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SECTION I
INTRODUCTION

Until recently, consideration of aercelastic divergence has essen-
tially eliminated the forward swept wing as an aircraft design option,
The static aeroelastic instability of divergence of 1ifting surfaces is
well known. Bisplinghoff [1] presents the classical trend of divergence
speed as a function of wing sweep. In the figure taken from his text
(Figure 1), he shows the divergence speed for a conventional wing re-
duces dramatically with moderate forward sweep, but the divergence speed
becomes very high with moderate aft sweep.

Bending deformation affects the aeroelastic behavior of swept
wings, For a slender wing with att sweep, bending produces a reduction
in the local angle of attack known as wash-out, Wash-out unloads the
wing and virtually eliminates the problem of divergence in aft swept
wings. However, for a slender wing with forward sweep, bending produces
an increase in the local angle of attack, or wash-in. Wash-in increases
the aerodynamic loading and total flexible 1ift curve slope of the wing,
and consequently reduces the aeroelastic divergence speed. An approach
to the problem of increasing the divergence speed is to reduce the
bending deformation, and the wing wash-in. For the conventional metallic
wing under a given aerodynamic loading, the bending deformation is
reduced by increasing the wing bending stiffness which normally requires
an increase in structural material with an associated increase in weight.
For a conventional metallic wing structure with a forward sweep greater
than 15°, i1he weight required to provide adequate stiffness for
sufficiently high divergence speeds is prohibitive.

A different approach to increasing divergence speed is possible
when advanced composite materials are used in the wing structure. If
one looks carefully at the problem of divergence, only a reduction in
wash-in is required, not necessarily an accompanying reduction in bending.
Advanced composites such as graphite-epoxy and boron-epoxy have signifi-
cantly higher specific stiffness and specific strength characteristics
than conventional aircraft metals. Additionally, these properties are
directional. The directional properties of composites can be oriented
to alter the deformation under loading. By orienting the composites in
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Figure 1. Divergence Speed Variation with Wing Sweep.

advantageous directions, wash-in of a forward swept wing can be reduced,
and hence, the divergence speed can be increased. Therefore, to increase
divergence speed, significantly less weight would be required for a
composite structure than for a conventional metal structure.

The technology to design for a desired aercelastic response of a
1ifting surface using advanced filamentary composite materials has been
named aeroelastic tailoring. References 2 through 11 describe the aero-
elastic tailoring technology and its applications. Krone _.) applied
the aeroelastic tailoring procedure described in Reference 3 to design
for elimination of aeroelastic divergence. He showed that the weight of
executive transport and lightweight fighter wings with sweeps from
35° aft to 35° forward could be significantly reduced using
tailored composites. A weight comparison of a metallic wing and a
tailored composite wing for a lightweight fighter is presented in Figure
2 taken from Reference 2. The figure shows that for increasing forward
sweep the weight required in aluminum to provide adequate stiffness
increases much faster than the weight required in tailored composites.
Weisshaar [5,6] used laminated beam theory and aerodynamic strip theory
to predict the static aerocelastic divergence characteristic of
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swept wings. He showed that, because of elastic coupling between the
bending and torsional deformation of the wing box, laminated composites
may be used to preclude divergenct for a large range of forward sweep
angles.

Since the forward swept wing has not been considered a serious
design option, there is a scarcity of data on its structural and aero-
elastic characteristics. T7he Flight Dynamics Laboratory recognized the
need for experimental data that would illustrate the principie of aero-
elastic tailoring with composites and its application to divergence of
forward swept wings. This report describes the design, analysis and
testing of an aer.clastic model which incorporates variable forward wing
sweep. Four plates of the same planform, one aluminum and three graph-
jte-epoxy composite plates with different laminate orientativons, were
; individually incorporated in the model as the structural element. The
test and analysis results illustrate a simple, yet effective, form of
Y aeroelastiz tailoring.
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% MODEL DESIGN AND FABRICATION : i
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1. DESIGN CONSIDERATIONS

The objective of the model design was not to replicate a full-scale
wing, but rather %o create a versatile research tool from which a maximum
% amount of data could be obtained. The relatively simple wing design ;
i facilitated fabrication and computer modeling, yet it was of sufficient -
; complexity to provide experience in analyzing and wind tunnel testing a .

forward swept wing model.

i . The half-span model was designed to diverge at approximately the
| middle of the velocity range of the Air Force Institute of Technology
(AFIT) five foot wind tunnel. The maximum velocity of this tunnel is

AT e,

approximately 300 feet per secend. The boundary layer at the maximum
velocity is approximately three inches thick.

The model design evolved from the basic concept of using a cantile~
vered plate as the load carrying member with an airfoil shaped (NACA
0010) polyurethane foam sleeve surrounding the plate. The model with
three of the sleeve sections removed from the plate is shown in Figure
3. The plate concept was required in order to demonstrate the effect of
tailoring of composite materials while allowing divergence of the wing
within the available tunnel velocity range. A conventional two-skin
wing box design could not be used because it would have presented an
excessive stiffness problem. The half-span model was designed so the
plate could be removed permitting testing of both aluminum and graphite-
it epoxy materials while using the same aerodynamic sleeve.

The initial sizing of the plate was accomplished by using the
closed form solution for divergence dynamic pressure given in Bispling- !
hoff (Reference 1) for a uniform slender swept wing: i

_ 6.33E1 (1)
% 37
a,c4"cos AlsinA|

L e e
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The 1ift curve slope a, was assumed to be less than the two-dimensional
value (2r) for conservatism.

The span at 30° forward sweep was 24 inches with a full-span aspect
ratio of 4 and a taper ratio of C.4. The aspect ratio was selected
as reprosentative of current fighter aircraft designs. For a wing of
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Figure 3. Flight Dynamics Laboratory Forward Swept Wing Model.

this geometry, the thickness of an aluminum plate and of a 0°+45° lami-
nated graphite-epoxy plate was established for a dynamic pressure at the
midrange of the wing tunnel.

To increase the capability of the model, two features were incorpo-
rated in the model design. The leading edge sweep could be varied from

-y,
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0° to 60° forward in increments of 15°, as shown in Figure 4. At zero
leading edge sweep, the maximum span is 33.0 inches. In addition, the
ability to vary the model angle of attack was included. Variable model
angle of attack was required for the subcritical divergence projection
methods used during the wind tunnel testing.

Figure 4. The Five Forward Sweep Positions of the Model,

2. COMPONENT DESCRIPTIONS

The structural load carrying member of the wing model was one of
four plates of identical planform. The plate position and wing dimen-
sions in the 30° forward sweep position are shown in Figure 5. The
leading and trailing edges of the plate were on the 15 and 65%
chord lines, respectively, and the wing reference line was on the 40%
chord line. At -30° sweep, the plate tips were cut parallel to
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Figure 5. Wing Dimensions, 4

hariy

the airstream. The pivot axis was located on the reference line 1.5
inches inboard of the wing root chord.

The 4 plates, 1 aluminum and 3 composite, were tested at each
of the 5 sweep positions, allowing for information to be collected
on 20 wing configurations. The 0.10 inch, 2024-T6 aluminum plate
was used as the baseline structure.

The 3 composite plates consisted of 16 plies of NARMCO T300/
5208 graphite-epoxy with a nominal thickness of 5.25 mil. Each of these 7
plates were cut from a larger plate with a symmetric layup of four 0°
plies on the outside of the laminate and two pairs of £45° plies on the
inside, or [04,(—45,+45)2]S, (Table 1). As shown in Figure 6, one plate
was cut so the 0° plies were parallel to the reference Tine. The second

BISeEHRAD AT

3 i A PO i




s

e et

1]

e e ma tvamowe + b ma NS L R lRMes e

TABLE 1

GRAPHTTE-EPOXY LAMINATE
STACKING SEQUENCE

e ——————— ]

Ply Orientation
Number (about reference
Tine)

-45°
45°

Symmetric Laminate

DN PWN—
1
-
o
o

. REFERENCE LINg_ -CADING EDGE

0° PLIES

—-—‘—‘/-

—

““0° PLIES

BASIC LAMINATE
0° (04”451218

— /
0° PLIES

Figure 6. Graphite-epoxy Plate Orientation Prior to Cutting.
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and third plates were cut so the 0° plies, and consequently the lami- :
nates, were rotated 7.5° and 15° forward of the reference line, respec- 3 ; ‘
tively. A positive fiber orientation is forward of the reference axis. 5 T
After curing, the 16 ply laminate had an average total thickness of ‘
0.080 incnes.
After fabrication, each plate was instrumented with strain gage
- rosettes located on either side of the plate on the reference 1ine four
inches outboard of the root. The two opposing center gages on each
plate were connected in a Wheatstone bridge to record the average bending
strain. The torsional strain was obtained from an opposing set of gages
oriented 45° from the reference line. The remaining set of 45° gages
were used as spares. Since only differential voltage readings were
required for the subcritical divergence projection methods, the gages
were not calibrated.
To achieve the minimum sleeve stiffness and promote durability, the
sleeve was sectioned and each section employed a bridging concept.
) Bridges are commonly used in beam type flutter models to transfer loads
from the airfoil to the load carrying member over a minimum of beam
1 area. In the midspan of each section, an aluminum U-shaped channel was
% encased in the foam on both sides of the plates. The aluminum plate
\ ) with the bridges installed, prior to foaming of the sleeve, is shown in
Figure 7. After foaming, the sleeve was sectioned to reduce the bending
and torsional stiffness attributed to the sleeve. The crosswise dowels
B added lateral stability to each section and transmitted the airloads on
b the section onto the bridge. Only the bridges contacted the plates.
. ! Two aluminum bolts one-half incnh from the leading and trailing edges of D
: the plate held each section to the plate. § 1
! The variable sweep mechanism (Figure 8) cantilevered the wing and
provided the variable sweep and variable angle of attack features of the
' model. The structural plate root was clamped between two 0.25 inch
| steel plates. The wing pivoted about a 9/16 inch bolt located near the
center of this mechanism. The nine holes located on an arc centered at
the pivot were used to align the wing at the desired sweep angles,
A fairing that had been used for a previous test in the AFIT tunnel
was adapted for mounting the wing models. The sweep mechanism was
housed inside the fairint which was mounted to the wind tunnel ceiling.
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Figure 7. Aluminum Plate with Bridges.

Figure 9 shows a sketch of the wing installed in the fairing at the 30°
forward sweep position. The stainless steel tube on the sweep mechanism
projected through the fairing and tunnel ceiling, and was used to control
the wing angle of attack from outside the tunnel. The opening in the
fairing at the wing root was minimized depending on the wing sweep by
various cover plates. One side of the fairing was hinged to provide
access to the sweep mechanism.
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MOUNT SWEEP ALISNMENT

- HOLES
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ATTACK TUBE

Variable Sweep Mechanism and Cantilever Mount.

Figure 8.

