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Abstract: For some categories of aircraft, such as helicopters and tiltrotors, fuel storage systems must
satisfy challenging crash resistance requirements in order to reduce or eliminate the possibility of
fuel fires and thus increase the chances of passenger survival. Therefore, for such applications, fuel
tanks with high flexibility (bladder) are increasingly used, which are able to withstand catastrophic
events and avoid fuel leakages. The verification of these capabilities must be demonstrated by means
of experimental tests, such as the cube drop test (MIL-DTL-27422). In order to reduce development
costs, it is necessary to execute experimental tests with a high confidence of success, and, therefore, it
is essential to have reliable and robust numerical analysis methodologies. The present work aims
to provide a comparison between two explicit FE codes (i.e., Abaqus and Ls-Dyna), which are the
most frequently used for such applications according to experimental data in the literature. Both
codes offer different material models suitable for simulating the tank structure, and therefore, the
most suitable one must be selected by means of a specific trade-off and calibration activity. Both
are able to accurately simulate the complex fluid—structure interaction thanks to the use of the SPH
approach, even if the resulting sloshing capabilities are quite different from each other. Additionally,
the evolution of the tank’s deformed shape highlights some differences, and, in particular, Abaqus
seems to return a more natural and less artificial behavior. For both codes, the error in terms of
maximum impact force is less than 5%, but, even in this case, Abaqus is able to return slightly more
accurate results.

Keywords: SPH; hyperelastic; drop test; fuel tank; FEM; explicit analysis; bladder; tiltrotor

1. Introduction

The runway-independent aircraft concept is progressively becoming more prominent
in civil aviation thanks to its ability to improve public mobility in areas where airport
infrastructures are not highly developed. Horizon 2020 Clean Sky 2 FRC IADP Next
Generation of Civil Tiltrotor Technology Demonstrator (NGCTR-TD) is an example of
European-funded research in the sector of VTOL aircraft. NGCTR-TD is the innovative
Civil Tiltrotor Technology Demonstrator [1,2] with a configuration that will go beyond
current architectures for this type of aircraft. NGCTR-TD is currently under development by
Leonardo Helicopter (helicopter division of Leonardo Company, leader in Italian aerospace
and defense), and it is shown in Figure 1.
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Figure 1. NGCTR tiltrotor, courtesy of Leonardo Helicopters (https:/ /svppbellum.blogspot.com /20
20/01/il-next-generation-civil-tiltrotor.html, accessed on 28 January 2022).

Because the tiltrotor is able to operate as both a helicopter and an aircraft, the airwor-
thiness specifications are a combination of CS-25 and CS-29 Airworthiness Requirements,
and in some cases, specific tailoring is necessary. For their VTOL capability, tiltrotors have
to comply with crashworthiness requirements according to CS-29, similarly to helicopters.
The fuel storage system of the NGCTR-TD consists of bladder tanks installed inside the
wing structures. Crashworthiness is one of the most demanding aspects to consider in the
design of VTOL fuel tanks in order to satisfy passenger survivability requirements. Among
the various requirements, tanks have to successfully pass a drop test from a height equal
to 15.2 m according to CS 29.952 [3] by showing no leakage after the drop. Moreover, the
tanks must possess sufficient flexibility and foldability in order to be installed through
suitable access doors placed on the lower skin of the wing and to be used for inspection
and maintenance activities. NGCTR-TD has 14 fuel bladder tanks, all located in the wing
structure [4]. As an example, the V22 has 16 fuel tanks, 10 integrated into the wings and
6 in the fuselage, holding from 5489 to 13,779 L of fuel [5]. The NCGTR-TD fuel storage
system is based on bladder tanks manufactured from very flexible and resistant rubberized
materials. Each tank provides a fuel barrier against fuel and fuel vapor leakages and
mechanical resistance in case of a crash, puncture or penetration. All tanks are completed
with co-cured metallic flanges and valves to connect the fuel storage system with fuel and
venting lines.

