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stress of a cylindrical tube subjected to combined axial
and radial pressure is about one-sixth of the axial buck-
ling value of a corresponding cylindrical tube. As the ratio
of circumferential compressive stress to axial compressive
stress increases, as expected, the critical axial buckling
stress value decreases. It is also found that the critical
buckling stress for combined axial and radial compressive
cases investigated here is independent of n.

The nondimensional critical axial strain values of <rCr/E
vs t/R ratios for 77 = 0, rj =1, and K\ - 2 are plotted in
Fig. 2. The buckling interaction curves for combined cir-
cumferential and axial compression for clamped cylinders
(i.e., for rj = 1 and r/ = 2) appear to follow almost a
straight line parallel to theoretical classical values for uni-
form axial compression (i.e., for 77 = 0), indicating a uni-
form percentage decrease in the axial compressive load.
The experimental results of V. I. Weingarten and P.
Seide6 for cylinders with simply supported edge condi-
tions indicated the same phenomena observed in this
study for clamped cylinders, that the interaction curve

between external pressure and axial compression depends
on the ratio of thickness to radius.
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Advanced Beaded and Tubular Structural Panels
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A review is presented of an NASA program to develop lightweight beaded and tubular structural
panels which can be applied where beaded external surfaces are acceptable acerodynamically or
where primary structure is protected by heat shields. The design shapes were obtained with an op-
timization computer code which interates geometric parameters to satisfy strength, stability and
weight constraints. Methods of fabricating these new configurations are discussed. Nondestructive
testing produced extensive combined compression, shear and bending test data on local buckling
specimens and large panels. The optimized design concepts offer 25 to 40% weight savings compared
to conventional stiffened sheet construction.

I. Introduction

FOR several years Langley Research Center and other
NASA agencies have been investigating structural con-
cepts which use elements with curved cross sections to
develop beaded or corrugated skin panel structure.1"5 The
curved sections exhibit high local buckling strength which
leads to highly efficient structural concepts. These con-
cepts can be applied where a lightly beaded external sur-
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face is aerodynamically acceptable or where the primary
structure is protected by heat shields. Their corrugated
nature makes them especially attractive for high tempera-
ture application because the controlled thermal growth
minimizes thermal stress. The technology resulting from
this program is applicable to many areas such as launch
vehicles, space shuttle, and hypersonic aircraft.

A contractual study (NAS 1-10749) is in progress by The
Boeing Company to develop lightweight structural panels
designed for combined loads of inplane compression, in-
plane shear and bending due to lateral pressure. Under
this contract, governing analytical static strength equa-
tions for panels under combined load, and material and
geometric constraint equations were incorporated in a
random search type optimization computer program6 to
identify minimum weight designs for several potentially
efficient concepts. However, if these concepts are to real-
ize their analytical potential, all failure modes must be
properly recognized and accounted for. Consequently,
buckling tests were conducted on subpanels to identify
local failure modes and provide for proper modification of
local buckling theory. Also, full scale panels (40 X 40 in.)
were tested under combined loading to obtain large panel
failure data for correlation with theory. A nondestructive
force-stiffness test technique7 was used to provide exten-
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Fig. 1 Compression panel weight vs end load.

sive test results from a comparatively few test panels.
This paper presents a summary of the structural panel
development program including 40 X 40 in. panel test re-
sults and preliminary correlation with theory.

II. Problem Statement'

Many recent high performance vehicle designs, particu-
larly the space shuttle orbiter, employ large thick low as-
pect ratio wings which are lightly loaded. Figure 1, which
shows optimum panel unit weight as a function of com-
pressive load,4 indicates that tubular panels designed for
combined axial compression, lateral pressure, and shear
are 25 to 40% lighter than conventional stiffened panels
designed for corresponding magnitudes of compression
and pressure without shear.

Plans to exploit the potential of curved elements in
beaded and tubular panels included the following major
steps: 1) identify optimum design shapes for single sheet
and double sheet panels recognizing manufacturing limits
and available analytical data; 2) fabricate and test speci-
mens to determine local failure loads and correlate results
with the theory; and 3) fabricate and test panel specimens
to define the failure surfaces due to combined loads.

