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Abstract

A design study was performed using Finite Element Analysis. The objective of ‘the study
was to demonstrate the feasibility of deQeloping a craéﬁworthy shbstructure to protecf
rotorcraft drew in thé event of vertic;al impacts involvingvlandilllgs on both hard surfaces,
for example concrete, and \;vater or soft surfaces. Differences in the impacted surfaces
béhavior can change the mechanisms of logdin:g and rendler hard surface enefgy
absorption mechanisms ineffective in a water impaﬁt. The objective of this thesis was to
investiéate the possibility of employiﬁg a skin to trgnéfef loads frpm the Water toa

conventional hard surface energy absorbing structure.

Finite element models were developéd using fhg LS-INGRID preprocessor éﬂd analyzed
with the LS-Dﬁa commerciai FEA code. Use of the LS-Dyna code for simulating water -
impacts was validated by deveiopmehi of a model and comparison with experimental
data in the literature, Models wefe developed which simulated rotorcraft substructures
composed of both comf)osites and aluminum alloys. Rotorcraft model parameters were
selected based upon the Bell Helicopter model 412EP, but the model was only intended

to be similar to the model 412EP, not an exact copy.

Crashworthiness was successfully demonstrated for a 26 feet per second vertical impact
onto both hard surfaces and water with both the aluminum alloy and composite

structures.
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1.0 Introduction

This thesis is a nu;heﬁcal design sfudy performed on a crashworthy rotorcraft subfloor
“structure, and the development of crashworthiness capabiiities for this structure under

vertical impacts onto hard surfaces, such as concrete, and water.

Du,e' to the possibility of \;arious hglicopter rotor or éﬁgine 'fai11l1res,. it is required that

-‘ ro't(')rcraﬁ,-include's‘ome energ& absorbing capability to pro.tec't the crew in ‘the event of an -
) acc%id:ent, whichﬂoﬁ'en involve fairly hardvérticai la_.ndihgs. Without such 'créshworthy
stfucfu{és, thé ;fe‘rtical érésh loads imposed upon the cféw vvvould' cau;e severe inj ury,b
4 qﬂeg,to the sv;‘)ineﬂdﬁe‘t()) éhe_venical direction of the :écééleration. The nﬁlitary has
sponsored a v&ide range of research into such st;'uqfures and has devéloped a military
_ s{andard, Military Standard 1290A (Mil-Std-1290A) [1], regarding thelvertical impact
. velocities which rotorcraft must be able to absorb without subjecting the crew to inj urious'

~ . accelerations or sufffering unacceptable reduction of cockpit and crew space volume. _

: Thé rﬂajority of fnilitary and civil helic‘opfer accidents dccur“oVer water or soft soil [21].
- 5Y4e‘t Mil—Std;1é9OA maiiily spéciﬁés requir‘ements’for hafd ‘surfa'ce_ impéqts. The‘re isa
‘s‘o]ﬁ soil impact ;requirel;lgnt; but that is at a muéh lower impact si)eéd,' and heﬁce at
. roughly one quarter of the impact énergy specified fo_r hard surface landings.
Cor’nparati‘\‘rely little _resgarch h'as been‘pei‘fdl_'med inté) the simulation‘,.an'alysis, and

design of rotorcraft for soft surface and water"irﬁpacts.

Conventional rotordraﬁ_designs incorporate a relatively rigid semi-monocoque or

monocoque structure. Monocoque structures use the skin of the structure is employed to




carry loads. The skin is often reinforced by stiffeners, making it a semi-monocoque

structure. Té provide crashworthiness, either the landing gear are designed to absorb
energy, or under Ithe floor of the rotorcraft are a number of structures that are intended to
absorb crash energy by various deflection, crushing, and bending mechanisms. Often the
landing gear are the primary energy absorbing mechanism, and Mil-Std 1290 requires a
much higher Verticél velocity when the landing gear are extended. If the landing gear are
perinanently ﬁxed', tﬁgn there may be no requirement for underfloor beams to provide
crashworthiness. The begms, if present, are usually also used to help reinforce the
monocoque or semi-monocoque structure. Some designs employ a truss frame design,
rather than a monocoque design, which is then supplemented with landing gear or
crashworthy beams. Unfortunately, all these energy absorbing mechanisms tend to rely
on the impacted surface being able to sustain a number of point loads and transmit those
loads to the rqtorcraﬁ. During soft surface impacts the point loaded devices, such as
landing gear, are likely to be ineffective or less effective. During these impacts, the skin
may be unable to transmit the distributed load applied by the soft surface to the under . -

floor beams, and thus the entire energy absorbing mechanism may become ineffective.
1.1 Problem Statement

The objective of this thesis was to employ finite element analysis (FEA) sirﬁulations to
deteqnine th’e. feasibilify and impact on the désign that would be involved in designing a
skm wﬁich wéﬁld_effec;c'ively 'sﬁppler.pgﬁt a conventional \beam structure's hard surface
;apéi)iiities to_%llow goc;& pe;fqnnéﬂgé 1n both-hard and soft surface impacts. Both metal
and co#xp&site stliucture;s:.were studied, thou;gh the limiting case was expected to be the
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.composite structure, due to the brittle failure mode shown by most composites. Such

failure modes do not absofb much energy, resulting in difficulty incorporating adequate
energy absorption. Although the current state of the art suggests that computer
simulations have not reached the stage of being a truly predictive tool [24], they do seem
to show enough capability to suggest important parameters and general approaches to the
problem. Therefore, the effort was directed towards producing a series of models that,
while not necessarily perfectly accurate, were in the correct "ballpark" and would indicate

the behavior and parameters of interest.



2.0 Background

Mifitary Standard 1290 r;equirements are given in table 2.0.1. Qf greatest interest are
cases 3 and 7. Case 3 requires a vertical hard surface impaqt of 26 fe;at per second onto a
‘hard surface. Case 7 is the only soft surface requirément in the spﬂeciﬁcation, and is for
6nly 14 feet persecond vertically. This represents only29% of tﬁe energy aﬁsorption
reqﬁired by case 3 with landing gear raised. Based upon the requirement for a 26 foot per
second vertical impact with landing gear raised, the decision was made that all models
must sustain a 26 ft ber second vertical impact, whether over hard surfaces or water. This
criterion was selected be-cause extended landing gear were expected to have little or no
effect on a water impact. The combined angle and lateral cases were of interest, but the
horizontal attitude of the rotorcraft and the resulting entry effects were eipected to be
significant and thereforg: the analysis would have to incorporate them. It was expected
that they would have greatly increaspd{the model computational costs beyond the scope
of thls study. 'Theféfore' a simple pure -vgarti@:él impact case was selected. Reference 20
incorporates an a‘nal&sis coqéidcring npgevertical impact ubon \;vater, allowing an
estimate of the volume of work entailed by lateral motion.vMil-Sfd-l29OA limits

permissible vertical accelerations to 20G.

Commércial FEA co&es were selected as their use was common in the literature. Use of a
commercially available code for the pre;v,ent study allows fdcu’s on the simulation and
results, rather than on \Waritingk code. The commercial LS-Dyna code was selected_based
pnmanly on the recommendation of Brett Starr, a former student at UTSI who had

. performed similar analyses. More details of the code are included in chapter 3.
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The helicopter pararneters, such as weight, were loosely based on the Bell Helicopter
model 412EP. This UH-1 derivatlve was selected asitis a common type, and therefore is
interesting frorn a safety standpoint. Large numbers of this-type suggest that it, and
designs of similar size and weight such as the Sikorsky UH-60 Blackhawk, will be
involved in a relatively large number of accidents, and hence a large number of personnel
will be at risk in this general size and weight category, both now and in the future. It
seems lihely that similar helicopters wlll eventually be designed as replacements for the
aging UH-1 deri\"atives.l The l3ell 412 was thus used to define the "ballpark" of most
interest. The actual modeled structures were not intended to directly represent aBell 412,

but rather, to be similar to a real rotorcraft structure.
2.1 Crashworthy Structures

The\essential problem in the design ot‘ an energy absorbing structure is to design a

* structure which collapses under crash loads at a ratesuch that the occupant is subjected
toa tolerable acceleration. Depending on the direction involved, the acceleration limit
varies. In rotorcraft des1gn, Mil-Std-1290 A defines maximum acceptable limits. The
energy absorbed by a structure is the area under the force-displacement curve of the
structure._ The area under this curve must be sufficient to absorb thelklnetlc energy of the
vehicle in the design case of interest. A high force level will-absorb the given amount of
kinetic energy w1th a short stroke distance. High force levels just below the acceptable
limit, are desirable to minimize the stroke distance requ1red. Reduction in stroke distance
sll’impliﬁes‘ the‘nroblem‘of pacl‘caginghthe energy absorbing structure within the fuselage.
To ‘rnaxlmize' the area under the force-displacement curve, this maximum allowable force

5




level should be sustained across the entire stroke. Peaks and valleys in the force-

displacement curve are not desirable features, as they reduce the energy absorbed for a

S giuen stroke, or exceed the acceptable acceleration limits..