Not only must the tanks be designed according to crashworthiness requirements, but
the wing itself must have crashworthy features, such as the ability to separate itself from
the fuselage to ensure that a crash is survivable. This is necessary to prevent the fuselage
from being crushed due to the inertial load related to the wings, fuel and nacelles and to
let passengers escape from the aircraft. This feature is also present in military tiltrotors,
such as Bell V-22 tiltrotor [6]. The civil application should require an experimental test to
prove the effectiveness of any solutions devoted to breaking the wing in specific sections.
Experimental and numerical studies of a full-scale regional fuselage drop test without any
wings installed [7-9] have demonstrated that the fuselage damage is located mainly on
the lower section of the fuselage, while the upper part is not critically damaged [10,11].
No evidence on the structural behavior of the wing during a crash has been obtained
under crash conditions. In the 1960s, the US Army introduced the first military regulation
(MIL-DTL-27422) that defined the certification requirements for fuel storage systems to
be installed in a helicopter. The crashworthiness of a tiltrotor tank is based on C5-29
and MIL-DTL-27422 specifications, similarly to a helicopter [12]. As described in MIL-
DTL-27422, the drop impact test must be conducted to verify the structural behavior in
a dynamic regime of the fuel tank, both in the standalone configuration (cube drop test)
and in the partially integrated configuration with the surrounding structure [13]. The
Federal Aviation Administration (FAA) funded research on crash-resistant fuel systems for
commercial aircraft with the aim of providing data that are useful in reducing the possibility
of fire due to crash events [14,15]. Anghileri [16] investigated the fuel tank crashworthiness
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from experimental and numerical points of view. Fuel sloshing during crash events was
studied by means of numerical models, which were validated by comparing their outputs to
experimental results [17]. Using parallel computing, Li et al. [18] investigated the dynamic
behavior of a fuel tank in a dynamic impact event with the ground, demonstrating that such
an algorithm is able to run with a high speed-up ratio and parallel efficiency. Luo et al. [19]
studied the crashworthiness of a fuel tank for helicopter applications by means of the
finite element method (FEM) in order to verify the energy absorption capabilities of the
textile layer and protection frame. Kim et al. [20] used the commercial FE code Ls-Dyna to
simulate the dynamic response of fuel tanks installed in a rotorcraft. An accurate study
based on analytical, numerical and experimental results was performed to investigate the
structural performance of tanks with energy-absorbing fixtures under dynamic pressure
and blast load conditions [21,22].

The activities aimed at developing the next-generation fuel storage system of NGCTR-
TD are part of the DEFENDER project, and within the design and analysis work package,
an innovative aspect is represented by the setup of high-fidelity methodologies and models
to support the tank design, especially its performance against crash and impact loads. The
final aim is to provide models that are validated by means of a full-scale crash test on the
most critical tank plus the wing surrounding its composite structure. The activity will be
performed with an incremental approach, which passes through numerical-experimental
validation, the simulation of a cube-like tank test and, finally, a full-scale test. The study
presented herein is one of the basic steps foreseen for the final objective of the high-fidelity
crashworthiness simulation. In particular, in this work, two numerical models for the
prediction of the structural response of a cube-like tank under impact load conditions were
developed and verified by comparing their results with experimental data available in
the literature.

2. Experimental Test Case Description

In order to validate the numerical model, experimental data available in the literature [23]
were used. Yang et al. performed two drop tests on a fuel tank filled with water (to replace
real fuel). The fuel tank was realized with a flexible structure made of an external fabric
nylon layer and an inner sealing layer. The tank was 760 mm long and wide and its height
is about 600 mm. In order to execute the drop test, according to the specification, the tank
was filled with about 350 kg of water. In the drop impact test, the tank was lifted to a
specific height by means of a crane and dropped on a rigid impact surface instrumented
with four load cells with a capacity equal to 2000 kN. The impact surface was a steel plate
and was 80 mm thick; therefore, it can be reasonably considered rigid. They performed two
drop tests using two different drop heights: 15.2 and 19.8 m. The impact velocities related
to these drop heights are 17.3 and 19.7 m/s, respectively. For the following numerical
comparison, only the impact velocity equal to 17.3 m/s was taken into account, because it
is related to a standard drop height, as reported in MIL-DTL-27422.

