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I. Introduction
One of the most significant challenges facing the aerospace
industry is achieving effective decarbonization through the use
of clean fuels. In this demanding endeavour, the potential use of
hydrogen as a fuel is one of the key possibilities currently being
explored by the industry. A critical component of this complex
strategy is the design of the fuel tank, where hydrogen would
exist in a two-phase liquid-vapour state.

In addition to the complex thermodynamics occurring within
the tank — such as heat leakage through the tank walls and
heat and mass exchange between the two phases — there
are also the accelerations experienced by the tank as part of
the aircraft. These accelerations lead to sloshing phenomena
in the fluid mixture, which in turn affect the heat and mass
exchange between the phases and with the tank’s surroundings.
Precise control of the thermodynamic variables in both phases
is crucial, as this directly impacts the methodology for pumping
and injecting the fuel into the engine. This work presents an
initial approach to the sloshing problem with heat exchange
between the phases and with the external environment using
the SPH method.

In particular, the experiments and numerical analysis pre-
sented in [1] are considered. A tank, shaped to represent a
realistic hydrogen storage tank, is partially filled and subjected
to a forced harmonic rolling motion. In the experiment, water is
used as both the liquid and gaseous medium. The liquid is heated
up to boiling conditions and all air inside the tank is removed to
let water vapour fill the empty space in the tank. Before starting
the sloshing stage the liquid temperature is 120◦C and the vapour
is at 132◦C. When the tank is set into motion, depending on
the sloshing regime induced, a pressure drop is observed in
the vapour as a consequence of the heat exchange between the
different phases. The pressure in the vapour is measured by
means of probes located on the top walls and the heat exchange
is significantly favoured by breaking events. Thus, depending
on the violence of the sloshing flow, this pressure drop can be
abrupt and, in the actual fuel tanks, may represent a critical
issue.

The present work is a preliminary study of this complex
problem, investigating the potential of reproducing the same
thermodynamic behaviour using a two-dimensional single-phase

SPH model with thermal conduction. The objective is to simulate
only the liquid phase, which drives the sloshing motion and
induces the pressure drop in the vapour. Heat flux at the free
surface is evaluated under the assumption of a constant and
homogeneous temperature in the vapour, which is not explicitly
modelled.

The ultimate goal is to verify whether the heat flux, calculated
in this manner, can serve as a surrogate for the pressure
behaviour in the vapour. Although this model is relatively
simplistic, it could be useful for generating sloshing response
operators, which require numerous long-duration simulations
across a large parameter matrix. Performing such simulations
with a full 3D two-phase model would likely be computationally
prohibitive, particularly given the high Reynolds numbers and
the need for accurate free surface descriptions. Thus, addressing
this problem within a simpler 2D single-phase framework is a
far more practical approach.

II. Description of the δ-LES-SPH model
The Navier-Stokes equations for weakly-compressible liquid
are discretized within a Quasi-Lagrangian SPH framework as
follows:
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where θ is the temperature, FB
i are the body forces, FV

i the
viscous forces and FS

i the surface tension. The formulation of
the pressure gradient ⟨∇p⟩i is the same as in [2] in which a
non-conservative renormalized formula with proper corrections
for the free surface is proposed. The diffusive term Dρi and FV

i
are derived from a Large Eddy Simulation (LES) SPH model as
described in [3] and recently applied in the context of sloshing
flows in [4]. As for the surface tension FS

i , the model described
in [5] is adopted.
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In the energy equation the terms depending on fluid compress-
ibility have been neglected. The parameter cp is the specific
heat capacity and symbols κ and κTi represent, respectively,
the molecular and turbulent thermal conductivity. The latter
is classically expressed as κTi = ρicpν

T
i /PrT where νT is the

turbulent kinematic viscosity (evaluated as in [4]) and PrT is
the turbulent Prandtl number. In the present study, following
[1], PrT is constant and set as PrT = 2. The body forces FB

i are
expressed as:

FB
i = ρi ĝ (1 − β∆θi) + ρi f NI

i ,

in which the Boussinesq approximation has been adopted to
take into account buoyancy effects due to temperature variations
[6]; β is the thermal expansion coefficient and ∆θi = θi − θ0,
θ0 being the temperature at the free surface. The Boussinesq
approximation has been already employed and validated in
several works in the SPH literature such as, e.g., [7], [8]. Since
in the present work a non-inertial frame of reference is employed
(simulations are performed in the reference integral to the tank),
the gravity vector ĝ rotates and the non-inertial accelerations f NI

i
are also taken into account (see, e.g., [9]).