Energy 'absorbing structures of metal are usually designed 1n a manner such that the
structure reaches 1ts yleld strength and begrns to plastrcally deform just below the
acceleratlon hmlt From then on the metals plastically deform and absorb energy. The
typical plastlc behavror of metals, wrthrlow plastlc-moduhl, allows hrgh sustalned force
lei}els ouer the entire stroke to be achieved, assuming buchling_failme has been avoided.
In general buckling failure only 'pllas‘tically det‘drrns a small nolume of metal, and once
the critical load has been exceeded, has a'low sustained force level. Thus a structure

which buckles is generally an ineffective or inefficient energy absorbing structure.

" The literatme has a number of papers ( [8],[19],[34] ) relating to the design of energy |
, absorbing beams made of composite materials. These materials are of interest to.
| hehcopter de31gners due to the1r light weight, hlgh strength and often low cost of
manufacture compared with conventlonal metal seml-monocoque structures Further,
comp051tes often offer enhanced damage résistance and easier r‘epalr features of great
‘1nterest in the desrgn of mlhtary combat hehcopters Composrte matenals do have a
sl gmﬁcant dlsadvantage when attemptmg to mcorporate crashworthy structures The1r |
- brittle fallure charactenstlcs tend to encourage sudden failure or buckhng under 1oad;
rather than the plastic deformation of a metal structure. Brittle failure tends to absorb

very little of the energy involved in the crash. Thus, there is significant interest in the



- development of crashworthy composite structures. The military and NASA have

sponsored significant research into the use of composites in crashworthy structures.

A composite energy absorbing beam concépt that has received much attention is the
vertically oriented Asine wave web beam, Fig.2.1.1 All tables and figures may be found in
the appendix. This type of sine wave web beam emﬁloys the curvature of the sine wave to
provide local support and prevent a global buckling failure mode. The resulting beam
absorbs energy via a yariety of local fiber buckling, friction and crack propagation .

a pl;ocesses. With appropriate parameters the resulting force-displacement curve is a near
icieal flat line at a force level just below the maximum ailowable. This is similar to the

* behavior of an ideal energy absorbing structure. It was decided to pfocee;d employing this
type of yértical éihe wave beam. The self-reinforcing shape seemed equally applicable to
the reinforcement of conventional metals to eliminate buckling, thus forcing the beam to
pla_stically.deform over nearly its entire volume. Therefore, although the actual
mechanisms producing the force-displacement curve would differ between a metal and
composite structure, they would be othérwise very similar and thus allow easy

comparison between them.
2.2 Initiators

The research of Farley [8] and Zhou [33],[34],[35] clearly show the need to incorporate a *
{'feafcufc in the léea;m-whichhas come Atg‘:b'c called an initiator. Without such a feature, the
force-displacement curve shows a very high peak force near the beginning of the

displacement, which then falls off to a much lower force level. This initial high force is




required to cause an initial failure. Once failure has begun, the failﬁe front propagates
through the rest df the structure with much lower applied‘fo‘rce levels. An initiator is a
feature that a;:ts like a stress concentration to cause local failure to occur at some low
force level. This failed area caﬁ then propagate into the rest of the structure, and when
designed well, has dramatic effects on c'ut;ting off the early force peak with minimal
effect on the later force levels that provide most of the energy absorption. Many‘ different
initiators have been sﬁccessﬁally employed in various research efforts. There was no
effort to define speciﬁc initiator types in this research, as the chosen method would likely
have been chosenAlargely on cost of manufacture. It wé.s assumed that séme viable
method would be employed, aﬂd this was 'simulat'ed by inc;orporating a row of elements
that were thinner, and hence weaker, than the rest of the Bemn. This should produce the
desired initiation of failure, and thus was felt to be adequate. And example of a near
optimum;force displacemep’g curve ’fc'i'r’ a composite sine wave beam from Zhou [34] is
shown in ﬁ;gure 2.2.1. S_howﬁ 1n the salvne“_ﬁ'gure is an experimentally determined force-

displacement curve of a beam without an initiator.
2.3 Water Impact Characteristics

Water or soft surface impacts show some general features of interest. The first, already
mentioned, is the distributed loading applied to the entry body. Point loads»cannot be
sustained, and thus conventional wheeled landing gear become ineffective in water
impacts. Conven‘tional uﬁdér floor beam structures will also ﬁsually become ineffective.
The secoﬁd issue ‘qf réal coﬁcem is the "beily flop". When a lslunt body eﬁters Water, the

sudden application of force to the fluid over a wide area results in a very high

8



acceleration applied to the body. Once this force has been applied long enough to impart

velocity to the fluid, the structure will_éink into the water, and the force decreases rapidly.
Thus the concem from a crashwqrthiness standpoint is to minimize and absorb the early
pressure spike, presumably by crushing of the structure, and allow the fluid flow

PRSI
Rl

mechanisms to absorb a significant portion of the kinetic energy at later time.

Absdrbing this early pressure épike suggests a need for a fairly ductile skin, which can
stretch and once ‘stretcﬁcd, apply sufficient 'fort:e.to the existing b;:ams to cause them to
collapse and absorb some energy. Once the fluid velocity has increased and the initial
pressure spike dissipated, the rotorcraft will coﬁtinue down into the fluid, and dissipate
energy by ﬂuid flow mechanisms. Thus the energy that must be absorbed by the
rotorcraft is significantly less than that required by a hard surface impact, even af— similar
impact vélocifieé; asall eﬁefgy must be absorbed by the .rotorcraﬁd structure in a hard

‘surfice impact. '

To accomplish tl;is task usiﬁg metals ééems a simple matter of selecting a fairly ductile
metal for the skin. For example, faﬂure stralnsof %O%lare achie\./a:ble with aluminum
alloys. The concern then becomes whether that strain level will result in adequate force
levels on the beams. In contrast, compo;ites such as woven fiberglass epoxy fail at just
2.5% tensile straiﬁ. Kevlar and carbon fiber have failure strains of between 1 and 3%.
Here the questic;n of adequate ductility become a significant concern. On the other hand
the stress required to fail the material is very high. Thuis and Wiggenraad [28,.29] have;

developed a concept called a "tensor skin" for incorpbrating a folded layer of

polyethylene fibers behind the conventional skin structure. However, nothing has been - -



found in the literature that analytically shows the need for such a skin structure. ‘Thus the

composite structures are of great interest in this work.
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~ 3.0.Theory

3.1 Finite Element Analysis Impact Solution 'Methodology A

The Finite Element Method (FEM) isa techniqpe for the solution of a wide variety of
ceﬁtinﬁum mechanics 'p’roblems. Ae applied to structural probleres it ‘is besed upon the
1dea of knowmg the approx1mate stress-strain and deﬂectlon behavior of a 51mp1e

' structure, such-as a bnck and describing that behavior mathematlcally A model of the _'
' entire cemplex stmcture is then composed of a nurmber of sueh simple elements. This
mdthematicai descﬁption can be formulated in a matrix representation of the mass and
stifﬁjess of the system. A larger and more complex system is desAcribed by esser.nb'll_ing a
seﬂes of sirhple systems, or elements, each of which has a mass and stiffness matrix.
These matrices can be assembled into a global set of matrices that describe the entire |
complex eystem. These matrices can then bé solved for deﬂeetioﬁs against a load \‘reetovr

~ by Gaussian reduction. Deflections-are then related to strain and stress.