FAIRING !
sytn

("J"“L -
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SWEEP
MECHANISM

Figure 9. Wing Model in Fairing.
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In order to avoid confusion in the following sections of this
report, the following terms will be used to describe the wing configura-
tions. The term plate refers to one of the four plates without the
sleeve. The term rotated refers to one of the three graphite-epoxy
plates: the nonrotated, 7.5° rotated and 15° rotated plates. The term
medel refers to a plate and sleeve configuration such as aluminum model

or 7.5° rotated model. The term wing is a generic reference applying to
both plates and models.
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SECTION III f
PRE-WIND TUNNEL TESTS E
1. MATERIAL PROPERTIES i
As properties of composite materials can vary significantly from }
batch to batch, specimens of the NARMCO T300/5208 graphite-epoxy were
tested in tension to failure to experimentally determined the elastic
moduli and ultimate tensile strains. Each specimen consisted of 16 : {
plies of the graphite-epoxy. For the longitudinal modulus, four speci- : '
mens with all fibers oriented in the load direction were tested. For :
the transverse modulus, four specimens with all fibers oriented perpen- g
dicular to the load direction were tested. For the shear modulus, four %
specimens with +45° plies were loaded in tension. The average measured g
values for these moduli are given in Table 2 with the aluminum material g
properties. §
i
TABLE 2 i
ELASTIC CONSTANTS §
Constant Aluminum Graphite-epoxy %
Density (psi) . .059 §
Longitudinal Modulus E (psi) 10.5x10° 20.8x10° E
Transverse Modulus ES (psi) 10.5x10° 1.54x10° :
Poisson's Ratio Vis .3 .327 i
Shear Modulus Gy, (psi) 4.04x10° 0.80x10° .
UTtimate Strains: i i
Longitudinal,e% (uin/in) 1.2x10° ‘
Transverse e; (uin/in) 4,7x10°

Shear sfz (uin/in) 19.0x103

e s
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2, SLEEVE MASS AND INERTIA DATA
Each sleeve section was first weighed to the nearest 0.1 gram on a
balance. The center of gravity of each section was located by balancing
the section on a knife edge at three angular orientations. Lines were
etched in the surface of the section along the knife edge, The inter-
section of the lines was the center of gravity of the section,
The bifilar pendulum method was used to determine the rotational
; inertia of each section about an axis parallel to the wing leading edge
i and through the center of gravity of each section. The measured mass
inertia and center of gravity location of each section are given in i

Table 3,
TABLE 3
SLEEVE MASS DATA
Center of Gravity Honent
Section froToliai1zgogdge ??g? Inertia
{in) Abou@ CG
X y (1b-in?) :
1 5.91 1.94 .2710 2.993 |
2 5.44 5.96 .2403 2.338
3 4.95 9.94 2077 1.714 *
4 1.5 13.96 .1821 1.258 ,
5 4.02 18.03 L1557 .8874 i
6 3.53 22.00 .1299 .5838 )
7 3.04 25.85 .093] .3335
8 2.28 29.30 .0788 .1937

3. LOAD DEFLECTION TESTS

A1l of the plates and models were loaded in bending and in torsion,
to determine the relative spanwise bending and torsional stiffness
distributions. Front surfaced mirrors were imbedded in modeling clay
and attached to balsa wood bridges. Each bridge was supported on the
surface of a sleeve section by two straight pins at the trailing edge
and one pin at the leading edge. The mirrors were positioned on the
reference line at the midpoint of each section. The bridges reduced

14




inaccuracies that could be caused by local surface distortion. A Tight
source was used to reflect crosshairs off the mirrors and onto a grid-
board.

By recording the position of the crosshairs on the gridboard before
and after loading the model, the difference in twist or bending slope
between seccions could be calculated. The difference in slope, 40, is
given by

AG = Ah/29 \ (2)

where Ah is the distance the crosshairs move on the gridboard, parallel
to the reference axis for bending and perpendicular to the reference
axis for twist. The length, &, is the distance between the gridboard
and the plane of the wing. ,

The average bending stiffness, EI, between mirrors is given by

EI = MAy/a8 (3)

where M is the average applied moment and Ay is the distance between
adjacent mirrors. The average value for torsional stiffness, GJ, is

GJ = TAy/A8 (4)

where T is the applied torque. Stiffness distributions for the aluminum
plate and model are compared to the theoretical distributions for bend-
ing, Figure 10, and for torsion, Figure 11. Except for the low value of
bending stiffness at the tip due to the stress concentration caused by
the load, the measured plate stiffnesses compare favorably with the
theoretical values.

As described earlier, the plates are constant thickness, therefore
the stiffnesses vary linearly with span. Dividing the measured stiff-
nesses by the respective chord results in a constant value along the
span and provides a means of comparison of theory and experiment for the
overall plate. Neglecting extreme deviations from the linear relation-
ship, the results were averaged and are given with the symbol key in

Figure 10 and 11.

The average plate bending and torsional stiffnesses are both less
than the theoretical values, but the difference is less than 1%. The
contribution of the model stiffness due to the sieeve is less than 6% in
bending but greater than 20% in torsion.
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Figure 10. Aluminum Plate Bending Stiffness Distribution.
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Figure 11. Aluminum Plate Torsional Stiffness Distribution.
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Another 1oading test was conducted to locate the approximate zero
twist axis of each plate. A perpendicular point load was applied
directly to the plate at successive locations between two adjacent
sleeve sections and the motion of the reflection of the mirror on the
inboard section was observed. The point where the reflection remained

_.stationary is on the zero twist axis. Figure 12 shows the zero twist
axis for each of the four models. The aluminum model has a zero twist

fé '  axis nearly perpendicular to the cantilevered root 1ine. The zero twist

= axis is approximately oriented with the 0° fibers on each of the compos- :

ite models.

(R SRR
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LEADING EDGE

— e oy .

REFERENCE
LINE

ol 1,

O - ALUMINUM
O- NONROTATED
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O~ 15° ROTATED

A e e e s

Figure 12, Zero Twist Axes.

4_ GROUND VIBRATION TESTS

Ground vibration tests were the last tests conducted before entry
into the wind tunnel. The frequencies and mode shapes for each plate
and for each model were measured. A roving accelerometer was used to
record the relative displacement amplitudes at 17 points on the wing:
two chordwise locations on the mid-span of each section at the leading
and trailing edge of the plate and one location on the root pivot. The
measured mode shapes for the models are presented in Appendix A. The
measured natural frequencies are presented in Table 4.
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TABLE 4
WIND TUNNEL MODEL EXPERIMENTAL FREQUENCIES

Mode

Graphite-epoxy

Aluminum Nonrotated 7.5° Rotated ° 15° Rotated
Plate Model Plate Model Plate Model Plate Model

1B
2B
1T
3B
27
48

4.40 3.32 6.13  3.57 5.60 3.40 5.18 3.19
21.81 16.97 31.29 17.04 29.21 16.96 23.35 15.36
59.10 36.09 41.53 31.57 42.48 32.04 47.25 31.42
60.72 43.48 82.05 46.53 76.63 44.36 67.52 40.70

141.64 81.85 98.60 64.88 110.01 65.88 113.76 68.74 -
115.34 87.07 ~152.93 86.22 145.77 83.08 --- 75.99

Units: Hz

BEST AVAILABLE COPY

18




R R L T

N —r R — . 5.1, - o, 1" & ot 1503 b e ke v ra e e

SECTION IV
MODEL ANALYSIS

1. METHODS OF ANALYSIS

Slender beam theory [1] and the method developed by Weisshdar [5],
were used to perform preliminary analyses of the four models to insure
that divergence could be obtained within the speed range\of the wind
tunnel. The analyses were refined using two procedures, TSO and NASTRAN.
The analysis methods are described in this section.

a. Slender Beam Theory

The slender beam theory as presented by Bisplinghoff [1] assumes a
high aspect ratio wing structure can be modeled by uncoupled bending
and torsion flexibility coefficients at given span stations along an
elastic axis. The wing model had a sufficiently high span to chord
ratio and could be analyzed by this method, but the graphite-epoxy
models exhibit coupled bending and torsion flexibility, so only the
baseline aluminum wing could be analyzed. Modified strip theory aero-
dynamics provided the aerodynamic influence coefficients required to
perform the divergence analyses.

b. CWING

The computer procedure CWING is an inexpensive analytical tool
developed by Dr. T. A. Weisshaar of Virginia Tech for the Flight Dynamics
Laboratory. Initial]y,'the program provided a closed form solution of
the divergence problem for specific wing configurations [5]. In subse-
quent studies [6], Dr. Weisshaar expanded CWING to provide analysis of
divergence, lift redistribution, and aileron effectiveness of more
general wing configurations. CWING uses a Weissenger-L aerodynamic
theory and a structural model that has its properties defined at a
finite number of span stations.

c. TS0

The aeroelastic tailoring computer procedure TSO [3,4] is an inter-
disciplinary preliminary design program cumbining aerodynamic, static
aeroelastic, flutter, and structural analyses. Low to moderate aspect
ratio wings can be modeled as plates, therefore the direct Rayleigh-
Ritz energy formulation for a plate is used to perform structural

analyses.
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In TSO, a symmetric wing structural box is simulated by a trapezoi-
dal plate with depth and skin thickness given by biquadratic polynomials.
Three skin orientations may be modeled. In most wing structures, the
structural box has a depth much greater than the skin \hickness, and
hence, the TS0 stiffness polynomial was formulated assuming the plies of
each orientation are distributed evenly over the skin thickness. Because
the wind tunnel model structural box was a plate with no core between
upper and Tower skins, the stacking sequence plays an important role in
the overall stiffness of the plate. To account for the error induced by
the stacking sequence distribution assumed in TS0, equivalent thicknesses
were calculated for a distributed stacking sequence that would yield the
same flexibility as a specifically distributed laminate. The equivalent
thicknesses for each orientation were calculated by equating the defini-
tion of the flexibility matrix for a distributed stacking sequence given
in Reference 3 with the flexibility matrix for a specifically distributed
laminate.

Two aerodynamic matrices used in TSO are calculated in other comput-
er procedures. The steady aerodynamic matrix is provided by a Woodward
aerodynamic routine, ROT [4,12]. This matrix is used with the structural
influence matrix generated in TSO to calculate the divergence velocity.

The unsteady aerodynamic matrices are provided by a doublet lattice
aerodynamic routine, N5KA [4,13]. An aerodynamic matrix is calculated
for each of 20 reduced frequencies and a K-method modal flutter
solution is used to solve for the velocities, frequencies, and dampings.
For a reduced frequency near zero the corresponding aerodynamic matrix
approximates the steady aerodynamic matrix, and hence, the divergence
velocities can be calculated by the dynamic analysis in TSD.

d. NASTRAN

The NASTRAN finite element structural analysis computer program
[i4] was used for stress analysis, free vibration analysis, and flutter
and divergence analyses. Levels 16 and 17 were used in all the NASTRAN
analyses.

For the aluminum plate, the homogeneous elements CQUAD2 and CTRIAZ
were used with- the-material properties input on a MATi card. For the
graphite epoxy plates, CQUAD1 and CTRIA1 elements were used to simulate
the anisotropic properties of composite laminates. For each of the
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three composite laminates, representative 3X3 in-plane and bending
stiffness matrices were computed and input on MAT2 cards. These stiff-
ness matrices were obtained from program SQ5 [15], which gives the in-
plane and bending stiffness of a laminate accounting for ply material
properties, ply thickness, stacking sequence and orientation.

A stress analysis of the three composite laminates was accomplished
using rigid Format 1 of NASTRAN. The highest expected steady airload
was first obtained from computer Procedure TSC using Woodward aerodynam-
ics. These airloads were then resolved into 1ift forces and moments at
the NASTRAN grid points by a program known as BEAMING [16]. The static

‘loads were then applied to the finite element NASTRAN model to calculate

stresses, element forces and displacements at the grid points. The area
of the model near the root of the wing, where the highest stresses were
expected, was divided into a finer mesh for better stress definition.
Using the caiculated element forces, point stress analysis program SQ5
was used to compute strain margins for each ply of graphite epoxy in the
unrotated laminate near the cantilevered root area.