It was necessary to select a structural material, a panel
size and specific load combinations for use in comparing
the different panel configurations. 7075-T6 aluminum was
selected to provide a high proportional limit and ease of
fabrication. The high proportional limit is desirable for
developmental testing,8 otherwise test failures occur well
into the inelastic range and specimen stability character-
istics are obscured by material behavior. 40 x 40 in. pan-
els with the beads terminated at the supports and two
specific loading combinations were selected as typical of
space shuttle orbiter wing designs. The loading conditions
are: 1) 600 Ib/in. axial compression, 200 Ib/in. inplane
shear and 1 psi lateral pressure, and 2) 2000 Ib/in. com-
pression, 400 Ib/in. shear and 2 psi pressure. Only room
temperature is considered.

III. Configuration Optimization

Static strength analysis is the foundation upon which
the panel design optimization is based. To obtain a valid
optimum panel design, all possible failure modes must be
recognized and provided for in the analysis. Three catego-
ries of failure modes are considered: 1) general instability;
2) local instability; and 3) material yield. Only failures in-
volving the uniform section, or central region, of the panel
are considered here. Panel end closure, joint, and attach-
ment details are assumed adequate to transmit loads nec-
essary to develop full panel strength.

The basic configurations that have been selected for de-
tailed investigation in this program are shown in Fig. 2.
The last number in the configuration designation corre-
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Fig. 2 Optimized developmental configurations.

sponds to the design load condition. The geometry of the
fluted single sheet (la-1) and the fluted tube (2a-l) corre-
spond to optimum designs for load condition 1 and the ge-
ometry of configurations (2-2) and (2a-2) correspond to
optimum designs for load condition 2.

General Instability

General instability consists of buckling of the entire
panel. Available classical solutions for rectangular, simply
supported, orthotropic plates are used for elastic failure
criteria. However, for highly orthotropic panels of the
types considered here, the compression buckling load was
taken as the wide-column Euler load. General instability
under combined loading in compression and shear is de-
termined by the standard interaction equation,

Rc +RS
2=1

where Rc and Rs are ratios of applied stress to the critical
stress for panel general instability in compression and
shear, respectively.

Local Instability

Local instability is defined here as buckling of one or
more elements of the panel cross section with buckle half-
wave lengths which are small compared to the panel
length. Flat elements of the panel cross section are ana-
lyzed for local instability in compression and shear as
long, simply supported, isotropic plates using available
classical solutions.9 Circular portions of the panel cross
section are analyzed for local instability in axial compres-
sion and bending using Ref. 10, and in shear using Ref. 11.
Local instabilities under combined compression, shear
and lateral bending loads are determined by interaction
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Fig. 3 Brake forming uniform beads.

equations of the same form used in the general instability
analysis.

Material Yield

Material yield is determined from combined axial com-
pression, bending, and shear stresses at the panel center,
using the effective stress intensity according to the
Henky-von Mises yield criterion.12 The effective stress in-
tensity is also used in determining plasticity correction
factors for buckling stresses which are greater than the
proportional limit of the material.

OPTRAN Code

Various beaded and tubular panel cross-section configu-
rations were optimized for the above design conditions
and the weights of those designs were compared to select
the most efficient concepts. The optimizations were ac-
complished using the general design computer code OP-
TRAN (OPTimization by RANdom search algorithm)6

which establishes designs by random selection of values in
the dimensional parameters from specified search ranges.
Minimum gage design constraints are accomplished by
proper specification of the search ranges. The OPTRAN
code makes possible investigations of effects of various de-
sign restraints that would otherwise be quite difficult
when large numbers of variables are involved. The num-
ber of variables is limited only by computer time.

Designs optimized for load conditions, 1) and 2) are
critical in local instability over most of the combined load

Fig. 4 Reforming panel end closures.

failure surface. If the panel length is increased general in-
stability begins to dominate more of this failure surface,
but the panel design is no longer optimum. When the
panel design is reoptimized for the increased length it is
found that the local instability modes again predominate.
Also, when individual parameter changes are arbitrarily
made to an optimized design, efficiency is decreased, but
the individual parameters can be restrained and the de-
sign reoptimized with relatively little loss in efficiency.
This is particularly significant because nominal gage ma-
terial or standardized bead pitch can be used with mini-
mum loss in efficiency.

IV. Fabrication Development

Conventional methods of fabricating panels with
trapped beads have been by hydro-press or matched die
processes where all bead elements for the full panel are
formed in a single operation. Some associated disadvan-
tages are: 1) separate full size dies are required for each
panel, 2) elongation limits prevent forming deep beads,
and 3) material thinning occurs at the crests of the beads
where they are strength critical.

