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I. INTRODUCTION
The aerospace industry is currently facing important challenges
and probably one of the most important ones is the obtention of
an effective decarbonization using clean fuels. In this context,
the use of hydrogen as a clean fuel is one of the solutions that
the industry is currently evaluating. The HASTA EU project
[1] (Hydrogen Aircraft Sloshing Tank Advancement) aims to
investigate the storage of Liquid Hydrogen (LH2) for airborne
use as fuel in large civil aircraft. One of the most important parts
of this disruptive change is the design of the fuel tank, where
the two-phase liquid-vapour hydrogen is stored before being
pumped into the engines. The typical inertial forces due to the
different accelerations of the aircraft give rise to the phenomenon
of sloshing, which implies complex heat and mass transfer
processes. The characterization of the different sloshing regimes
is a crucial part, as this phenomenon affects the control of the
thermodynamic variables inside the tank, which has important
consequences on the injection of fuel into the engine. This work
presents an initial approach to the sloshing problem when a
realistic horizontal cylindrical tank geometry is used keeping in
mind the objective of determining the different sloshing regimes.

The numerical method selected to study this problem is SPH
as it is well known its good performance for free surface flows.
The roadmap is first having a good validation of the SPH method
for the isothermal case, and secondly, the non-isothermal case
will be studied adding the heat transfer and phase change to the
problem.

Our work focuses mainly on developing methods for simu-
lating three-dimensional problems. Some previous work on 3D
problems has been done, such as [2] and [3]. In [2], Sun et al.
discuss the inclusion of a particle shifting technique (PST) in
weakly compressible SPH models. They tested their approach
in a 3D model of a tank with straight walls. Pilloton et al.
study in [3] the viscosity effects in the swirling of different
fluids in a cubic tank. Both studies, as they have straight walls,
present an easier discretization of the initial fluid domain. For
the horizontal cylindrical tank used in the HASTA project, a
new approach has been developed. In this, the boundaries are
discretized through the Boundary Integrals method, such as in
[4]. For the fluid domain, a Cartesian distribution of possible

particles is generated, and suitable particles are discerned using
signed distance functions (SDF) using the analytical definition of
the boundaries. With this approach, a fairly good approximation
of the initial fluid domain can be done, independently of
the boundaries of the domain, as long as these are a good
representation of the analytical definition of the boundaries.

For validating the results, the SPH simulations will be com-
pared to previous studies. The model presented in [5] will be
used for qualitative validation, as the sloshing modes and general
behaviour that appear in the SPH simulations are compared with
the ones characterized by Grotle and ZAsgy. The moments that
the sloshing produces on the tank will be also calculated. The
results of the SPH simulations will be compared against the ones
presented in [5].

II. EQUATIONS

For this problem, the formulation presented in [6] is used.
The Navier-Stokes equations for a weakly-compressible and
barotropic fluid can be written in Lagrangian form as in the
system of equations 1 where % represents the Lagrangian
derivative, p is the pressure field, g is the generic external
volumetric force field, and V the viscous stress tensor. The
material derivative of a fluid particle position r defines the flow
velocity.
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As a weakly compressible formulation is assumed, pressure
is determined as a function of density fluctuations through a
linearized equation of state (EOS) such as p = c2(p — po), in
which ¢y is the sound speed, defined as 10 times the maximum
expected velocity of the fluid.

The viscous stress tensor can be rewritten in the form of

V = Atr(D)I + 2uD, )
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where D is the strain rate tensor D = (Vu + VuT)/2, I the
identity tensor, and A and p the bulk and dynamic coefficients,
respectively.

The §-SPH formulation proposed by Antuono et al. in [7] is
used. The discrete set of particles in SPH is governed then by
the system of equations:
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where j are the indexes of the neighbour particles, V; is the
volume of the neighbour particle j and W;; = W(r; —rj, h)
is the kernel function at constant smoothing lenght h. V,;W;;
is the derivative of the kernel function with respect to the ¢th
particle. The Wendland C2 kernel is being used, with a h/dr
ratio equal to 2. The added diffusive terms D;; and II;; are the
ones presented in [7].
A Particle Shifting Technique (PST) like the one presented in
[2] is used to avoid tensile instability. The shifting velocity d;
is introduced as
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As only one phase is considered in this work, a free-surface
tracking algorithm must be implemented to avoid shifting ve-
locities normal to the free surface. The free surface algorithm
implemented in [8], where the eigenvalues A; of the renormal-
ization matrix L~! and the normals n; are used.
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Once the free-surface is characterized, the shifting velocity
du; is calculated from d4; as in [2].