The vector δu is the shifting velocity related to the Particle
Shifting Technique (PST) adopted to regularize the spatial distri-
bution of the particles during their motion. Since the particles are
moving with modified velocity (u+δu) and the above equations
are accordingly written in a quasi-lagrangian framework,, the
continuity, momentum and energy equations contain terms with
spatial derivatives of δu. The specific law chosen for δu is the
same reported in [2]. The smoothed divergence operators of
(1) are given in [10]. The spatial gradients are approximated
through convolution summations with a kernel function Wi j. A
C2-Wendland kernel is adopted in the present work with support
radius set to 2h = 4∆x. Solid boundaries are modelled by means
of the clone particle technique as proposed in [11].

III. Problem description
A sketch of the considered tank geometry as described by [1]
is provided in figure 1. The tank has two semi-elliptic walls
which are composed of piecewise circular arcs as depicted in
the sketch. The tank height in the experiment is D = 0.35m. The
experimental setup described in [1] features a movable platform
with a single degree of freedom. During all tests, the tank rotates
around its bottom centerplane, with a harmonic motion and an
angular amplitude of 3◦. In the experiment, water is used as both

Fig. 1. Tank geometry

the liquid and gaseous medium. The liquid phase has a filling

height of H/D = 0.5. As mentioned in the introduction, prior
to the sloshing stage, there is a temperature difference between
the liquid and the vapour. This temperature gap is responsible
for the pressure drop observed when violent sloshing develops.

A first study is conducted in order to evaluate whether the
adopted SPH model, which includes LES turbulence modelling
and buoyancy due to heat expansion, is adequate for this
problem. To this purpose a first series of simulation is performed
on the tank at rest. In this case the liquid is initially set to θ = θ0
and heated through the walls. Dirichlet boundary conditions are
employed at the tank walls and at the free-surface and θwall > θ0,
θ0 being the temperature at the free surface. For this case of
natural convection the Reynolds number Re = UD/ν is directly
determined by the Grashof number, Gr = gβ(θwall − θ0)D3/ν2, as
Re =

√
Gr.

In figure 2 the obtained results for two different Reynolds
numbers, Re = 60, 000 and Re = 240, 000 are reported. All the
physical parameters adopted are those of water and, for the sake
of brevity, are not reported here. It is evident that in the case at
higher Re the density currents are stronger up to the extent of
perturbing the free-surface. In the bottom plot of the same figure
the time history of the liquid average temperature is reported:
the case at Re = 240, 000 exhibit an initial stage characterized
by a quite steep increase of the average temperature compared
to Re = 60, 000. This is due to the predominant role of
convective currents but also to the fact that higher values of the
turbulent thermal conductivity (linked to turbulent viscosity) are
developed.

After that, test cases including sloshing motion have been
considered. In this case the liquid temperature is initially set
to θ = θwall < θ0 where θ0 is the temperature at the free
surface assumed equal to the vapour one. Unlike the previous
case, the liquid here is heated from the free surface. (i.e. the
vapour). In figure 3 two different sloshing regimes are compared.
These are characterized by different oscillation periods: T = T1
and T = 2.39T1, where T1 is the first resonance period of a
rectangular tank of the same length. The Richardson number
is Ri = Gr/Re2 = 0.01 where, in this case, Re =

√
gDD/ν =

728, 000.
At lower frequency, the fluid exhibits only small motion, with

the free surface remaining essentially flat. Consequently, heat
diffusion at the surface occurs primarily through conduction,
leading to a stratified temperature distribution. Conversely, at
higher frequencies, more violent sloshing develops, resulting in
efficient mixing of the liquid. As a result, the time histories of
the average temperature in the two cases differ significantly. This
aligns with the findings of [1], where similar sloshing regimes
were investigated. For these two sloshing cases, convergent
results have been obtained (though not shown here due to space
constraints).

These preliminary results show that the adopted model is able
to describe the influence of the sloshing regime on the heat
exchange at the free surface. Comparisons with experimental
results and 3D multi-phase simulations are still needed and sev-
eral regimes have to be studied for a comprehensive description
of the phenomenon.
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Fig. 2. Preliminary test with the fixed tank having a temperature θwall larger than
the free-surface one θ0. Two different Grashof/Reynolds numbers, Gr = Re2,
are consider. Top: temperature field at time t

√
g/D = 419, Re=60,000. Middle:

temperature field at time t
√

g/D = 419, Re=240,000. Bottom: time histories of
the average temperature.
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