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Abstract

MSC/DYTRAN, an explicit nonlinear finite elementode, was used to
determinethe collapse characteristics die Lynx helicopter mairiftframe,
for the vertical crash case. THiétframe was modelled by the Belytschko-
Tsay four nodeshell elements. Thanalysis ofthe influence ofthe collapse
velocity on the component structufallure modes and sensitivity analysis
of the material failure criteriawere performed. The increase dérashing
velocity from 4 to 8 m/s changethe mode of structurafailure from
torsional buckling, tobending/axial failure.The materialfailure criteria,
however, did not significantly affect the structure collapse mechamisrthe
force vs displacement results. The MSC/DYTRAN simulation results showed
good agreement with the full scale test data.



1. Introduction

The mainaim of ahelicopter crashworthy design is to prevent occupant fatalities and to
minimize the number and severity oinjuries during specifiedccrash events, while
minimizing, to the maximum possible extent, aircraft damage. To achieve these goals, the
dynamicforces experienced by the occupants should be reduced to accépialsiea
survivablespace envelope should be preserved and post-crash haiamasted. In
addition, the occupants should be allowed to evacuate from the vehicle.

The Military Standard MIL-STD 1290A [1] is the documewhich entailsthe most
comprehensiveset of thecrashworthiness requirements taght fixed and rotary-wing
aircraft. It states thanstrumentediull scaletests aredesirablebut not mandatory if
designer can demonstrateat, foreach required impact conditiorthe deceleration of
the structure, its trajectory and the occupant motion are compatibléheitihashworthy
design objectives.

Current techniques for structural crashworthiness evaluatierequally applicable to
both automotive and aeronautical fields, and are classified [2-5] as:

a) experimental - entails craststs ofreal full scale vehiclesstructural components or
their scaled models;

b) hybrid - is a combined experimengald numericadpproach irwhich the structure is
dividedinto a number ofelatively largesections osubassemblies whidre tested or
analysed separately and their crasbperties used in simplified beam/non linear
spring model of the whole structure.

c) analytical - isbased on thdérst principle finite elementnethodwhich can deal with
the material, geometrical and contact nonlinearities.

It is obviousthat, theexperimental technique mostreliable,but at thesame time, it is
usually unacceptably expensibecause eactest reflects onlyone point of the crash
envelope.

On the otheihand, theanalyticalapproach has becomeuaefultool within the design
process, butuntil very recentlythe computationaproblem associated with it was
formidable andhe computational costnd time necessary to perfornwiére extremely
high.

Not surprisingly,the hybrid approach, a compromise betweentihie otherstechniques,
has beerthe mostcommonlyused methodUsing simpler physicalestsand numerical
codes, like the program KRASH [6], designers have been taking advanthgebefst in
both other methods.

Instead ofestablishingcrush characteristics of structural components by testing one can
very effectively use analytical techniques. The ultimate purpose of this work is:



» to determinenumericallythe quasistaticollapse characteristics of a given helicopter
liftframe corresponding to the vertical crash case needed for the hybrid analysis,

» to build a detailed component model which can be usega# af thefinite element
model of the whole helicopter,

» tocheck MSC/DYTRAN effectiveness in this type of analysis.

2 The Lynx Helicopter Liftframe

Lynx is a mediumsized helicopter withthe maximum take-off gross weight of
approximately 4500 kg designed by Westlandhim late 60s, tdulfill generalpurpose,
naval anctivil transport rolesAlthough its semi-monocoque airframe had been designed
to withstand thelemanding landing conditions imposedtbg ship flightdeck motion no
detailed crashworthiness consideration has been done throughout the design process.

