
DSMC - A STOCHASTIC ALGORITHM FOR GRANULAR 
MATTER 

MATTHIAS MULLER AND HANS J. HERRMANN 

Universitat Stuttgart 
Institut fur Computeranwendungen I 
Pfaffenwaldring 27, 70569 Stuttgart, Germany 

Abstract. We explain the Direct Simulation Monte Carlo (DSMC) method 
and some of its limitations and improvements. The suitability for a parallel 
implementation is demonstrated, and simulations of the clustering insta
bility are presented to show how the method can be applied to granular 
systems. 

1. Introduction 

Granular materials show a wide range of interesting phenomena like segre
gation, convection, surface waves, and clustering, which have been examined 
using experiments, theory, and computer simulations. In the field of simu
lations different methods exists to attack the variety of problems. Distinct 
element methods are the most common: the granular media is described 
as a collection of single particles. However, many of these phenomena take 
place on very long time scales and involve large number of particles. Direct 
Simulation Monte Carlo (DSMC) is able to handle hundreds of millions of 
particles and, running on parallel computers, can do this in a reasonable 
time. 

In this article we first describe the method and some variants which 
have been proposed in literature. Afterwards some results obtained in our 
simulations of granular media are presented, and we discuss some possible 
improvements of the method. 
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2. The method 

The DSMC method was first proposed by Bird [1] for the simulation of 
rarefied gas flows, recently it was also applied to dry granular media [2, 3]. 

One of the basic assumptions of DSMC is that the movement and inter
action of the particles can be decoupled (operator splitting). The system is 
integrated in time steps T. At each time step every particle is first moved, 
according to the equation of motion, without interaction with other parti
cles. External forces, such as gravitation, are taken into account here. To 
calculate the movement of the particles one can either use an analytical so
lution of the equation of motion or apply a standard numerical integration 
scheme to solve it. In this respect this method is less restricted than event 
driven (ED) simulations, where an analytical solution is required for a fast 
calculation of the evolution of the system. 

Next, we take the particle-particle interactions, i.e. the collisions into 
account. In contrast to ED simulations, the exact times and places of these 
collisions are not calculated, but a stochastic algorithm is applied as de
scribed in the following: 

The particles are sorted into spatial cells of linear size L and volume 
Vc = Ld, where dis the dimensionality of the system. Collisions occur only 
between the particles in the same cell, which ensures that only particles 
which are close to each other may collide. In every cell with more than one 
particle, we choose randomly 

M _ Nc(Nc- l)avmaxT 
c- 2Vc (1) 

pairs of particles. Here, Nc is the number of particles in the cell, a the 
scattering cross section (for spherical particles, a2D = 4R, a3D = 47r R 2 ) 

and Vmax is an upper limit for the relative velocity between the particles. 
To get Vmax we sample the velocity distribution from time to time and set 
Vmax to twice the maximum particle velocity found. In order to determine 
the correct number of collisions, we apply an acceptance-rejection method: 
For a pair of particles i and j the collision is performed if 

I vi- V'jl < z, 
Vmax 

(2) 

where Z is independent uniformly distributed in the interval [0; 1]. This 
method leads to a collision probability proportional to the relative velocity 
of the particles. 

Since the collision takes place regardless of the particle positions in the 
cell, we have to choose an impact parameter b in order to calculate the 
post collision velocities. Molecular chaos is assumed here; b is drawn from 
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a uniform distribution in the interval [-2R, 2R] in 2D or in a circle with 
radius 2R in 3D. The post collision velocities are now calculated as if the 
two particles collided with that impact parameter, i.e. like in event driven 
simulations. 

Finally, the dissipation can be introduced by changing the normal com
ponent of the post collision velocity to if(n) = -eiJ(n), whereas the tangential 
component remains unchanged. 

So far only ideal gas properties have been considered; the particles have 
a scattering cross section but no real volume. One consequence of the ex
cluded volume is an increase in the number of collisions. Several approaches 
exist to take this into account. One possibility is to multiply the right hand 
side of Eq. (1) with the Enskog factor X· You may either use a Pade kind 
of approximation for x(v)[4] or an analytical expression [5]. We take a dif
ferent approach by replacing Vc in Eq. (1) with an effective free volume 
v = Vc- Vb/Vrcp, where vb is the volume of the beads in that cell and Vrcp 

is the packing fraction of a random close packing. 
Following a proposal by F. J. Alexander et al. [6] we also introduce 

an additional advection process after a collision: each of the two colliding 
particles is moved by 2R into the direction of its momentum change. The 
argument is that a particle with real extension would on average travel 2R 
less distance between two successive collisions than a point like particle. 

