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ABSTRACT

The Wide Area Surveillance Projectile (WASP), is a smdl autonomous flyer
that is launched contained in an atillery shdl, and then deployed over a battlefidd
to capture images. The focus of this paper is the structura design and testing of the
aft section of this vehide. The aft section is not only subjected to high impulsve
inetid loads, but its weight has a subdantia effect on the contrallability of the
vehidle therefore it is manufactured in advanced composte materids to save
weight without incurring a drength pendty. Finite dement modes of this section
as wel as hand lay-up test specimens were produced to optimize the design. These
goecimens were tested daticdly as wel as in a dynamic environment. Using the
andyticd procedure presented in this paper, a high-g survivd pat could be
designed with much lesstime and at alower cost than with previous techniques.

BACKGROUND

The WASP project was commenced as a cooperative venture between the
Massachusetts Ingtitute of Technology and Draper Laboratories in 1997. The god
was to develop an unmanned aeriad vehicle that would reduce the risk associated
with obtaning time-critical baitlefiddd reconnaissance data The misson profile
required a ghardened vehide tha was extremdy ligt and sufficiently
maneuverable to achieve an acceptable misson endurance; the current design can
be sen in Figure 1. A key modification from the origind desgn was the
introduction of composites as the principa structurd materid. A finite dement
modd was created to evauate the advantages of utilizing composite materids over
duminum in the desgn of the tall section. It was found thet a Sgnificant saving in
weight and a dight increese in drength could be achieved by this materid
aubgitution.  While the high vaues of gpecific srength and diffness lead
composites to be a good sdection for this vehicle, these performance advantages are
incurred at the expense of increased cost and complexity of design, andyss and
manufacturing. The rationde for the work presented in this paper was to mitigate
therisk of usng compositesin WASP by providing a vdidated design tool and
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Figure 1. CAD representation of WASP Il flyer in a) stowed and b)
deployed configurations

developing manufacturing processes [1]. While no previous studies were found in
the literature directly relating to the desgn of high-g composite fusdage sections,
svead have identified desgn procedures utilized for cylindrical dructures smilar
to those used in WASP [2][3][4][5][6].

AFT SECTION REQUIREMENTS

The mog criticd area for detailled andyss and testing was the aft section.
This section has ggnificant influence on the control gability of the vehide and
experiences the highest launch loads due to its location. The specifications for the
aft section of the WASP vehicle were dictated by the MK64 5° Navy gun shell that
it was desgned to be contained within. It housed the tall servos, much of the
eectronic components and was where the tal fins sowed. The geometrica
requirements for this section were to maximize the internd volume while not
exceeding the maximum internal diameter of the shel, and to provide agppropriate
cutouts for the fins and insarts. There were two distinct configurations investigated;
one with two long dots where the V-tal was stowed, and the other with two short
dots where dectronic inserts were placed. For the work presented in this paper, the
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Figure 2: Model geometry, side view




aft section was represented by a cylinder 3.5” in diameter and 5.5” in length, with a
par of ¥4 rounded dots cut to lengths of ether 2" or 5°. The mgor design load
was the set-back inertid launch load of 16,000 g's (160 km/s?) pushing the entire
mass of the vehicle agang the tall section, distributed evenly across the upper
cross-sectiond face of the tall section. At either end of the aft section, a metalic
bulkheed condrans the compodste cylinder from displacing radidly. A
representation of this geometry can be found in Figure 2.

ANALYSS
General Procedure

The procedure for andyzing the composte sections is shown in Figure 3.
Firg¢ candidate laminates were examined usng a classcad laminated plate theory
(CLPT) code written in MatlabO, to predict first ply failure as determined by the
Tsai-Wu failure criterion.  The next step was to use FDEASO as a pre-processor
and mesh generator. The geometry of the section was modeled and meshed with 9
node S8R5 shell dements, and then sets of boundary eements and nodes were
exported together into ABAQUSO. Once in ABAQUSO, materid properties,
boundary conditions and a nomind 1000 lbs digributed axiad compressive load
wereimposed. Both a gtatic and dynamic analysis was performed for each mode!.

LAMINATE SELECTION (Matlab)

Composite laminate ply angles entered
CLPT code using Tsai-Wu iterated to select laminate

GEOMETRY (I-DEAS)
Model defined in CAD environment
Finite element model geometry defined

PROCESSOR (ABAQUS)

Material properties, loads and b.c.'s defined
Static model processed for nominal 1000 Lbs load

STRESS OUTPUT (ABAQUS-POST)
Stress solutions inported from ABAQUS
Maximum stresses located and recorded

EQUATION SOLVER (Mathematica)

Tsai-Wu failure theory constants tabulated
Failure load factor found

Figure 3: Analysis procedure flow chart




Static M odel

The three primary stress components—axid, circumferentidl and shear—
were extracted in ABAQUSO datic modds from the dements with the highest
dress state near the dot tip. These stresses aong with the tabulated Tsa-Wu falure
condants were then entered into an equation solver in MathematicaO. Since the
laminate was assumed to behave linearly until firg ply falure, the Stresses in the
cylinder would scae linearly with the load applied. The solver was used to
determine the criticd load factor to be multiplied by the nomina load entered in
ABAQUSO, to cause firgt ply failure as determined by the Tsai-Wu criterion.