Rigid Format 3 of NASTRAN was used to extract the first six normal
mode shapes and corresponding frequencies using the inverse pcower eigen-
value extraction method.

Rigid Format 10 of NASTRAN was used for flutter analysis. This
rigid format incorporated doublet lattice aerodynamic theory to compute
the aerodynamic influence coefficient matrix used in the flutter equa-
tion. The K-method of modal flutter solution was used to solve the
flutter equation for both flutter and divergence speeds. A range of
reduced frequencies down to zero was used to obtain corresponding values
of damping and frequency at each value of velocity for each mode in the
analysis. The first three normal modes were used in the modal solution.
Flutter of the wing was indicated when the damping of the mode was equal
to zero. Divergence of the wing was indicated when the damping and
frequency of a mode simultaneously went to zero.

2. ANALYTICAL MODELS

a. Slender Beam Theory Analysis

The beam theory divergence analysis was performed at the five sweep
positions for the wing assuming aerodynamics for the wing planform and
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stiffness due to only the aluminum plate. The wing planform was divided
into seven strips of equal width. Theoretical values of bending and
torsional stiffness were calculated at the midpoint of each of the seven
strips. The aerodynamic strip theory was modified by calculating the
aerodynamic center and local 1ift coefficient for each of the seven
strips using doublet lattice aerodynamic theory. The calculated diver-
gence dynamic pressures confirmed that the model would diverge well
within the range of the tunnel.

The effect of the increase in stiffness due to the sleeve is evident
in Table 5. The divergence dynamic pressures presented in this table
were recalculated using the measured bending and torsional stiffnesses
of the aluminum plate alone and of the aluminum model. Theoretical
aerodynamics for the wing planform were used in the calculation of these
dynamic pressures.

TABLE §

BEAM THEORY DIVERGENCE DYNAMIC PRESSURE PREDICTIONS
FOR THE ALUMINUM MODEL

Sweep Piate Model

0 28.96 34.75
-15° 14.02 15.53
-30° 11.46 12.39
-45° 12.27 13.10
-60° 17.52 18.57

Model aerodynamic planform used.
Units: psf

b. CWING Analysis

The early version of CWING was modified for use as a subprogram of
an analytical procedure developed for this effort. The main program
varied ply orientation, stacking sequence, and sweep, and called CWING
to calculate the divergence dynamic pressures. This analysis was quali-
tative since CWING analyzed wing structures with similar cross section
along the span, but the plates had constant thicknesses. For this anal-
ysis, wing stiffness was due to the plate alone and aerodynamics were




calculated for the entire planform. The divergence dynamic pressures
for all of the stacking sequences analyzed are found in Appendix B.

The CWING analysis showed that placing the 0° plies farthest from
the wing centerplane resulted in the greatest divergence dynamic pres-
sures. Thus, the [04,(-45,+45)2]S stacking sequence was chosen as a
baseline laminate. Table 6 presents the divergence dynamic pressure
results of the CWING analysis for variations of this lamipate. The top
half of Table 6 illustrates the increase in divergence dynamic pressures
due to rotating only the 0° plies.

TABLE 6

CWING DIVERGENCE DYNAMIC PRESSURES FOR VARIATIONS
OF THE [04.(-45,+45)2]S GRAPHITE-EPOXY LAMINATE

Ply Angles Sweep
{(degs) 0° -15° -30° -45° -60°
-5,445,-45 4,39 4.03 4.54 6.44 13.66
0,+45,-45 8.27 6.64 6.82 5.06 18.36
5,+45,-45 45.43 14.67 11.17 12.59 23.49

10,+45,-45 Fkdkokx 314.94 19.67 15.93 26.61
15,+45,-45 Ykdkdekok ek ek 32.80 16.69 25.56
20,+45,-45 Fekdkdedkek Hoededokok - 36.17 14.35 21.49
25,+45,-45 ek *dkkkx 24.46 11.03 ~ 16.94

-5,+40,-50 4.53 4.14 4.64 6.57 13.90
0,+45,-45 8.27 6.64 6.82 9.06 18.36
5,+50,-40 35.03 13.66 10.79 12.36 23.22

10,+55,-35 Ik kk 91.40 18.24 15.64 - 26.51

15,+60,-30 Fekkkekok ek ko 30.59 16.97 26.27
20,465,-25 Fkkkkk Tk dok 39.04 15.39 22.95
25,+70,-20 Fokedkdekok *kkkk 30.86 12.37 18.64

Units: psf
KKk kKK o
: qD

{ v

10° psf

The lower half of Table 6 demonstrates an increase in divergente
dynamic pressures if the whole laminate is rotated. The 7.5” and 15°
rotated laminates were chosen since cutting all the composite plates out
of one large plate was more economical than constructing plates of three
different laminates. In addition, the variation of material properties
was minimized. The stacking sequence and rotations were described in
Table 1 and Figure 8. |
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c. TS0 Analysis

A sketch of the TSO analytical model is shown in Figure 13, The
trapezoidal structural plate in TSO requires parallel root and tip
chords so the tip was modified as shown. The dashed 1ines in the sketch
represent the airfoil planform.

- - . - — - - - —— -

ﬁk’monmmc

PLANFORM

Figure 13. Analytical Model for TSO.

Results from the material properties test and a dimensional check
of the finished plate provided the required input data of the plates.
The Toad deflectinn tests performed on the plates were repeated in the
TS0 analysis demonstrating a fairly accurate representation‘of the
structural plates.

A comparison of the first six modal frequencies measured experimen-
tally with those calculated analytically showed the analytical values
were higher. Since the analytical model was cantilevered at the root,
the Tower experimental frequencies were attributed to root flexibility.
To model the root flexibility, the analytical model was altered slightly
by moving the root of the plate inboard (one inch for the aluminum plate
and one and one half inches for the graphite epoxy plates). The analyt-
ical frequencies for the plates are shown in Table 7,

In grder to account for the mass of the airfoil sections in the TS0
analytical model, each airfoil section mass was divided into three
lumped masses. The section masses and locations for the TSO analysis
are given in Table 8, The locations of the masses are shown relative to
the plate in Figure 13. '
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TABLE 7
TSO ANALYSIS PLATE NATURAL FREQUENCIES

Graphite-epoxy

Mode Aluminum Nonrotated 7.5° Rotated 15° Rotated
1B 4,44 5.98 4.9 5.64
2B 23.06 31.13 25.27 - 29.13
17T 59.11 38.95 46.66 41.94
3B 62.70 84,37 68.99 78.99
2T 143.90 98.93 116.04 106.17
4B 126.26 168.23 142.20 158.90

Units: 'Hz

TABLE 8

TSO ANALYSIS SLEEVE MASSES AND LOCATIONS

X y Weight

X y Weight
(in) _(in) _(b)___ (im)_ (in) _(Ib)
2.60 1.94 1221 2.39 5.96 .1115
2.17  9.94 ,0983 1.95 13.96 .0863
1.73 18.03 .0760 1.52 22,00 .0647
1.31 25.85 ,0493 .28 29.30 .0281
6.51 1.94 .0685 5.97 5.96 .0527
5.43 9.94 .0416 4,88 13.96 .0326
4.33 18.03 .g221 3.79 22.00 .0155
3.27 25.85  .0053 1.96 29.30 .0075
10.42 1.94 .0804 9.55 5.96 .0762
8.68 9.94 .0678 7.81 13.95 ,0632
6.93 18.03 .0576 6.07 22.00 ,0497
5.23 25.85 .0385 3.65 29.30 .0432

The beam element feature of TSO was used to account for the stiff-
ness added to the model by the sleeve. This feature allows bending and
torsional rigidity constants to be input to model linear spars and ribs.
To simplify assigning values of rigidity, it was assumed that the sleeve
sections could be modeled by a pair of crossed beam elements with bending
stiffness and no torsional stiffness. The locations are shown in Figure
13. Through iterations of values of bending stiffness, the first three
natural frequencies of the analytical model were matched to the frequen-
cies of the wind tunnel model, The locations and stiffness values of
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the beam are given in Table 9, The final analytical natural frequencies
are given in Table 10. The first three natural mode shapes of each
model are shown in Appendix A.

TABLE 9

"R g

7SO ANALYSIS SLEEVE BEAM ELEMENTS AND LOCATIONS

R

D e et S e e ermmemrarrer—et s t—
Pt S et

Leading-edge Trailing-edye Bending Stiffness
Endpoint Endpoint EI x 10~% (1b-in?)
y X y

(in) (in) (in) (in) Aluminum Graphite

0. 1.75 12.46 2.25 131.75 240.00

0. 2.25 12.46 1.75 131.75 240.00

0. 5.75 11.38 6.25 105.40 192.00

0. 6.25 11.38 5.75 105.40 192.00

0. 9.75 10.30 10.25 79.05 144.00

0. 10.25 10.30 9.75 79.05 144.00

0. 13.75 9.21 14.25 52.75 96.00

0. 14.25 9.21 13.75 52.75 96.00

0. 17.75 8.13 18.25 26.35 48.00

0. 18.25 8.13 17.75 26.35 48.00

0. 21.75 7.04 22.25 10.54 19.20

0. 22.25 7.04 21.75 10.54 19.20

0. 23.75 5.96  26.25 5.27 9.60

0. 26.25 5.96 25.75 5.27 9.60

0. 29.75 . 5.43 30.25 1.054 1.92

{ 0. 30.25 5.43 29.75 1.054 1.92

3
i TABLE 10

TSO ANALYSIS WIND TUNNEL MODEL NATURAL FREQUENCIES

Graphite-epoxy

| . »

&;% Mode Aluminum Nonrotated 7.5° Rotated 15° Rotated

o 18 3.30 3.52 3.38 3.1

L 28 16.82 17.78 16.97 15.44
; ?? T 3605 31.36 31.65 32.8]1
i 38 45.06 . 86.75 42.47 40.32

% Al 83.70 67.14 49.11 61.51

T 48 90.18  83.91  79.85 78.63

Units: Hz
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After the pretunnel test data was incorporated in the analytical
model, divergence and flutter calculations were performed. The aerody-
namic paneling for the Woodward and doublet lattice 30° forward sweep
analyses are shown in Figure 14 and 15. Similar paneling was developed
for the four other sweeps. The divergence dynamic pressure predictions
are presented in Table 11 for both the static and dynamic aeroelastic f
calculations. The flutter dynamic pressures and frequencies calculated
in the dynamic analysis are given in Table 12. The flutter mode is a
coupling of second bending and first torsion. Frequency and damping
versus velocity curves are presented in Appendix C.

