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A Comparison of Methods for the Analysis of
Wing-Tail Interaction Flutter

WILLIAM E. TRIPLETT,* THOMAS H. BURKHART,! AND EDWIN B. BiRCHFiELDf
McDonnell Aircraft Company, St. Louis, Mo.

Results of an analytical investigation of the aeroelastic stability of variable sweep aircraft,
specifically with respect to wing-tail interaction flutter, are presented. Three aerodynamic
representations are employed: 1) modified two-dimensional strip theory containing no wing-
tail aerodynamic interaction, 2) vortex lattice theory containing aerodynamic interaction of
wing on tail only, and 3) subsonic kernel function theory containing a complete evaluation of
wing-tail aerodynamic interaction. The capability of the interaction methods is established
by an application to an experimental flutter model where wing-tail aerodynamic interaction
is known to be of importance. The aerodynamic methods are then applied to a particular high
performance variable sweep aircraft. The basic flutter mechanisms for this hypothetical air-
craft are generated by wing-fuselage mechanical interaction and are predicted by wing aero-
dynamics alone. Component aerodynamics on wing and tail without interaction do not pre-
dict the mechanism. Aerodynamic interaction causes the reappearance of flutter at a velocity
30% lower than generated by the wing alone.

Introduction

ANALYTICAL and experimental investigations con-
.TJL cerned with the aeroelastic stability of variable sweep
aircraft have indicated flutter mechanisms which involve
the entire airframe. These flutter mechanisms combine
the vibratory behavior of the wing with that of the fuselage
and tail. When the wing is in close proximity to the tail,
the aerodynamic interaction of the wing-tail system can
significantly affect the aeroelastic stability of the aircraft.
Experimental investigations reported in Ref. 1 indicated a
dramatic flutter speed degradation with the variable sweep
wing in the most aft position. Theoretical analyses of Ref. 1
using three-dimensional generalized forces computed for
each surface with no aerodynamic interaction failed to predict
the wing-tail flutter mechanism. Additional experimental
data were reported in Ref. 2 which indicated destructive
flutter for an elementary variable sweep flutter model, and
an analytical method was presented which was able to predict
the flutter instability by evaluating the aerodynamic in-
fluence of the wing on the tail by a vortex lattice procedure.
Analytical investigations presented in Ref. 3 using a linear
potential flow aerodynamic theory representing complete
wing-tail aerodynamic interaction predicted the wing-tail
interaction flutter for the model of Ref. 1 and indicated that
the instability was not predicted if the aerodynamic inter-
action between the component surfaces was suppressed.
Flutter analyses and wind tunnel tests reported in Ref. 4
give conclusive proof that interaction aerodynamics between
wing and tail is an important and detrimental effect.

This paper presents results of an analytical investigation of
the aeroelastic stability of a high performance variable sweep
aircraft shown in Fig. 1, specifically in regard to wing-tail
interaction flutter. The principal purpose of the analytical
effort was to obtain the highest degree of confidence possible
regarding the flutter stability of this advanced aircraft.
Three separate aerodynamic representations were used to
accomplish this objective. These methods were 1) modified
two-dimensional strip theory containing no aerodynamic
interaction, 2) vortex lattice lifting surface theory providing

for the aerodynamic influence of the wing on the tail, and
3) subsonic kernel function theory containing a complete
potential flow representation of the aerodynamic interaction
of the wing-tail system. The validity of the methods was
first established by application to the experimental flutter
model of Ref. 2 where wing-tail interaction was known to be
of importance. The three methods were then applied to the
advanced aircraft. These investigations served not only to
increase the confidence concerning the flutter stability of the
advanced aircraft as intended, but also produced significant
results concerning the basic nature of the wing-tail flutter
mechanisms.

Aerodynamic Methods

The three separate aerodynamic methods considered are
modified strip theory, vortex lattice theory, and kernel
function theory.

Modified Strip Theory

The modified strip theory is similar to that presented in
Ref. 5. It is based on classical two-dimensional potential
flow theory in which the circulatory components of the aero-
dynamic forces are corrected for finite aspect ratio and corn-
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Fig. 2 Wing-tail flutter model planform view.

pressibility effects. Corrections are based on static wind
tunnel data. Aerodynamic forces are obtained for the wing
only; that is, no tail or interaction aerodynamics are in-
cluded.