The Lynx rearfuselagestructureand the mairiftrame are shown in Figures 1 and 2,
respectively. Thosetructures are manufactured donventionalaluminum alloy. The
main gear boxthe mainrotor headand therotor blades weighting approximate870 kg
represent the main source of the dynamic loads for the liftframe wetheal crash case.
This mass isttached to the main gear box suppi@ams (item 1 in Figurg). The front
ends of thesupportbeamsare bolted to the maiiftirame, andthe rear ends are bolted
to the bulkheadrespectively items 2 and 3 in Figute These three components are the
main load path for thelynamicloads and at theame timeone of the mairenergy
absorbing components in the vertical crash case.

3. Modelling the Liftframe

3.1 The Liftframe Geometry

The lifttrame hasone plane of symmetrysee Figure 2) and theertical crash case is
symmetrical with respect to the same plane so it was sufficient to aoalyssehalf of

the liftframe. Thusthe port side ofthe liftframe was analysed. Thport side liftframe
model is shown in Figure 3. It wadsuilt using four node one point quadrature
Belytschko-Tsai shell elements. Themesh was positioned on the corresponding
midplanes othe realiftrame. This elementype was chosen for its accuracy, speed and
reliability in large deformation nonlinear problems.

The one-point Gauss quadrature integration is largely used in order to redonoenties

of operations executed during each integratioe step. It iswell known thatthis may
give rise to spurious zero energydeformation modes (hourglass modes). In
MSC/DYTRAN those modes can Istabilised by using an hourglass viscosity or an
hourglass stiffness.

The underfloomart of theliftframe wasnot considered in thisvork because it isully
restrained by the rest of thieelicopter underfloorstructure so that it does not
significantly influence the behaviour of the upper part of the liftframe.



A first model with a relativelycoarsemeshwas used tddentify the liftframe overall
mode offailure andthe location ofplastic hinges. Accordinglythe areas undergoing
large deformations were furthegfined to improvehe accuracy of thanalysiswithout
wasting extra computationaime on an unnecessary general model refinementfifdie
mesh comprises 261shell elements, 2723 nodes and approximafe&d900 degrees of
freedom. Considerinthe averagelensity of aluminum alloyshe model had a weight of
5.3 kg.

To incorporate the geometmnperfections generated ltge componenimanufacturing
process the nodes of tigeal (perfectly flat) meskvere randomly movecdut of their
original planes. Theseerturbations had aniform distribution inthe +0.15 mminterval,
i.e. 8% of the smallest liftframe web thickness.

3.2 Boundary Conditions

The boundary conditions imposedtte liftframe model duringhe numerical simulation
should be as close as possibletlioseexperienced by the real component, under the
same circumstanceslhus, boundary condition consideration was focused on the
connections of théftframe with the rest of théuselagestructure. Theport side half of

the liftframe is connected to the following components (see Figures 1 and 2):

» the starboard side half of the liftframe, at section A-A, by means of a strap joint;
* the aircraft skin, along the external flange, by means of rivets;

» the main gear box support beam, at point B, by bolts;

 the floor structure, in region C, by means of rivets and bolts.

The symmetry boundary conditionsere applied tothe nodedaying in the plane of
symmetry.

It was assumedhat theskin would impose soméut not significant restraint to the
litframe external flangemotion in the aircraftlongitudinal and lateral directions.
However, as deformations increase, rivets woplebbably fail, reducing these
restrictions. Therefore, the skin influence on the liftframe collapse was ignored.

The very stiff main gearbox supporbeams constrain motion a@he liftframe in the
aircraft longitudinal direction. So it was assunthdt the nodes corresponding to the
support beam attachments daot move inthe aircraftlongitudinal direction as the
liftframe collapses.

Due to thehigh stiffness othe underfloor structure, twhich the liftframe is connected,
it was assumed that the liftframe model Wast into arigid wall, i.e.the nodedaying in
the floor plane were fully restrained.



3.3 Loads and Initial Conditions

The geometrical and structural aspects discussed above indicatespurely vertical
load applied orthe nodes corresponding to the main gear box supparh attachments
would be representative of thiertical impact case selected falysisFor the purpose
of determiningthe quasistaticollapse properties dhe frame, a decision was made to
impose a constant vertical velocity on the load bearing nodes.