Studies made to determine methods of producing deep
multiple large-arc beads resulted in progressive brake
forming corrugations, as shown in Fig. 3, and then reform-
ing the ends. The approach is practical for fabrication of
test parts and for production. Note that the bends are
formed by a wrapping action which minimizes thinning
and forming forces but results in considerable spring back.
The 2t bead-to-flat bend radius was increased to approxi-
mately IQt at the ends so that the end closure could be
accomplished without memory of the previous mold line.
The compound contours of typical end closures are formed
with net-dimensional tooling (no springback) as shown in
Fig. 4. One problem encountered with end closure forming
is compressive wrinkling associated with the compound
contour in thin gage materials. The secondary bead, being
formed in the upper portion of Fig. 4, is beneficial in re-
ducing this compressive wrinkling as well as minimizing
load-induced buckling which can occur in the large flat
areas. An additional forming stage is applied to end clo-
sures when a is greater than 90° as shown in Fig. 2. The
end closure is preformed to approximate shape, and final-
ly the full end closure is sized in a female steel die using a
high-energy-rate electro-hydraulic process (capacitor dis-
charge through a spark gap in a water chamber). Assem-
bly of the two sheet panels is accomplished by bonding in
a fixture which restrains the two beaded sheets and the
necessary doublers.

V. Design Evolution and Test

Development of the panel designs has been an evolu-
tionary process. Selection of uniform section designs has
been accomplished by the computerized design optimiza-
tion processes while the end closure development has been
a fabrication, test and modification process. This has been
a very satisfactory combining of developmental processes.
With good coordination and shop support the fabrication
and testing of the end closure concepts is rapid, economi-
cal and produces very reliable results. Only a small per-
cent of panel weight can be saved by refining end clo-
sures. A precise analysis of end closures is considered be-
yond the scope of this program. The rationale employed
was that end closures should be sufficiently strong to
withstand panel design loads and that their strength be
verified by experiment.

Local Buckling Tests

Data to support the local buckling strength analysis was
obtained by testing uniform section specimens, similar to
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Table 1 Matrix of optimized test specimens

Design 1) 600 Ib/in. C, 1 psi B, & 200 Ib/in. S
conditions: 2) 2000 Ib/in. C, 2 psi B, & 400 Ib/in. S
Test load C, B, S, C+B, C+S, B+S and
conditions: C+B+S unless indicated otherwise

Design
Configuration condition Fabricate Test Loads

la-l-P
2-2-P
2a-l-P
2a-2-P

Panels 40
1 4
2 3
1 4
2 4

X 40 in.
3
3
2
3

all
all
all
all

Local buckling specimens
la-l-U
2a-l-U
2a-2-U

la-l-E
2a-l-E
2a-2-E

1 9
1 10
2 10
End closure
1 1
1 3
2 4

7
8
8

specimens
1
2
3

all
all
all

S
C, S
C, S, C+S

that shown in Fig. 5, of each of the four cross sections plus
a number of initial screening specimens. The specimens
were potted at each end to facilitate loading in a com-
bined load test fixture. Chords were attached to stabilize
the edges and to reduce the in-plane bending stresses.
Specimens of each configuration were tested in a fixture
which applies separately (or simultaneously) uniform out-
of-plane bending, axial compression and in-plane shear
loads. The unsupported sections of the tubular local buck-
ling test specimens are typically about 18 in. wide and 10
in. long. The single sheet specimens were made 30 in. long
since their local modes are relatively long wave length.

End Closure Tests

The end closure development consisted of testing end
closure specimens of each of several initial screening de-
signs in addition to each of the configurations shown in
Figure 2. Figure 6 shows a configuration 2a-2 fluted tube
end closure test specimen with attachments and edge
members to permit the specimen to be tested in shear and
axial compression. The end closures were reinforced by
fingered doublers bonded between the two beaded sheets,
at the ends of the panels, with the fingers pointed toward
the centers of the panels. Rivets were used to reinforce the
bond against the peeling stresses induced by the shear
loads.

