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Motivation

2

To investigate the capability of the current state-of-the-art 
SPH software tools for simulating sloshing motions in 
propellant fuel tanks.
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2. Experimental Set Up     

2.1. The Shaker 
The experiments were performed on the HYDRA multi-axis hydraulic shaker (Figure 5), 
which is located in the ESTEC test centre. The HYDRA shaker can be used for sine, transient 
or random testing in the frequency range from 0.1Hz to 100Hz with acceleration levels from 
0.02 g up to 5 g and the outer dimensions of the table are 5.5 m x 5.5 m.  

 

Figure 5: Hydra multi-axis hydraulic shaker. 

Two different tank geometries were chosen to be tested, a rectangular shape that is easy to 
compute for CFD calculations and gives clearer flows due to each simpler geometry, and a 
pill shape tank, which is the shape of the most of the actual fuel tanks of spacecraft and 
satellites. The mechanical drawings for both tanks are attached in Appendix A, Figure 6 
shows a schematic for the rectangular and the pill shape case respectively.  

2.2. The Tanks 
 

 

 

 

 

 

 

 

 

   

 

Figure 6: Schematic of the rectangular tank and the pill shape tank. 
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Figure 6: Schematic of the rectangular tank and the pill shape tank. 

Experiment: Sloshing in 
rectangular and pill-shaped 

tanks

11 

Table 1 and Table 2 show the most important dimensions of the rectangular and the pill 
shape tank respectively.  

Table 1: Inner dimensions of the rectangular tank 
 

 

 

 

Table 2: Inner dimensions of the pill shape tank 
 

 

 

 

The mass properties of the pill shape tank and the rectangular tank can be found in Table 3.  

Table 3: Mass totals for the pill shaped tank and the rectangular tank 
Pill Shape Rectangular Tank 

Tank (filled) 60      kg Tank (filled) 

 

  

  

  

 

 

52.34 kg 
Tank (empty) 13.01  kg Water 8  kg 
Water 46.98   kg Tank (empty) 44.13 kg  
Support structure 8.651  kg Support 22.39 kg 
Beams 1.498   kg Interface plate 9.20  kg 
Tank interface plate 6.035  kg Columns 13.20  kg 
Washer plate 1.118    kg   
Total 68.64 kg Total 74.73  kg 
 

The experimental test settings of the rectangular tank based on benchmark test case 1 
(BMTC I, app. 1) [10], an ESA contract with CIMNE. BMTC I was already used to compare 
different numerical programs and models referring to papers which describe an 
experimental set up of the rectangular tank. The work has been carried out at the 
International Center for Numerical Methods in Engineering (CIMNE) in Barcelona, Spain. 

The pill shaped tank setup is based on benchmark test cases 2 (BMTC II, app. 2)  and the 
report of CIMNE [11]. As it is stated in the known literature a rotary sloshing or swirl motion 
occurs near the lowest liquid natural frequency which cannot be seen by rushing through the 
frequency ranges. Therefore the excitation frequency settings for the cylindrical tank has to 
be different from the one of BMTC II.   

Due to manufacturing reasons the diameter from the pill shaped tank has to change from 
0.3m to 0.288m which has an impact of the comparability with the results BMTC II 
simulations. The tanks were horizontally driven with a lateral sinusoidal excitation.  

 

Specification value dimension 
tank height ht  0.25 m 
tank length l 0.59 m 
tank depth d 0.335 m 
maximum liquid height hw 0.03 m 
approximated  mass (water) 8 kg 

Specification value dimension 
spherical cap  ht1=r 0.144 m 
cylindrical part hc=(ht2-ht1) 0.6 m 
maximum water height hwmax 0.5 m 
minimum water height 0.2 m 
approximate maximum mass 68 kg 
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First Attempts: SPHysics

4

• DualSPHysics (v2) proved unstable. 
• SPHysics - wave heights agree in some cases, 

but a lot of problems.

t=100s

No. of Particles Simulation Time No of Procs Run Time

18,733 300s 1 ~9 days

18,733 300s 4 ~5 days
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Solutions?
1. Identify a more suitable boundary 

condition. 

2. Identify means to reduce pressure 
noise. 

3. Identify cause of water elevation.

kernel support physical behaviour improved pressure simple

Repulsive No No No Yes

Dynamic No No No Very

Semi-analytic YES
 truncated Yes Yes No

Ghost particles YES
 with particles Yes Yes Yes

j

i

h

γ = 1/

Ω
∗

h

Boundary

Fluid particles

Fictitious particles



Fixed ghost particle boundary condition by Adami et. al. 2010    

Dt 6 0:25
h

cmax þ jvmaxj
ð19Þ

the viscous condition

Dt 6 0:125
h2

m ð20Þ

and the body force condition

Dt 6 0:25
h
jgj

! "1=2

ð21Þ

The minimum of the three conditions is used as timestep to satisfy all conditions globally.

