SIMULATING THE ORSZAG-TANG VORTEX USING RSPH
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Summary The formation of the compressible Orszag-Tang vortex has become a standard test for multi-dimensional MHD codes. In
the present work, the problem is studied using the Lagrangian method Regularized Smoothed Particle Hydrodynamics (RSPH). First,
a brief introduction to RSPH is given. Then, test results are presented, both for the case of uniform and non-uniform resolution. The
results indicate that RSPH is afully competitive, Lagrangian alternative to traditional grid-based methods for this type of problem.

INTRODUCTION

Regularized Smoothed Particle Hydrodynamics (RSPH) is an extension to the Lagrangian method Smoothed Particle
Hydrodynamics (SPH) [1]. It was developed with the aim of achieving high accuracy modelling of hydrodynamic and
magnetohydrodynamic problems using a highly adaptive numerical description [2]. In SPH based methods, a continuous
fluid is represented by a discrete set of interacting particles moving with the fluid flow. Based on interpolation theory, the
equations of motion can be expressed using integral interpolants, which in the discrete case are approximated by sum-
mation interpolants. The key parameter in determining the resolution of the interpolation is referred to as the smoothing
length, denoted A [3].

RSPH differs from standard SPH in two important aspects. First, the former method allows A to vary both in time
and space by orders of magnitude based on flexible, problem-specific criteria. The h-profile is chosen to be piecewise
constant, with each step in space representing a factor of 2 change in 4. Secondly, RSPH allows the particle distribution
to be redefined at temporal intervals through a mass, momentum, magnetic energy, and total energy conserving process.
Highly irregular particle distributions and particle penetration can thus be avoided, leading to reduced numerical errors. In
comparison, standard SPH codes typically apply a uniform h-profile, or at best, allow & to vary slowly in time and space
as a function of the particle number density. In addition, standard SPH does not provide any mechanism for optimizing
the particle distribution during a simulation.

RSPH equations of motion

The ideal MHD model equations are found by neglecting the displacement current as well as the effects of electrical
resistivity, viscosity and thermal conduction. The continuous equations are expressed in terms of the Lagrangian derivative
D/Dt = 90/0t + v-V, and the units of the magnetic field are chosen so that the factor 1/u ¢ does not appear explicitly in
the equations. For a given particle a, the discrete equations can be written as summations over neighbouring particles b:
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where myg, T4, Va, pa, Pa, Ba, and e, are the mass, position, velocity, mass density, thermal pressure, magnetic field
strength, and internal energy of particle a. The term M , denotes the stress tensor given by

Ma:BaBa_ <%Ba2+Pa> I7 (7)

where Z is the unity tensor. The weight kernel used in this work, W, = W(r, — 7, ha), is the third order central
B-spline with the characteristic scale length ., = (he + hs)/2 [3]. The artificial viscosity term, 11, is needed when
modelling shocks [3]. The ratio of specific heat at constant volume and constant pressure is given by ~.



THE ORSZAG-TANG VORTEX

The 2D Orszag-Tang vortex problem was originally studied in the context of incompressible MHD turbulence [4]. Since
then, a supersonic version of the problem has become a frequently used test of compressible MHD codes, see e.g. [5].
The test is set up in a 2D quadratic box with sides 1 length unit and periodic boundary conditions. The initial profiles of
velocity and magnetic field are

v(z,y) = [—sin(2my), sin(27z)) (8)
and

B(x,y) = [—sin(27y), sin(4wz)], 9)

(47T)1/2
respectively. The mass density and thermal pressure are initially uniform and equal to 25/(367) and 5/ (127 ), respectively,
and v =5/3.

In figure 1 the mass density is plotted at ¢ = 0.5 for 4 different simulations. In the first 3 simulations, a uniform h-profile
is used with an initial, rectangular lattice particle configuration of 128 x 128 (case a), 256 x 256 (case b), and 512 x 512
(case c) particles. One can see that the resolution is improved by increasing the number of particles and that the results
fit well with earlier results [5]. In case d, a variable h-profile with a time-averaged particle number of roughly 47300, is
used. Note that the resolution obtained in the central region in case d is comparable to that obtained in the same region in
case c, despite the fact that more than 5 times as many particles have been used in case c.

Figure 1. Mass density at t = 0.5 obtained from three different simulations using a uniform resolution of 128 x 128 (a), 256 x 256
(b), and 512 x 512 (c) particles, and anonuniform resolution with a time-averaged particle number of roughly 47300 (d).

CONCLUSIONS

In this paper, the particle method RSPH has been used to study the Orszag-Tang vortex problem. Using a uniform h-
profile, the accuracy of the presented results are comparable to that obtained with other methods. It is also shown that
using a non-uniform h-profile, the time-averaged particle number can be reduced considerably with little reduction in
accuracy. In problems where dominating features are more isolated than what is the case in the current problem, the
benefit from using a non-uniform h-profile is expected to be even greater. Based on these results, RSPH appears to be a
fully competitive, Lagrangian alternative to traditional grid-based methods when studying a large class of MHD problems.
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