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Abstract

In thiswork, impact and damage response of composite wafer structuresis numerically
modeled. The damage created on the structure is identified and the reduction of the
airworthiness of the structure is investigated. Comparisons are made with conventional
composite structures.

1. Introduction

Composite lattice type structures have the advansddnigh weight efficiency due to the use
of unidirectional load carrying elements that Igadhigher specific strength and stiffness,
compared to contemporary composite structures. meertical structures are often subjected
to loads, such as impact, that often lead to damHge fact, leads to design allowables for
composites that are often 50-60% of the composaéenal failure strains. However, this
practice is applied for conventional composite pmrtbat follow the frame-stringer-skin
approach where their damage tolerance charactsrete well studied. The damage tolerance
of wafer and grid stiffened structures in genees hot yet been studied in enough detalil.
Lattice structures have the advantage of weiglitieffcy due to their high specific strength
and stiffness as a result of the unidirectionad thmt are used as load carrying elements. Most
of the work on this subject is dealing with anadysind optimization of statically loaded
lattice structures. More specifically, Vasiliev @t [1] has described the integrated design,
manufacturing and testing process for high perforeedattice structures. Moreover, the same
authors provide valuable information regardingdhalysis of that kind of structures by using
continuum models with ribs smeared over the strectwrface. Vasiliev and Razin [2] also
have published work regarding the applications ahposite lattice structures in aerospace
industry and the complications that arise from tbisicept compared with conventional
“black aluminum” composite structures. Totaro [8lve developed a numerical optimization
scheme for composite lattice structures in ordeslitain a minimum mass solution based on
stiffness constraints. Additionally, Morozov et[4] have developed a methodology based on
finite element analysis for the investigation ofckling behavior of composite lattice
structures subjected to tension/compression, bgratid torsion.

1.1. Vertical crash load case

For the crash analysis, a fuselage section witlmoxopate diameter of 1800 mm and length
2000 mm was chosen. This section is representativéimensions of a typical fuselage
section of a small business aircraft. The typicaefage of currently used business jets are
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mainly made out from aluminium alloys. From thetialigeometry of the fuselage section
and the design loads of the aircraft, a conventi@lacomposite fuselage section was
designed. The geometry of the composite fuselaghasvn in Figure 1, whereas the layup
used for each part of the fuselage section is sumathin Table 1.

Regarding the lattice composite structure, a reaifig scheme of +/-Z6vas selected, with
90° additional reinforcing ribs. The skin thicknesstbé lattice structure was 1.4mm thick
with a +/-45 lamination. For reasons of comparison with the vemtional composite
structure, a similar floor structure was selectaich can be seen in Figure 2.

The material that was used for both composite &itras (conventional composite and lattice)
and its properties is summarized in Table 2. Actatalysis was initially performed for both
structures, in order to check for strains undghtliloads. It is worth mentioning that knock-
down factors were used for failure strains takintpiaccount hail impact, fatigue among
others, leading to a failure strain knock-down [B+&8®%. However, the complete design
process of a composite fuselage section falls beylom scope of this paper.

The simulations were performed by using the LS-DYB¥plicit Finite Element code [5].
The conventional CFRP structure was modelled withreximately 50,000 shell elements,
including the fuselage frames and floor. The contpdsittice structure was modeled with
approximately 50,000 shell elements for the skid #oor and 20,000 beam elements for the
reinforcing ribs. Regarding the passengers andctreesponding seats, there are several
methodologies to model such systems. The simple#itad is to substitute the passenger/seat
system with concentrated masses [6]. Another metisodo model the passenger/seat
interaction by utilizing human occupant models amnglicitly modeling the passenger seats
[7]. Another method, is the Dynamic Response m{lelwhere a seated occupant is a single
lumped mass representing the occupant upper toass,mwhich can be connected to the seat
or floor through a spring and damper that represtd spine. The Dynamic Response Index
(DRI) model is such a model that has been cormlaih ejection seat data to predict the
threshold of spinal injury due to a vertical accali®en pulse. It is worth mentioning that it is
still being used by NASA for assessment of landipgtems for manned capsules [9].

The comparison between the composite lattice seetiml the conventional CFRP was made
in terms of displacement, velocity and acceleratadten from the concentrated masses that
represent the seat/passenger system. Figure 2 shewasceleration results for each fuselage
configuration, where it can be seen that the resark in favour of the lattice structure, since
the maximum value of acceleration measured for toenposite lattice structure is
approximately 14% lower than the corresponding eabf the conventional one. This
advantage is attributed to the lower weight of lditéice structure and also to its ability to
distribute loads more uniformly than conventionahnfe/skin configuration. A closer
examination for the cases of conventional CFRP latite sections with the same subfloor
structure can lead to this conclusion. More spedlify, for the case of both sections the
absorbed energies from different parts can be seEgure 2. It can be therefore concluded
that regarding the fuselage structure itself, withtaking into account the energy absorbed by
the subfloor structure, the frames absorb moreggntran the skin. As it can be seen in
Figure 3, the subfloor crushing process starts withfacesheet buckling, where at the later
stages of impact the compaction of the foam blaxairs. This leads to a more progressive
collapse of the subfloor structure, leading to loaecelerations.