Ina coﬁventiox;el structures pro'bl'em',' where the leads are either inve.riant or .ha‘v'e a

‘ prescribed variation, fhe solution method is a simple matter of applying Gaussiee »
reduction to the global massfand stiffness matrices. This gives a numerical solut-iori for
. the deflections under loed of the global sye'tem, and from the deflections of the nedes the
sfrreés state ‘of an element may be found. The conventional modal dyhamics problem is a
éir‘nple. (ietednination ef the eigeneelues of these ﬁatrices. Tﬁese_ eigenvalues are in turn
the‘n:«iturzjil fre<.11.1encies>and the eigenvectors are the ﬁlnda;nehtal mode shapes of the

"'system. Even the more complex harmonic dynamics problem is a fairly simple extension

11




of the modal analysis, applying an assumed solution form to find the amplitude of the
response to a: dynamic excitation near the natural frequencies. This deflection response is
then solved using the chosen material models to find stress states. The complexity of
these analyses is found in the details of material models selection, element formulations
and the construction of the finite element Imodel. Fully integrated elements are usually
employed, which is computationally expensive, but justified in the elimination of

undesired mode shapes.

Unlike a conventional structures problem, the impact type problem requires a different
approach. Rather than simply solving the system against a single load, or even at several
time steps over a prescribed varying load, the impact problem generally requires
consideration of ‘thf‘: motion of at least two bodies, usually using conventional Newtonian
mechanics, and determination of their interaction forces. These interactions then
determine a significant portion of the applied loads, which are used to determine the
deflections and state of stress of the system. The interaction forces and the deflections
must then be fed back into the mc;tion of the bodies, the motions integrated over time, and
anew set of interaction forces determined. Then the new set of loads is applied to find a
new set of deflections. Further complexity results from the non-linear material behavior
that often accompanies Fhis type of problem. This type of solution is computationally
intensive, ar‘ld' extensive efforts are made to reduce the cqmputational costs. For example,
single-point integration of the eleménts i§ not uncommon [9], even though such elements
permif undesirable hourglass modeg, as the reduction in computational cost is significant.

LS-Dyna and most other impact codes employ an explicit solution method. In LS-Dyna a
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central difference time integration is employed to explicitly integrate from the specified
initial conditions, over each time step, until the termination criteria, usually an end time,

arereached [9]. © f
3.2 Element Formulations

The Belytschko-Tsay four noded quadrilateral shell element is formulated for modeling
non-linear large deflections. It is far more efficient computationally than the Hughes-Liu
formulation, which is also available within LS-Dyna. The Belytschko;Tsay element
employs a co-rotation coordinate velocity—strain formulation. These produce .
computational costs of roughly 20% those of the Hughe's-Liu formulation. The primary
weakness of the element is that it employs single point quad-rature' in the plane of the
element. ThlS permlts hourglass modes to exist, which do not ex1st in real life.
Mimmlzauon of the hourglass mode deﬂectlon magnitudes is provided in LS-Dyna by
the 1mplementat10n of art1ﬁc1a1 hourglass v1s0051ty stresses. The default method of
control within LS-Dyna were used in the present study, and the LS-Post processor

provides the ability to look at the hourglass energy in the model. This energy was never

'significant enough for concemn, and therefore no effort was made to employ the alternate

Englemann and ‘Whirley control formulation, which is more computationally expensive.
’l‘here is an improved Version of the Belytschk,o-Tsay»element, called the Belytschko- |
Wong-Chang improvement. This accounts for warpage in the element formulation, which
the conventional Belytschko-Tsay shell element does not. This element was employed
where possible in this research, but unfortunately showed some instabilities when applied

to the modeling of sine wave beams. An element would for some reason grow to massive
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strain levels without failure, which éventﬁally caused a division by zero error. Therefore
the conventional Belytschko Tsay element ended up being eniployed for the majority of
the work. Since the skins of the modeled structure were flat, and had low out of plane

warpage, this was only of concern in the sine wave beams. [9]

The 8-noded brick element form is a standard form used in aimoét all finite element
codes. In LS-Dyna, as in the shell element, single point integration is employed to reduce
computational time. This again permits hourglass modes, and again, the default hourglass

viscosity control is employed. [9]
3.3 Constitutive Relationships and Failure Criteria

The Ni}ll Material (typq 9) was used to repfesent the water. This material is efficient in

' that«étrééé calculations are bypassed, and a supplied equation of state allows the resultant

pressure to be déﬁned.' Although a Young's Modulus and Poisson's Ratio are input they
are only used to define contact stiffness, and hence are of little concern. This I;laterial

model is therefore appfopriate onl.y when méterial strength is non-existent, as in the case
of a fluid, or of little concern, as is ﬂie case in some impact studies. Two main equétions

of state (EOS) were employed with the null material. The linear polynomial EOS (type 1)

was used by Pentecéte and Kindervater [25]. The Gruneisen EOS (type 4) was commonly .

used in a set of example problems supplied aiong with the LS-Dyha code. Some research
allowed correct parameters for both to be input into the models. The Linear Polynomial

i

Equation of state has the forrﬁ:
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p=C, +Cipu+Cou* +Cott® +(C, + Csu+Cyit*)E
ot 3 |

| _ Where
\ p=anl

i - 14
Here p is the pressure, E is the internal energy and V is the relative volume. C, thru C¢ are
coefficients of the curve. Initial energy and volume were defined to represent no initial

compression or internal energy. Parameters were set such that the fluid is a linearly

compressible fluid. Parameters used with this equation of state are shown in table 3.4.1.

[9]

The Gruneisen Equation of state has the form:

a
poC2#[1+(1—321)ﬂ——ﬂ2]

2 .
p= P T+ (X tou)E
T1-(S, -Du-=S -8
(S, —Du ?,u+1 3 (,u+1)2
| Again,
1
=—-1
. vV

‘ This model incorporates a cubic shock velocity - particle velocity relationship, with S;

thru S; being the coefficients of the curve, and C being the intercept. Thus C is the speed -
of sound in the fluid. ¥ is th?'G;uﬁeisen gamma, and a is the first order volume |
coqect_ioﬂ to the Grunelsen g@a. Fgllowing the ekample files and feferences, a
simpler linéa;j _Qhock velo'ciicy - ‘palrgi'g:“lie\véloqity (us-uy,) relationship was used by setting

the coefficients S, and S3 equal to zero. Initial energy and volume were defined to
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fepreéent zero initfai compression and internal enérgy. Pafameters used with this equation

| of stﬁie are in table3.4.2 [9]

, Elastlc Plastic (matenal type 3) was employed to represent alumlnum Straln hardemng

and stram rate effects are mcluded in the relatlonshlp, but were not employed in this

research. Parameters emplbyed_reduced the model to a simple llnear elastic, llnear plastic

relationship with a simple maximum strain failure criteria. Parameters employed are

" summarized in table 3.4.3 [9] .