The magnitude of the constant velocity load was chosémasat is representative of the
crash velocityput at thesame time ireduces the computirigne. Consideringhat the
time spent computing one integratiime stepdid not depend of therushing velocity,
it is clearthat for asame level otomponent deformation thetal processing time was
inverselyproportional to thecrushing velocity magnitude. Anitial decision wasnade
to use thesame velocity indicated ithhe MIL-STD 1290(A) for thevertical impact with
retractedandinggear,which is 8m/&. To assesany possible influence dhe crushing
velocity on the component behaviour, another analysis was performed |tdeziingdel
at 4m/s.

As initial conditions,all nodes wereassignedhe same initial velocity of &and 8 m/s, for
the two load cases, respectively.

3.4 The Material Model

The liftframe is made of dorged L77aluminum alloy. A bilineaelastoplastic material
with isotropic hardening model wased. Thematerialproperties were taken from the
Military Handbook MIL-HDBK-5(F) [9]. Sincealuminum alloysare notsensitive to
strain rates up to £ [10], no attempt was made to simulate any strain rate effect.

The adopteccriteria for material failurewas 12% [10, 11] ofmaximum equivalent
plastic strain. Actuallythe maximum equivalent plastic strain e standardnaterial
failure criteriaprovided by MSC/DYTRAN. When an elemeiails, it is automatically
deleted from the mesh.

NeverthelessStronge [12Jcommentghat somealuminum alloyscan experience strains
as high asl8% beforefailing, while Duffey[13] has showrthat theprincipal shear
stresses seems to govern material separdtiospme structures undenpulse loading,
and hence the Tresca criteria leads to more accurate results.

This motivated asensitivity analysis entailinghe effect of different material failure
criteria on the numerical results. The following criteria were analysed:

* maximum equivalent plastic strain of 12%,

* maximum equivalent plastic strain of 18%,

* maximum shear stress, i.e. Tresca criteria.

¢ Actually 7.9 m/s, but thaifference isnot significant in terms of resulsnd makes theassociation
between time and displacements more evident.
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In the case of thenaximumequivalent plastic strain, it was necessary just to chtmge
parameter in the model bullata. In the case of Trescateria, it was necessary to write
a userdefined FORTRANsubroutine. This subroutine calculatéa principal stresses
acting in eachlayer of the shell elements, then calculatetie mean value of the
maximumshear stresses for theyers considered armbmpared it with the shear stress
corresponding to theuniaxial tensiletest ultimateshear stress. To avoid severe
deterioration of the program performance, only the elements that could ptskibre
checked against the criterion.

4. The Liftframe Collapse Characteristics

A crashworthinesanalysis entailshe assessment of tifa@lowing structuralcollapsing
characteristics:

 the force vs displacement curves;

» the maximum crush loads;

» the energy absorbed by the structure;

* the collapse mechanism;

* the post-failure behaviour.

The force vs displacement curves @hd maximumcrush load determinghe dynamic
forces transmitted to other components amoken applicable, tohe vehicle occupants.
The structure energy absorption capacity defines the amountiofghet kinetic energy
that the structure isapable of absorbing. The collapsechanismand the post-failure
behaviour establish whethehe structure crasloehaviour is compatible with the
requirements of preserving a survivable envelope aratlaguate evacuation path while
preventing post-crash hazards for the aircraft occupants.

For theconsidered crash case, tisplacementsiere measured at the points where the
loads were applied. The externartical force was computed by adding thye internal
forces calculated by MSC/DYTRAN at the nodes ofrtimlel base (see Figure @pss
section D-D).