3. Numerical Model Description

The validation of the experimental test, as previously described, was performed by
means of a numerical model, realized with two different software packages: Abaqus and
LS Dyna. The experimental test was simulated by means of a 3D FE model composed of
three parts: the fuel tank, the ground and the fuel. In particular, the fuel tank was modeled
by using shell elements with a thickness of 2 mm and fuel with SPH elements, and the
ground was discretized by means of rigid elements in Abaqus and a rigid wall in Ls-Dyna.

For both ABAQUS and Ls-Dyna models, the same mesh density was adopted in
order to remove any dependency by the discretization technique. The tank structure
was discretized by means of 31728 shell elements, while the number of smooth particle
hydrodynamics (SPH) elements used for modeling the fuel was 537936. The platform used
for the numerical simulations is an HP Z840 workstation, equipped with an Intel Xeon
E5-2620 v3 CPU @ 2.40 GHz and 128 GB RAM. Considering that the simulated event time is
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200 ms (even if the most relevant part is up to 50 ms), the computational time is about 4.5 h
for Abaqus and about 4 h for Ls-Dyna (both codes run adopting the parallel solution with
4 cores). Obviously, this small difference is also related to the requested output; therefore,
the difference in computational time is not too relevant. Figure 2 reports the adopted
numerical model with schematic detail of SPH elements and the fluid—structure interaction.

Impact Surface

Fuel (water) Tank

Fuel (water) :::::: SPH Elements

Tank [] Shell Elements

z

Y ‘t" X
Figure 2. FE model.

3.1. Boundary Conditions

The tank is subject to a free-fall form and height equal to 15.2 m; therefore, the impact
velocity is about 17.3 m/s. The ground was simulated by means of rigid elements.

Further, from the reference work, it can be assumed that the impact angle is not equal
to zero, but it is worth noting that such a condition is quite hard to obtain. The impact
angle is about 3° around both the X and Y axes. Figure 3 schematically reports the adopted
boundary conditions.

Tank Reference

Impact Velocity System

17.3m/s

Global Reference
System

Bladder Tan, Rigid Surface

Figure 3. Boundary conditions.

3.2. Smooth Particle Hydrodynamics Method (SPH) and Water Material Model

Smoothed particle hydrodynamics (SPH) are represented by three-dimensional ele-
ments with three degrees of freedom and defined by their center of mass. These elements
have their own shape functions that depend on the connectivity of the particles. The
interpolation distance between the particles, called smoothing length, furnishes the location
and provides information about transmission among the different particles.

In the SPH approach, the water was simulated as particles with the same dimensions
and distances without mass. The velocity and energy of the particles at any time can be
solved by means of a function f(x). The value of this function can be approximated for
particle data by Equation (1):

() = 12 2L ()W i = ) M
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where £ is the smoothing length, m; and p; are the mass and density of the particle, x; and
x;j are the positions of particles, and W is the kernel interpolation.

In particular, we consider two particles (i and j) to be nearest neighbors. If the distance
between particles i and j is lower than the radius of the sphere of influence of j, then i
is connected to j. The dimension of the sphere of influence is a multiple of the particle’s
smoothing length, and the multiplication factor depends on the kernel used to create the
smooth particle’s shape function.

Therefore, the value of a variable for particle j can be obtained by adding the contribu-
tions of particle i contained within the influence radius. The interpolation kernel used in
this analysis was proposed by Monaghan [24].

The behavior of the fluid material inside the fuel tank is determined by the equa-
tion of state (EOS), which relates the pressure and the material volume change rate in a
physical state.

The equation for the conservation of energy equates the increase in internal energy
per unit mass, E;, to the rate at which work is being performed by stresses and the rate at
which heat is being added. In the absence of heat conduction, the energy equation can be

written as:
JoE,,

ot
where p is the pressure stress, defined as positive in compression; py, is the pressure stress
due to the bulk viscosity; S is the deviatoric stress tensor; e is the deviatoric part of the

_ 10p .oy ¢
—(P_va)gg"‘s'e‘FPQ )

strain rate; and Q is the heat rate per unit mass.

The equation of state is assumed for the pressure as a function of the current density,
p, and the internal energy per unit mass, Ej;.