’fhe' ahalysie of composite materials presents a difficulty. Unlike the isotropic behavior of

‘ metélé, the macroscopic behavior of a composite is determined by the behavior of the

ﬁberé,: and the matrix mateﬁal. This results in different fa‘ilure modes and material
strengths and stiffnesses in different directions, as the fibers are oriented in a particular

direction. The conventional relaﬁonship between Young's modulus, Poisson's ratio and

| shear modulus does not apply to a composite material. Multiple ilayers of fibers, with

different orientations, can also be included in a composite part. Classical laminate theory

assurhes’ the global behavior of the larhinate is equal to the behavior of each layeh ‘er
lamma, summed and welghted by the thickness of each lamina. For example, assuming
the 1am1na are of identical thlckness then the behav1or of a global lammate cemposed of
t'wo lami_na would simply be the average of the behavior of the two in the dlrectlon of

interest. [6]

Unfortunately, at present LS-Dyna has a limited implementation of composite elements. '

Material types 55, 58 and 59 are all intended‘ to represent composite materials.
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Unfortlmately, types 59 and 55 are essentially identical when applied to shell elements,
and neither they nor type 58 permits a , shear strength in the direction normal to the shell
element to be included. Material types 55 and 59 in the shell formulation are essentially
assumed to represent a unidirectional material. Shear stresses and hence strength are
included but are assumed to be in plane, and cross fiber shear is not considered. Failure in
all three material types occurs when the material in plane strength values are exceeded or
the user defined in plane strain values are exceeded. Material type 59 does permit out of
plane shear considerations, and thus can represent fiber shear in a laminate, but only in a
solid element. Although the use of solid elements was tried, the resulting model required
an excessive amount of time to run, approaching forty hours. In this research material
type 55, the Enhanced Composite Damage model, was the onI}; composite material type

_ used. Material type 55 does include the consideration of matrix failure, and permits the
elerhent to continue to exist after matiix failure, employing a pair of parameters to reflect
- the reduced strength of just the remaining fibers. [9] This material model was. used to
simulate composites composed of asingle lamina of unidirectional Carbon Epoxy
composite; two» lamina of unidirectional Carbon Epoxy composite at right angles, and two
lamina of unldirectional Kevlar Epoxy composite at right angles. Parameters used with

this material model a,re»shown' in tables 3.4.4, 3.4.5, and 3.4.6.

"

‘The ; ngrd matenal type 20 isa conventlonal rigid material type. It permits no deflections
whatsoever A Young s modulus and P01sson s ratio are required for determination of

contact stiffhesses, as in the null material type. Neither of these parameters are employed
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‘in determining the stiffness matrix. The supplied density is employed to define the mass

matrix. [9]
3.4 Eulerian, Lagrangian, and Simplified Arbitrary Lagrangian-Eulerian Meshes

There are two conventional approéches to the formulation of a-finite element mesh. The
first, the ngrangiah mesh, formulates a mesh such that the mesh nodes move With the
mass being deforrﬁed. The assumed deflection mode shapes then become the basis for
inieg;ation into the element mass and stiffness r;latrices..There is no transport of material
from one node to the next. These work fine as long as deflections are small, but excessivé
deflections can produce poorly formed elements, with their associated numerically
inaccurate results. For this reason, an Eulerian mesh is most often used to model fluid
flows. The h1gh défdﬁ’nation of “the ﬂ{1id oﬁgn renders a Lagrangian mesh inac:curate after

a short time. t9]" '

In contrast to a Lagrangian mesh, in an Eulerian mesh the nodes are stationary, regardiess
Qf the motion of the body. Mass is transported from node to node, and the mesh itsplf,
since it does not deform, will ﬁever become poorly shaped. The a$§umed material
velocity shapes then become the basis for integration into the element métrices. .
Unfortuna;tely, the calculation of material transport is generaﬂy more costly than the

computation of deflections in a Lagrangian mesh. [9]

The Simplified Arbitrary Lagrangian-Eulerian formulation combines both methods. A
time step is carried out as in a conventional Lagrangian mesh. This is followed by a steia

involving a rezone of the mesh to correct for distorted elements. This advection step then
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calculates the transportation of mass and momentum between nodes to conserve mass and

energy. In a sense this is equivalent to an Eulerian formulation, where mass is
transported between nédes. In LS-Dyna t’ﬁe rezoning algorithm is second-order accurate.
The simplified ALE formulation permits only a single material per element, unlike
conventional Eulerian meshes or more complex ALE meshes where multiple materials
may occupy an element at the same time. This reduces computational costs. Thus the .
Simplified ALE formulation provides a mesh that has reduced computational cost over
the conventional Eulerian mesh, and provides some protection from the poorly formed
elements that can render Lagrangian meshes inaccurate. All three mesh formulations

were employed in the current study, as detailed further under Section 4.0. [9]
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4.0 Analysis and Results
4.1 Introductién

Four basic sets of models we_ré created during this rese&ch. These sets can be quickly
broken down'into models 1.1 through 1.6, models 2.1 through 2.18, models 3.1 through
3.12 and ﬁddels 4..1 through 4.14. Models 1.1 through 1.6 were rigid body models of thé
rotorcraft structure hnpa(;tirig water. Models 2.1 through 2.18 were models of a rigid
sphere impacting water. Models 3.1 through 3.12'were mogiels of a metal rotorcraft
structure impacting either water or a hard surface. Models 4.1 through 4.99 were of a
composite structure impacting either water or a hard surface. Each group will be

described further below.

All models were created using LS-Ingrid [3] as a pre-processor, LS-Dyna [2] for analysis,
and LS-Post for pdst-processing. All simulétions were run on a Silicon Gr‘aphics |

"Octane" computer, in the Computational Mechanics Research Group lab.

Although it would be desirable to simulate the impact until the body come:s to rest, this
was not possible. Due to file épace constraints and a limitation within LS-Post, it was
only possible to examine approximately 128 states, or time points, during the simulation,
regardless of ;imulvati‘dn‘length. T§ 4obtain' adequate resolution, the simulations were
generéllly ﬁhiite?l 1n léngiil ta ﬁve milliseconds, and thus the resolution of the output was
.01 ﬁﬁlliséconds. Oﬁtpuis ét lower fesc')‘lutions would have been inadequate because the
crushing of the subfloor beams happens with such rapidity. Loﬂger'overall simulations

would also have required much more CPU time, and later simulations required in excess
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of four hours total cornputlationalti'me to sim-ulate the first ﬁve-milliseconds. Pentecote‘
and Kind_eryater [25] simulated the first 20 rnilli‘se,conds,v andWiggenraad and McCarthy
. “ [24] sirnulated the flrst 30 millisec.onds.: However, the highest acceleration peal<s and

‘ :ge‘neral behavior of éreatest interest occurred in the ﬁrst 5 milliSeconds of both their

s1mulat1ons and also occurred n the model 2 X series descnbed below This can be seen .

- in Flgure 4 3. 9 thch was of model 2.18. These models were of ng1d bod1es and ran

much faster than the deformable bodies. Thus the computat10na1 cost to s1mulate longer
.times was acceptable, and reduced resolution of the output in this simulation was

adequate, as great detail in the oscillatory behavior is clearly visible.

All models 1ncluded gravity, and had two bod1es of interest. The upper body was g1ven a
an initial ng1d body velomty downward and the lower body, thch represented e1ther a.
hard. surface or water was statlonary Symmetry planes, 1f used, were the only constraint
apphed to the bodles baths The 1mt1a1 separation between the bodles was very small to - -

m1n1mlze computat1on time, but the bodies were not initially touchmg

Contact algonthms were employed between the bodies. LS-Dyna perrnlts several types of
" automatic contact routmes and automatic one—way surface to surface (type alO) and
autornatlc surface to\surface (type a3) contacts were employed. These rout1nes
automatically insert contact elements as required between two defined materials, E

" eliminating the tedious and often difficult task of manually applying contact rheshes.

" Although rotorcraft often incorporate further energy absorbing protection for the crew

such as seats which collapse under a ZOG load, this ancillary equinment was not
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considered in the analysis. Thus sustained accelerations above 20G at the floor level were
regarded as unacceptable. Attempts were made to minimize any acceleration at the floor
level above 20G. It was assumed that very brief accelerations above 20G would be

absorbed by supplementary energy absorbing means.
4.2 Rigid Substructure Models - Models 1.X

Models 1.1 'through 1.6 were used largely for learning to use LS-Dyna. They employed a
rigid helicopter substructure that was similar to the intended final geometry. This model '
was used to conduct some basic mesh sensitivity studies and effectively learn how the

software works.

All rotorcraft structure models employed an initial geometry similar to figure 4.2.1. The

structure is traveling in the negative Y direction, as are all models.

Since the structure was rigid, acceleration levels were very high. There was a consistent
early peak, followed by a gradual decay at much lower levels. This is indicative of the
"belly flop" pressure pulse described earlier. The deformable models discussed later have
as their pnmary goal the attenuation of the peak to tolerable levels. This behavior is very

similar to that of the rigid sphere models described in the next section.

