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ABSTRACT

Improving the accuracy and order of convergence in the smoothed particle hydrodynamics method is still one of
the challenges of the researchers. In this research, the first-order convergence scheme for the first spatial
derivative in the continuity and conservation equations of linear momentum has been implemented in the
DualSPHysics open-source code, in order to increase the accuracy and the order of convergence. By achieving
more than three orders of improvement in the accuracy value, after implementing this method to simulate the
Taylor-Green vortex benchmark problem in the authors' previous research, in this study, the simulation of the
wavemaker benchmark problem by standard solvers and improved and compared with the analytical results
through the calculation of the relative error of the velocity values at a certain position of the solution domain
have been evaluated. The existence of stationary and moving solid boundary conditions as well as the free surface
is one of the main challenges of the new problem. By using the improved solver and adjusting the effective
parameters such as artificial viscosity value, density diffusion coefficient, neighborhood radius calculation
coefficient and particle displacement coefficient, it is observed that the error reduction process is improved and
its first-order convergence is achieved.
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INTRODUCTION

Among the studies addressing particle approximation consistency, Taylor series expansion has been employed
to correct the smoothing function approximation and its derivatives to enhance convergence rates (Liu and Liu,
2006). The use of a renormalization matrix to correct the gradient of the smoothing function and achieve first-
order consistency represents another improvement, particularly for non-uniform particle distributions (Fourtakas
etal., 2019; Sun et al., 2019). Among mesh-free methods, SPH has gained attention due to its advances in solving
engineering problems (Violeau and Rogers, 2016; Manenti et al., 2019; Amicarelli et al., 2020; Khayyer, Rogers
and Zhang, 2022). Nevertheless, significant non-physical pressure oscillations have been observed with this
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method (Gotoh and Khayyer, 2018; Wang et al., 2019). Extensive research is being conducted to enhance its
stability, including pressure field consistency (Antuono et al., 2021; You et al., 2021), high-order methods (King
et al., 2020; Nasar et al., 2021), spatial anisotropy of particles (Rastelli et al., 2022), and performance
improvements (Valdez-Balderas et al., 2013; Park et al., 2020). In the context of WCSPH, methods like Riemann-
SPH (Inutsuka, 2002; Gao et al., 2012) and delta-SPH (Marrone et al., 2011; Antuono, Colagrossi and Marrone,
2012; Fourtakas et al., 2019) have been proposed to enhance the accuracy and stability of SPH, particularly to
address non-physical pressure oscillations. The delta-SPH method reduces high-frequency numerical oscillations
in the pressure field by adding an appropriate numerical dissipation term to the continuity equation. Moreover,
efforts have been made to improve its boundary accuracy due to the method's inefficiencies in this regard (Han
etal., 2013; Long et al., 2017; Zhang et al., 2018). Fatehi and colleagues (Fatehi et al., 2019) proposed a method
using artificial time-stepping and another by adding a compensatory term to the momentum equation to achieve
a zero-divergence velocity field. By comparing these with WCSPH for three incompressible problems, they
achieved smoother pressure fields with less divergence. Since the conventional SPH method is considered a low-
accuracy method, researchers' efforts have led to the development of various modified or improved versions of
the SPH particle approximation schemes (Lind, Rogers and Stansby, 2020).

The objective of this research is to employ the gradient correction method for the smoothing function to reduce
errors and enhance the convergence of solutions by implementing the differential form of the pressure gradient
in the open-source software DualSPHysics. After verifying the improvement in results for the Taylor-Green
vortex benchmark problem (Ravanbakhsh, Faghih and Fatehi, 2023), this study proceeds with the simulation of
a wave-maker problem, which involves free surface boundary conditions as well as stationary and moving walls.
The application of various criteria for free surface detection and the dynamic conditions governing it, along with
the calculation of pressure on solid particles, are among the challenges addressed in this paper.