Since the internal energy can be eliminated, it is possible to write the EOS as a p
versus V relationship (where V is the current volume) or, equivalently, a p versus 1/p
relationship that is unique to the material described by the equation-of-state model. This
unique relationship is called the Hugoniot curve and is the locus of p-V states achievable
behind a shock (see Figure 4).

Py
i

pHII |~

Pulaf - .
1 1 P
":I

Figure 4. A schematic representation of a Hugoniot curve.

The Hugoniot pressure, py, is a function of density only and can be determined, in
general, by fitting experimental data.

There are different formulations of EOS, and the most common form for the water
description is the linear Us-Up equation, which is given by:

2
Pocol

H=-"="197 3

p 1)’ 3)

where ¢y and s define the linear relationship between the shock velocity, Us, and the particle
velocity, Up, as follows:
Us = ¢ +sU) (4)
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With the above assumptions, the linear Us— Up Hugoniot form is written as

c2 T
p= (figZ)Z (1 — ;’7> + TopoEm (5)

where p0c02 is equivalent to the elastic bulk modulus at small nominal strains.

3.3. Tank Material Model

The fuel tank structure is a crash-resistant composite fabric composed of a rubber layer
and a nylon layer. A different formulation is used for each of these materials.

Rubber materials have very small compressibility compared to their shear flexibility.
This behavior can be modeled by means of hyperplastic material. In fact, the hyperplastic
material model is isotropic and nonlinear, is valid for materials that exhibit an instantaneous
elastic response to large strains and requires that geometric nonlinearity be accounted for
during the analysis step since it is intended for finite-strain applications.

Hyperelastic materials are described in terms of a “strain energy potential”, U(e),
which defines the strain energy stored in the material per unit of reference volume (vol-
ume in the initial configuration) as a function of the strain at that point in the material.
There are several forms of strain energy potentials available in Abaqus to model approx-
imately incompressible isotropic elastomers: the Arruda—Boyce form, the Marlow form,
the Mooney-Rivlin form, the neo-Hookean form, the Ogden form, the polynomial form,
the reduced polynomial form, the Yeoh form and the van der Waals form. For this ma-
terial description, the Marlow form is used. A strain energy potential is constructed
that will reproduce the test data exactly and that will have reasonable behavior in other
deformation modes.

The form of the Marlow strain energy potential is:

U = Ugeo (Tr) + Up () (6)

where U is the strain energy per unit of reference volume, with Uy,, as its deviatoric part
and U,y as its volumetric part; I; is the first deviatoric strain invariant and is defined as:

Ty = A5+ As + A5 @)

where the deviatoric stretch A; = ]~ 5 Aj is the total volume ratio, J¢ is the elastic volume and
A; is the principal stretch. The deviatoric part of the potential is determined by providing
either uniaxial, equibiaxial or planar test data, while the volumetric part is determined by
providing the volumetric test data, defining Poisson’s ratio or specifying lateral strains
together with uniaxial, equibiaxial or planar test data.

Additionally, the fabric layer has very low compressibility compared to its shear
flexibility, and for this reason, the hyperelastic material model was also adopted for the
fabric layer.

The most suitable mathematical model is the Ogden form. A strain energy potential is
constructed that will reproduce the test data exactly and that will have reasonable behavior
in other deformation modes.

The form of the Ogden strain energy potential is:

- N 2yi e T 4] 1 1 2i
U—i;?()tl+A2+A3—3)+':1E(]€_1> ®

1
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where }; is the deviatoric principal stretch A = ]_%Ai ; A; is the principal stretch; N is a
material parameter; and y; , «; and D; are temperature-dependent material parameters.
The initial shear modulus and bulk modulus for the Ogden form are given by:

% :
FO = ,u‘/ KO = (9)
i=1 l Di

Since the fabric layer is stiffer and stronger than the rubber layer, its behavior is
predominant, and for this reason, the Ogden material model was used to reproduce the
structural behavior of the tank skin.

3.4. Tank Material Properties

The tank structure is made in a composite material that has a fabric nylon layer and
an inner rubber layer aimed at ensuring impermeability to the fuel. Generally, the rubber
layer is co-cured on the fabric layer, and the connection is very strong; possible failures
involve both layers. The global response of the tank material can be related to a hyperplastic
material, and therefore, a suitable material model was adopted in both Abaqus and Ls-
Dyna. The best approach to defining the structural behavior is by means of obtaining
the experimental stress—strain curve in a uniaxial tensile test. The density of the woven
material is 1150 kg/m?, and the average thickness of the woven material is 2 mm. The
stress—strain curve of the woven material, used as input, is reported in Figure 5.