Panel Tests

Full size 40 X 40 in. panels of each of the designs were
fabricated and tested under combined loads. The com-
bined load test technique is an extension of a system de-
veloped to test shear beams in support of the Boeing SST
development program.13 Compression is applied to the
panel by two vertical actuators, and shear is applied by a
horizontal actuator to the side of the test panel. An air

t bag system, located behind the test panel, is used to pro-
duce bending. Extensive finite element analyses were con-
ducted to support the design of the test beam and its
chords, joints, buffer bays and loading plates, to minimize
the undesirable influences of the boundary members upon
the stress distributions within the test panel. The inplane
moment of inertia of the joints and the chords of the test
beam were minimized in order to minimize the Vierendeel
truss effect. It was necessary to provide enough lateral and
torsional stiffness in the chord and joint members to pre-
vent local instability in the boundary members. A rigid
truss system and pivoted links were used to restrict the
motion of the test beam to a single plane and prevent
general instability in the beam.

Fig. 5 Local buckling test specimen.

The matrix of end closure, local buckling and panel test
specimens corresponding to the four final configurations is
shown in Table 1. The table omits the various test speci-
mens used for concept screening.

VI. Instrumentation

Varying amounts of instrumentation were used with the
different test specimens to permit monitoring of stresses,
out-of-plane deflections and the associated failure modes.

Approximately 70 strain gage channels were installed
for the first panel test to establish that uniform strain dis-
tributions were realized in the test specimen. These pre-
cautions were considered necessary to assure uniform
stress distributions within the test panels, to simplify the
correlation of the test results and to prevent premature
failure in the boundary. The failures have generally ini-
tiated at the center rather than the edges of the test spec-
imen indicating that satisfactory boundaries were
achieved. Approximately 30 strain gage channels were
used to monitor stresses in subsequent panel tests.

End closure specimens were strain gaged only when in-
vestigating particular problems. Correspondingly, the
number of strain gages used with the local buckling test
specimens ranged from none for the initial screening test
specimens loaded only in shear to approximately 24 for
the final combined load test specimens.

Although the strain gage data constituted a necessary
part of the test data, the grid shadow Moire monitoring
technique14 was far more helpful in identifying detailed
failure modes/The Moire monitoring technique was used
in the initial end closure development effort to identify
the occurrence and nature of deformations associated with
the different end closure designs. Moire was also used in
conjunction with the local buckling tests and the full size
panel tests to identify the various buckle modes as they
developed.

VII. Test Technique

Force/Stiffness Application

Both the quantity and quality of the test data available
from this program were enhanced by the Force/Stiff ness

Fig. 6 End closure test specimen.
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Fig. 7 Force/stiffness plot.

(F/S) nondestructive buckling test technique.7 The F/S
technique permits monitoring during the test to observe
proximity to and magnitude of the critical buckling load
without failing the test specimen.

Figure 7 shows an F/S plot developed for test panel 2-
2-P-l when it was being loaded in pure axial compression
during three separate tests. The "stiffness" parameter,
obtained by dividing the applied load by observed deflec-
tions, is plotted versus the applied load or "force." The
deflection parameter used in Fig. 7 is the difference in
output from two strain gages located on the front and rear
crests of the bead in the center of the panel. This local
bending strain is proportional to the out-of-plane deflec-
tion, and tends to increase without limit as the critical
buckling load is approached. The F/S plot extrapolates to
the horizontal axis at the critical load. Details of the ap-
plication of the F/S method, particularly its application
to local buckling predictions, are given in Ref. 7.

Test Procedure

The F/S technique permitted identification of failure
loads for many load conditions for individual test panels.
This permits the matrix of load conditions shown in Table
2 to be applied and the corresponding strength level for
each of those conditions to be verified for each test panel.
In order to obtain the best possible accuracy, the load
conditions are applied in sequence to a given percentage
of the predicted strength. F/S predictions are made from
these data. The percentage is then increased and the load
conditions are repeated. Improved F/S predictions are
made from the additional (higher load) data as indicated
by curves 2 and 3 in Fig. 7. Finally, the specimen is tested
to failure in a selected load condition. The failure test
provides a check on the F/S predictions. The ability to
define numerous failure loads on a single specimen re-
moves inaccuracies which result from specimen-to-speci-
men differences. Consequently, major improvements in
quality of the test data and in ability to correlate test re-
sults with the analytical predictions are realized.