These models are of litle further interest, and hence no further description will be given.
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4.3 Rigid Sphere Models - Models 2.X

Models 2.1 through 2.18 modeled a rigid sphére plunging into water. The accelerations at
the center of the sphere were compared v'vlith data in Pentec6te and Kindervater [25]. The
intent was to demoﬁsﬁate the accuracy and feasibility of using LS-Dyna for water impact
analyses, and to validate the equations of state and mesh density chosen for use to

represent water. Sphere size, ifnpact velocity and weight were given in the reference.

. A rigid sphere of 8-noded rigid brick elements (material type 20) was employed, and
dropped into a body of water that was 2.5 diameters on a side, as in Fig 4.3.1, or 2.25
radii on a side, a§ in ﬁg433 Some models employed 1/4 symmetfy planes to reduce 4
model size and éoxhpi;tation time. Since the daté. wés for an impact velocfty of 11.8
meters::per ‘secc');id':all niqdels employed an initial vertical velocity of 464 inches per
second in the negative Y direction. Déliéity and diameter of the sphere was derived from
given values of 0.251 meter diameter and 3.76 kilogram mass, converted to appropriate

_ Uunits.

The water was represeﬁted by a mesh of 8-noded brick elements with a null material type.
As stated before, two equations of state (EOS) were employed with the null material ty.pe.
Models 2.17 aﬁd 2.18 are ideﬁticél except for the EOS uséd. Model 2.1’7 employed the
linear polynomial EOS, and model 2.1<8 employed the Gruneisen.EOS. Both produced
essentially the same results, shown in figures 4.3.4, 4.3.7, 4.3.1“1, and 4.3.12. Images of
Model 2.18 before and during impact may be seen in figs 4.3.8,4.3.9 and 4.3.10, and

Model 2.17 has visually identical behavior. Note the large displacements and splashing
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"fold over" effects occurring in the élements near the sphere. The linear polynomial EOS

was used throughout the rest of the work for consistency.

This series of models was also used to validate the use of symmetry. Models 2.16 and
2.17 are identical in all parameters except that model 2.17 is a one qﬁarter symmetry

model. See figs 4.3.1 and 4.3.3. They produced identical output, figs 4.3.2 and 4.3.4.

This set of models was also used to conduct a comparison between the Lagrangian,
Eulerian, and Arbitrary Lagrangian-Eulerian formulations [9]. Models 2.19,2.20 and 2.17
employed each for;nulatiQn? ;gspeptively,‘with a linear bolﬁomial EOS. Their results
were idle,nti'cal, ﬁigjs 4.3.17; 4318 and 4.3.4. The Lagrangian and ALE fOr_mulati'ons ran
faster than the Elilg‘riah fom;ulatibr;. Slnce the ALE formuiation ran fast and provided
some safef); frérﬁ poérly formed elérﬁeéts; it was used for all subsequent models.
Returning to ﬁgurés 4.3.8,4.3.9 and 4.3.10, ﬁotc the large displacements and splashing
"fold over" effects occurring in the elements near the sphere. This suggests that the use of
a purely Lagrangian formulation would be likely to produce erroneous results due to the
distorted shapes, though it does not appear to have had an appreciabie (efl'fect on the

acceleration of the sphére center.

Mesh sensitivity studies were also performed using these models, and demonstrated little

sensitivity to sphere or impacted fluid mesh density.

Unfortunately, these models consistently overpredicted the accelerations involved, when

compared with data in Pentecte and Kindervater. Figures 4.3.4 through 4.3.6 consist of a -

plot of the acceleration at the center of the sphere, a plot of the eleven point centered
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running average of the acceleration data in the previous figure, and the experimental data

from Pentecote and Kindervater. Peak accelerations from model 2.18 was 113 G,

compared with a peak of roughly 68 G in Pentectte and Kindervater. However, the

_ simulations had a highly oscillatory behavior not present in the data. Since the sphere is

rigid, this cannot be due to the_ sphe-ré vibfating, and even taking an 11 point centered
running average »producesl, a curve that is visually neaﬂy identical, with the same highly
oscillatory behavior present. However, the peak acceleration of the a;/eraged data is 95.1
G, which compares significantly better. The datg givén in Pentecote and Kindervater was
filtered, and very little description was given of the filtering process. The sharply
oscillatory nature of the numerical response may indeed have existed in the experimént,
and been filtered out, if indéed the experimental instnﬁnents could have detected it.

Altemafely, it may have been an artifact of the simulation. However, if it was an artifact

- of the simulation, then it should have shown some sensitivity to the mesh density, which

" 1t did not. The aVeraged curve shows a close match to the general shape of the curve in

the data, wi?h the exception of a pair of very sharl;, short duration peaks near 4.25 and 5.8
ﬁilliseconds. But these peaks may have existed and been ﬁitered out. Although the
model could probably have be@n more clpsely matched to the data by erﬁploying a lower
than correct density, this was not 'done. Concern over the understanding of the data led us
to continue u'sir‘ig”mhteria}‘ parameters A_thv:at :wére understood based upon other references.

However, this discrepancy is of significant concern.

A probable mechanism for this sharply oscillatory behavior can be seen in figures 4.3.13

" through 4.3.16. These images of the pressure in the fluid near the sphere entry show a
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‘ spilere contact area has a rapidly oscillating relative velocity, and of course the relative

sharp oscillation in the maximum pressure at the contact region_betWeen the sphere and

tﬁg wafer, swi_nging wildly. over very short time steps. This' chainging pressﬁfg w;)uld of -
cpurse have been directly transmitted to the rigid sphere as a changing for_de, and hence to
a changing acceleration. The contact appeé.rs to produce a pressure wave, whicil then
propagates rapidly away from the c;ontact region. As the energy of the waife is spfead

ovef a rapidly increasing volume, it rapidly dissipateé, and ceases to impart significant .
momentum: to1 the fluid. The ﬂuid nearest the sphere receives the most momentum ancll‘
thus the contact pressure ‘drdp.s off, since the relative velocity‘between the' sphere and

ﬂuid decrease. The ﬂu‘id then begins to corﬁpress agajnst nearby fluid thatl received less

momientum, and the sphere itself is coming into contact with more fluid which was

further away from the first preésure wave and has less momentum. Thus the fluid atthe

7

. velocity drives the préssure up and down. Examples of very similar behavior can be seen

' in figures 4.4.1.12 and 4.4:1.13, which are of rotorcraft substructurc models.. So”m"e

further discussion of those images can be found in chapter 44.1.

4.4 Déformable Stricture Models

. Models 3.x and 4.x are very similar, and some common features will be mentioned here.
Both employed a deformable vertical sine wave beani, with an initiator. The initiator was
- defined as a horizontal row two elements tall along the beam that have thinner shell

- thickness, and theréf_ore_are likely. to buckle first. General geometfy can be sgén in fig

4.4._1;1. Note the initiator near the bottom of the sine wave beam. Four underfloor beams,
evenly spaced on eifher side of the centerline, we;é chosen. Concern over the potential
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skin shear failure mode seemed to suggest that a distributed underfloor structure would
perform better, compared with a structure employing a single keel beam ‘orva pair of

beams.

~ Models 3.)? and 4.x both employed a rigid floor, with a density aﬂd thickness which
fogether .‘gav:e a wéight representative of the average weiéht pell‘ unit area of the Bell
412EP . A Bell 412EP has a maximum gross take off weight (MGTOW) of 1 1900 Ibs and
a fuselage length of ro‘ughly il feet [32]. 11,000 Ibs was assumed to reside in the
fuselage. Thug the Weight is 8’3~ pounds per inch of f"uéelage length. Spread over a width
}of 100 inches, also taken from the Bell 412EP, this leads to an average weight of 0.83
Ibs/square inch, and hence to a density for the floor of 1.66 pounds per cubic inch with a
thickness of .500 inches. SYrﬁmetry planes were applied to the front and rear XY planes,
and the center YZ plane: This thus represents a condition in the center of the fuselage,

away from the ends.