Regarding the Dynamic Response Index for spinalrynjtheir values are summarized in
Table 3. It can be seen that the lowest probabdityspinal injury exists with the lattice
sections by utilizing the foam block type. Howewvéns worth mentioning that for all three
cases the probability of spinal injury is from shtalmoderate.
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1.2. Hail impact
The second load case concerns the hail impact #f d@nventional CFRP and composite
lattice structure. In order to investigate the eéfeof hail impact, a certain degree of detail is
required for the Finite Element Analysis. For theason, Finite Element models of curved
panels were generated by using solid elements deroto capture though the thickness
damage and dents. The panels were clamped at ¢fes.ethe chosen hail size was 25mm in
diameter, with a terminal velocity of 25m/s. Thigilhsize and velocity, according to [10],
represents an event of rare hailstorm.
For the conventional CFRP panel, two impact locetiwhere investigated

e Impact on unstiffened skin

e Impact above stiffener
For the lattice panel, the following impact locasovhere selected

e Impact on the intersection area of the +/-a6d 90 stiffeners

e Impact on one of the +/-2@tiffener

e Impact on unstiffened skin
Approximately 500,000 solid elements where requicednodelling each panel. The material
model of the panels was identical with the one dsethe crash analysis.
Regarding hail, it was modelled by using the Smedtlirarticle Hydrodynamics (SPH)
method instead of the Lagrangian one. SPH methoetcomes the problem of large
distortions often encountered in the Lagrangian hoet which in turn lead to large
computational times and loss of accuracy. The moftidie hail consisted of 4,000 particles.
The material model that was used for describing was LS-DYNA MAT 10 (elastoplastic
hydrodynamic material model), with material proprtsummarised in Table 4 and found in
[11]. The aforementioned material model was alscoapanied by the water polynomial
equation of state. This material model and equatiostate combination, along with the SPH
method has the advantage of modelling accuratelyritial stages of impact, where ice has
adequate stiffness and the later stages of imp&ete ice fails and behaves more like a fluid.
In order to better assess and quantify the perfocmadf the two configurations, it was
decided to study the compression after impact bhehaf the panels. The models of the
panels right after the impact simulations were actigid to a quasi-static compression up to
the limit load (collapse of the panel due to comspi@n and buckling, as seen in Figures 25-
26) by using the implicit solver of LS-DYNA. By cqraring the limit load values for the
impacted panels to the values obtained for prisipa@els it is made evident which
configuration is more sensitive to the impact daendepr the wafer panel the decrease of the
limit load was close to 25%, significantly more ththe case of the conventional design
(~7%), as it can be seen in Figures 27-28. This duasto the fact that the local debonding
between the skin and the due to the impact, weatkenstructure significantly as opposed to
the conventional design where the main load beanegnbers (frames) are not affected.
Moreover, the ribs for the case of the wafer pamele manufactured with a unidirectional
layup, which tends to be quite vulnerable to impdamage. Finally, there is a stiffness
mismatch between the +/-43amination of the skin and the +/2@rientation of the
reinforcing ribs, a characteristic that generafiyiates and promotes damage.
2. Tablesand figures
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skin [+45, 0/90, +45, 0/90, 0/90]s
frame [£45, 0/90, 0/90, +45, 0/90]s
floor [£45, 0/90, 0/90, +45, 0/90]s
Table 1: Layup of conventional CFRP fuselage saqgbiarts
Prepreg type
Property Lok
HTS5631
Longitudinal Modulus (E GPa) 128.9
Transverse Modulus ¢EGPa) 10.4
Major Poisson’s Ratio(1,) 0.34
In-Plane Shear Modulus (& GPa) 411
Longitudinal Tensile Strength {FMPa) 2159
Longitudinal Compressive Strength{AVIPa) 1330
Transverse Tensile Strengthy(MPa) 70.3
Transverse Compressive Strength,(MPa) 200
In-Plane Shear Strength;(FMPa) 112.7
ILSS (R MPa) 106.6
Longitudinal CTE (I, 10°%°C) -0.9
Transverse CTE(,, 10°%°C) 27
Table 2: Design values of composite material
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Figure 2: Absorbed energies for the conventionetice(left) and the lattice one (right)
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Figure 3: Facesheet buckling and foam crushingibfisor

Conventional CFRP | Lattice section with old Lattice section with new

section floor floor

DRI Value 21 19 17.4

Table 3:Dynamic Response Index values for all three cases

Density 848 kg/!

Shear modulus 3.46 GPa
Yield strength 10.3MPa
Plastic hardening modulus 6.89 GPa
Bulk modulus 8.99 GPa
Plastic failure strain 0.35
Failure pressure -4MPa

Table 4: Hail material properties

Figuré 4: Failure of pristine panels due to comgies
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Figure 5:Limit load comparison between pristine and damagafir panel:
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Figure 6:Limit load comparison between pristine and damagetentional composite pane

3. Conclusions

In this work, a safety assessment was done fotdbe of a composite lattice fuselage sec
Two load cases were investigated, the c of the structure and the hail impact on criti
locations. Fothe case of a composite lattice fuselage sectiothéocase of vertical drop wi
6.1m/s initial velocity. Comparisons were made vatbonventional composite fuselage 1
follows the “black aluminium” approach. The results have shownfitrathe specific loas
case, its lower mass and better stiffness charsitsrcontribute to its superior performan
However, significant drawbacks have initially arissuch as large deformation edamage
to the fuselage structure that could lead to occugafety issuc. initially arisen, such as larg
deformation and damage to the fuselage structatectiuld lead to occupant safety isst
Therefore, a new type of subfloor was introduced tluld overcome these problen
Moreover, this design change led to reduction efdherall mass of the structt . Regarding
the hail impact load case, matrix damage was fouradl cases. These results though, !
contribute towardsgstablishing desigallowables for lattice structures for aeronaut

structures.
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