4. Solid wall boundary

Due to the special properties of SPH a whole range of different formulations to impose boundary data is possible. A proper
formulation is essential for physically meaningful and quantitatively correct results. As particles approach a rigid boundary,
the main problem arises from the fact that the support domain of the kernel is cut by the domain boundary. The question is
then how to treat these particles and what boundary conditions have to be imposed. In our method we use dummy particles
to approximate the interface between the fluid phase and the boundary, see Fig. 1. The main advantage of dummy particles
compared to mirror particles is simplicity when using complex geometries, and that the boundary is well-described through-
out the simulation once the particles have been initialized.

In Fig. 1, fluid particles ($) near the wall do interact with dummy particles representing the wall (o) according to the over-
lap of the kernel function. As the governing equations for the flow evolution apply only to the bulk phase wall-particle prop-
erties can be manipulated to mimic a continuous fluid phase for particles close to the boundary. Consequently, wall particles
represent dummy fluid particles that contribute to the continuity and momentum evolution in the fluid phase. In the con-
tinuity equation, Eq. (6), the initial particle volume is used for the wall particles and vb is set to the prescribed wall velocity.
Thereby the density of a fluid particle increases when moving towards a wall and the resulting pressure force prevents par-
ticles from penetrating the walls. Hence, the impermeability condition of rigid walls, i.e. v % n ¼ 0, is implicitly enforced.

A free-slip or no-slip boundary condition at a wall can be imposed by the choice of the wall velocity used for the viscous
interaction in Eq. (10). By simply omitting the viscous interaction of a fluid particle with adjacent dummy particles a free-slip
wall boundary condition is applied. To impose a non-slip condition we first extrapolate the smoothed velocity field of the
fluid phase to the dummy particle positions by

~va ¼
P

bvbWabP
bWab

ð22Þ

Then, the velocity

vw ¼ 2va ' ~va ð23Þ

is assigned to the dummy particle in Eq. (10), where va is the prescribed wall velocity. Compared to the slightly more accu-
rate approach of Morris et al. [15] our method does not require explicit information about the geometry of the boundary, and

Fig. 1. Fluid particles ($) interact with cartesian dummy particles representing the wall (o) to ensure full support of the kernel interpolation.
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as the calculation of the extrapolated velocities can be restricted to interface dummy particles the computational overhead is
insignificant. Validation simulations for Poiseuille and Couette flows show that we recover the no-slip condition at walls
with satisfactory accuracy.

Furthermore, the pressure of a wall particle has to be calculated from the fluid to accurately approximate the pressure
gradient in the fluid phase near the boundary. A force balance at the wall interface gives

dvf

dt
¼ "
rpf

qf
þ g ¼ aw ð24Þ

where the indices f and w refer to the fluid phase and the wall. Note, that here the more general formulation with moving
walls is presented. A numerical freefall experiment (Section 7.1) shows that it is important to include the acceleration of the
wall aw when computing the boundary pressure. From a force balance along the centerline of a fluid-wall particle pair we
find

Z
rp & dl ¼ qf

Z
ðg" awÞ & dl ð25Þ

where dl is a vectorial length element along the centerline of the two particles and the indices f and w denote a fluid and a
wall particle, respectively. The pressure of a wall particle due to the action of a single fluid particle can then be obtained from

pw ¼ pf þ qf ðg" awÞ & rwf ð26Þ

where rwf ¼ rwf ewf . Since wall particles interact with several fluid particles, the resulting pw is obtained by summation of all
contributions of neighboring fluid particles f using the kernel function as weight

pw ¼
P

f pf Wwf þ ðg" awÞ &
P

f qf rwfWwfP
f Wwf

ð27Þ

The calculation of the acceleration of a particle due to a pressure gradient in Eq. (7) uses a density-weighted inter-particle
pressure. As we do not evolve the properties of dummy particles in a wall, we obtain its density from the pressure pw as

qw ¼ q0;b
pw " v

p0;b
þ 1

 !1
c

ð28Þ

from the interacting fluid particle b.

5. Two-dimensional flow examples

The following two-dimensional examples show validation cases to demonstrate the performance of our method. Poiseu-
ille and Couette flow are presented, and very good agreement with exact velocity profiles is found. A correct computation of
these flows requires a correct no-slip boundary condition at the walls as the solution depends directly on wall friction. We
simulate the laminar flow over a backward facing step at Re ¼ 100 to show that seperated flows with rectangular walls can
be well predicted. The last example, a flow around a cylinder, shows that the method can also handle curved wall boundaries.
For all these flows we use a physical friction term in the fluid phase according to Eq. (10) and switch off the additional arti-
ficial viscosity term.

5.1. Poiseuille and Couette Flow

Our first examples are a Poiseuille flow and a Couette flow in a two-dimensional infinite channel with a distance between
the walls of Ly ¼ 1. The fluid phase is discretized with SPH particles at two different resolutions of rc ¼ 0:1Ly and 0:05Ly, i.e.
30 and 60 particles across the channel height, respectively. In x-direction we impose periodicity and simulate only a small
section of width Lx ¼ 0:4Ly. The viscosity and the density of the fluid are g ¼ 0:01 and q ¼ 1. The maximum velocity in both
cases is Vmax ¼ 1:25, thus we use a sound speed of cs ¼ 12:5 and the Reynolds number of the flows is Re ¼ 0:0125. The driv-
ing-force of the Poiseuille Flow is a body force F ¼ 0:1 and for the Couette flow we move the upper wall with a constant
velocity vw ¼ 1:25.