Vortex Lattice Method

The vortex lattice method is the same as that presented by
Shelton, Tucker, and Davis in Ref. 2. This method considers
the aerodynamic interaction effect of the wing on the tail but
not the effect of the tail on the wing. The method includes
some effects not found in the purely linear theories. These
special features of the method are that 1) the deflection of
the trailing vortex sheet resulting from the static lift of the
aircraft is computed and 2) the variation in downwash on the
tail resulting from oscillating motion of the tail relative to the
mean trailing vortex sheet is included in evaluation of the
tail loading.

The evaluation of the aerodynamic forces is initiated by
computing the static aerodynamic loading on the wing and
tail individually for each vibration mode shape. This is
performed using the three-dimensional subsonic vortex
lattice theory as given in Ref. 6. Unsteady correction factors
are applied to these load distributions using compressible
finite aspect ratio indicial lift growth functions. The re-
sulting unsteady aerodynamic loads are used to evaluate the
"circulatory generalized forces" to which are added non-
circulatory generalized forces to account for apparent mass
effects. These noncirculatory forces are based on two-
dimensional potential flow theory with modifications for
finite aspect ratio. The induced downwash on the tail
caused by loading on the wing is evaluated by replacing the
wing loading with a horseshoe vortex system and defining the
downwash at a point on the tail by the Biot-Savart Law. The
first step is to calculate the static position of the trailing vortex

sheet caused by the static lift of the aircraft, including the
effects of deformation of wing and tail resulting from the
static lift. Then the induced downwash on the tail is eval-
uated considering two effects: 1) the variation of wing lift
caused by generalized coordinate motion of the wing, and
2) the generalized coordinate motion of the tail relative to the
static position of the trailing vortex sheet. The static loading
of the tail caused by this induced downwash is obtained by
applying once again the vortex lattice procedure. Unsteady
effects are applied to the induced tail loading using a com-
bination of " transport lag" and "lift growth" functions.
The generalized forces resulting from this unsteady induced
tail loading are evaluated and added to the previously defined
set of generalized forces to complete the calculations.

Kernel Function Method

The subsonic kernel function method, described in detail
in Ref. 7, is based on linearized subsonic three-dimensional
potential flow theory. This method, when applied to wing-
tail configurations, includes the complete aerodynamic inter-
action between the wing and tail. It simultaneously con-
siders both vibratory and induced downwashes when eval-
uating the oscillatory loading on the wing and tail and all
unsteady and compressibility effects are explicitly included.

The evaluation of the aerodynamic loading is performed by
obtaining a collocation solution to the integral equation
relating the oscillatory downwash at a point to the aero-
dynamic loading which is expressed by the following:

W(x,s) =
nth surface

£ ff
V = 1JJ

vth surface

where x and f are stream wise coordinates, s and a are spanwise
surface coordinates, and Ap,, is the aerodynamic loading of
the vth surface. W is the oscillatory downwash of the nth
surface, and K the subsonic nonplanar kernel function.
This approach is basically similar to that presented in Refs.
8, 9, and 10 with the exception that now the downwash at a
point on one of the surfaces affects loading on both wing and
tail.

To obtain the solution the aerodynamic loading is assumed
to be composed of selected pressure modes whose weight
factor coefficients are to be determined. The pressure modes
used are of the form recommended in Ref. 8. The locations
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Fig. 3 Comparison of measured and calculated flutter
velocity for flutter model.
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of the collocation point stations are computed using formulas
which have been proven to be optimum in Ref. 9. Evaluation
of the above integral with respect to each collocation point
and pressure mode coefficient is performed using a Gauss
quadrature procedure similar to that presented in Ref. 10.
The spanwise singularity is likewise handled using the pro-
cedures of Ref. 10. Convergence of the numerical integration
and collocation point-pressure mode selection was found to be
adequate with respect to the recommendations of Ref. 8.

Since the wing and tail of the configuration of interest are
not coplanar, a nonplanar version of the kernel function
was employed. The formulation of the kernel function is
similar to that given in Ref. 11 for incompressible flow. The
extension of this formulation to compressible flow was
performed by Widnall along with procedures for numerical
evaluation. The result of the numerical procedures is a
complex matrix equation relating the oscillatory downwash
at a set of collocation points on the wing and tail to a set of
unknown pressure mode coefficients for the wing and tail
loading. Evaluation of the coefficients is performed by ma-
trix operations and these coefficients are then used to evaluate
numerically the generalized aerodynamic forces.