As discussed in [6], a general surface tension field Qg7 is
added to the momentum equation to deal with interface surface
forces:

g
Qsr = —— >_(nj —ni) - VWiV, ™
L

For the treatment of the solid boundary, the boundary integrals
approach described by Cercos-Pita in [4] is used. In the bound-
ary integrals formulation, the differential operators are defined
in the presence of a boundary as

—_

(Vif)i= P

S Fo VWV +> i mWigs; |, 8)
Jx J

where f; is a generic field function, n the normal of the
surface, pointing outwards, s; the area of the surface element
and ~; the Shepard renormalization factor, that is computed
geometrically trough the semi-analytical approach discussed in

[9]

III. RESULTS

The geometry used is that presented by Grotle and ZEsgy in
[5], with a length of L = 0.89 m and diameter D = 0.35
m. The geometry of the cylinder has been meshed using a
commercial code. The cells have then been decomposed into
centroids, areas, normal, and tangents, which are the input data
for generating the boundary integral elements. The SPH solver
used is AQUAgpusph [10].

For generating the possible particles for the initial fluid state, a
cartesian mesh of particles is created using as limits the length
and diameter of the cylinder, and placing the starting particle
at a distance of 0.5 times dr, being dr the initial spacing
between particles. Once the possible particles are created, the
final particles are selected using SDF functions. As criteria, is
established that a particle is suitable if its signed distance values
to the analytical expressions of the walls are lower than —0.5 dr.
This method allows to place the particles as close as possible
to the initial state, reducing the time for an initial settlement
of the particles. Also, the method makes it possible to use
more complex geometries than the usual prism or orthogonal
shapes used in the literature. The particle distribution can be
observed in Figure 1. The discretization of the boundary affects
the generated fluid volume, and further improvements are being
researched, to ensure the expected fluid volume.

e

Fig. 1. Particle Distribution. Resolution of 15 particles in the vertical direction
at the center plane of the cylinder.

Some results have been obtained for the same frequencies
selected by Grotle and ZEsgy in [5] (f = 0.29, 0.40 and 0.57
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Hz). The tank oscillates around its transversal axis (Y-Axis
in Figure 2). The rotation of the tank is defined by the law
6 = Asin(wt), where A is the amplitude, which in this case is
3 degrees, and w which is 27 f. The motion law of the tank also
includes 5 seconds at the beginning with the tank static, to help
the initialization of the fluid particles, and then the oscillation
starts with a ramp function modification in the amplitude term
(for 2 periods). Then the tank oscillates for 20 periods. The
simulations have been done in a NVIDIA A100 graphic card.
A coarse resolution of 15 particles in the vertical direction was
established, resulting in 28074 fluid particles and 12000 bound-
ary elements. Grotle and Zs@y characterise 3 different regimes
at these frequencies: Small deformations, oscillating waves and
jet formation. These have been satisfactorily identified in the
AQUAgpusph simulations. In Figure 2 the jets that show up at
the ends of the tank at the highest test frequency can be seen. The
detected free surface is represented in red. The surface detection
algorithm implemented is the one presented by Marrone et al. in
[8]. Further improvements such as turbulence models and finer
resolutions will be used.

Fig. 2. Jets formed in study case 3 (f = 0.57 Hz). Rotation around the Y-Axis
in the image. Left: Grotle and ZAsgy [5]. Right: Snapshot from AQUAgpusph.
Detected free surface in red.

The study of the forces and moments suffered by the tank are
also of interest, to identify the different sloshing regimes and the
events that trigger the changes from one mode into another. In
Figures 3 and 4 the non-dimensional moments measured for f =
0.40 and 0.57 Hz are shown. Moments are non-dimensionalized
with the diameter of the tank and a mean f = 0.5 Hz. Moments
signal is filtered with a Low Pass Fourier Filter for a cut-off
frequency of 15 Hz to reduce noise. As expected, the moment
grows as the frequency gets closer to the resonance point.
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