Stress-Strain Curve

Stress [Mpa)

Figure 5. Stress—strain curve of the woven material.

4. Numerical Results

In the following, the comparison between Ls-Dyna and Abaqus results is shown.
Figure 6 shows the deformed shape of the fuel tank in terms of global displacement
(vectorial sum) for several time steps in order to provide a sort of deformation time-history.

The next figure shows that, generally, the two models behave quite similarly to each
other. In particular, since the structure is very flexible, it begins to deform and is crushed in
the lower area (the one that first comes into contact with the rigid ground). The internal
fluid, under the action of inertial forces, pushes the tank structure downwards, introducing
amoderate deformation state to the upper part. The magnitude of the global displacement is
comparable between the two models, and therefore, the overall deformation of the structure
does not present striking differences. However, it is equally evident that the structural
response starts to exhibit some differences at around 40 ms. In fact, the Abaqus model
seems to be softer, and therefore, the upper central part is subject to greater displacements.
This is explained by the fact that the liquid begins to press towards the lateral walls in the
bottom region (see also the following figures that report a sectional view). The fluid then
generates an empty region that is unable to support the tank structure, and therefore, it
collapses. On the other hand, in the LS-Dyna model, this peculiarity is not evident, and
this is associated with the greater rigidity of the structure, which is therefore unable to
accommodate fluid dislocations.
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Figure 6. Global displacement contour plot. Left: Ls-Dyna model; right: Abaqus model.

Figure 7 shows the time histories of the strain of the bladder fuel tank for both the
Ls-Dyna and Abaqus models. The distribution of the strain is quite different between the
two models, even if, in terms of absolute values, they are still comparable. The biggest
differences occur after the rebound stage. At 20 ms, the LS-Dyna model has a wide band
with fairly high strain values (about 38%), so the area subject to high stretching is quite
extensive. In the Abaqus model, on the other hand, only the areas close to the vertical
edges show high strain values (around 32%). It is reasonable to assume that the largest
strain values should be concentrated just in these areas, because the structure will try to
eliminate the existing bends in order to accommodate fluid sloshing. The parts far from the
edges, on the other hand, will be subject almost exclusively to a tensile stress state.
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Figure 7. Strain distribution on tank structure. Left: Ls-Dyna model; right: Abaqus model.

After the rebound, at 40 ms, in the LS-Dyna model, a wide region with high strain
values remains (obviously, the values are smaller than those related to the maximum
crushing step). On the other hand, in the Abaqus model, the regions with high strain
values are always very reduced and localized in the bending areas. However, it should
be noted that at 40 ms, the deformation state of the bottom regions presents comparable
values between the two models (about 12% for Ls-Dyna and 14% for Abaqus). The top of
the Ls-Dyna structure has an average strain state of about 4%, while in Abaqus, this area is
not notably stressed since the average strain is about 0.4%. All of this, again, highlights the
greater flexibility of the Abaqus model compared to the Ls-Dyna model.

Finally, at 50 ms, although the colors could be misleading, the maximum values on the
top are comparable and are equal to about 10%. This is due to the fluid, which, after the
rebound, is concentrated towards the area with minimum resistance, i.e., the central area,
and pushes the tank from the inside upwards.
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Figure 8 shows a section of the tank in which it is possible to see the global displace-
ment of the SPH elements. The sectional view provides a clear overview of the behavior of
the fluid inside the tank. Prior to 20 ms, there are no significant differences between the
two models, as observed in the previous results. Even in this case, the greatest differences
occur after the rebound phase. The Abaqus model allows for greater mobility of fluid
particles, and thus, the sloshing is much greater. In fact, it is possible to note a clear mixing
of the particles. Further, the 50 ms frame can explain the strain distribution on the top
region. In Abaqus, the particles are more able to concentrate towards the central region,
and therefore, in this area, the pressure is much greater. It is equally important to note that
both models are able to accurately simulate the fluid-structure interaction. The particles
remain contained within the tank and are able to slide easily on the internal walls. For
example, at 10 ms, it is evident that there are large tank portions in which the fluid is not in
direct contact with the structure.
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Figure 8. SPH global displacement field. Left: Ls-Dyna model; right: Abaqus model.