TABLE 11
TSO ANALYSIS DIVERGENCE DYNAMIC PRESSURES

Graphite-epoxy

Swee Aluminum Nonrotated 7.5° Rotated (5 Kouauued
P static Dynamic Static Dynamic Static Oynamic Static Oynaai-

o — o

0° 42.9 37.6 49.7 40.6 --- 192.6 --- 4846, 3*
-15° 16.8 15.9 15.2 14.2 19.2 17.6 21.7 20.1
-30° 13.0 12.6 11.3 1.0 12.2 11.9 n.7 11.3
-45° 13.1 12.1 11.2 10.4 11.5 10.5 10.2 9.5
-60° 16.6 13.9 14.1 1.8 13.8 11.6 11.9 9;? }

Units: pof

A comparison of the divergence speeds from the static aeroarlastic
analysis with those from the dynamic aeroelastic analysis (Table 11)
indicates some significant differences in the divergence predictions.
Both analyses use identical ‘structural models, therefore the difference
must 1§e in either the aeroelastic eigenvalue equations or in the aero-

dynamic analyses.
A steady aerodynamic influence coefficient matrix can be calculated

in a doublet lattice analysis by choosing a reduced frequency near zero.
This steady aerodynamic matrix was substituted for the Woodward aerody-
namic matrix in the TSO analysis in order to determine how much differ-
ence exists between the static and dynamic calculations of divergence
dynamic pressures. Five wing configurations were reanalyzed. The
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Chovrdwise Spanwise
0. -.500
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L1875 -.126
.250 0.
.375 125 4
.500 .250
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.750 .500
.875 .625 j
1.000 .750 P
; 875 [
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! Figure 14. Woodward Paneling. :
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comparisons between the static and dynamic divergence analyses, given in
Table 13, show very little difference in the two eigenvalue solutions.
Therefore, the difference in divergence results is due to the aerodynamic

methods

used,

TABLE 13

COMPARLSON QF TSO STATIC AND DYNAMIC
DIVERGENCE CALCULATIONS

— e ———— 0 Sy

s, —— o

Divergence Dynamic

Wing Pressure {psf)
Plate Sweep Static Dynamic

Atuminum 0° 37.7 37.6
Graphite-epoxy o

7.50 Rotated ']5 ]7.8 17.6
Graphite-epoxy o

'Iso ROtated "30 ]].4 '] 3
Graphite-epoxy o

Nonrotated -45 10.4 10.4

7.5° Rotated

Two attempts were made to resolve the differences in the aerodynam-

ics. The first was in the location of the panel center of pressure.
The Woodward analysis assumes a center of pressure located at the panel
midchord, and the doublet lattice analysis assumes a quarter chord

center of pressure location.
the ceiiter of pressure should have no effect.

in these analyses are fairly coarse.
performed at a Mach number of 0.13.
is such that the center of pressure should be near the quarter chord,
therefore the Woodward routine was altered to perform calculations with

The aerodynamic analyses were

For a fine paneling grid, the location of
However, the grids used

for speeds in this range, the flow

the center of pressure at the quarter chord.

- .. By moving the center of pressure forward the twisting moment due to

the same load will be greater and, hence, the divergence speeds will be
The TSO analysis was performed once again with the recalculated

Tower.
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steady aerodynamic matrix on the same wing configurations used to compare
the eigenvalue problems. Table 14 has a comparison of the divergence
speeds for each of the five cases. As expected, the divergence speeds
calculated by the static aeroelastic method did decrease.

The second attempt at resolving the difference in the aerodynam}cs
was to increase the fineness of the Woodward paneling without altering
the center of pressure location. The number of panels shown.in Figure
14 was doubled, the aerodynamics recalculated, and divergence analyses
performed. The results, Table 14, show a decrease in the divergence
speeds comparable to the results obtained by changing the center of

pressure location.

o »@,;hmmmww s i ‘:: L }fﬁ

TABLE 14

CHANGE IN TSO DIVERGENCE CALCULATIONS DUE
TO WOODWARD CENTER OF PRESSURE LOCATTON
AND AERQODYNAMIC PANELING

- T R S S

Wing Divergence Dynamic Pressure (psf) ol

Plate Sweep CP at .5¢ CP at .25¢ 160 Panels Dynamic o
Aluminum 0° 42.9 40.7 40.5 37.6 i
Graphite-epoxy g0 19.2 18.6 18.6 17.6 5

7.5° Rotated

7.5° Rotated

Graphite-epoxy o 4
16° Rotated 301 117 11.5 11.4 1.3
Graphite-epoxy - R C
Nonrotated =~ 11.2 10.8 1.0 10.4
Graphite-epoxy ~60° 13.8 13 138 16

d. NASTRAN Analysis

The NASTRAN model used for stress analysis is presented in Figure
16. The highest steady airload expected during testing was applied to
the model. This airload condition occurs at 0° sweep, 3° angle of
attack, and 80% of the predicted divergence velocity for the unrotated
composite laminate. A maximum strain of one seventh of the ultimate
strain was predicted in the plies located near the root of the model

3
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Figure 16. MASTRAN Model for Stress Analysis.

which indicated a sufficient margin of safety for wind tunnel testing at
this load condition. ' "
The NASTRAN vibration analysis was accomplished with the model
shown in Figure 17. The model included the internally calculated plate %
mass, inertia and stiffness, the measured mass and inertia characteristic :
of the sleeve, and the additional stiffness of the sleeve. The mass and
inertial characteristics of each sleeve section, given in Table 3, were
simulated by pairs of equal masses, balanced about the section center of
gravity. The additional torsional stiffness of the sleeve was simulated
by rigidly connecting the. six bridge end points local rotational degrees
of freedom about the spanwise axis running parallel to the wing leading
edge. These two modifications to the basic plate analytical model
effectively accounted for the sleeve's influence on the model.
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: S ______ 7
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Figure 17. NASTRAN Model for Dynamic Analysis.

|
Tha ground vibration test revealed the analytical frequencies and f

mode shapes were not accurate. This problem was snlved by locating the }
i

|

j
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cantilevered root of the analytical model 1.5 inches inboard to compen-
sate for the mount flexibility. The NASTRAN calculated natural fre-
quencies are presented in Table 15, Good correlation in frequency and -
mode shapes was obtained for the four plate models. The largest dis-
crepancy occurred with the aluminum plate model data where the analytical
fifth and sixth modes occurred in reverse order. This was not considered
a problem as only the first three modes were used in the flutter and
divergence calculations. The NASTRAN mode shapes for each plate model
are presented in Appendix A,

TABLE 15
NASTRAN ANALYSIS WIND TUNNEL MODEL NATURAL FREQUENCIES

———

. t—————;
T ——————

s e A et A o Ay et s
e e ettt e

Graphite-epoxy

Mode Aluminum Nonrotated 7.5° Rotated 15° Rotated
18 3.20 3.51 3.37 3.
2B 16.30 17.75 17.10 15,66
17 36.12 32.31 31.73 31.36
3B 42.94 46.51 44.91 n.m
27 85.23 70.28 69.23 69.19

4B B2.83 88.93 86.09 78.55
' ) Units: Hz 7

Once the vibration models gave satisfactory results, the flutter
and divergence calculations were accomplished. The frequency versus
velocity and damping versus velocity plots obtained from NASTRAN for
each of the twenty plate/sweep angle combinations are contained in
Appendix C. 1In every case, the first bending mode was the mode that
diverged, However, flutter occurred before divergence in some models at
the zero sweep angle. The flutter and divergence predictions from
NASTRAN are presented in Tables 16 and 17.
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: TABLE 16
5 NASTRAN ANALYSIS FLUTTER DYNAMIC PRESSURES

! Graphite-epoxy

: Sweep Aluminum Nonrotated 7.5° Rotated 15° Rotated
ne 56.9 34.4 36.2 - 37.4
-15° 66.3 39.5 39.8 ’ 42.0
-a0° 91.2 53.2 50.9 52.5
-450. 139.3 113.6 125.8 126.9
-60° 94.2 88.9 87.2 76.7

Units: psf

TABLE 17

NASTRAN ANALYSIS DIVERGENCE DYNAMIC PRESSURES

e —————
Graphite-epoxy

Sweep  Aluminum " Nonrotated  7.5° Rotated  15° Rotated
{ 0° 36.6 39.6 93.2 185.4
i ~15° 15.3 14.4 17.8 21.2
§ -30° 11.7 10.6 11.3 11.2
: -45° 11.3 10.0 10.1 9.3
§ -60° 12.4 10.9 10.6 9.4 .
i

. Units: psf
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SECTION V
WIND TUNNEL TESTING AND CORRELATION OF RESULTS

1. WIND TUNNEL TESTING AND PROJECTION METHODS

The nature of divergence does not allow testing near the divergence
velocity because there is usually little chance of recovery. Since
20 wing configurations were to be tested, each with the same foam
sleeve, it was necessary to use a testing technique that limited the
possibility of damage to the sleeve, as well as the plates and wind
tunnel.

The subcritical divergence testing began at 50% of the analyti-
cally predicted divergence velocity. At this velocity, the model
was positioned at the angle of attack where no bending strain was
observed. The model angle of attack was increased in increments of one
degree, and bending and torsional strain readings were recorded at the
nominal angles of attack of 1, 2 and 3°. The model was returned to the
initial angle of attack, the tunnel dynamic pressure was increased,
and strain readings were again taken at the three angles of
attack.

A minimum of six dynamic pressures and therefore six sets of strain
readings were recorded up to 80% of the projected divergence velocity.
The divergence velocity was projected by two techniques, the divergence
index method and a Southweil-iype method, which were programmed in a
hand-held calculator. As each set of data was read, it was stored in
the calculator and the divergence velocity projections were updated.

The divergence index method was developed at the NASA Langiey
Research Center. The discussion given here was obtained by the authors
from Mr. W. H. Reed, Chief of the Aeroelasticity Branch at the NASA
Langley Research Center. For the wing shown in Figure 13, the 1ift of
the wing is the sum of the rigid 1ift due to angle of attack, «, and the
incremental 1ift due to the angle of attack induced by the flexibility,
8, of the wing

L = qSCL (a + 8) (5)
o
The restoring force of the wing
Fr = ko (6)
35
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Figure 18. Wing Angle of Attack Compenents.

(where k represents the stiffness of the wing structure) is equal to the
wing 1ift.
Equating Equations 5 and 6, and rearranging terms
qSCL a
o8 .
[ e S 7)
K=q5C (
La
At divergence the denominator of Equation 7 is equal to zero. Thus the
restoring force is just able to counter the flexible 1ift, giving

e

AnSC, =k (8)
07",
and the divergence dynamic pressure is
qD = %E (9)
[s ]

Substituting Equation 8 into Equation 7 and solving for the angle of
attack as a function of the angle of attack induced by the wing flexibil-
ity results in

9

o = (—a-])@ (10)

Measuring strain in the wind tunnel model with a strain gage located
on the plate near the root provides an indication of the wing deflection
due to the flexible 11ft. The relation of strain to deflection is

§ = Be (1)
where B 1s a constant. Substituting Equation 11 into Equation 10 results
in q

a = (—% - 1)Be (12)
36
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which illustrates that the strain varies linearly with angle of attack
for a constant dynamic pressure,

The slope of the angle of attack versus strain curve for tie nth
dynamic pressure is

_ do _ f'_Q
My T T B(qn -1) (13)

Dividing the slope of the first dynamic pressure line by the slope of
the nth dynamic pressure line results in the eguation

Mo B(ap/ay - 1) _ %% - 9%/% (14)
A, Blag/a, -T) T-4q/q,
The divergence index is defined as
1-4q./q
= n’
A, = 1"3'3777;' (15)
and when substituted into Equation 14, results in
9
An =1 - a‘a (16)

Thus, the divergence index varies linearly with the dynamic pressure,
As the dynamic pressure approaches the divergence dynamic pressure, the
divergence index approaches zero. An example of the use of the diver-
gence index is outlined in the following paragraphs.

The angle of attack versus strain data for the nonrotated model
at -15° sweep is presented in Table 18 and shown plotted in Figure 19.
The slope for the first set of data is calculated and used as the refer-
ence. The slope for each subsequent set of data is calculated and substi-
tuted into Equation 15 to calculate the divergence indices which are
tabulated in Table 19.