Fig. 2(a) shows a comparison of the SPH simulation with the analytic solution of the Poiseuille flow at t ¼ 2;10;20 and
100 for two resolutions. Initially, the fluid is at rest and is accelerated by the body-force. At steady-state parabolic velocity
profiles have developed and with increasing resolution the simulations converge to the analytical result. The average error of
the velocity in flow direction at t ¼ 10 for the two resolutions is 0.16% and 0.06%.

A comparison of the SPH simulation with the analytic solution of the Couette flow at t ¼ 2;10;20 and 100 is shown in
Fig. 2(b) for the two resolutions. The simulated profiles agree very well with the analytical results and converge for increas-
ing resolution. Here, the average error of the velocity in flow direction at t ¼ 10 for the two resolutions is 0.16% and 0.09%.
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Force balance at the wall interface:

Boundary Condition
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Implementation Experience
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• Modular code base - easy to make changes to specific 
functions without affecting others. 

• Steep learning curve from serial CPU to GPU code. 

• Long chains of function calls - takes time to get around, but 
essential for modularity of the code. 

• Highly hardware optimised - some function’s purposes are 
not trivial to understand. 

• Version 3 (and 4) offer HUGE improvements in developer 
friendliness over version 2.  In particular, assigning arrays 
to the GPU is much simpler and streamlined.



Still Water Boundary 
Conditions Verification
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Dam Break Validation
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4 3 KLEEFSMAN’S DAMBREAKING SIMULATION BY SPH

3 Kleefsman’s dambreaking simulation by SPH

The previous Kleefsman’s dambreaking test-case is here designed for the SPH method.

3.1 System geometry

The geometry of the system is described on figure 6 while the description of the box is presented
on figure 7. Hi correspond to the vertical wave probes while Pi are the pressure sensors used in
the experiment. In both figures, all dimensions are in meters.
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Figure 6: General description of the system : top (top picture) and side (bottom picture) views.
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Pressure tap locations

filled with water will flow into the tank when the door is opened. Experimental mea-
surements of water heights, pressures and forces are available. The geometry of the
computational domain, its dimensions, and the position of the water height probes and
pressure gauges used in the experiment are shown in Figure 13.

(a)

4 3 KLEEFSMAN’S DAMBREAKING SIMULATION BY SPH

3 Kleefsman’s dambreaking simulation by SPH

The previous Kleefsman’s dambreaking test-case is here designed for the SPH method.

3.1 System geometry

The geometry of the system is described on figure 6 while the description of the box is presented
on figure 7. Hi correspond to the vertical wave probes while Pi are the pressure sensors used in
the experiment. In both figures, all dimensions are in meters.

z

x

H 1 H 3 H 4H 2

H 1 H 2 H 3 H 4

1.000

1.2281.248

0.55 

0.161

0.161

1.000

0.161

0.403

0.295

0.295

x

y

0.744

0.496 0.496 0.496 1.150

Box

Box Fluid

Fluid

Figure 6: General description of the system : top (top picture) and side (bottom picture) views.

P3

P4

2P

P1

P8
P7

6P

P5

0.161

0.161

0.021

0.021

0.04

0.04

0.04

0.021

0.021

0.04

0.04
0.04

0.176

0.403

x
z

y

0.176

Figure 7: Description of the box.
(b)

Figure 13: Three-dimensional dam break problem proposed as SPHERIC benchmark test No
2: (a) Geometry of the computational domain; and (b) Location of pressure gauges on the
box.

The simulations were carried out using the 3D SPH codes DualSPHysics and LS-
DYNA. The viscosity of water was taken to be ⌫ = 10�6m2/s. DualSPHysics was run
using 507 112 particles, an artificial viscosity value of ↵ = 0.01 and Shepard’s density filter
was applied every 20 timesteps.
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More Problems: Precision
DualSPHysics (version 3) supports only single precision. 

For our very stretched domain, shifting the origin generates 
errors in different regions.



DualSPHysics 4!
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1. Double precision. 

2. Ghost particles boundary conditions - Adami et. al. 2012 

3. Corrected delta-SPH scheme - Antuono et. al. 2010
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Results (finally!)

No. of Particles Simulation Time GPU Delta Run Time

~20,000 300s K40 (2880 sm) Antuono < 48 hours

~20,000 300s Quadro 4000 (256 sm) None < 30 hours
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Results (3D)



Conclusions and Future Work
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We have confirmed the applicability of the fixed ghost 
particle boundary condition and demonstrated the 
improvements over the current boundary condition offered 
in DualSPHysics (version 3).

Our future work consists of: 

• Higher resolution and 3D simulations of the sloshing 
experiments. 

• Implementation of multi-fluids and surface tension. 

• Simulations in micro-gravity environments.
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Tank you for your attention!