With the‘exception of models 3.1 through 3.3, all models employed a radius for the sine‘
wave of .750 inches. The early models disclosed a need for a tighter radius. Zhou [34]

- employcd a beaﬂ.m”l3» ihchc:as‘falll and used a .750 inch radius. Models 3.1 through 3.3
t.:'mplbye'd a;if;dius of 3 i;iqhes, I;asegi on a 4x scaling of Zhou's beé,ms to achieve the 12
inch height, It seemns the beam radius is driven largely by shell thickness, and is unrelated

- to'the héight of the web. This parameter, which may be important for achieving optimal

beam performance, ‘wa;s not iterated further, és the goal of the thesis was not to optimize

- the beam more than required to achieve adequate hard surface energy absorption.
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Iterations of the beam shell thickness and initiator thickness allowed acceptable energy

absorption to be achieved using a .750 inch radius in model 3.16.

The hard surfacg impacts were simulafed by setting the body underne’atﬁ the rotorcraft
structure to rigid material (type 20) ;md fixing the bottom surface. In other mc;&els, the
same body was set to material type 9, employing a iinear polynomial equation of state,
and an ALE formulation, to simulate water. A non-reflecting boundary condition was
applied on the bottom and outside faces of the water to simulate the effect of a large body
of water. This condition permitsl pressure waves to propagate outside the simulated
domain, and permits the water to advect out of the model if prédicted by the ALE

formulation, .- -

Both rﬂodels efﬁploy‘{ed é 4 r;oded ]#‘;I#ééilléo-Tsay shell element thlfoughout for the
rotorcréﬁ sub#ructure. 'i‘he Bélytschkb-‘Woﬁg—Ch*ang improvement was used for the
vertical sine wave webs, except forthe initiator. This was due to instabilify caused by .
using the Belytschko-Wc;ng-Charig improvement in the initiators, as mentioned earlier.
The choice of element Was based upon several referegcés which suggested that although
the Belytschko-Tsay shell incorporates some incorrect hourglass modes, this elem‘ént
represented the optimum way to reduce computation times, because it is computationally
efficient. Unfortunately, the long run times and large files “‘required by even this
formulation prevente;d the comparison with more computationally expensive élternate

formulations.
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Due to the contact algoritlnﬁs employed, ‘anci the shape of the geometry, there was a need
| to model rigid footings under the beams. These footings were only slightly wider than the
beam, and were of rigid material (type 20). These footings allowed niodes to be positioned
in such a fashion that a good join existed between the sine wave beams and the floor, and
still permitted nodéé_to be plaqed directly above the grid pattern of the water, thus
avoiding interpenetration difficulties. Otherwise the contact algorithm was unable to
identify thc;, nodes to apply coﬂtaét equations between, sinée their horizontal plane
separation was too great. This‘resulted in incorrect penetrations occurring in the
simulation. Since the sﬁbﬂoof l;eams 1ﬁust b_é in some fashion joined to the skin, the
existe.r‘lf:é of a ﬂange in areal vflt)lrld des1gnls likely, and this was not felt to be a
31gmﬁcant »c:cv)mplléniivsé in( the i;se;fuméééwc;f the model. This flange would likely be used

for riveting or bonding the skin in a metal or composite structure, respectively.

The interfaces between the various materials in the structure were joined By the simple
expedient of merging coincident nodes. This has the effect of treating all these joints‘as
pe'r‘fectly bonded joints, capable of failure only if the joined material would fail.
Modeling these joints with better fidelity would substantially increase the computational
" costs associated with this ;cmalysis. Since the joints are well understbod technology, and

are not the focus of this research, _rio effort was made to incorporate higher fidelity joints.
4.4.1 Metal Substructure Models - Models 3.X

The aluminum structure models (Models 3.x) employed a plastic kinematic material

model, type 3 in LS-Dyna, for the beam and skin structure. The skin parameters and
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_beam parameters were both based on 2024-T4 aluminum. 2024-T4 is a commonly used

high strength aluminum alloy. 7075-T6 is another common alloy, ahd the only common
glloy which is significantly stronger, but has other undesirable qualities. 2024-T4 was
selected based on its high_ strength, high ductility, and good weldability and formability.
There is no reason to believe that a crashworthy structure made of 7075-T6 would
perform poorly, assurrting the structure vtfas properly designed, but the structure would
likely be more difficult and more expensive to manufacture, as ‘welding or forging is

likely to be employed in fabncatlon 7075-T6 is often used for skins, but it's lower '

-ductility suggests dlfﬁcultles and hence 2024-T4 was agaln chosen. Materlal data was

obtained from www.matweb.com [4] and confirmed by several other sources. These

parameters are summarized in table 3.4.3.

One parameter that was varied in numerical studies was the vertical location of the

initiator, and the vertical size of the initiator. They were varied in an effort to eliminate

the early spike in the force-displacement curve. A number of different locations were
tried. Unfortunately, none produced an ideal force-displacement curve. Model 3.16 has

the initiator located at the bottom of the web, between 2.5 and 3.5 inches above the skin.

" It appears that the effectlveness of the initiator is enhanced by belng located in an area

near the bottom of the beam wheré coritact w1th the ground applies high localized
stresses. HoWever, if the initiator is located too low, it has little effect. Because the
initiator was not the focus of this research, no effort was made to understand the effect of

initiator position in a more thorough manner.
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Model 3.16 performed reasonably well 1n a hard surface 1mpact ﬁgures 44.1.1 through j '

4. 4 1. 5 The floor level accelerations show an unfortunate early spxke which is higher

' than the permissible 20 G, and accelerations at later tlmes that are well below the . -

permissible 20G. However, with this model it was difficult to iterate design parameters to )
eliminate the spike and produce good energy absorption. The final design is the best
compromise available, and the incorporation of energy absorbing seats seerns likely to

render this design acceptable, because the seats would attenuate the early spike. The

initiator vtia_s 0.015 inches thick, and the rest of the beam was 0.020 inches thick. It-

appears that although the beam and initiator thickness have a large influence on the early

peak, they have less on later force levels It seems that once 1n1t1a1 local buckhng has

| occurred the post-buckhng force levels are not heavily influenced by beam thlckness and
 are probably more 1nﬂuenced by items such as sine wave radius. Iteratlon and

. understanding o'f the beam behavior was not a focus of the reSearch, and so this was not

pursued. Model 3.16 had reached the stage of being a reasonable atbproximation of the

hard surface capable subfloor structure.

Regarding water impacts, Model 3.17 is identical to Model 3.16 _except that the'impact
surface material and equations of state were changed to represent water. Model 3.17
achieved zidequate attenuation of the initial force-peak'with a ductile skin, which

stretched to absorb the early pressure peak, with some crushing of the beams. The total

- energy absorbed, nearly 11 ,000 1bf-in, was 31gmﬁcant1y better than the 7592 lbf-

performance of Model 3.16 over the same time span. The underfloor beams absorbed

. approximately 1/2 of the total energy absorbed, less than in Model 3.16 over the same
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time span, as shown in figures 4.4.1.6 throﬁgh 4.4.1.13. The skin was only 0.015" thick,
and althéugh a thickell' skin could be included, the floor level accelerations would be |
higher, and the design'wéuld have excess weight. Note that in figure 4.4.1.7 the skin
between' the beam ﬁas only deformed near the edges of the .footings ynder the béams. The
skin near the middle does not stretch and deform until closer to the end of the impact

condition, figure 4.4.1.8.