The divergence indices are plotted versus dynamic pressure in
Figure 20. For a dynamic pressure of zero the divergence index 1s one,
therefore, the linear relation between the divergence index and the
dynamic pressure is fitted by a least squares method and forced through
An =1, The divergence dynamic pressure is the intersection of this
line and the dynamic pressure axis. For this example, the divergence
dynamic pressure is projected to be 11.9 psf.
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TABLE 18

DYNAMIC PRESSURE AND STRAIN DATA FOR
THE NONROTATED MODEL, A = -15°

Dynamic : Strain (mv) b

Pressure
(psf) a=1° a=2° a = 3°
4.03 .325 .655 .980
4.73 .409 .830 1.230
5.48 .540 1.068 1.650
5.88 .600 1.200 1.870
6.29 .713 1.500 2.230
6.72 .830 1.667 2.500

3.0

anele 29[

OF
ATTACK -
{deg)

1.0

0 —95 10 15 2.0 75
o STRAIN (mv] , :

Figure 19. Anq]e of Attack versus Strain Data for
the Nonrotated Model, A = -15°.
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TABLE 19

DIVERGENCE INDEX PROJECTIONS
FOR THE NONROTATED MODEL, A = -15°

Dynamic Divergence Divergence

Pressure Index Projection
(psf) A (psf)
4.03 - -
4.73 .688 15.1
5.48 .520 12.9
5.88 .490 12.4
6.29 .428 1.9

6.72 .432 11.9

A———————————————r——
e

1.0

0.8
DIVERGENCE
INDEX

0.4

0.2

L 1 L ¢ .

0 2 ) 6 8 10
DYNAMIC PRESSURE (psf)

Fiﬁure 20. Divergence Index Projection of Divergence Dynamic
Pressure for the Nonrotated Model, A = -15°,
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The second subcritical projection method used in the wind tunnel
testing is an adaptation of Southwell's technique [17]. Southwell's
technique was originally developed to project beam buckling by reducing
the influence of geometric imperfections. The similarity between wing
divergence and conventional buckling of structures has been noted by
many (Reference 18 is une example). In discussions concerning wind
tunnel testing for divergence, it was proposed that a Southwell type
technique could be used as a subcritical projection method.

Equation 12 can be rearranged as follows

al|m

- E:}B' (o + Be) (17)

For constant angle of attack, Equation 17 is a linear relationship
between £/q and € where the slope is the inverse of the divergence dynamic
pressure:

d(e/

e = ]/qD (]8)

Equation 18 is analogous to the relation between load and beam deflection
in Reference 17,

As in the case of the divergence index method, strain is measured
at each dynamic pressure and angle of attack. For two or more dynamic
pressures, the strain data at constant angle of attack is fitted by a
least squares method. The inverse of the slope of this fit is the
projected divergence dynamic pressure. As new strain data is collected,
the divergence dynamic pressure is updated, as shown in Table 20 for the
data presented in Table 18. The data obtained for the nonrotated model
is presented in Figure 21. The subcritical projections compare favorably
with the divergence index projections.

Each of the 20 wing configurations was tested subcritically
using both the divergence index and Southwell methods. Only the projec-
tions are presented in this report since the compilation of the interme-
dfate data is voluminous. However, one set of data, the data for a
configuration that is divergence free, is interesting enough to include
in this report.

Table 21 is a tabulation of the dynamic pressure, angle of attack
and strain data obtained while testing the 15° rotated model at 0°

40
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i TABLE 20
SOUTHWELL DIVERGENCE PROJECTIONS :
FOR THE NONROTATED MODEL, A = -15°
. Divergence Dynamic Pressure
g{:g:‘:’ie Projection {(psf)
(psf) o =1° o= 2° o = 3°
4.03 - - - :
4.73 14.4 13.5 14.8 ;
5.48 1.9 12.7 11.4 i
o i
5.88 12.4 13.0 11.6 H
6.29 11.9 1.3 1.1 %
3
6.72 1.7 11.4 1.4 :
?
1
0.4}
=3 1
STRAIN/ 03§ s‘“:‘""-ﬁ:’ 1
DYNAMIC %=l .
PRESSURE 3
o =2° a
(mv/psf) 0.2+ SLOPE - o873 I
i ]
- 1.4 psf i
: |
0.1} "° :
>0 SLOPE = 0857 !
= 1.7 pst i
o 1 1 L L L g
| 0 05 1.0 1.5 20 25 ,
: STRAIN [mv) ;
Figure 21. Southwell Piot for the Nonrotated Model, A = -15°. %
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sweep. The slopes from the angle of attack versus strain data, Figure
22, were used in the calculation of the divergence index. Figure 23 is
the divergence index plot and, although there is a lot of scatter, the
trend is obvious. The divergence index for a divergence-free wing is
greater than 1.0

The Southwell plot is shown in Figure 24. Again, there is scatter
in the slopes, yet a trend exists. For a divergence-free wing the
Southwell plot slope is negative.

After subcritical testing was completed on the 20 configurations,
the aluminum model at -30° sweep was selected to obtain a "hard", or .
actual, divergence data point. The Southwell-type subcritical divergence §
projection technique was used up to 80% of the divergence velocity. The
wing angle of attack was adjusted to minimize the bending strain and
fixed for the remainder of the run. The velocity of the tunnel was
raised incrementally until the wing divergence occurred at which time
the wind tunnel was immediately shut down.

Fortunately, divergence did not cause damage to the model. As :
previously described, the airfoil sleeve was sectioned in order to %
reduce the stiffness. However, under the large deflections associated i
with the diverging model, the sleeve sections pressed against one another
causing the sleeve to restrain the model. This characteristic of the
model made it possible to find the actual divergence points for each of
the four models. Several repeated cases demonstrated that the models
gave consistent divergence results. The models were not tested to
divergence at the -60° sweep position because of the greater possibility
of damage due to the sleeve striking the fairing., Similarly, no diver-
gence points were obtained at zero sweep because of the possibility of
encountering a high frequency (~25 Hz) flutter instability.
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2. DISCUSSION OF RESULTS AND CORRELATION

The divergence dynamic pressures measured during the wind tunnel
tests have been nondimensionalized by plate weight divided by plate area
and plotted versus wing leading edge sweep in Figure 25. For those
configurations where the actual divefgence points were not obtained the . i
Southwell predictions were plotted. A1l of the divergence dynamic
pressures, analytical and experimental, are presented in Table 22, i
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TABLE 21

DYNAMIC PRESSURE AND STRAIN DATA FOR
THE 15° ROTATED MODEL, A = 0°

o

Dynamic Strain
Pressure (mv)
(psf) o= 1° = 2° a = 3°
5.48 +600 1.012 1.400
6.29 .655 1.122 1.534
7.16 .726 1.233 1.703
8.08 .816 1.385 1.917
9.06 .912 1.483 2.034
10.10 .962 1.638 2.278
11.19 1.060 1.757 2.439
42-8.28 q,=0.08 4y=10.10
94=548 03=1.18 Q:=9.08 97=11.19
30
20+
ANGLE
of
ATTACK
(deg]
1.0+
n 1 A ul i i
0 0.5 1.0 1.5 20 . 2.5

STRAIN {mv)

Figure 22. Angle of Attack versus Strain Data for
the 15° Rotated Model, A = 0°,
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20

1.5
DIVERGENCE
INDEX
05
0 1 { 1 - L 1 . —
0 2 4 6 8 10 12
DYNAMIC PRESSURE (psf)
Figure 23, Divergence Index Projection for the
15° Rotated Model, A = 0°.
0.25+
0.20} «-=3
o SLOPE = -.0322
STRAIN / O o~c
DYNAMIC e
PRESSURE 015 a-z
{mv/psf] SLOPE = -.0349
010}
a-1
: SLOPE = -.0286
0.05
u . | 1 1 A 1
0 0.5 1.0 1.5 20 25

Troee IO S I

Figure 24.

STRAIN (mv)

Southwell Plot for the 15° Rotated Model, A = 0°.
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50;
NON- ot O ALUMINUM
DIMENSIONAL o NONROT&TED
IPIIYENSAS'I‘IE:E .A 7.5° ROTATED
! 3o} O 15° ROTATED
q/ (W/‘Al + SOUTHWELL PROJECTION
8 "
20
0 ° )} . [ - l [ T I
0 ~15 =30 ~45° -80°

LEADING EDGE SWEEP
Figure 25. Nondimensional Divergence Dynamic Pressures versus Sweep.

Two observations concerning the use of a composite material in
place of aluminum can be made from the comparison in Figure 25, One is
that for all sweeps the composite plates are more effective per unit
weight than the aluminum plate in preventing divergence. The second
observation is that the divergence speed of the model could be altered
by simply rotating the composite laminate in relation to the reference
1ine of the wing. This is especially evident at sweep angles between
0° and -20° where forward rotation of the composite laminate has the
greatest effect.

Rotating the Taminate is a form of aeroelastic tailoring, The
effect of laminate rotation may be further appreciated by studying
Figure 26 which presents the laminate bending and torsional stiffness
and the coupling parameter for each of the composite plates as defined
by the method of Reference 5. Torsional stiffness is nearly constant
between plus 2nd minus 5° rotation and increases sharply at higher
rotation angles. At 15° rotation, torsional stiffness is about
60% higher than at 0° rotation. The coupling paranater has a nearly
constant slope, increasing negatively from 0° r- .ation. Negative cou-
pling parameter produces a wash-out, bend-twist characteristic about the
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—400}

Figure 26. Stiffness Variation Due to Rotation of [04,( -45,+45),]
Graphite-epoxy Laminates, 2 S

structural axis. At the low forward sweeps, the divergence mode is
primarily a torsion mode. Therefore, the increasing torsional stiffness
and decreasing coupling parameter due to 15° rotation have the greatest
effect countering.the wash-in tesdencies and increasing the divergence

speed.
Figure 25 shows that the 15° rotated model has the lowest diver-

| gence dynamic pressure of the three composite models at -60° sweep.

At -45° sweep, the 15° rotated model has a divergence dynamic pressure
that is less than the 7.5° rotated model. At the greater forward sweeps,
the divergence mude is primarily bending and bending stiffness becomes
predominant in determining divergence dynemic pressure. Figure 26 shows
the bending stiffress is nearly constant over the +5° rotation range,
but is about 11% less for 15° rotation than for the nonrotated laminate.
Although the torsional stiffness and wash-out coupling are greatest for
this laminate, the bending stiffness is lowest resulting in low diver-
gence speeds at the greater forward sweeps.
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Figure 27 presents the "hard" divergence points compared with the
subcritical projections based on the Southwell method for the 7,.5°
rotated model., Similar results were obtained for the ¢ .ner models. The
Southwell method projected divergence dynamic pressures within 10% for
the configurations where subcritical data were obtained at test points
greater than 50% of the divergence dynamic pressure. It was not possible
to obtain data at 50% of the divergence dynamic pressures for the 0°
sweep cases due to the low flutter speeds. Therefore, the quality of
convergence of the projections at 0° sweep was poor.

20r
A8t
DYNAMIC
PRESSURE
(psf)
10} 4
5t A DIVERGENCE POINT
A SOUTHWELL PROJECTION
o ° L o y [] 2 o =, -]
0 = -30 45 ~80

LEADING EDSE SWEEP

Figure 27. Comparison of Measured and Projected Divergence
Dynamic Pressures for the 7.5° Rotated Model.