VIII. Test Results

While large amounts of test data have been generated
to date on all of the optimized configurations, as well as

Table 2 Panel test load conditions

Test load
condition

1
2
3
4
5
6
7
8
9

10

Nx

I
0
1
1
1
1
0
0
1
1

Load ratio

Nxy

0
1
1/5
1/3
0
0
1
1
1/5
1/5

Pressure
(const.)
P(psi)

0
0
0
0
1.00
2.00
1.00
2.00
1.00
2.00

Fig. 8 Shear test of single sheet end closure specimen.

earlier screening configurations, most of the data are from
end closure and local buckling specimens. Tests on the
large 40 X 40 in. panels are completed on the circular tu-
bular configuration only. Therefore while specified failure
peculiarities will be discussed in this section for all config-
urations, buckling test data on large panels and correla-
tion with theory will be restricted to the circular tubular
panels only.

Failed Test Specimens

A number of photographs of loaded or failed test speci-
mens are shown. Figure 8 shows a single sheet end closure
test specimen loaded in shear and monitored using grid
shadow Moire. The specimen performed quite well under
axial load. However, the Moire patterns indicate that
shear loading produced large out-of-plane deflections. The
deflections are due to a discontinuity in the local shear
center which results in out-of-plane couples without ade-
quate reaction. Addition of stiffening elements such as
fish plates and transverse and longitudinal beams reduced
the deformation, but not satisfactorily. Further tests and
analyses are required to resolve this problem. Figure 9
shows a configuration 2a-l end closure specimen which
failed in axial compression. Note that failure occurred as
local crippling in the uniform section rather than in the
region of the end closure thereby demonstrating adequate
end closure strength. Figure 10 shows a large panel failed
in combined axial compression and shear.

Figure 11 shows the upper edge of panel 2-2-P 3 which
buckled in the end closure adjacent to the joint splice due
to lateral pressure and axial load. Large panel behavior is
further discussed under "Circular Tube Configuration Re-
sults" below.

Failure modes of particular interest are the buckling
modes observed during compression tests of the single
sheet panel specimens. These modes, shown graphically in
Fig. 12, have axial half-wave lengths generally small with
respect to typical panel lengths. Panel failure occurring as
a result of this mode of buckling is seen in the longer
specimen in Fig. 13. This type of buckling behavior was
also reported in Ref. 15. In Fig. 12a and 12b the modal
behavior is seen to be similar to buckling of a simply sup-
ported orthotropic strip whose midplane axis coincides
with a diagonal drawn between alternate bead crests, and
is therefore called the "diagonal" buckling mode. The
mode shape of Fig. 12c, which is also considered a "diago-
nal" mode, is observed in tests of the fluted bead speci-
mens. The mode shown in Figs. 12a and 12b is antisym-

Fig. 9 End closure compression failure.
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Symmetry

Fig. 10 Panel combined load failure.

metric with respect to axes of the bead cross section as
opposed to the mode in Fig. 12c which is symmetric. The
axial wavelength is shorter for the mode of Fig. 12c than
for those of Figs. 12a and 12b, the former exhibiting four
half waves in a typical 30-in. test panel length, while the
latter generally show two.

The diagonal mode exhibits some characteristics of a
panel general instability mode. The entire panel is usually
involved and significant growth of the modal deflection
pattern occurs prior to panel buckling. This behavior is
often accompanied by an apparent change of mode at an
intermediate load level from n = 1 to n = 2.

The diagonal buckling mode has been observed in pan-
els loaded in pure shear, although the exact character of
the mode is difficult to determine. One characteristic
common to all configurations tested in shear is that no
significant growth of buckled mode appears to occur prior
to panel failure, and the actual failure exhibits skewed,
short wave length shear buckles, typical of conventional
local buckling or crippling failures. An example of a circu-
lar tubular local buckling specimen failed in shear is
shown in Fig. 14.

In the two sheet configurations no mode of the diagonal
type was expected and none was observed in the panel
tests. However, in the fluted tube specimens a different
mode of interest has been observed. Test of a full size, 40
X 40 in. panel of the configuration 2a-l fluted tube ex-
hibited a pronounced tube flattening mode.

Force/Stiffness data indicated premature failure of the
panel in general instability at approximately 70% of the
predicted failure load. This reduction is attributed to loss
of sectional properties resulting from the tube flattening
mode. After this behavior was identified, internal post
stiffening was added on six inch centers to prevent flat-
tening. Subsequently, when the panel was tested to fail-
ure, it developed 100% of the design loads. Thus it ap-
pears that an efficient modification to prevent tube flat-
tening may be necessary if the fluted tube concepts are to
attain their potential efficiency. Study of the fluted con-
cepts is not yet complete.

m

a. Circular Arc Bead
With Flat lf-1

b. Circular Arc Bead
Without Flat 1-1

Symmetry

c. Compound or Fluted Bead la-1

Fig. 12 Single sheet buckling modes.