In figure 4.4.1.12 .not.e the two regions of very high pressure. These began underneath the
subfloor b'earlns? and have propagated away from the structure. The "softer" areas between
the beams have produced almost no pressure spike up to this time. This suggests the need
for a thicker ékin, or footing, near the region of structures, such as the beam, which
a&empt to appfy point loads and are relatively stiff in the direction nonﬁal to the water
surface. A thinner skin may be employed successfully away from such point load
structures. As these are useful from a manufacture point of view as well, this is
encouraging. In figure 4.4.1.13 the continued propagation of the initial entry pressure
wave may be seen, as well as the development of a secondary pressure wave. This
oscillatory surface pressure accounts for;much of the oscillatory nature of the. floor level
accelerationrtimel qﬁvrve.' Aws‘c_anv be sgen.in figure 4.4.1.11 the plastic deformation energy
absorbed by the beam continues to increase throughout the simulation, and is alréady
signiﬁcaﬁt at 2.3 milliseconds. In fact, at very early times it appears that it may represent
r‘nost,of the energy absorbed. This suggésts that the subfloor beams play a substantial role
in absorbing the initial pressure spike, and that a subfloor beam (or other subfloor

structure) which has an overly high initial buckling load may have a very high initial
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peak floor level acceleration, regardless of skin design. The skin behavior would appear

to have more influence on later time accelerations. Recall that the beams employed here
already have an dverly high initial failure load. However, this suggests that the potential

shearing failure of ‘the skin near the beam is quite important. If the skin were to

“experience this type of failure duﬁng initial entry, when the shear loéci is at the highest

"locally and fhe skin is ndt yet fully loa(ied, the beams would be unable to absorb-the

initial pressure spike. Tensile rupture of the skin at later times may bé less of a problem,
as the pressure has already imparted some velocity to the local fluid. This suggests that
the use of 7075-T6, which has a lower tensile ductility but a higher shear strength than

2024-T4, méy‘ allow the design of a more effective structure from both a vehicle weight

and éraéhWOfthiﬁess céﬁéb_ilify staiﬁt‘lpbiﬁ:t.' '

4.4.2 Composite Substructure Models - Models 4.X

Composite struc‘tﬁre models (Models 4.x) employed material model tybe 5l5' for the
beams, and for the skin. Model 55 is intended for use with unidirectionél fiber
composites. As these are the primary load bearing rﬁémbers, this was felt to be
reasonable. The Kevlar skins empl;)yed by Wiggenraad and McCarthy [24] are difficult

to simulate in LS-DYNA, as it lacks a multi-lamina material model. Nonetheless, type 55 ‘

‘'was employed with parameters input to represent a pair_'of unidirectional carbon-epoxy

lamina, one with fibers in the X direction and one with the fibers in the Z direction, as

. well as with pafameters representing a single unidirectional carbon-epoxy lamina.

Parameters are shown in Tables 3.4.4, 3.4.5, and 3.4.6.
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Parameteis represenfing a simple unidirectional laminate beam were employe(i, With the
fibers were oﬁented in the Y direction. These models consistently failed to behave in a
manner repfesenting the expe'rirhental data given by Zhou [34] and Wiggenraad and
McCarthy[24]. See figures 2.2.1, 4.4.2.1 and 4.4.2.2. Note the high peaks, aﬂd the low
sustained acceleration. In éomparison, data from Zhou and Wiggenraad and McCarthy
have no early peaks, and a‘higﬁer sustained crush load_. However, the thickness of
Wiggenraad and McCarthy's and Zhoﬁ's beam is much thickér than that employéd in the
current workAs ia;resulf, thé force féq'ﬁirevdhto initiaté aﬁd sustain crushing would
produvce" e){cégéiVély hlgh acéélefafiéﬁsgﬁéin; the floor weightng used in the current
work. IPIe;haps some different mechﬁniérfl; become significant in such thin beams, or »
perhaps the rﬂodeling employed in the current work is insufﬁcie;nt to capture such
behavior accurately. In both reference Works, the beams employed in their research were
composed of a unidirectionél carbon 'epoicy lamina core, with a woven: Kevlar skin
surrounding it. The Kevlar skin was ignored in the current work, due to the limitations of
the available mate-r'ial rﬁodels. Adjustment of parametefs, primarily beam and initiator
thickness, allowed a reasonable beam behavior to be developed, but these models did not
predict the sustained high crush loads without peaks which both Zh.ou and Wiggenraad
and McCarthy demonstrated experimentally. Note ;hat both the aluminum and compﬁsite
- beams developed in the current work had very similar behavior ‘a‘nd energy absorbing |
performam_:e. In spite of the sub-optimal beam behavior, the beams had again reached the
point of being a reasonable energy absdrbing structure, and sol attention was turﬁed to the

water impact case.
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Based on the beams of model 4.7, model 4.9 was created: The compdsite skins of model

4.9 were based upon two layers of unidirectional carbon fiber / epoxy composite, one

- layer running in the global X direction and the other in the global Z direction. As before,

‘the linear polynomial EOS with a null material was employed to simulate water. This

skin showed gdod performance in the water impact case and did not suffer the expected
tensile failure, figures 4.4.2.3 through 4.4.2.5. Elastic growth of the skin to near faiiure
did og:cuI; however. This suggesfs that sigﬁﬁcmtly higher vertical impact velocities
might cause brittle tensile rupture; Floor le.vel accelerations were very similar to Mddel
3.17, but slightly higher. This may well be due to the higher stiffness. of the composite
skin in cpmparison to the aluminum skin of model 3.17. Unfortunately, this model cannot
correctly evaluaie the possibility of shear failure occurring near béarn footings, due fo the
inherent limitations of fhe material model. Model 4.10 employed parameters to simulaté a
more du;:tile skin composed of two layets of ur'iidiréctiona} Kevlar, but was otherwise
identical to modél 4.9. Tﬁis Kevlar skin also performed well, see figures 4.4.2.4 through
4.4.2.7. In both models 4.9 and 4.10, the overall behavior was visually very similar to

model 3.17, and hence figures are not provided.
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. 50 Conclusions and Recommendations

Although these numerical studies are "of somewhat questionable accuracy, and require
- validation before the results may ‘bc regarded as definitive, this study suggests some ,

significant behaviors, trends and design parameters of con_cém. -

’i‘he results lead tov' the honclusion that moderate v%atgr impacf cépahility is easily
achievab‘lé m a fairly conventionai helicopter structure of éither cohiposite ormetal . -
mateﬁals. In fact, it; should be‘qﬁite possib1e~tl('> design a strhcturé that has more energy -
absor;';tion éapabiliﬁ than tthe same design for hard surfahé impahts. Skins employed in
this 4resear’(‘:h were able to transmit distributed water loads td the subfloor beams rathef
éasily; with inihimél impacf on the design. Further research into the magnitude of the ‘-
préssuré pulsé created by higher impact speeds, such as the 42 feet per second r.eq'uired.

with landing gf:ar extended, is indicated: Note that a underfloor beam structure such as

that Iemploygd herein, with four beams across the width, is more likely to suppbrt the skin

and perform Wcll than a design using a single beam, or pair of beams. Desighs includir{g .

only a single beam would presumably require a more cbnﬁplex skin design to provide

adequate performance.

ifhe corhpo‘site skins employed in this work approached their tensile failure limits, though
. they d1d not exceed them. This suégests that significantly higher speeds would be likely
to cause tens'ilel rupture of the composite skins. Tensor skin ‘cohcépts such as thhse
ad;'ahcgd by Thujs and Wiggenraad [28 ;29] would likely be required if water

crashworthiness Capébiliiy was to be extended to the 42 feet per second required for an
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extended landing gear hard surface impact. Limits for metal skins appear to be somewhat

higher, in spite of the higher strength of composites.

This study also suggests that post-water impact survival has much to do with easy egress
" .. while in or under water, crew personal flotation devices and so forth, as the vehicle is

likely to plunge rather deeply into the water before bleeding off vertical velocity.

Difficulties with adjusting parameters to eliminate the spikes in the force displacement
curve suggest “that the modeling of initiator features employed in this research are not
adequate, aﬁd more research might be performed to determine a better approach to
incorpdraﬁng such features. The difﬁculties encountered when comparing the rigid
sphere Water impacts with the data of Pentecote and Kindervater [25] sﬁggest further

- validation of the water modeling methodology is required.