As seen in Figure 28 for the aluminum model, the divergence dynamic
pressure decreases rapidly when the wing 1s swept from 0° to -15° and
remains nearly constant from -30° to -67° sweep. This trend is predicted
very well by TSO and NASTRAN analyses. The TSO and NASTRAN analytical
predictions using doublet lattice aerodynamics are in close agreement
with the experimental data. As discussed in a previous section, the TSO
analysis with Woodward aerodynamics consistently predicts slightly
higher divergence dynamic pressures than the TSO analysis with doublet
lattice aerodynamics.
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Figure 28. Compariscn of Analytical and Test Divergence Dynamic
Pressures for the Aluminum Model,

The analytical and test divergence data for the nonrotated model
are presented in Figure 29, For the 0° sweep case, the flutter dynamic
pressure was Tower than the djvergence dynamic pressure. Consequently,
testing was restricted to below 35% of the divergence dynamic ‘
pressure, and the subcritical projections did not converge, The corre-
lation between test and analytical divergence dynamic pressures at -15°
sweep is poor. This poor correlation caused concern, and thus, vibra-
tion and load-deflection tests were performed after the wind tunnel
tests. The results and a discussion of the results are presented later
in this section of the report.

Figure 30 presents the analytical and test divergence data for
the 7.5° rotated model, Rotation of the laminate 7.5 forward of the
reference 1ine significantly increases the divergence dynamic pressure
; : at 0° sweep. As was the case for the nonrotated composite plate at this
sweep, the Southwell divergence projection did not converge because
it was not possible to test to sufficiently high dynamic pressures due
to the low flutter speeds. The calculated divergence dynamic pressure
at 0° sweep for the 7.5° rotated model was at least four times the

AT A S S T O NASE L Bl o s 3 A RSP EIRTTY 6 5 S e A 1 MR R 1.1

e e
B o TS

RO

49




-~ P L e L e o e

0%
\l
‘ \
; 5
40
DYNAMIC '\‘
"“fsff‘l’“ \ O DIVERGENCE POINT
: L1 IANY | ® SOUTHWELL PROJECTION
. ’ — NASTRAN DOUBLET LATTICE .
i . - TSG DOUBLET LATTICE , D
Pt 20? N -~ TS0 WOODWARD L
10} Lo
0 5] T ) 40 i 1 [3) Y o ' :
0 ~15 ~-30 ~4%5 ~60 Vi
LEADING EDGE SWEEP L 1
Figure 29, Comparison of Analytical and Test Divergence Dynamic :
Pressures for the Nonrotated Model,
5}
1 DYNAMIC i
. i PRESSURE 3
- (pst) i
| & DIVERGENCE POINT |
o & SOUTHWELL PROJECTION i |
Vo 5| — NASTRAN DOUBLET LATTICE b
o - TS0 DOYBLET LATTICE :
~- 750 WODDWARD A
E o o ) r o Y o ) X o ? [} |
S 0 ~18 ~30 —43 ~80 ;
! LEADING EDGE SWEEP |
| 1 Figure 30, Comparison of Analytical and Test Divergence Dynamic f
Pressures for the 7.5° Rotated Model. E
] 50 ; |
tr',“' g

. R i - R
O e e nr ey o R P LR v



p
b
:

divergence dynamic pressure for the nonrotated model (Table 22). The
NASTRAN and TSO doublet lattice analytical results compare very well with
test data for this plate at sweeps greater than 15° forward. The TSO-
Woodward analytical results are consistently higher than the test data.

Figure 31 presents the analytical and test divergence data for the -
15° rotated model. As seen in this figure and in Table 20, the analyti-
cal divergence dynamic pressure is very high at 0° sweep. As discussed
earlier, the subcritical techniques indicated a divergence-free wing for
this plate and sweep. At -15° sweep, divergence was very difficult, if
not impossible, to define. Subcritical projections were obtained, but
as the tunnel dynamic pressure was increased, the projected divergence
dynamic pressure increased. An unusual phenomenon, a low amplitude, low
frequency (0.5 Hz) sinusoidal oscillation of the wing, occurred at '
approximately the analytically predicted divergence speed. As the
dynamic pressure increased, the amplitude of the oscillation increased
while the frequency remained constant. The cause of the phenomenon and
its mechanism are not understood. It is not predicted by any of the
analytical methods and thus may be assoéiated with a characteristic of
the model tested. Thus a meaningful comparison between the analytical
and test results is not possible. At -30° and -45° sweep, comparisons
of analytical and test results are good. However, at -60° sweep,
the Southwell projection is 12.4% less than the lowest analytical
prediction. Also, the trend of increasing divergence dynamic pressure
predicted by the analysis for sweeps greater than 45° forward is opposite
to the trend observed in the test results.

The divergence characteristics varied with sweep angle and structur-
al plate. Generally, the severity of divergence, described as the rate
of.change of deflection as the wing diverged, was greater at the higher
forward sweep angles. Rotating the composite laminate forward lessened
the severity of the divergence at all forward sweep angles where "hard"
divergence points were obtained. At -15° sweep, the rate of deformation
associated with divergence was mild, while at -45° sweep, the rate was
rapid. The rapid rate of deformation caused the sleeve sections to com-
press as a spring which resulted in a post-divergence oscillation /7 Hz).

At -60° sweep, the test results are consistently lower than all of
the analytical results for all models. Previous testing involving the
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Figure 31. Comparison of Analytical and Test Divergence Dynamic
Pressures for the 15° Rotated Model.
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fairing revealed that turbulence was generated around the cavity of the

fairing. For this test, cover plates were used to minimize the cavity

and reduce the turbulence. The size of the cavity was largest at -60°.

The turbuience generated by the fairing cavity could have affected the

aerodynamic loading on the inboard aft portion of the model. Thus the

= center of pressure would be more forward. Since the analysis does not

i account for the turbulence near the fairing, the calculated center of

: pressure would be further aft than the actual location on the model.

For -60° sweep, the effect of cavity turbulence would be greatest,

possibly explaining the difference between the analytical and test results.
The effect of laminate rotation on loading is illustrated in Figure

; 32. Measured strain is plotted versus dynamic pressure for the nonrota-

' ted and 15° rotated models for -30° sweep at 3° angle of attack.

For dynamic pressures greater than 50% of the divergence dynamic

pressure of the nonrotated model, the strain level is Tower for the 15°

5 rotated model than for the nonrotated model. Therefore, increasing the

divergence dynamic pressure by Taminate rotation decreased the level of

strain under aerodynamic loading.
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3. POST TUNNEL TESTING AND ANALYSIS
As indicated in the previous section, a comparison of the test |
results with analytical results shows some inconsistencies. Eliminating ;
the unswept results from this discussion due to the unreliable projec- i g'
tions because of flutter, and the -60° sweep positions due to the ques~ :
tion of the analytical aerodynamics at this high sweep, the following . 1
discussion will concentrate on the three interim sweep positions {-15°, ' ;
-30° and -45°). , ‘
! Comparing the analytical results with the hard divergence points, ]

| . the aluminum and the 7.5° rotated models differ by less than 5%. How- z
ever, analysis of the nonrotated model predicted unconservative diver- ! :

%

&

gence dynamic pressures; in the case of the 15° forward sweep, the
analysis predicted a 24% higher divergence dynamic pressure than

was measured, For the 15° rotated model, the analytical results are
conservative; divergence at 15° forward sweep was undefinable.
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During manufacturing of the sleeve, the channels were mounted on
the aluminum plate which was used as part of the moid. When the sleeve
was attached to the aluminum plate, the model was in an unstressed
state. However, the composite plates are thinner, requiring the sleeve
channels and dowels to compress the foam when bolted to the plate. The
resulting tension in the bolts caused stress to be appiied to the com-
posite plates. This stress has the general effect of stiffening the
model, particularly in torsion, and increasing the torsional frequencies.

Prior to the wind tunnel testing, the sleeve never experienced a
high Toad condition. During wind tunnel testing, some model configura-
tions were loaded so the deflection was approximately a foot at the tip.
While testing the aluminum model to find the "hard" divergence points,
the model experienced higher deflections and, in some cases, severe high
amplitude oscillations. The result of the high deflection was to loosen
the bond in the sleeve between the channels and the foam. In order to
provide a better correlation between the analyses and test, the ground
vibration tests were repeated and the analytical models were redefined.

"~ Table 23 compares the results from the ground vibration tests. The
greatest change is the reduction in the first torsional frequency.
Since the mass of the model remains unchanged, the model torsional
stiffness must have been lowered. Although not shown, the plate fre-
quencies were unchanged. Therefore, the reduction in model torsional
stiffness is due to the reduction in stiffness due to the sleeve.

- Input to NASTRAN and TSO analyses were modified to account for
changes in the.composite models. The stiffness of the finite element
beams in TSO and the constrained plate elements in NASTRAN was reduced
until the analytical model frequencies matched the frequencies measured
during the ground vibration test conducted after the wind tunnel test.
The results of the revised analyses are shown in Table 22. As expected,
the nonrotated post test analyses showed an overall reduction in the
divergence speeds. The revised analyses predict divergence dynamic
pressures less than 8% above the test values. For the 7.5° rotated
model, the analytical results changed very little (<1%). For the 15°
rotated model, the revised analyses predicted divergence dynamic pres-
sures that are within 4% of the test results.




TABLE 23

COMPARISON OF MODEL NATURAL FREQUENCIES
MEASURED BEFORE AND AFTER THE WIND TUNNEL TEST

Graphite-epoxy

Aluminum Nonrotated 7.5° Rotated 15° Rotated

Mod otate

ode (1) (2) (1 (2) (1) (2) (1) (2)
1B 3.32  3.29 3.57 3.51 3.40 3.39 3.19 3.18

2B 16.97 16.78 17.04 17.67 16.96 16.93 15,36 15.40
17T 36.09 36.95 31.57 26.90 32.08 26.58 31.42 27.76
3B 43.48 43.61 46.53 45.68 44.36 43.48 40.70 40.20
2T 87.07 88.87 64.88 63.16 65.88 65.85 68,74 71.68
4B 81.85 81.43 86.22 84.28 83.08 81,91 75.99 76.28

Units: Hz

(lg GVT performed before wind tunnel test.
(2) GVT performed after wind tunnel test.

Although the overall comparison has been improved by matching the
analysis to the post wind tunnel testing, the increase of divergence
dynamic pressure for the 15° rotated model was not expected since the
model torsional stiffness had decreased. A possible explanation for
the increase in divergence dynamic pressure is, as the plies are rotated
forward, the coupling between the sleeve and plate increases. For the
15° rotated model, the coupling caused by the sleeve must have been
detrimental, that is, the coupling caused a reduction in the divergence
dynamic pressure. Therefore, a reduction in the sleeve stiffness would
cause an increase in the divergence dynémic pressures. For the nonro-
tated model, the sleeve channels are nearly perpendicular to the primary
bending plies and provide minimal coupling between bending and torsion.
Therefore, a reduction in the torsional stiffness component would result
in a reduction of the divergence dynamic pressure. This is especially
avident at low forward sweeps where torsional stiffness has the greatest

effect.
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SECTION VI
CONCLUSIONS

Results of analyses, laboratory tests, and wind tunnel tests of a
rather simple, variable sweep model that could be swept forward 15°,
30°, 45° and 60° from the leading edge unswept position, and could also
accommodate structural plates of aluminum and graphite-epoxy materials,
have illustrated the principle involved in the structural design tech-
nology of aeroelastic tailoring. Several conclusions can be drawn from
this research which are briefly discussed below.