Like every simulation method, DSMC is also based on certain approxi
mations. One is that the interaction between the particles can be modeled 
by collisions. Furthermore, neither the location nor the time of a collision 
is calculated exactly. To keep the error small, three conditions must be ful
filled: (i) the system should be in the collisional regime, (ii) the mean free 
path should be larger than the cell size, (iii) the mean time between two 
collisions should be larger than the time step. In particular, at present these 
limitations restrict the validity of the method to relatively low densities (for 
ideas of improvement, see Sec. 4). 

3. Results 

3.1. COMPUTATIONAL PROPERTIES 

One of the motivations for looking more closely at this algorithm was its 
suitability for parallelization. Therefore, we want to say a few words about 
it, though this issue would be worth an article of its own. 

Because the interaction of the particles is of short range, domain decom
position is the method of choice. Every CPU keeps track of the particles 
in its spatial region (of one or several cells). After every time step the 
particles have to be reassigned to the different CPUs because they might 
have crossed the border between two subdomains. This introduces a cer-
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Figure 1. Speed up of DSMC measured on a CRAY T3E.2D system with N = 500000 
particles and volume fraction v = 0.1. 

tain overhead into the calculations. One measure of this overhead is the so 
called "speed-up": the same problem is calculated on different numbers n 
of CPUs. A perfect program would ben times faster on n CPUs than on a 
single processor. In Fig. 1 this perfect program corresponds to the dashed 
line. The speed-up is close to perfect, the overhead is only visible where the 
particle numbers drop below 2000 particles per CPU. 

3.2. COOLING OF GRANULAR MEDIA IN THE CLUSTERING REGIME 

In a system of inelastic disks, the kinetic energy K decays with [7] 

K t = K(O) 
( ) ( 1 + t /to) 2 · 

(3) 

This equation only holds as long as the particles are homogeneously dis
tributed in space. If the dissipation or the system size exceed a certain 
threshold the homogeneous state is unstable and the "clustering instabili
ty" occurs [8-10]. Fig. 2 (a) shows the energy of such a system undergoing 
the clustering transition as a function of time, calculated with ED and 
DSMC simulations. 

For tjt0 ;:: 2 both simulation methods show substantial deviations from 
the homogeneous cooling behavior, but only at tjt0 ~ 10 we observe a 
difference between ED and DSMC. After that time, the kinetic energy ob
tained from the DSMC simulation is systematically smaller than K(t) from 
the ED simulation. The reason for this is visible in Fig. 2 (b); the distribu
tion of the impact parameter is not longer equally distributed, but grazing 
collisions are more likely than central hits. Because dissipation acts only on 
the normal component of the relative velocities, this leads to an overesti
mation of energy dissipation in a DSMC simulation. However, the evolving 
structures are well reproduced by this method (see Fig. 3). The deviations 
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Figure 2. (a) Kinetic energy of a clustering system with to ~ 0.043. (b) Probability 
distribution of the impact parameter at different times, measured from ED simulations 
with N = 99856 particles, volume fraction v = 0.25 and e = 0.8. 
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Figure 3. (a) Structure factor obtained from the ED simulations of Fig. 2 as function 
of the wavenumber k = Lf>.., with wavelength).. and system size L. (b) Structure factor 
obtained from the corresponding DSMC simulation. 

for large wave numbers are caused by the absence of spatial resolution below 
the cell size. 

4. Possible improvements of the method 

Several attempts have been made to improve DSMC for higher densities (see 
Sec. 2). Some examples are the "consistent Boltzmann algorithm" [6] and 
the "Enskog Simulation Method" [11]. The basic problem remains that all 
interactions are collisional. To get an algorithm that is applicable for very 
dense or even static regimes, the particle movement should be changed 
to account for the parts of the interaction that can not be modeled with 
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stochastic collisions. One idea is to reject movements of particles when
ever they try to enter cells that are already filled with too many particles, 
thus setting a limit for the maximum local density. This would combine 
the original DSMC method with a cellular automaton like approach. The 
development of an algorithm that allows us to simulate heaps with a well 
defined angle of repose is in progress. 

5. Conclusion 

The simulations carried out so far have shown that DSMC is not only a 
powerful method but also reproduces many of the properties that char
acterize granular media, e.g the clustering instability. As soon as one or 
several assumptions of the methods are not longer valid properties that are 
strongly coupled with these assumptions are inaccurately calculated. For 
example, energy dissipation is strongly coupled to the distribution of the 
impact parameter and hence to the molecular chaos assumed in DSMC. 
Properties like the long wavelength structure factor for a clustering system 
that are based on hydrodynamic instabilities are still reproduced well. This 
makes DSMC also useful to answer certain questions for denser systems. 
DSMC is however not yet improved to handle dense or even static sys
tems, but we think that the field of granular matter is not only a field were 
this method is already useful, but believe that by applying it to granular 
systems one can learn more about DSMC and its possible improvements. 
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