Results

Verification of Methods with Test Results

To assess the capability of the three-dimensional aero-
dynamic methods, they were applied to the low speed flutter
model of Ref. 2. This model, shown in Fig. 2, simulates the
primary modes of interest in antisymmetric wing-tail inter-
action flutter: wing bending, fuselage torsion and rigid body
roll. The horizontal tail is attached to and moves with the
aft fuselage. Pitch rotations of the tail are not allowed.
The component flutter speed of the tail is well beyond the
range of the tunnel. The wing is relatively stiff outboard of
the bending spring to preclude component wing flutter.
Vibration data for tjie model are also shown in Fig. 2.

Test results for this flutter model were originally presented
in Ref. 2 and are shown in Fig. 3. The effect of wing4ail
aerodynamic interaction was evaluated by testing the model
both with a coplanar wing-tail arrangement and with the
tail rotated 90° from the wing plane. This provided data
for the model both with and without aerodynamic interaction
for the same model dynamics.

Analytical results for both the kernel function and vortex
lattice methods applied to the model are shown in Fig. 3.
These results were obtained by classical velocity vs damping
solution techniques. They show similar trends for the
coplanar wing-tail arrangement, and the maximum deviation
from a corresponding experimental flutter speed is less than
4% for both of the methods. The analytical results for both
methods are within 1% of each other and about 10% higher
than the experimental result for the noninteractive case of
the orthogonal wing-tail arrangement. Analytically, about
a 27% drop in the flutter speed is predicted because of aero-
dynamic interaction, whereas the experimental drop is only
22%.

Based on this comparison with experiment, it may be con-
cluded that the vortex lattice and kernel function methods
are both adequate in predicting the flutter speed of this type
of configuration with or without aerodynamic interaction.
The vortex lattice method does not include the tail-to-wing
aerodynamic interaction; thus, the minor differences be-
tween the two methods for the coplanar case indicate the
relative insignificance of this upstream interaction.

Application of Methods to Aircraft Configuration

The major results reported in this paper are from analyses
of the particular aircraft shown in Fig. 1 using the three
separate aerodynamic methods. Extensive analyses were

first made by the modified two-dimensional strip theory
method to establish flutter trends for both the wing and
horizontal tail. Detailed analyses by the kernel function
and vortex lattice theories were then performed to provide
better quantitative data.

Basic vibration data

A set of normal modes were calculated for the fuselage,
wing and horizontal tail and used as basic data for each of the
flutter analyses. Beam-rod analogies were used as the basic
structural idealization for each of the primary components.
Classical eigenvalue techniques were used in computing the
natural vibration mode shapes and frequencies. The
idealization for the particular aircraft presented in this paper
is shown in Fig. 1. The wing is represented by 12 discrete
uniform rigid chord sections and the horizontal tail by 10
such sections. The fuselage is cut into 13 nonuniform
sections. All sections are normal to assumed elastic axes.

In order to simplify the determination of the wing dynamic
characteristics with variable sweep, the wing elastic properties
are described in two parts. One part is inboard of the pivot
and is described by a set of influence coefficients relating
deflections and forces at the wing pivot point. The other
part is outboard of the pivot and is represented as being
cantilevered from the wing pivot point. These two parts
are combined, for any desired sweep angle, by use of an
orthogonal transformation at the wing pivot point. For the
modified strip theory analyses the wing mode shapes are
evaluated to give rigid stream wise chords. However, in both
the vortex lattice and kernel function analyses the mode
shapes are evaluated to give the induced camber in the stream-
wise direction because of sweep angle.

The horizontal tail structural modes are cantilevered from
the point where the actuator hinge line intersects the root-
rib. The rigid pitch rotation of the tail about the hinge line
is considered as a separate generalized coordinate.

The fuselage torsion modes are calculated for the free-free
case. The rolling inertia of the entire aircraft about the
centerline, including the rigid wing and tail surfaces, is used
in the torsion mode calculations.

The vibration frequencies and a description of the pre-
dominant characteristic of each vibration mode considered
in the study are shown in Table 1 for three wing sweep
positions. Only the antisymmetrical structural modes are
tabulated since for this particular aircraft no wing-fuselage
or wing-tail flutter mechanisms exist for symmetrical aircraft
motion.