The high stiffness to weight ratio of the graphite-epoxy is more
efficient than aluminum in providing the stiffness required to increase
the divergence dynamic pressure. The ability to tailor the composite
material for bend-twist coupling significantly adds to the efficiency
from a weight standpoint.

It has been shown that simply rotating a 0°+45° composite laminate
forward significantly increases the divergence dynamic pressure of a
forward swept wing at leading edge sweep angles to about -20°. A
smaller increase in divergence dynamic pressure occurs at -30° and -45°
sweep. A reversal in the trend occurs at -60° sweep.

The analytical methods used predict the divergence dynamic pressures
very well for all models at -30° and -45° sweep. For -15° sweep, the
correlation between analytical and test results is very good for all
models except the 15° rotated model where an unusual osciliatory phenom-
enon occurred in the wind tunnel. The large deflections obtained during
testinyg apparently caused a reduction in torsional stiffness of the
composite models, probably due to loosening of the aerodynamic sleeve.
This effect was most noticeable at the 0° sweep angle and affected the
correlation of analytical and test results. The analytical results
were consistently higher than the measured values at -60° sweep, appar-
ently associated with turbulence from the fairing cavity.

The divergence dynamic pressures predicted by the static and
dynamic (velocity-damping) analyses, using Woodward and Doublet Lattice
aerodynamics, respectively, agree favorably at sweep angle of -15°, -30°
and -45°. The Woodward static analysis is least accurate at -60° sweep,
predicting higher dynamic pressure than measured.
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While the divergence dynamic pressure is not significantly increased
at -30° sweep by rotating the composite laminate 15° forward, the load
Tevel at a given angle of attack is significantly reduced at dynamic

pressures greater than 60% of the divergence dynamic pressure. ' ‘ E
The subcritical projection methods described herein accurately !
: predict divergence dynamic pressure at 80% and less of the divergence 2
| dynamic pressure. It may be possible to use methods like these in 7 é_
" flight testing for divergence. 3
The severity of the motion of the wing at divergence onset increases ;
f with forward sweep. §
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APPENDIX A
MODE SHAPES

Three sets of mode shapes are presented in the following pages.
Figures A-1 through A-4 are the experimentally measured mode shapes,
Figures A-5 through A-8 are the mode shapes resulting from the TS0
analysis of each model. Figures A-9 through A-12 are the mode shapes
resulting from the NASTRAN analysis of each model.
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Figure A-1. Measured mode shapes for the aluminum model.
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Figure A-4. Measured mode shapes for the 15° rotated model.
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Figure A-5. TSO analysis mode shapes for the aluminum model.
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Figure A-8. TSO analysis mode shapes for the 15° rotated model.
66




hrch S PRI ey e R BAMEI, . : N
,,#.ﬁwu.ﬁb LI e TR T e L s R TR R M DI IS WM D 11t by s e U

g s

67

g c
N
mu - T (o]
s .m o »
.M Q o [ S
Y] @ o 2
&.M.v o [} v
1 . Q 1
o— Q N —
[V (Vo] Y- Lo

NASTRAN ana]ysis.mode'shapes for the aluminum model.

a.
b.
c.

Figure A-9.




First Bending

a.

e O IR G 1 g e o S

Second Bending

b.

First Torsion

C.

NASTRAN analysis mode shapes for the nonrotated model.

Figure A-10.

68

by

=20




SRR T e e e

:fﬁqﬂaﬂfsﬁ.ﬂf i LT

First Bending

a.

S e

N VTR ey g e

Lot
TR

Second Bending

b.

1 I MRS B

First Torsion

c.

NASTRAN analysis mode shapes for the 7.5° rotated model.

Figure A-11.

69




a. First Bending

;
i
: {
= ]
§ !
:
: ,
:

© e AT TR R

b. Second Bending

i c. First Torsion i
: N

y i .
) 3

j

Figure A-12. NASTRAN analysis mode shapes for the 15° rotated model. ;

B s ..
~ i



vy ;g ot

Sl e

APPENDIX B
STACKING SEQUENCE ANALYSIS

The tables presented in this Appendix represent some of the quali-
tative analyses performed with the CWING computer procedure. The aero-
dynamics were calculated for the airfoil planform. The divergence
dynamic pressures were calculated for the aluminum plate and eight 4
graphite-epoxy plates. Each graphite-epoxy plate had plies of 0° and
+45° in varying percentages ranging from all 0° to all #45°
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APPENDIX C
V-g AND V-w CURVES

Two sets of V-g and Y-w curves are presented in the following
pages. FEach set is comprised of one V-g and one V-u for each of the
20 wing configurations. The first set resulted from the TSO analysis
and the second set resulted from the NASTRAN analysis. A1l the results
presented in this Appendix were calculated for sea level density.
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APPENDIX D
NASTRAN INPUT DATA

The data presented in this Appendix is the Tist of input reguired
to perform a dynamic analysis using NASTRAN of the nonrotated model at

-30° sweep.
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APPENDIX E
MEASURED INFLUENCE COEFFICIENT MATRICES
The tables presented in this Appendix are the measured influence

coefficient matrices. The influence coefficient test, setup and data
reduction are presented in cetail ip Reference 19.

120




[ O ST R T T AN RRA L AT Y ; T - gt A B S TR R R L A MR

—-— S A

FFE
4

1
et

T STHLIUS
e =i T :
T T G/E6 4363
T BEER T S¥IL VR
. €568 €p3ST i3EST TuTw
bR TeteT B9 GIEL  B0SST  EEAE  GdEy  £ler

T T R TPV T 4 STV it —

bérs TEEs VI BRSPS ELSE S29ET g9’ WL eeId
25T TEBS I BPIST BELET  ELEvT EIeDT  wIRET &RT e
el pCT EPED 8212 ¥EelT 11T ETPYT G3EL vl glée
YSZT 982 S212T 2svET &R PIEZT TedTT ST LEee B3 UESeT BEF
1T APTYT Z3@TT 9Bed”  38@° 8L 9599 Z&se €Brd’ LA paEdT 962¢
1T TA% 880 d9¢T /8997 8veRT opSBT BCMWT SoeRT 84580 TPEeT ottd  #CTRT AT

oo sy vt o s st v AR

£
m
2
Uy
Tk

wn
o

R
)

s s paciare

E eTed’ TESY £6T@°  E4e8 S/ THIe ¢RI 219 B8 TodY CETdT  0SEd 6498 olEp Aee
m Y  2eT  TSTE  I8TeT  TRTIT vOIGT  ToR@ SETST Loue TIS THER 808 oCHE  T9%0T TodE  TEde
.*. 3iVid QAUVLOUNON HO3 XTHLVMW INIIJI 4300 IONIMLIND GINSYIH
_ N
: 20191
: CEFLT LIPET
; SYEE'T GEPFE'T &6AT'T JIYLIAS
i SITF'T TP T BT T /S92T
m 896 TBLs S8 TR $IY
EZPT [SOTT G688 S5SET ESGQT EGbs
628l TBH @S TR6S €ISt 98bh T9EE”
: 4583 86TLT  S9/4 9285 TESH A998 TERET S9sE
m 918" BIEF  TSIET  &/BET WES  PTTET GIEST 89T bLST
§ Bk oYk SSBE TP  ST@ET  66EET GWET 2 ST9T T8
SIEZ P62 Wl oLPT  E4BTT 6AFTT S5ETT SEBTT T 9€8ET 8899
. ViTE  THEZ  2SELT L1 BISlT §2/ 22l ISELT M8 6RS8T 6887 Zeed
i SYeR 6299 TSA¢T  SE°  TESGT  SW0FT SIS SShET BdbgT €SERT SeZe 8TonT esle’
M Gb63 6% £ER9°T /880 8998 SS/BT  PESE eS8 peEET  E9PE 2320 RIEdT  @ITE  OBIE]
; 6219 6UT9 /BTeT 9689  E6BdT @898 e TOSd S98E 6P06°  TSHET  TERE  SERS /188 819
S8 S9TE  GhI@ 618  TITe 828 Z6ed /T4 8990  9B88T  PHOST  ESNET - TCdd  EbeS’ veee’ Toed’
w AUVId WONIHTW ¥04 XTHIVIW INIIOII 44300 IONINTNT J3HSV3R
H o
,M /
;
‘_ ) t|
m -

1
t
|
1
t
{




s o

ot
4
]
(&3

.
—
by
O
¢
<
7 1
1O
fre el

W

=

< OLERETS 6146 T “OTHLIUUS K . .
ER:52 T SirD T uU30T SLIET i : : &
B21% T w6l T ORSS'T QIZL T 4BECT e
8253 T A0 Tab'T Si4T €317 €2l =
BEST T TATT vRETT ST T €3F6 £eds  €Luy 5
S T TeN T 6P TETOT TS ECIRT AR /2uy =
StvE CE2LT B6%T SIS OTvST eeMb sme gse =
62 L0 85T 9IS SufbT TSeYT GPEET ST6ET e3GT g o
Pity €400 Ss6ET SIEET PETE @5 gEHZT 6EEE 8SSTT gET «

SEXT 8IeE T8ee” REST 66717 A58 EEET"  ZESTT +ieE’ ET61”

g5t 685V @RETT etlct” 861  ZlewS L8537 SPhd TIoe" S/e8 QlEw

GTaT’ eriv’  PdEd 5900° ve3T SE8dT DRbET eS0T T2€e vibyt STET CeEd’
p

S48 wida’ e12¢"  3ETR el SS5IeT SFle’ 2019 TT16°T HopET 8oRET Sl@d” 6Cds’
5990 ollp” &Sy L9T8° Zp@dT  Zep®T  PEEDT  QAKET  2ZE8T E9G@ 2186 OSHPT 2008 SESS

BEST AVAILABLE COPY
=
™

3iVld GAUVIOY ST MO04d XTHivH IN3IOI 34303 JON3NTINI G39Nsy I

od

[qN]
=

£56 T i

€307 U C

617 1 waii T " ) DTHLAMAS

BTEZ T 2.2 T G657 26651

1252 7 EECT SATT SPITT 9RES

6T T TS T OARTTT OESST T 5668 6296 '

8L SEA T wI32 vERRT BT ET6Y SaEes

SR @b el 2355 MRI UL Sy

PIEY 63T Ty GesyT EVEPT DERET E40E

Peir TR LAl VOLET 2LNET O TAT TEED 5902

0 ewe (g T S2ETT PUT 63T 2217 I

QUL BT £ el $NED GELTT A9 PRIT THI

CE ST S & 27 (2 I R <~ ~ A A S THE ST T

8260 ZguT BT TG PR PBW 4pAe SESE TERe 6ITR"

94260 85V mREA 9ET¢T viTE @RI 2716 LETe ®eor £ I3 eEEe

SPle @0 SZIe 81w B9Te P31 el 219 EBTE  ZERR 9506 SING 000 Stoe

AiVld QHiVIOY 574 H04 XIHIVH LN3IDI44300 3OW3NTIANI G38nsVI

- . . . v agp -




BEST AVAILABLE COPY

6EER’ T
TS8'T csew'e

9695 T E£P6S’ T STHE'T
RS T LHEIT SATE'T
SST'T 926T'T T9E6'T
6YGT'T EWET' T /266
BSR  baR GISE
o8 LS8 669
PES  EGES ., BILH
B10S°  AbS EoE
gEEz 8w TeST
6v92  @geEe e
THIT ST SOaT
174 SN £4 S 7. Y2
YOO B6lE /8T8
(a9 b6 SSIe
3651

£64S'T BELS'T

THE'T LEE'T 64T T
B/SE'T SOSE'T EHST'T
¥EGE 9285’ €452
19€0°T SSEW'T PE6S
899 269 8IS
€L T68L ROEY
8%eb’ €L #BE
Levb  EgbPT 9T6E
olEz €22 Ve
B e e
TEY TR 6L
Y60 S0 198w
619" 6110° 4319
2§19 L5180 HETR

FLEESY vl . gt
iy : B ik i Y R g e .

