By applying this relation, the laminate construction of
the core composite beams of the models are
determined as (109215, 459y, -45%3gs)g
for the tailored model, which corresponds with the
jaminate construction, (-100:66%,45°:17%, -450:17%)s
, of the skin panels of the full scale wing and as (0°2.1s,
4504, -4505 g5)s for the non-tailored model, which
corresponds with the laminate construction, (0°.66%,
450:17%, -450:17%)s, of the skin panels of the
corresponding full scale wing. It is to be noted here that
the subscript in the expressions of the laminate
constructions of the core composite beams, which are
given above, means the ratio of the thickness of eac_h
jayer instead of meaning the number of plies, which is
the usual definition. The thickness of the beam of the
tailored model (Model A) is determined so that the hard
flutter point is obtained in the operating range of our
wind tunnel. The operating range of the NAL 0.6 m x
0.6 m Transonic Fiutter Wind Tunnel is about 30.0 Kpa -
70 Kpa at M =0.60 and about 40 Kpa - 100 Kpa at M
=0.80. The design point (hard flutter point of the
tailored model) is set at about 62.5 Kpa at M =0.75. The
thickness of the beam thus determined is 5.52 mm at
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the root station and 1.68 mm at the tip station. The
beam is linearly tapered from the root to the tip station.
The chordwise width of the beam is 40% of the local
chord.

The thickness of the beam of the non-tailored model
(Model B) is determined so that the (theoretical)
divergence point is about 80.0 Kpa (at M =0.75) which
is the upper limit of the tunnel operating range, since
our intention is to determine the divergence boundary
of the model by subcritical response technique
(Southwell method (10).(11)). The thickness of the beam
thus determined is 8.64 mm at the root station and 2.68
mm at the tip station.

The mass distributions of the models are determined
by applying the aeroelastic similarity rule between the
full scale wing and the scale models. The core
composite beams of both models are fabricated by
using the pre-pleg TOREKA T300/P3060B12. The
measured elastic moduli of the material are E =130.0
Gpa, ET=9.87 Gpa, v =0.334, and G_1=4.85 Gpa.

3.2 Natural Vibration Characteristics

The natural frequencies and mode shapes of each
model were measured by the ground vibration test.
The results are shown in Fig. 8a for the tailored model
(Model A) and in Fig. 6b for the non-tailored maodel
(Model B). The theoretical values of the natural
frequencies and the node lines, which are caiculated by
the beam theory, are also shown in the same figures for
comparison. The theoretical values of the natural
frequencies, shown in the figures are those calculated
by adjusting the flexibility matrix so that the first natural
frequency matches to that of the test. It should be noted
that the distributions of the natural frequencies ( fn/ffy )
and the nodal lines are in good agreement between the

theory and the test for both the tailored and non-tailored
models.

In order to see how well the wind tunnel model
simulates the natural vibration characteristics of the
hypothetical full scale wing, the distributions of the
{experimental) natural frequencies and the node lines
of the wind tunnel model and those (theoretical) of the
full scale wing are also compared in Figs. 7a and 7b for
the tailored and the non-tailored wings, respectively.
As seen from the figures, the wind tunnel models well
simulate the natural vibration characteristics of the full
scale wings.

3.3 Test Results and Discussion

The fiutter tests have been conducted in the 0.6 m x
0.6 m blow-down transonic wind tunnel of National
Aerospace Laboratory. During the flutter tests, the
dynamic pressure of the test section has been swept ,
with a specified (constant) Mach number, from low 1o
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Fig. 6a Tailored mode! (Model A)
Natural frequencies and node lines

of wind tunnel model
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Fig. 6b  Non-tailored mode! (Model B)
Natural frequencies and node lines
of wind tunnel model
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Fig. 8a Flutter dynamic pressure and
frequency of tailored model!

high values to obtain the hard flutter point. The strain
guage signals from the models, which were obtained
during sweeping the dynamic pressure, were recorded
on the data recorder, having been used later for
determining the hard fiutter point and for the divergence
point estimation by Southwell method.