The fuselage modes are for a fully loaded configuration and
reflect the relatively high rolling moment of inertia of the
wide fuselage. Small changes caused by the decrease in
rolling moment of inertia of the wing with wing sweep, about
the aircraft center line, are indicated. The wing vibration
modes vary with sweep angle as a result of the relative values
of the pitch and roll influence coefficients at the wing pivot.
The root (or pivot) stiffness is greater in pitch than it is in
roll; therefore, wing bending frequencies increase and wing
torsion frequencies decrease with wing sweep angle.

Results for rigid horizontal tail

Flutter analyses of the aircraft configuration of Fig. 1
were made early in the design cycle using an antisymmetrical
8 degree of freedom dynamic representation. These degrees
of freedom were the five lowest wing modes, the two lowest
fuselage torsion modes, and the rigid aircraft roll mode. The
tail was considered structurally rigid and rigidly attached to
the aft fuselage. Because of the relative locations of the
actuator support point and hinge line, the rigid tail experiences
an angle of attack caused by the fuselage torsion modes.

Modified two-dimensional strip theory was used to es-
tablish flutter trends. The flutter boundary variation with
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Fig. 4 Flutter velocity vs sweep angle—modified strip theory
—rigid horizontal tail.

wing sweep angle is shown in Fig. 4. The strip theory method
predicts the typical and expected increases in the wing
bending-wing torsion flutter velocity with increasing sweep
angle up to about 65°. For greater sweep angles, the critical
flutter mode is no longer wing bending-wing torsion, but an
instability involving coupling of wing bending with fuselage
torsion. Since the strip theory results contain no tail or
interaction aerodynamics, this change in flutter mechanism is
a direct result of the variation of the system dynamics with
sweep angle.

Parametric studies for the most aft sweep position were
performed to further investigate the wing bending-fuselage
torsion flutter mechanism by varying the frequency ratio of
these two critical modes. These parametric studies were
performed using strip theory, kernel function theory, and the
vortex lattice method for a Mach number of 0.9. Figure 5

1.8 2.0
1.53

0.08 -

0.6 1.0 1.2
VELOCITY RATIO

Fig. 5 Damping coefficient vs velocity ratio for variation
of first fuselage torsion to first wing bending frequency

ratio—modified strip theory—rigid horizontal tail.

shows the results of the strip theory studies with a classical
plot of damping required for stability vs velocity. Figure
6 presents similar results for the kernel function method. The
results from both methods indicate similar characteristics.
For frequency ratios less than 1.4, the flutter mechanism does
not go unstable, although its essential character is still
apparent. For frequency ratios greater than 1.4, the flutter
crossings are relatively steep.

Figure 7 compares the damping vs velocity results
from the three methods for a frequency ratio of 1.53. The
kernel function method characteristically indicates the
highest damping levels prior to instability with the strip
theory result indicating the lowest. However, the flutter
velocity crossings for these two methods are within 5%.
The vortex lattice method indicates the lowest flutter velocity,
10% below the kernel function result.

The flutter boundaries, obtained by the three methods, are
presented in Fig. 8 as a function of frequency ratio. Two
separate flutter mechanisms are indicated: first wing
bending coupled with first fuselage torsion, and first wing
bending coupled with second fuselage torsion. The results
of the three methods agree reasonably well for the wing
bending-first fuselage torsion branch, while the comparison
is less favorable for the wing bending-second fuselage torsion
branch. Differences between the vortex lattice and kernel
function results can be attributed to compromises in the
vortex lattice analyses concerning the effective fuselage
torsion modal slope at the wing pivot point. The wing
carry-through structure for this aircraft is a rigid triangular
box attached at two distinct points at the fuselage mold
line. The forward attach point is a pinned joint which
transmits shear only. The vortex lattice computer program
analytically evaluates the slope of the fuselage torsion mode
at the wing pivot point and does not consider the unique
behavior of the rigid carry-through box structure. The
kernel function and strip theory computer programs accept
tabulated modal deflection data. The more appropriate
effective slope of the fuselage torsion mode at the wing pivot
point could thus be used with these two programs. Since
only the second fuselage torsion mode was significantly
affected and since this mode was not of primary importance
for this aircraft, the vortex lattice analyses were not up-
dated. The modified two-dimensional strip theory results
are surprisingly close to the kernel function results for both
branches of the flutter boundary.