The force time-history curve (Figure 9) provides a global depiction of the good correla-
tion level achieved by both models. The whole phenomenon is dominated by two force
peaks, which are related to the first contact time and to the maximum crushing time. In
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reference to this, the Abaqus model is more accurate since the Ls-Dyna model estimates the
presence of a third peak (although with a reduced value). This could be related to the lower
liquid fluidity (less sloshing), which leads to the concentration of inertial forces in more
than two events. In addition, the overestimation of the second force peak by the LS-Dyna
model could be related to the fact that the greater force is due to greater mass (therefore,
more fluid is concentrated in the contact region due to a lower mobility capability and
therefore a decreased ability to spread itself over a larger surface).

Fuel Tank - Drop Test (v =17.3m/s)

...... Experimental

Numerical LS-DYNA

Numerical Abaqus

Force [kN]

0 20 40 60 80 100 120 140 160
Time [ms]

Figure 9. Numerical-experimental comparison in terms of impact force time-history.

In particular, the first experimental impact load peak is about 622 kN, whereas the
value determined from the Abaqus model is 637.15 kN (+2.40%), and the value related
to the Ls-Dyna model is 595.29 kN (—4.33%). As said before, the second force peak is
well estimated by the Abaqus model since the error is about —7.45%, and it is quite
overestimated by the Ls-Dyna model, which has an error of about +36%. Finally, both
models overestimate the contact time by about 10 ms.

Another aspect to underline is that the experimental results do not show zero force
after the rebound (an event that should occur at around 60 ms). This could be due to a
poor damping capacity of the impact surface, since such structures are subject to significant
rebounds if no catastrophic failures occur. Therefore, the comparison after that time step is
not realistic.

5. Conclusions

This paper provides a comparison between two numerical models developed by means
of two different explicit FE codes: Abaqus and LS-Dyna. The quality of the numerical results
was verified by numerical-experimental comparison with respect to experimental data
available in the literature related to the standard cube drop test for fuel tank certification.

e Having reliable and robust numerical models is a key factor in both realizing a good
design and reducing the costs related to product certification. In fact, this research
activity is motivated by the need to define numerical models applicable to the design
and verification phases of the fuel storage system of the NGCRT-TD. In order to per-
form a fair comparison, the developed models have the same peculiarities; therefore,
both simulate the tank structure by means of shell elements and a hyperelastic material
model, and both models use the SPH approach for modeling the fluid. In particular,
the most suitable mathematical formulation for the tank structure is the Ogden model.
The material calibration curve was established using experimental tensile test data
on samples consisting of a nylon layer and a rubber layer (the latter is essentially
introduced to ensure the sealing capability).

e  The results show that both codes are able to achieve an excellent correlation level with
comparable computation costs. For both models, the error related to the maximum
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impact force is smaller than 5% (a slightly better result was obtained with the Abaqus
model). Both codes overestimate the duration of the main crash event (i.e., up to the
rebound) to a similar extent. More significant differences can be found regarding the
second peak of the impact force (relative to the instant of maximum crushing). In this
case, Abaqus is clearly more accurate since the second peak is estimated with an error
of about 7%.

e  Regarding the structural response of the tank, the Abaqus model is able to simulate
greater flexibility. This allows both better accommodation of the movements of the
internal fluid and therefore a more realistic deformation mode, and it provides a strain
distribution with reduced average values localized in a few regions, such as the edges.

e  Finally, as regards the dynamics of the fluid particles, minimal differences are found
up to the maximum crushing time, but after that, the differences are more significant.
The Abaqus model is able to simulate a high state of particle mixing, and therefore,
the resulting sloshing is more extensive and more realistic. It would be interesting
to experimentally study the real degree of sloshing in such crash events. This is,
obviously, a key aspect since, due to the high material flexibility, the fluid is able to
stretch the tank structure with its pressure.
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