Dynamic M odel

Since dots were relatively long, it was uncertain whether the tubes would
fal by fracture or buckling, therefore a dynamic modd was dso andyzed in
ABAQUSO. The dynamic modd was created Smilaly to the static modd, using
identicd geometry, materids, loads and boundary conditions. The only difference
occurred in the solution section of the input file, where linear buckling (eigenvaue
buckling) was specified ingtead of a datic solution. The subspace iteration method
was used to find the buckling load factor, usng 3 vectors and 30 iterations.

EXPERIMENTAL PROCEDURES
Manufacturing Specimens

The expeaiments were performed using a [0/+45]3s layup of AS4/3501-6
graphite epoxy pre-preg, with the 0° direction of fibers defined as axid. The
samples were cured following the manufacturer's standard autoclave cycle on a
35" diameter duminum mandre. Since each layer added to the laminae increases
the circumference of the part around the mandrel, each ply had to be carefully cut to
the correct individua width, which presented the grestest manufacturing chalenge.
Then, after being post-cured, the specimens were machined to a totd length of 5%
usng a continuous carbide grit band-saw blade.  Findly, the appropriate dot
formations would be milled into the tubes with a ¥4" 2-flute carbide endmill. A
two-pass method was developed which dleviated much of the torque transmitted to
the specimen, thus reducing the amount of delamination of the edge fibers.

Test Fixtures

To smulate the appropriate boundary conditions during testing, two sets of
test fixtures were manufactured. The first, a proof mass, was placed on the top rim
of the gpecimens, which served the dua purpose of redtraining the samples from
compressng in the radiad direction and provided a uniform load dong the upper
surface for both mechanicd and ar-gun testing. The part weighed 4.0 |bs, to obtain
gopropriate dress levels a a feasble g-levd during ar-gun testing. The second
fixture was a damp smulator, which was dso machined out of duminum. The
bottom ¥2’ of each sample was held into this fixture by a crystdline wax.



Mechanical Compression Tests

Sx axid compresson tedts were performed in disolacement control on a
sarvo-hydraulic tesing machines until falure, & a rate of .025" per minute. The
load-displacement data was recorded usng LabView5a . Compresson platens
were placed on both heads of the load frame, and each specimen was loaded with
proof mass and clamp fixturesin place.

Air-Gun Tests

Air-Gun testing was conducted in order to smulate the actud launch
conditions the vehicle would experience in sarvice Teding was peaformed a
Ficatinny Arsend, NJ usng a 155mm ar-gun. Specimens were loaded into
canisgters and then placed in the air-gun with an O-ring on either end. Pressure was
built up in the breech, to obtain the desred accderation. Four shots were
successfully completed using this gun.

Figure 4: a.) Finite element model of short slotted specimen predicting first buckling
mode at 92,700 Ibs and fracture load of 51,900 Ibs. b.) Photograph of short slotted
specimen fractured under compressive load averaging 45,000 Ibs. c.) Finite element
model of long slotted specimen in first buckling mode at 56,400 Ibs and predicted
fracture load of 64,100 Ibs. d.) Photograph of buckled long slotted specimen from a
compressive load averaging 56,000 Ibs.




RESULTS
Comparison of FEA to Compression Tests

There was reasonable corrdation between the failure predicted—based on
FEA together the Tsai-Wu falure theory—and the compression tests results as seen
in Figure 4. The most consstent result was the correct sdlection of dominant
falure mode, which was predicted by comparing the results of the dynamic and
gatic models. For the short-dotted case the satic falure load was predicted to be
51,900 Ibs with falure of the outermost 45° ply in the laminate, while the buckling
load was 92,700 Ibs, clealy indicating that this cylinder would fal in fracture.
Smilaly, the datic fracture load cadculated for the long-dotted tube was 64,100 |bs
and the buckling load was predicted to be 56,400 Ibs initiating near the upper dot
tip. Both of these predicted failure modes corresponded with the test results.

The quantitative comparison of prediction and experiment was reasonable.
For the short dotted cylinder, the predicted fracture load was 51,900 Ibs while the
average fallure load in experiments was 4,710 Ibs, a difference of 16%. The long
dotted cylinders were predicted to buckle at 56,400 Ibs, whereas the actud average
buckling load was 55,870 lbs, a difference of 9%. While not sufficiently accurate to
permit detalled design without testing, these codes do provide insight to help design
which specimens to test, and to specify the required range of test conditions.

Comparison of Compression to Air-Gun Tests

Since ar-gun tess ae expensve and time consuming, a key god of this
project was to pove that compression tests could serve as an accurate subgtitute for
some phases of the design process. The air-gun tests performed for this project only
aufficed to provide a bound for the falure accderation; both cylinders which were
tested survived a launch load of 40,000 Ibs without measurable or visble damage,
and both falled catastrophically at a load of over 60,000 Ibs. These results do
indicate however that the falure experienced during the compression tests was in
the same range as would be seen in a gun launch. Andyss shows tha for this
composite section, the ar-gun tesing environment was “quas-datic,” i.e the
resonant frequency of the system was much higher than the gun-shot frequency, so
it was not excited. While this does not eiminate the necessty for find ar-gun
testing to prove g-hardness, it does provide evidence that quas-dtatic compression
tests may provide a quick and chegp experimenta design tool. Compression tests
can dso be used to compare the survivability of competing configurations, thereby
dragticaly reducing the number of air-gun tests need.

