
International Journal of Offshore and Polar Engineering (ISSN 1053-5381) http://www.isope.org/publications
Copyright © by The International Society of Offshore and Polar Engineers
Vol. 24, No. 3, September 2014, pp. 174–180

Numerical Simulation of Impact Loads Caused by Sloshing in a Rectangular Tank
Using Eulerian and Lagrangian Approaches
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Numerical investigations of the sloshing phenomena in 2D and 3D rectangular tanks using Eulerian and Lagrangian
approaches were carried out to predict the impact loads inside the tanks. The newly developed two-phase Eulerian solver
was based on the constrained interpolation profile (CIP)-combined unified procedure (CCUP) method, where the unsplit
semi-Lagrangian CIP (USCIP) method was adopted for the convection terms of the Navier-Stokes equations, and the tangent
of hyperbola for interface capturing-weighted line interface calculation (THINC-WLIC) method was used to capture the
air-water interface. The Lagrangian approach was an improved version of the moving particle simulation (MPS) method
and is called the Pusan National University-modified MPS (PNU-MPS). The characteristics, which were determined by using
these methods, were compared by using numerical simulations. The simulation results were compared with the experimental
results, showing good agreement. The CCUP method provided the underestimated peak values, whereas the PNU-MPS
showed an overestimated impact pressure.

INTRODUCTION

Local impact loads due to sloshing can be predicted accurately
only if the nonlinear free-surface motion inside the tank is simu-
lated correctly. Several techniques, such as SOLA-VOF (volume
of fluid) (Hirt and Nichols, 1981), level set (Sussman et al., 1994),
and marker-density function (MDF) (Miyata and Park, 1995),
have been used to solve such problems. Most of these techniques
capture the free surface on a grid system and have been used
widely. When using Eulerian grid-based methods, however, the
convection terms appear in the governing equation, and need to
be dealt with carefully because the scheme used to handle them
affects the accuracy and stability of the simulation. For both accu-
racy and stability, a range of higher-order upwinding schemes
have been applied to convection terms. On the other hand, con-
ventional upwinding schemes, including the addition of artificial
diffusion to the central differencing scheme, can often have a deci-
sive influence on the simulation results. Therefore, if a numerical
simulation of complicated and violent free-surface flow, such as
sloshing, is carried out over a long period, it is difficult to rep-
resent the free surface inside the computational domain because
of the effects of numerical diffusion. To overcome these difficul-
ties, the authors developed a numerical code based on the con-
strained interpolation profile (CIP)-combined unified procedure
(CCUP) method. The CIP method was originally developed by
Takewaki and Yabe (1987) to reduce the numerical diffusion when
calculating convection problems. As a unified-flow solver, Yabe
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(1991) introduced the CCUP method, through which compress-
ible and incompressible flow could be solved by using the same
equations and procedure. Xiao et al. (1996) presented the ratio-
nal function constrained interpolation profile (RCIP) method to
obtain non-oscillatory solutions. Later, the CIP-conservative semi-
Lagrangian (CIP-CSL) scheme was developed by Xiao and Yabe
(2001). This conservative-type scheme was developed further to
increase its accuracy, including the development of CIP-CSL2,
CIP-CSL3, and CIP-CSL4. Although the RCIP method is more
stable than the original CIP method, it is not unconditionally sta-
ble. Moreover, conservative-type schemes generally increase the
computation time and require significant memory for the calcu-
lations. Kim et al. (2008) proposed the unsplit semi-Lagrangian
CIP (USCIP) method, which is stable and accurate, but requires
less computation than the existing CIP-based schemes.

Although all CIP-based schemes could be used to capture the
interface between different phases, Xiao et al. (2005) developed
the tangent of a hyperbola for the interface-capturing (THINC)
scheme, which provided similar results to other interface-
capturing methods, but with simpler implementation to improve
their accuracy and achieve a relatively simple implementation.
Recently, Yokoi (2007) suggested the weighted line interface cal-
culation (WLIC) scheme, which could improve the accuracy of
VOF-type methods, such as the convectional VOF method and
THINC scheme, by using a simple weighting procedure and
dimension splitting for simple implementation. Hu and Kashi-
wagi (2004), Kishev et al. (2006), and Yang et al. (2010) reported
the results of numerical simulations of violent free-surface flows
using CIP-based methods.

In contrast, a different approach, called the particle method,
eliminates the use of a grid system by using moving par-
ticles in a Lagrangian frame. Representative methods of this
approach include smoothed particle hydrodynamics (SPH) (Mon-
aghan, 1988) and moving particle semi-implicit/simulation (MPS)
(Koshizuka et al., 1996). For problems such as complicated