Fig. 13 Local buckling compression failures.

Circular Tube Configuration Results

The circular tube configuration is the only configuration
for which the scheduled testing has been completed. This
testing has included two end closure tests, five local buck-
ling tests and tests of three 40 x 40 in. full size struc-
tural panels. A summary of these test results compared
with analytically predicted strengths is presented in Table
3. Extensive nondestructive testing of the full size panels
was accomplished in different loading conditions; how-
ever, only the results of the final tests to failure are pre-
sented here. The end closure and local buckling specimen
geometries are from early screening studies, while the ge-
ometry of the full size panels is from a final optimum de-
sign scaled down to the nearest standard material gage.
The detailed geometries are shown in Table 3. In the ana-
lytical strength predictions original analysis refers to the
theory used in obtaining the final OPTRAN panel designs
and weight/strength curves, while the experimental modi-
fication refers to the revised analysis which is described in
Section IX, Modified Failure Criteria. The correlation of
test results with the modified analysis is excellent. Only
one test point shows the analysis to be unconservative,
and that by only 3%.

•̂ •••••••i
Fig. 11 Panel edge combined compression and pressure fail-
ure. Fig. 14 Local buckling shear failure.
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Table 3 Circular tubular results and analytical predicted strengths

Specimen

2-2-E-6
2-2-E-8
2-2-U-l
2-2-U-2
2-2-U-3
2-2-U-4

2-2-U-5

2-2-P-l

2-2-P-2
2-2-P-3

a IT> Specimen
X-x-x-x
x-X-x-x
x-x-X-x

no.
Failure test condition

Shear
Compression
Bending
Shear
Compression
Compression
+ Shear
Compression
+ Bending
Compression
+ Shear
Compression
Shear

number identification
Bead design type, see Fig. 2
Design load condition
Specimen type, see Table 1

Fs
Fc
FB
Fs
Fc
Fc
Fs
Fc
FB
Fc
Fs
Fc
Fs

Test

= 25.
= 49,
= 78
= 37.
= 69,
= 58,
= 17.
= 21,
= 58
= 37.
= 12.
= 37,
- 17,

Ultimate stresses — ksi

Original

.0
1

.2

.5
,2
,5
.8
.8
.8
.8
,9
.5
.6

FB
Fs
Fc
Fc
Fs
Fc
FB
Fc
Fs

=
=
=
=
=
=
=
=
=

77.
35.
75.
63.
19.
20.
55.
30.
10.

Analysis
Exp. mod.

6
0
4
1
2
4
0
7
5

FB
Fs
Fc
Fc
Fs
Fc
FB
Fc
Fs

_
—
= 77
= 35
= 67
= 60
= 18
= 19
= 53
= 36
= 12

.6

.0

.8

.3

.4

.8

.4

.0

.3
Panel edge failure

Fs = 13.

Nominal bead
2-2-11-x:
2-2-lj-x.
2-2-P-x:

. R
R

6

configurations
= 1.20 in., t =
= 1.34 in., t =

Fs

0.032 in.
0.025 in,

= 17

. « =
., a =

.6

85°
90°

x-x-x-X Type or -sequence of test

Panel 2-2-P-l was tested at each of the ten loading con-
ditions in Table 2 and then was loaded to failure at a
combined compression and shear load that reached ap-
proximately 128% of the predicted strength. The failed
panel is shown in Fig. 10. The failure extended across the
panel center but did not extend through the edges. Panel
2-2-P-2 had been tested at each of the ten load conditions
and was loaded to 94% of the predicted strength in axial
compression, which was considerably above the axial load
component for the design load, when the panel failed in
the end closure adjacent to the joint. Panel 2-2-P-3 had
been tested at each load condition and was loaded to 98%
of the predicted strength in axial compression plus pres-
sure when it failed in a manner similar to that of panel 2-
2-P-2. The failed edge, shown in Fig. 11, involved buck-
ling but no tearing of the metal. The panel was again
loaded in pure shear and the F/S plot was virtually un-
changed, indicating that the shear strength was unaltered.
The shear load was increased until failure similar to that
shown in Fig. 10 occurred in the lower half of the panel at
130% of the analytically predicted panel strength.