Influence of Variableson Failure

Severd variables were andlyzed to provide a rubric to predict the effect of
potentid design changes on the falure load. The firg variable investigated was the
effect of changing the dot length on the falure load. Since this is a geometric
change, it could be assumed to dter both the datic falure due to a new dress
concentration a the dot tip and the buckling load. Somewhat contrary to
expectation, the resulting sresses indicated that lengthening the dot did not have



much of an effect on the fracture srength of the cylinder, and in fact somewhat
relieved the dress concentration. The long-dotted cylinder was predicted to fal a
a lower dress leve than the short dotted cylinder by the design tool however,
because the buckling load was dgnificantly reduced by the dot length, causng the
change in dominant falure modes.  This reduction in buckling load can be
explaned through the Euler buckling equation, where the length here would be the
locd length of the dot, which accounts for the large reduction in falure load. It
was discovered that increasing the tube diameter by 1" would decrease the buckling
load factor by 33%; however, incressng the overdl tube length had virtudly no
effect as long as the dot lengths remained constant. Next, the materia properties of
the composite were dtered to explore the sgnificance of the cylinder's giffness to
its find buckling load. The response was found to follow standard buckling theory,
with a 10% reduction in modulus lowering the load factor by 10%.

Design Toolsfor High-g Fuselage Sections

A fundamentd goa of this project was to prepare a design tool for high-g
fusdage sections, which can be followed in the flow chat in Figure 5 Firg of dl,
using the trade-studies discussed above, one could design a reasonably survivable
pat, which could then be verified udng the gdatic and dynamic modding tools
presented in this paper.  Then, iterativdy udng the results from the falure
prediction procedure outlined, the design could be further refined using the trade-
dudies until an acceptable falure strength prediction is generated. From this point
specimens woud be manufactured to verify those results in a compresson ted,
where again it could be redesgned dightly if necessry. Findly, once the desred
configuration is obtained, the updated fusdage section design would only need to
be fired out of an ar-gun a few times to verify its g-hardness Using the andysis
procedure presented in this paper, it is anticipated that a high-g survivd part could
be designed with much less time and effort than with previous techniques.
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Figure 5. High-g design tool flow chart




CONCLUSIONS

Finite dement models were developed to investigate the static and dynamic
effects of high-g loading on composte fusdage sections. Static compresson and
ar-gun tests were then performed to vdidate these models. From these models and
tets, a “building-block” procedure for the desgn of high-g composite components
was proposed utilizing CLPT, a finite dement modd, the Tsa-Wu falure criterion
and a few tests. Also, the correatiion between the static and ar-gun tests provided
an indication that it may be possible to save time and money in the design process
for high-g survivable composite structures.

RECOMMENDATIONS FOR FUTURE WORK

This work offers indght into the prdiminary design of a high-g composite
Sructure, however further work is necesstry to fully qudify a protocol for
desgning a g-hardened vehide. Further refinement is needed in the ABAQUSO
code presented to more accurately predict the failure load observed during testing,
and the falure code could be integrated as a embedded subroutine to make this
procedure more compact. Other composite materias utilizing higher srength fibers
and tougher matrices should be investigated to further vdidate this procedure, as
wel as specimens manufactured with dternate techniquess  To fully desgn a
urviveble high-g vehicle however, a more advanced procedure or tool will have to
be developed to anadyze details such asjoints, hinges and attachments.

ACKNOWLEDGMENTS

This work was performed in the Technology Laboratory for Advanced
Composites (TELAC) in the Depatment of Aeronautics and Asdtronautics a the
MIT. Seth S. Kesder was sponsored under IR& D contract as a Draper Fellow.

REFERENCES

1) Kesder, S.S. December 1999. “Design, Analysis and Testing of High-g Unmanned Aerial
Vehicle,” Massachusetts Institute of Technology, Cambridge.

2) Jenkins, S. N. June 1999. “Investigation of Curved Composite Panels Under High-g Loading,”
Massachusetts | nstitute of Technology, Cambridge.

3) Hilburger, M.W. June 1998. “Numerical and Experimental Study of the Compression Response
of Composite Cylindrical Shellswith Cutouts,” University of Michigan, Ann Arbor.

4) Hu,H.T.,and S.S. Wang. 1992. “Optimization for Buckling Resistance of Fiber-Composite
Laminate Shells With and Without Cutouts,” Composite Structures, 22: 3-13.

5) Tong, L.1999. “Buckling of Filament Wound Composite Conical Shells Under Axial
Compression,” AIAA Journal, 37: 778-781.

6) Tennyson, R.C. 1975. “Buckling of Laminated Composite Cylinders,” Composites, 1: 17-25.