187
836"
SHe 1
1198
PEVL
Fhcol
S89p°
18€c”
P3b”
142
2007
98Tg”
S18°

[ATAS Y
LEF’
316’
81y’
96197

6EQP

5SL0°

T8
3412

2E18”
S694°
659
oS
ZE6E’

T

ciSE’
ogZe”
88T
E/2¢°
SLLE
2T
SE1°

Teel”
&S9S5
+ITS”
LE5E
reeE”
£267°
shic”
[ T4
o220
SETY”
25767

e
LTeb
161E"
(Sofsa
198t
s
bELG”
S29e”
<hig’
818

Beap”
care
CIIE’
£85Y
SELY
SHIY
pt ¥4
P390
6E1Y”

gE&ce’
ceet”
GRET’
620T"
2256
o’
H7e
[L06

Y
gSoT”
AN
£ZYd°
65567
E49°
£816°

OTHLIENS

vE6S”

Sesg’
(35440
488
300"
154570

TS8¢°
&G4’
59E6°
Sbew”
608"

TG0 GILVIOUNON HO4 XTHIVH INITIT 44300 ION3NTIINI ACRUSY L

$1€9°
+S5%9°
264b°
S4B
YI2E
TecE’
L 44N
26T’
898
4N
6689°
St19°

13774
266"
£1€s’
€bTe’
ASEE”
[494%
I861°
LE°
Se°
2609
s2re’

28E°
S8BE’
e’
6E¥Z”
£6EY”
8T’
1233
E3SR”
2308
£609°

256t
P’
8EYE”
TSET
65T’
€150°
EEJQ’
EeL08
o17e°

;o
B6EST’
o181’
8ot
60"
61¢a’
£390°
T80

e’
13200
SPIT
99ed
£9b9°
YAR°
€300’

OTHIBANS
63909
P2 2648
60 HS29
S32dT vSER”
TSe8”  eERD
obg 49907

3006 WANIWN'V 804 XIMIVI INAIOT44300 DNINTNT QIRATGVIM

SECY”
B32Te”
SSes”

£970°
STTe”
EERD’

czee’
olve”  6289°
SSed 0006
2T
6108° 9Iew’
TH38° 200"

V.I
.
o
(4
wd
—
[a's)
=4
=
=
=
72
(W)
[aa)
S2OR
o™
o
—
Fat.-2 .
i
‘
!
<
}
H
i
-



l
' L8452
; 12462 L6T'T
! EEPT T T998'T @EER'T JTHLIMS
w BIPT'C TLEB'C L6608 T SHB'T §
. Eor9 T B26ST BOP'T 6SEE'T 9BOT'T 4
24651 TSHS'T TSEE'T 969E'T TSGH'T 0987 '
: 8972 T E9/T'T 29S8V LHBT S4B P18 899 3
! STEG'T B9CTE'T ¥ESR E€EZ6  BSIL  ESEL €695 €S W,.
: 61/ 1624 E£S9  T8SY  PEES  T61ST  @beE 2948 GSE” N
£953%°  $E39°  $OLST  TES'  U69F  6S8Y’  BB/E  SESET  ¥6SCT  999T° :
SI6E  EE6E’  bPHE  @4SET 8827 188C  2SE2’  €ITeT 6T SSSTT 1168 b
SBZE”  @SEET  +982°  BUPE  SbEZ  SebT /96T vISDT  S/ETT TRYIT /98¢ T2ew ]
: LT BRT TOST TESTT BUETT ESTT 9681 BS66°  vERE TR B4R ETvRT L6
| T6TT°  ©S2T  SS6l° 21T 88 THed  PBLE8  IGAET TOSE  EP9ET  9EER TR THTE  0GTe”
} BE6° TEEST G2EG 66067 Y928 THIM 9228 96leT 9918 SEIY  (ET@T  980F  2VHE  LERQT  Ov00°
) gST8° 6028  TrIe 2918 ETI9  6ETA  vOT@  TIT8° /08T EepdT  SS38T 98P0’  9S¢T  99edT  SCoe
300 QIULVI0H ST B0 XTHAVM INIIOTIHI00 INGVLINL GRISYIM
TEPE' T
®/6T 98WT
€901 SETLT TWebT JIULIGNS
9885°T TEM'T SI6E'T ESSE'T
8627 GSIE'T PEST'T EGBU'T 8026
SBET BRLT TLBT BAOT R 8P
(126" EdEe’  T8EZT  EELL 1849 9ET9 S6TS
; 358 6Sle°  bILL BROL SIS bSEST  EESPT OB
d ST4ST 8BS 23S ¥ESbT  TeEy  S6EE  L4pET THET LAT
; TEZST  TESST  €2sb Telh  LERET S2eb ES6C  WIEET HENT ECET
H HZE OTZET 9562 06SC  SesR  S€ST TSHZT ST pESTT $ITT Sl
ShSTT BB ePEZ TEEZT @861 EEOT  S9STT @91 EndT TEZTT 9900 B
: 6320 @2l SGTT 6491 SoET 684 TR AT SS%eT TSR 64497 3829 S0
; E460° TOWTT 6389 6L6w S8 £I8%  LeSer  Te%w TIME 6vRY SSI6 TuEn ST TR
3 122y Eids’ TOIN Ty’ Wiy VeI’ €517 arAT: AR 2800 S6i Sren 288 618’ e’
; SE1S°  @SI® YIS SEIE YOI W2l 6090  EATE  Towe’ €990 SEseT  @0edT 8106 Theo oaddT €200
; 73004 GILVION S 2 HO3 XIHMIVMW INIIDI44307 3ON3NNI EuNSV3W
]
¢
¢

S s T e i e e s b i o A




} N T i e ST T L L b b S e O S B S N S

REFERENCES

1. Bisplinghoff, R. L., Ashley, H., and Halfman, R. L., Aeroelasticity,
Addison-Wesleublishing Company, Inc., Reading, Massachusetts,
1955, pp. 421-526.

2. Krone, N. J., Jr., "Divergence Elimination With Advanced Composites",
AIAA Paper No. 75=1009, presented at AIAA 1975 Aircraft Systems and
Technology Meeting, Los Angeles, August 1976,

it T e e R

3. McCullers, L. A., and Lynch, R. W., "Dynamic Characteristics of
Advanced Filamentary Composite Structures", Volumes I through II]
AFFDL-TR-73-111, Air Force Flight Dynamics Laboratory, Wright-
Patterson AFB, Ohio, September 1974.

4, Lynch, R. W., Rogers, W. A., and Braymen, W. W., "Aeroelastic
Tailoring of Advanced Composite Structures for Military Aircraft",
Voluines I through III, AFFDL-TR-76-100, Air Force Flight Dynamics
Laboratory, Wright-Patterson AFB, Ohio, February 1978.

e e b

FRETL T TR TN N

5. Weisshaar, T. A., "Aercelastic Stability and Performance Character-
istics of Aircraft with Advanced Composite Swept Forward Wing
Structure", AFFDL-TR-78-116, Air Force Flight Dynamics Laboratory,
Wright-Patterson AFB, Ohio, September 1978.

6. MWeisshaar, T. A., "Forward Swept Wing Static Aeroelasticity",
AFFDL-TR-79-3087, Air Force Flight Dynamics Laboratory, Wright-
Pattersan AFB, Ohio, June 1979,

7. Shirk, M. H., and Griffin, K. E., "The Role of Aeroelasticity in
Aircraft Design with Advanced Composite Fiiamentary Composite
Materials", presented at the Second Conference on Fibrous Composites
in Flight Vehicles, Williamsburg, Virginia, November 1975.

8. Austin, E., Hadcock, R., Hutchings, D., Sharp, D., Tang, S., and
Waters, D., "Aeroelastic Tailoring of Advanced Composite Lifting
Surfaces in Preliminary Design", Presented at the AIAA/ASME/SAE
17th Structures, Structural Dynamics, and Materials Conference,
Valley Forge, Pennsylvania, May 1976.

ATl W RN B 1 et s ot e Tt 00 R <A .

9. Lerner, E., and Markowitz, J., "An Efficient Structural Resizing
Procedure for Meeting Static Aeroelastic Design Objectives", AIAA/
ASME 19th Structures, Structural Dynamics, and Materials Conference,
Bethesda, Maryland, April 1978.

10. Triplett, W. E., "Aeroelastic Tailoring Studies in Fighter Aircraft
Design", presented at AIAA/ASME/ASCE/AHS 20th Structures, Structural
Dynamics, and Materials Conference, St. Louis, Missouri, April 1979.

11. Gimmestad, D., "An Aeroelastic Optimization Procedure for Composite
High Aspect Ratio Wings", presented at ATAA/ASME/ASCE/AHS 20th
Structures, Structural Dynamics, and Materials Conference, St.
Louis, Missouri, April 1979.

125

 —————————— Rl T

I




12.

13.

14.

15,

16.

17.

18.

19.

This Document
Reproduced From

REFERENCES (CONT'D)

Gustavsson, S. A. L., A Computer Program for the Prediction of
Aerodynamic Characteristics of Wing-Body-Tail Combination at
Subsonic and Supersonic Speeds, The Aeronautical Research Institute
Institute of Sweden, Report FFA AU-635, Part 2, Stockholm, Sweden,
November 1972.

Giesing, J. P., Kalman, T. P. and Rodden, W. P., "Subsonic.Unsteady
Aerodynamics for General Applications", AFFDL-TR-71-5, Air Force
Flight Dynamic Laboratory, Wright-Patterson AFB, Ohio, November
1971.

The NASTRAN User's Manual, (Level 17.0), NASA SP-222(04), National
Reronautics and Space Administration, Washington D.C., December
1979. :

Reed, D. L., "“Point Stress Laminate Analysis", FZM-5494, General
Dynamics, Fort Worth Division, Fort Worth, Texas, April 1970.

Venkayya, V. B., "Beaming - A Program for Beaming Airloads to
Structural Grid", AFWAL-TM-81-92-FIBR, Air Force Wright Aeronautical
Laboratories, Wright-Patterson AFB, Ohio, August 1981.

Simites, G. J., Introduction to the Elastic Stability of Structures,
Englewood Cl1iffs, New Jersey, Prentice Hall, 1976, pp. 66-63.

Dowell, E. H., et al, A Modern Course>in Aeroelasticity, Sijthoff
and Noordhoff, The NetherTands, 1978, pp. 3-8.

Pendleton, E. W., "Static Load Deflection Testing of a Forward
Swept Wing Model", AFWAL-TM-81-93-FIBRC, Air Force Wright Aeronautical
Laboratories, Wright-Patterson AFB, Ohio, July 1981.

126

#U.S.Qovernment Printing Office: 1982 — 559.008/4042

yoprnes = oy g g A Ve A S
R R S g NN

ot 3t WM-W‘ Y T

e e i e g7+ e

R e 9 oy o A I L
L T ::..j_'j‘ ’:WMW’%’*‘Q”*@@" “i-«r-l ,4 T s