In Fig. 8a, the experimental flutter boundary and
frequencies of the tailored model (Modet A) are plotted
together with the divergence boundary estimated by
Southwell method. The angle of attack of the model at
the root station is 29 . The theoretical flutter and
divergence boundaries of the mode! are also plotted in
Fig. 8a for comparison. The theoretical values are
obtained by employing the measured natural vibration
modes and Doublet Lattice aerodynamics. As seen
from the figure, the experimental flutter boundary is
lower than the divergence boundary estimated by
subcritical response data.  This confirms the resuits of
the design study described in Sec. 2. it is also
interesting to see that the fiutter boundary does not
show the transonic dip phenomenon, which is
commanly experienced for swept back wings with
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Fig. 8b Flutter dynamic pressure and
frequency of non-tailored model

supercritical airfoil sections(12). It is to be noted that the’
linear theory does a fairly good job for reproducing the
experimental flutter boundary in this case.

In Fig. 8b, the experimental flutter boundaries and
frequencies of the non-tailored model (Model B) , which
ars obtained for a=0° and a=20 respectively, are plotted
together with the theoretical divergence boundary
which are calculated by using measured natural
vibration modes and Doubiet Lattice aerodynamics. As
shown in the figure and also discussed in Section 2, the
theoretical prediction says that this non-tailored model
should be divergence critical rather than flutter.
However, what we have obtained in the experiment for
this model is flutter rather than divergence as seen in
Fig. 8b. This flutter phenomenon has two unusual

characteristics compared with the conventional flutter

such as experienced for model A. The first one is the
flutter frequency. As seen in Fig. 8b, the flutter
frequencies are about 64 Hz - 75 Hz depending on
Mach numbers, which are slightly lower than the first
natural frequency of this model (80.7 Hz). The second



characteristics is that the flutter boundary depends
strongly on the mean angle of attack, that is, the fiutter
dynamic pressure decreases about 30% - 40% by
changing the angle of attack from 0° to 2°. Further
more, the divergence point estimated at M =0.73 and
am =00 by Southwell method is about 145.1 Kpa which
is far above the experimental flutter boundary and the
theoretical divergence boundary shown in the figure.
From those characteristics it is conjectured that the
flutter experienced by this non-tailored model is "Shock
Stall Flutter", in which the shock induced flow
separation is playing the dominant role. It can easily
be demonstrated that there is a mechanism of a single-
degree-of-freedom flutter when the first natural mode
shape of the wing has a wash-in tendency and the
variation of the unsteady aerodynamic forces shows the

flutter. Although, the law sped stall fiutter only occurs at
high angles of attack, the "Shock Stall Flutter" can occur
even at low angles of attack since the non-tailored wing
has a strong divergence tendency and the jocal angle
of attack induced by the static aeroelastic deformation
easily reaches the shock stall angle (which is the order
of 50 - 6° ), leading to the "Shock Stall Flutter". The
very high divergence dynamic pressure estimated by
the subcritical response technigue seems to be
attributed to the loss of the lift force due to the
occurrence of the shock stall phenomenon. In order to
validate these conjectures, further investigation should
be pursued.

In order to see the improvement, by aeroelastic
tailoring, of the aeroelastic characteristics of this

hysteresis like that experienced for low speed stall forward swept ~ wing, the dimensionless
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Fig. 9 Experimental and theoretical fiutter/divergence characteristics
of aeroelastically tailored and non-tailored high-aspect-ratio
forward swept wings
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flutter/divergence speeds of both the tailored and non-
tailored modeis are plotted in the same figure, Fig. 9.
As seen in the figure, by aeroelastic tailoring, we can
eliminate divergence and improve the transonic flutter
characteristics about 60% - 80% over that of the non-
tailored wing.

4, Concluding Remarks

In order to see whether the divergence phenomenon
of a transport type high-aspect-ratio forward swept wing
can be effectively eliminated by aeroelastic tailoring,
the experimental studies have been performed focusing
attention especially on the transonic regime. The
transonic flutter /divergence boundaries of the two wind
tunnel models, one of which simulates the tailored full
scale wing and the other of which simulates the non-
tailored one, have been determined. The tailored
model has experienced fiutter as predicted by the linear
theory which employs the Doublet Lattice Method. That
is, the divergence phenomenon is suppressed by
aeroelastic tailoring. The non-tailored model has
experienced flutter contrary to the theoretical prediction,
which is conjectured as "Shock Stall Flutter", in which
the shock induced flow separation is playing the
dominant role. By comparing the nondimensional
flutter boundaries of the two models, it is shown that by
aeroelastic tailoring, the transonic fiutter characteristics
of this particular wing can be improved about 60%-80%
over that of the non-ailored wing.
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