MATERIALS AND METHODS

Various studies have been conducted to determine the suitable term to add to the continuity equation. An
expression known as the density diffusion term, given by equation (11), has been used to reduce oscillations in
the pressure/density field (Molteni and Colagrossi, 2009). The normalization tensor prevents the appearance of
errors in the calculation of spatial derivatives for particles that do not have a uniform distribution around
themselves by eliminating lower-order truncation errors (Fatehi and Manzari, 2012). The asymmetric form of
equation (17) ensures first-order convergence and significantly reduces the error in the first-order spatial
derivative based on particle approximation. To calculate the pressure on the wall, in the absence of shear stress
in the fluid, equation (18) is used (Fatehi and Manzari, 2012). Since the normal component of acceleration is
taken into account, the no-slip condition is not required, making it applicable for free-slip conditions as well. To
detect the free surface, four criteria given in equation (19) are used, and in the code, simultaneous fulfillment of
these criteria is used to apply the corresponding boundary conditions. In this problem, a piston-type wave
generator on the left side of the solution domain (as shown in Figure (1)) creates a second-order regular wave
through its oscillatory motion. The initial condition for the piston speed is zero, and the bottom of the solution
domain is considered stationary. On the right side of the domain, to prevent wave reflections, wave damping is
applied using equation (23) to absorb the wave energy.

RESULTS

The most important parameters affecting the results are artificial viscosity value, DDT coefficient, neighborhood
radius calculation coefficient, particle displacement coefficient, and time step calculation coefficient. Despite the
satisfactory graphical results of Figure (2), for the distribution of particles and velocity vectors compared to the
standard solver, quantitative evaluation of the results is necessary to calculate the error; Also, to summarize and
compare the results, the SS symbol indicating the standard software solver has been introduced. The parameters
of Table (3) are determined based on the fact that the simulation run after passing through the initial transient
state must continue for 15 seconds or 5 cycles after 5 seconds without divergence to ensure the stability of the
solution. Considering that the analytical results of this problem are available (Altomare et al., 2017); Error
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evaluation is done by calculating the norm of a relative error based on equation (22), about the value of horizontal
and vertical velocities at a point with coordinates (6, 0, 0.4).

DISCUSSION AND CONCLUSION

In this study, by using the differential discretization method of the gradient operator in the linear momentum
conservation equation and using the normalizing matrix in this equation and the divergence operator of the
continuity equation, the new wavemaker problem in the open-source software DualSPHysics is similar to was
developed and the degree of convergence was improved compared to the standard software method and reached
one. However, the challenge of the new problem is the existence of stationary, moving and free surface solid
boundaries. Using various criteria for detecting the free surface and determining their values, as well as setting
effective parameters is a time-consuming step for simulation convergence.
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Fig. 1- A view of the wave maker (piston) problem
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Table 1- Geometrical and hydrodynamic characteristics of the wavemaker problem
Domain length ~ Water depth  Wave height Wave length period Wave type

15.5(m) 0.66(m) 0.15(m) 4.52(m) 2(s) Regular second order
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Table 2- Implementation algorithm of the improved method

Improved method algorithm

Initialize: hydrostatic pressure to all particles and calculation of its corresponding density using the

equation of state (7)

At each time step for each particle:

Nogak~kwpE

Calculation of the pressure of all fluid particles using the initial density in the equation of state (7)
Calculation of matrix B according to equation (4)

Calculate the pressure of all solid particles using equation (18)
Determining free surface particles using relationship criteria (19)
Removal of substrate particles located on the left side of the piston from the neighborhood domain
Removal of piston particles that are above the free surface from the neighborhood domain
Calculation of acceleration and particle density rate of the free surface of the fluid, respectively,
using relations (9) and (11)
Calculation of acceleration and density rate of fluid particles inside the solution domain,
respectively, using new relations (16) and (17)
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Table 3- Cases and parameters corresponding to them

SS,.,, SS 11 10 9 8 7 5 4 3 2 1 Case
00 00 00 00 00 00 00 00 00 00 00 ;
003 %4 1 1 1 2 2 s 3 3 3 g v/
02 01 02 03 04 01 02 01 02 03 04 08 DDT

VFoF 50l pgw o loud (o ylea 9 Coman 0590 d‘u’d”!(}“}f

e (ole 5wl Juad



Ol)ed 9 (il oz g0 Vo (gjlwamad S 0l lgad 1,5 Suoliydg b (sdg) 29

Wigad) Cawly Cuowwt 9 (SS diged) e Cuow 3131 g g Sols (510550 € yglme 13 Cas gyt (511 )13 50 5 14D 23357 dmnyliio — ¥ S5
((¥) Jgoe £
Fig. 2 - Comparison of particle distribution and velocity vectors in the vicinity of solid boundaries and
free surface, left side (Case SS) and right side (Case 4 of Table (3))
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