5. Numerical Results

5.1 The Influence of Crushing Velocity

To assessiny possible influence dhe crushing velocity orthe componenbehaviour,

two analyses were performedrushingthe model at 8m/s and at 4m/s. bwoth crash

cases the structurbehaviour wastypical of axially loaded columns. The force vs
displacement anthe energy vglisplacement curves obtainéar thesetwo cases are
shown respectively in Figures 4 and 5. The curve segments between points A and B
correspond to the structulieear-elastic behaviour, when it offdmgh resistance to the
applied load. Between B and C thstructure buckles, plastic hingesare formed,
producing a mechanism insidethe structure,and the componentollapses with
considerable reduction in its load carrying capacity. After Celatively smallload

& Three integration points were used through the thickness of each shell.
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characterises thgostcollapse behaviour dhe structureAccordinglythe strairenergy
absorbed by the structumecreases rapidly from A to Clhe energy absorptiorate
considerably reduces after plastic hinges are formed.

The oscillations observed ihefirst 4mm ofthe force vgisplacement curvesre due to
stress wave propagation and reflection ingite structure. Though thesdfects are
irrelevant for these impact velocities, this result indicateg suitability of
MSC/DYTRAN for stress waves propagation analysis.

Though the force vdisplacement anthe energy vslisplacement curveare similar for
both crash cases, the structural modefaitidre are different. Theliftrame buckles in
torsion in thedm/s crash, as can be seen in Figure 6. This figteeents thenodel
deformed shape after 15ms of load applicatishjch corresponds to 60 mm of
displacement. Irthe 8m/s crash casehe structural mode dhilure is different,being
characterized bipuckling of itslower panel, as Figure 7 showshis figurepresents the
model deformed shape after 5 ms of load applicatdrich corresponds to 40 mm of
displacement. Most of the relevant plastic deformation is concentrated is this region.

The model deformed shapes for both 4m/s and 8m/s crashes were not shovsamatthe
displacement valudor clarity reasons. The torsiondduckling mode is much more
developed at 60mm than at 40mm.tie 8m/s crash casene can bier observe the
component mode dhilure at 40mm of displacement, because at 6Gmany elements
of the mesh failed and the liftframe started unloading.

The difference ofthe structural modes ofailure at thesetwo crushing velocities
accounts for theamplitude differences observedthre force vddisplacement and in the
energy vs displacement curvesthe 8m/s crashinertial effects stabilizethe structure,
that collapses under higher loads and absorbs more strain energy than it doetheerthe
crash case, up to the powvhenthe plastic hinges form. lrother words, aBm/s the
structure collapses at a higher energy mode.

After collapse, however, (point C in the energydisplacement curves in Figure 5) the
4m/s crash absorbed energy at a hightrthan the other oneshowingthatits residual
strength was also highérhis is consistent witkthe force results. It can be sadat the
structure crashed atm/s retained higher load carrying capacity thhe structure
crashed at 8m/s, after plastic hinge formation.

It can also be observetat, at thevicinity of point D, the strain energy curve for the
8m/s crash shows severe singulariti€eose singularities coincide witlthe moment
when the liftframe splits intotwo pieces, since a whole chain of elementsoss the
model width failed. No singularitiemre observed in the energy displacement curve of
the4m/s crashwhich meanghat, inthis casethe liftframe did not split into two pieces.
Actually, after 80 mm of displacementpt a single elemenfailed in the entiremesh.
This must beattributed to the moreuniform distribution of plastic deformation
associated with the torsional buckling mode.



The analysis ofthe 8m/s crastiook approximately éhours of CPUime onthe CRAY

J916 computer at Cranfield University. This analysis was terminated after 15 milliseconds
of real time(120 mm ofdisplacement), with &otal of 49500time steps (2.3 steps/sec).
The contactcalculation used 6% of CPUtime. The calculated speed of sound in the
modelled material was 5.44x1/s and the stable time step 3.07k$@conds.