Table 1 Aircraft vibration data

Vibration frequency (Hz)
Vibration

mode description

Fuselage (free-free with rigid
wing and tail)

1st torsion
2nd torsion
3rd torsion
4th torsion '

Wing (cantilevered from aircraft
center line)

1st bending
2nd bending
1st torsion
3rd bending
2nd torsion

Horizontal tail (cantilevered
from hingeline)

1st bending
2nd bending
1st torsion
3rd bending
Rigid rotation (nominal)

Wing
23°

11.6
20.5
28.5
49.4

7.0
21.0
32.4
42.4
65.6

sweep position
45° 70°

11.8
20.6
28.6
49.5

7.4
21.5
31.1
42.8
64.5

11.5
32.5
62.6
77.5
20.0

11.9
20.8
28.8
49.7

7.8
22.3
29.8
43.0
63.2
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Fig. 6 Damping coefficient vs velocity ratio for variation
of first fuselage torsion to first wing bending frequency
ratio—kernel function method—rigid horizontal tail.

Additional studies were made by the kernel function method
considering aerodynamic forces on the wing only, and on the
wing and tail with no aerodynamic interaction. Figure 9
compares the flutter boundary for the studies performed with
complete interaction aerodynamics and with wing aero-
dynamics only. The effect of the complete interaction
aerodynamics was to lower the flutter speed 30% relative to
the wing only results. The results using wing and tail
aerodynamics without interaction did not show the first
wing bending-fuselage torsion flutter mechanism. This
behavior, which agrees with Refs. 1 and 3, is clarified in
Fig. 10. For the case of wing aerodynamics only, the fuselage
torsion mode is virtually unaffected by aerodynamic forces,
and the wing bending mode, which increases with airspeed,
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Fig. 7 Damping coefficient vs velocity ratio—comparison
of three methods—rigid horizontal tail.
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Fig. 8 Flutter velocity ratio vs first fuselage torsion to first
wing bending frequency ratio—comparison of three

methods—rigid horizontal tail.

coalesces with the torsion mode. The addition of the tail
aerodynamics without interaction introduces aerodynamic
forces which cause the fuselage torsion frequency to increase
with air speed also, thus preventing coalescence. The
further addition of interaction aerodynamics increases the
cross coupling force between these degrees of freedom such
that the flutter mechanism reappears and at a lower speed
than predicted by the wing only case.

Results for elastic horizontal tail

Since the elastic tail could couple with the fuselage torsion
mode, additional studies were conducted using a 15 degree of
freedom representation. These degrees of freedom were the
five lowest wing modes, the four lowest stabilator modes, the
stabilator rigid body pitch rotation mode, the four lowest
fuselage torsion modes, and the rigid aircraft roll mode. All
of the 15 degree of freedom studies were made using the
multiple surface kernel function method.

The flutter boundary for this system is plotted vs the
stabilator rigid rotation frequency in Fig. 11. The flutter
mechanism for stabilator rotation frequencies less than 18
Hz is the coupling of the stabilator rotation mode with the
first fuselage torsion mode. For stabilator rotation fre-
quencies of 18 Hz or greater the flutter boundary reverts to
the first wing bending-first fuselage torsion flutter mechanism.
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ONLY
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Fig. 9 Flutter velocity ratio vs first fuselage torsion to first
wing bending frequency ratio—comparison of kernel

function results.
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Also shown on Fig. 11 are data points from an eight degree
of freedom (two fuselage torsion, five stabilator, and rigid
aircraft roll) modified two-dimensional strip theory analysis.
Again, the strip theory not only shows expected trends but
also shows surprisingly close agreement with the kernel
function results. The implication is that the stabilator
rotation-fuselage torsion mechanism is not a function of the
wing modes or of the down wash created by the wing.

It is interesting to note that when the stabilator rotation-
fuselage torsion mode is the critical flutter mode it eliminates
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Fig. 11 Flutter velocity vs stabilator rotation frequency-
kernel function method—elastic horizontal tail.

o.os r

0.04

-0.04

-0.08

; -0.12

-0.16

-0.20

-0.24

STABILATOR ROTATION -
FUSELAGE TORSION

FLUTTER MODE

0.2 0.4 0.6
VELOCITY RATIO

0.8 1.0

Fig. 12 Damping coefficient vs velocity ratio—kernel
function method—elastic horizontal tail.

the wing bending-fuselage torsion mechanism. Results for
the 15 degree of freedom kernel function study are presented
in Fig. 12 by the classical damping vs velocity curves for a
stabilator rotation frequency of 10 Hz. The first wing
bending-first fuselage torsion mechanism is stable while the
stabilator rotation-fuselage torsion mechanism is unstable.
The stabilator rotation-fuselage torsion flutter mode stabilizes
the wing bending-fuselage torsion mode by a modification of
the fuselage mode. This situation holds for all values of
fuselage torsion-wing bending frequency ratio. Similar
results occur for any stabilator rotation frequency less than
18 Hz, that is for all cases where the stabilator provides an
instability below the wing bending-fuselage torsion flutter
speed.