Compression-Bendinq Plane Compresston-Shear Plane
a. Original Local Buckling Analysis

1.0

Compression-Bending Plane Compression-Shear Plane
b. Experimentally Modified Local Buckling Analysis
• Local Buckling Specimen O Panel Test Points

Test Points

Fig. 15 Local buckling interaction curves for circular tubular
panel with test points.

IX. Modified Failure Criteria
Figure 15 shows the correlation of test data with analy-

sis both before and after experimental modification. The
modifications to the analysis affect the bead crippling
stress equations in compression and shear. A knockdown
factor of 0.9 is applied to the buckling coefficient in the
equation for bead compression crippling, Ref. 10. The
buckling coefficient in the equation for bead shear crip-
pling is also modified as follows:

= 3.3Z•0.585 (Z > 10)
This modification is primarily a change in the length ef-
fect which is represented by a series of curves for Ks as a
function of Z and a/b (see Ref. 11). The improvement in
correlation between test and analysis can be seen graphi-
cally by comparing Fig. 15a with Fig. 15b. The R values
shown in these figures were taken directly from the test
and analysis results which are summarized in Table 3.

Figure 16 shows the weight/strength curve for the circu-
lar tube panel from Fig. 1 with the corresponding curves
for fluted panels. The dashed-line curve in Fig. 16 shows
the effect of the modified failure criteria on the optimum
weight of the circular tube panel. Although the allowable
local buckling strength in compression was reduced, the
increased shear strength results in a weight reduction of
approximately 3% for the specified design load condition.
Tests and data analysis remain to be completed before the
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Fig. 16 Panel weight vs panel end load.
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potential of the more efficient fluted designs can be estab-
lished.

X. Conclusions

A contractual study was initiated to exploit the efficien-
cy of curved elements in the design of panels to cope with
the thermal environment. The goal to develop design
theory and modify this theory with test data on optimized
configurations has been essentially attained for a circular
tube configuration. Test data obtained under combined
loading on local buckling specimens and on large panels
show excellent agreement with theory. The beaded and
tubular panel concepts, selected primarily because of
their tendency to minimize thermal stresses, are far more
efficient than conventional stiffened sheet construction
and appear to be competitive when compared with fabri-
cation costs of other panel concepts. The fluted designs,
which are still under investigation have the potential to
be even more efficient than the circular designs. Successes
with the specific concepts developed during this program
suggest that much broader applications of the beaded and
tubular panel concepts warrant additional considerations.

Boeing has initiated an IR&D program to develop weld-
ed circular tube end closures from thin 6A1-4V titanium
sheet and to investigate the use of panels with one beaded
sheet and one flat sheet in order to further extend the
areas which utilize the technologies obtained from this
program. Although the work that is being accomplished
was initiated to support advanced space vehicle concepts,
it is apparent that these developments in beaded and tu-
bular panels should result in increased efficiency in many
types of future vehicles. Once again research initially di-
rected toward the space effort will undoubtedly result in
even greater non-space benefits.
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An Automated Procedure for Computing Flutter Eigenvalues
Robert N. Desmarais* and Robert M. Bennett*

NASA Langley Research Center, Hampton, Va.

A new, fast, and economical automated procedure for implementing the traditional V-g method of
flutter solution is described. The procedure requires as input the generalized aerodynamic forces for
a range of reduced frequencies obtained from an aerodynamic program. These aerodynamic forces
are interpolated with respect to reduced frequency using a newly developed, partially tabulated
cubic spline that is both fast in execution and economical in storage. The flutter solution is then ob-
tained using an eigenvalue routine that has been developed to take advantage of the parametric na-
ture of the V-g type of solution. Furthermore, the routine takes care of the fundamental and trou-
blesome problem of properly sorting the output eigenvalues. By solving the root-sorting problem,
the interpolation for flutter crossings and automatic plotting are accomplished efficiently. The com-
putational techniques used in this new program are described and some sample results are given.
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Nomenclature

= tabulated spline coefficients
- generalized aerodynamic force matrix element resulting

from the pressure induced by the y'th mode acting
through the displacements of the ith mode

= Yt - Yj"/6 where Y(X) is the function being interpolated