4.3 The Effect of Failure Criteria

A sensitivity analysis entailinghe effect of different material failure criteria on the
numerical results was performed, and the following criteria were analysed:

* maximum equivalent plastic strain of 12%,

* maximum equivalent plastic strain of 18%,

* maximum shear stress, i.e. Tresca criteria.

For the threeases théftframe mode offailure was the same, characterizeddugkling

of the lowerpanel. This is illustrated in Figure 8 whishows threalifferent pictures of

the model crushed at 8m/s after 5.0 ms of load application (i.e. 40mm displacement). The
first picture, corresponds tthe analysiswhere the 12%maximum equivalent plastic

strain criteria was applied. The second picture shibwsnodel deformation when the
failure criteriawas changed t@8% maximumequivalent plastic strairkinally, the third

frame applies for the analysis with the Tresca criteria of failure.

Each materialfailure criterion corresponds to adifferent strain energy density.
Nevertheless, this fact diabt significantly affectthe totalstrain energy absorbed by the
litframe modelnor the force vglisplacement resultsyhich are showrrespectively in
Figures 9 andlO. One can se¢hat theanalysiswhere the 12%maximumequivalent
plastic strain criteria was appli¢ige liftframe model split withl.9 kJ ofstrain energy. In
the analysiswhere the 18%naximumequivalent plastic strain criteria was applied, the
total strain energy waf.2 kJ at thenstant ofrupture.And in the thirdanalysis, where
the Tresca criteria waappliedthe liftframe model split with1.85 kJ of strairenergy
These results are summarised in Table 1 below.

Material Failure Criteria| Energy Absorbed at Rupture Displacement at Rupture
12% max. eq. plast. strajn 1.90 kJ 62 mm
18% max. eq. plast. strajn 2.20 kJ 66 mm

Tresca 1.85 kJ 54 mm

Table 1 - Energy absorbed at rupture.

5. Comparison with Experimental Results

In 1984, afull-scale test on aLynx airframe[15] was carried out, gsart of an
experimental program undertaken to investigathe behaviour of a conventional
helicopterstructure undedynamic crash conditions. The helicoptstructure wagully
instrumented and fitted with representative transmission rator weights. It was
dropped vertically onto a rigid surface with an impact velocity 08.2 m/s.



Comprehensive instrumentation provided deceleration and displacdatanatspecific
locations on theest airframe. This and a complefém and photographic coverage,
supplied valuable information omstructural failure modes and energgbsorption
characteristics of various elementstioé helicoptemirframe. Thougtthe specific brce
vs displacement curvier the helicopteliftframe was not obtained in this experiment,
enough data abotibis structurebehaviour could be used ftine numerical simulation
results evaluation.

Figure 11 shows a generaéw of the starboardhalf of the mainliftirame after the drop
test. It exhibited failures close tthe cabin floor level, asoccurred in theanalysis
discussed above. The&elures initiated athe liftframe web-flangeintersections and at
the bottom horizontastiffeners. In additionthe testconfirmedthat under thevertical
impact condition, the liftframe wouldot becapable of absorbintpe high masses kinetic
energy and should really split.

There is particularhgoodagreement with thenaximumload calculated in thanalyses.
According to thetest report, theverage valu€for the port and the starboard sides) of
the acceleration peak of the main gear box front feet was 88g. Thogwdetstally
coincide withthe liftframe loads application points. Théeummy main-gear-box-main-
rotor assemblyused in theest weighted 885kgAssigning1/4 of this dynamicload to
each foot of the main gear box, the peak can be estimated by:

Prnax= 1/4 x 885 x 88 x 9.81 = 1.9 x 1N,
which is the same value observed in the 8m/s crash (see Figure 5).

Summarizing, it can be sattiat thenumericalresults showgood agreement with the
available test data.