The mechanism involving the stabilator rotation mode and
the fuselage torsion mode stabilizes the wing bending-fuselage
torsion flutter mechanism by modifying the characteristics
of the fuselage torsion mode. The implication is that a
potential wing-tail interaction instability involving the
wing bending and fuselage torsion modes could be prevented
by a modification of the fuselage torsion mode using the
stabilator and a feedback control system. This should be
considered when wing-tail instabilities are uncovered on
existing aircraft or where the "control-configured vehicle"
concept is used in the initial design.

Conclusions

The following conclusions can be drawn on the basis of the
work presented here:

1) Although aerodynamic wing tail interaction has been
shown to be a very important ingredient to the flutter
stability of some aircraft, the critical flutter modes of this
configuration involved primarily mechanical interaction,
modified by aerodynamic interaction.

2) The effects of tail-to-wing aerodynamic interaction are
practically negligible.

3) Modified strip theory provides a quite adequate means
for quickly and inexpensively predicting the basic flutter
trends of a configuration such as the one analyzed here at an
early design stage. For increased confidence and improved
accuracy, these analyses should be verified by one of the more
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sophisticated theories which account for aerodynamic inter-
action. However, for configurations with lighter and thinner
fuselages, it is believed that the aerodynamic interaction will
prove to be more important, and such configurations will
require early analysis with an accurate interaction aero-
dynamic theory.

4) For the successful prediction of the airframe critical
flutter mode, the dynamic idealization must realistically
include the elastic characteristics of all interactive com-
ponents.

5) Complete aircraft flutter analyses using component
aerodynamics without interaction (i.e., wing and tail aero-
dynamics separately) should be avoided because such analyses
may obscure the potentially critical wing-tail mechanism.

6) A potential wing-tail interaction instability can be
prevented by geometric rearrangement, or by considerable
structural stiffening, and quite possibly by "active control"
with the stabilator control system.
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Advanced Design Concepts for Buckling-Critical
Composite Shell Structures

L. B. GBESZCZUK* AND R. J. MiLLEEf
McDonnell Douglas Astronautics Company, Santa Monica, Calif.

The high cost of advanced filamentary composites has led to the investigation and develop-
ment of new design concepts for buckling-critical composite shell structures. Results are pre-
sented on structural efficiency and cost effectiveness of shells designed for buckling under ex-
ternal pressure and axial compression. Use of a pseudo-T-rib stiffening concept in which
small quantities of high-modulus fibers are placed at the tip of a metal stiffener significantly
increases buckling efficiency. A 10-volume-percent of boron-epoxy (as compared to the total
volume of material in a stiffened metal shell) increases the buckling efficiency of an externally
pressurized shell as much as 80% at a cost comparable to that of all-metal structures. Similar
results are obtained for buckling-critical shells subjected to axial compression. For an inte-
grated-composite shell consisting of an aluminum cylinder overwrapped with boron-epoxy and
subjected to external pressure, the experimentally determined structural efficiency is 47%
greater than that of an all-aluminum cylinder of similar geometry. It is shown that problems
involving joints and attachments, which are critical for all-composite structures, are mini-
mized through the use of new design concepts.

Nomenclature
Bx,By = extensional stiffness of orthotropic cylinder in axial x

and hoop direction y} respectively, Ib/in.
Dx,Dy — flexural stiffness of orthotropic cylinder in axial x and

hoop y directions, respectively, in.-lb
Dxy — twisting stiffness in xy plane, in.-lb
E = modulus of elasticity, psi
Gxy — shear stiffness in xy plane, Ib/in.
p = external pressure, psi

NX = axial buckling load, Ib/in.
ijLXy = relates strain in the y direction due to normal stress in

the x direction
fjtyx = relates strain in the x direction due to normal stress in

the y direction
i*xv — relates strain in the y direction due to flexural stress in

the x direction
Hyx = relates strain in the x direction due to flexural stress in

the y direction
h — rib height, in.
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