Further, the limited ability of the composite materigls available in LS-Dyna to simulate

~ the desired geometry suggest that new material models would be fxighly desirable.
Specifically, gvmode} inéqréoratiné,thq a‘tgility to specify stiffness and strength in all three
directiqﬁs, 1nclud1ng initial m;.tﬁx apd;ultimate fiber failure regions, implemented for
shell elemerits a;well as sﬁlid element;, would be highly desirable. Ideally this element
would permit deﬁniﬁon of pfoperties of each individual lamina, synthesize global
laminate properties from the input lamina parameters and incorporate a progressive

. lamina by lamina failure model.
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Such a web would be sandwiched between the floor skin of a rotorcraft and

intended to absorb energy by being crushed in a direction parallel to the axis

of the corrugations.
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Figure 2.1.1 Example of a FEA Model of a Vertical Sine Wave Web
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Model employs a rigid sphere and a null material with a linear
polynomial equation of state. Bodies are not initially touching.
Sphere diameter is .251 meters, and the modeled water is 1.25

e VSR AR
AN/ SOSONOOAEE S AR A RN X
PP FZAN IR R R R SRR R
AR S FA MMM R R R R R R
5 '>/ CURR TR UL RO, T L WL
/(\ / MOEREERRAR LR RS N AL
,\\ DA% ASTHAETEMENE AN

« S

o AN { ' AT R R LR R SRR R

< \ S R

- WO A AR Ry

3 e e

£ A S e
po QR N "00 % e
< B T I
i \“e&\\\g«g\x‘\‘\\*@%&:@ %%v@mn’::ﬁ:a:-s:-:‘a
£ SNl Gy i
s | .\ &‘Q{\\\‘&%ﬁ;ﬁ}&(’%% ‘:fllmw”llmm‘m' 7
~ OO RN X X e I T T I T 77T T
o] \Q\\\ O .c,:“”,‘ QT IILILLITEE( LU LT AT I LT T T 7
o e TN ‘\»‘&‘f‘.::ﬂu*‘ﬂ )‘ A B e —

o ,-;';";'."ﬁ,‘“‘;‘;;,‘}'.?,;' ’o\*,',‘:v:.:.‘,:,l g I ALIETITIITITIE I EAS A 3 9

] B S S S S NN X N 77

8 A ‘%.“\\‘eQ«";‘:“’;:«"&&qzzfaaazzzgﬂym

o y '/‘g 'f"’ " "Oe’ ":’l ’;::'4 '\;”x Ghe o.u-.--g—--n'.m------—- -

= a af' "Q 2 (7 )\ =

> -

(=]

(@]

Do

=]

(O]

= XN
[+ =i}

o) >-_V
@

51

Figure 4.3.3 Model 2.17 at time t=0.000 sec
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Figure 4.3.8 Model 2.18 at time t=0.000 sec
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Figure 4.3.9 Model 2.18 at time t=0.005 sec



ly Lagrangian formulation would be likely to

cause errors due to poorly shaped elements.

using a pure
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Figure 4.3.10 Model 2.18 at time t=0.009 sec
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Table 2.0.1 Summary of Mil-Std-1290 A

Condition o .
Number Impact Direction Impacted Surface Velocity Change
I1 | Longitudinal Cockpit |Rigid Vertical Surface 1120 fi/sec l
2 |ILongitudinal Cabin |Rigid Vertical Surface  ||40 fi/sec |
Vertlf:al With Lowered Rigid Horizontal Surface |42 ft/sec
3 Landing Gear
Vemf:al with Raised Rigid Horizontal Surface |26 ft/sec
Landing Gear
l4 |[Lateral, Type I |[Rigid Horizontal Surface |25 fi/sec |
E |[Lateral Type II |Rigid Horizontal Surface |[30 ft/sec |
. . 42 ft/sec Vertical,
6 Com'bmed High Angle Rigid Horizontal Surface |27 ft/sec
Vertical ,
Horizontal -
. : 14 ft/sec Vertical,
7 Combined Low Angle Jip) 0.4 011 100 fi/sec
Vertical .
Horizontal
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Table 3.4.1 Summary of Linear Polynomial EOS Parameters for Simulation of

Water

IName HValue HUnits

Co 0 psi

lCl “33,000 ”Dimensionless

[C2 “O ”Dimensionless

C3 - 0 Dimensionless ,
[C4 HO ”Dimensionless l
ICS “O HDimensionless l
[C6 ”07 ”Dimensionless |
EO 1x10°% Dimensionless

IVO |1 ”Dimensionless

38



Table 3.4.2 Summary of Gruneisen EOS Parameters for Simulation of Water

Parameter Name Value Units

C (Speed of Sound) ||SP 57.53 x 10° |lin/sec
Gruneisen Gamma [[Gamma 0.280 Dimensionless
S1 S1 1.75 Dimensionless
S2 S2 0 Dimensionless
S3 S3 0 Dimensionless
A SA 0 Dimensionless
Initial Energy EO 1x 109, Dimensionless
Initial Relative VO 1 Dimensionless
Volume

Table 3.4.3 Summary of 2024-T4 Aluminum Alloy Material Parameters

Parameter Name Value Units
Youngs Modulus E 10.501 x 10°  |[psi
Yield Strength sigy 47.0 x 10° psi
Ultimate Strain fs 0.200 in/in
Plastic Modulus etan 1x10° psi

8
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Table 3.4.4 Summary of Unidirectional Carbon Epoxy Composite Material

Parameters -

]Parameter ”N ame ”Value ||Units
[Youngs Modulus, Fiber Direction [[EA [120.6 x 106 |lpsi
Ypungs Modulus, Transverse EB 1.50 x 10° psi
Direction )

P(-)ISSO-IIS Ratio, Transverse-Fiber PRBA 0.02 dimensionless
Direction

Sl}ear Modulus, Fiber-Transverse GAB 1.04 x 10° psi
Direction l

Shear Modull}s, ‘T.ransverse- : GB C 1.04 x 10° psi
Transverse Direction -

S}}ear Modulus, Transverse-Fiber GCA 1.04 x 105 psi
Direction ]

U!tlme.lte Tensile Strength, Fiber T 330 x 10° psi
Direction

Ulitmate Tenglle Strength, VT 23 % 10° psi
Transverse Direction

Ultimate Compressive Strength, 3 .
Fiber Direction xC 209x 10 psi
Ultimate Compregswe Strength, YC 33 x 10° psi
Transverse Direction

Sl}ear Strength, Fiber-Transverse SC 10.3 x'10° psi
Direction
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Table 3.4.5 Summary of [0°/90°] Laminated Carbon Epoxy Composite Material

Parameters

!Parameter ”Name ”Value HUnits l
[Youngs Modulus, Fiber Direction HEA ]|11.05 x 10° ”psi ]
Youngs Modulus, Transverse EB 11.05 x 105 si

Direction ) b

Poissons Ratio, Transverse-Fiber PRBA 0.27 dimensionless
Direction )

Shear Modulus, Fiber-Transverse GAB 1.04 x 105 s

Direction ’ p

Shear Modulus, Transverse- GBC 1.04 x 105 s
Transverse Direction i P

Shear Modulus, Transverse-Fiber GCA 1.04 x 10° s

Direction L ' p

Ultimate Tensile Strength, Fiber XT 169.15 x 10° s

Direction ' p

Ulitmate Tensile Strength, YT 169.15 x 10° i
Transverse Direction ) P

Ultimate Compressive Strength, 3 .

Fiber Direction XC 121x10 psl

Ultimate Compressive Strength, YC 121 x 10° s
Transverse Direction p

Shear Strength, Fiber-Transverse 3 .

Direction A SC 10.3x 10 psi
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Table 3.4.6 Summary of [0°/90°] Laminated Kevlar Epoxy Composite Material

Parameters
lParameter “Name ”Value “Units
[Youngs Modulus, Fiber Direction |IEA 6.7 x 10° |Ipsi
Ypungs Modulus, Transverse EB 6.7x 10° osi
Direction
qussops Ratio, Transverse-Fiber PRBA 0.34 dimensionless
Direction
Sl_lear Modulus, Fiber-Transverse GAB 031 x 10° psi
Direction
Shear Modulus, Transverse- GBC 031 x 10° si
Transverse Direction ) P
Shear Modulus, Transverse-Fiber GCA 031 x 10° s
Direction ) P
U!tlmgte Tensile Strength, Fiber T 94.6 x 10° psi
Direction
Ulitmate Tensile Strength, YT 94.6 x 10° s
Transverse Direction ) p
Ultimate Compressive Strength, 3 .
JIFiber Direction XC 35.95x 10 psl
Ultimate Compressive Strength, ve 35.95 x 10° .
Transverse Direction ) P
Shear Strength, Fiber-Transverse SC 71% 10° s
Direction ) P
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