6. Conclusions

MSC/DYTRAN was used to determinthe collapse characteristics ahe Lynx
helicoptermain liftframe, for the vertical crash case. Thanalysiswas performed for
crashworthiness assessment purposes and intendachulatethe vertical impact case

with landinggears retracted aspecified bycurrent requirements. The mode failure

was characterized by thmickling ofthe lower part of the structu@nd of its vertical
flanges. All the relevant plastic deformation was concentrated in these areas. In addition,
the influence ofthe crushing velocity andhe influence ofthe material failure criteria

were investigated.

The main conclusions are:

*» MSC/DYTRAN is a powerful tool for crashworthiness analysis.

» The crushing velocity affectethe predicted mode dhilure: at 4m/s it presented
torsional buckling; and at 8m/s it was characterized by bending/axial failure;

» The materiafailure criteria didnot significantly affectthe collapse mechanismor the
force vs displacement results;



» The collapse characteristics needed for the hybrid analysisdefned andhe model
built herein can be used as part of a finite element model of the entire helicopter.
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Fig. I - Lynx rear fuselage structure,
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Fig.2 - Lynx main liftframe.

12



€T

1 gy
1] Elmy TN E
£ i — kg
e I T
3 5 T
r L L S
= R HH
= ; H %
- = Sttt
T
I

I'Td—?’-’——{

—i

-

TEgs

i

Fig 3 - Lynx helicopter port side half main liftframe model,




Forea (M}
2+0%
" .

LEGERD

— 4 mf3
— 8 mfs

_l:' . 5 T T T | T 1 11 | L} B [ B AL
=1 a 1 2 ] q =) t
pisplacemants (1)

|||||..-III.IIII|II

14 Fig. d - Effeat of cosshing wolooity - base reacticon

i
k
i Strain Epergy (I)
| E4O3
2.5
1 e i
PR e et !__,.o-'-
- F-___-_
i S, _F;—#fﬁddF;dJ
< i _d_‘___,_o-"-

15 _/:,/'

LEGEND

— 4 mys
— E mfa

i} LB SO I (L ) ] AL e T S ] B s e |
AD L Z 3 4 5
Ligplacenments |(m)

10 Fig. § - Effact of crushing wvelociby — Sbrain encsgy.

14




qT

f‘ﬁ— o e

X

=]

Fig & - Model crashed al 4m/s - 60 mm of displacement



9T

|
INENN

|-;—r-:-— -
L

i
=i
=
=
HE
Ny

SIS

L1777
o i P

Fig. 7 - Maodel crashed at 8m/s - 40 mm of displacement.




!':j::_f...__._f':"."f‘_‘-jf"-"'_ B 1 o
| EENE | ll ENEEE

RS NEN

_J | | : a. : ?, i
Y :

: ?'-"'"I 1 _I—I_| 7 i | “_-Tf :' _|I|
gy (s
HHHHHHHH ENNNNAEENNY

L 2% maxinen equivalent pl = 19% “"'“‘:“.‘.“?“ L e

i
S
Y
_-ﬁﬁﬁgﬁ

i

L

|'. TERSCa

Fig. 3 - Modes of failure for three different materizl failure criteria

17



LEGEND
"skrain 12%
*i—-— gktrain Lg%
‘Lraaca

Strain Energy (KEJ)

2.5 -
1_
oS
i
+ s
0.3
i
o L] IR R T R S ] R e T [T R [ ] e e U e |
L] 1 2 3 q ] & T ]
prse (10 mm)
3 Fig. 9 - Effect of failure ceitecis
) LEGEND |
Force (0] strain 12%
strain 1A8%)
2405 Traach
25
i
18 U
i
;i [
0.5 = I}
W.M.ﬂ ok | o T e e S| £
| SRS SR Aoy J'|| Wﬂjﬁi ”
o 1 T | 4
=0 5 == Toror | T T s | oo e T o b b ] [, B b e by T b oy |
-1 a 1 2 K] 4 3 5§ 7 i

prse (10 mm)

Fig. 10} - Effect of failure critecia

18



Fig. 11 - Vertical drop test- Failure of starboard main liftframe.
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