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Abstract. Granular flows around an object have been the focus of numerous analytical, experimental and sim-

ulation studies. The structure and nature of the oblique shock wave developed when a quasi-two dimensional

flow of spherical granular particles streams past a fixed cylindrical obstacle forms the focus of this study. The

binary granular mixture, consisting of particles of the same diameter but different material properties, is inves-

tigated by using a modified LIGGGHTS package as the simulation engine. Variations of the solid fraction and

granular temperature are analysed and the shock-front is identified. The local Mach number is calculated to

distinguish between the subsonic and the supersonic regions of the bow shock.

1 Introduction

The out of equilibrium nature of granular matter leads to

dynamically complex flows. The flow of granular matter

around an immersed object is a subject of considerable in-

terest given the wide range of scenarios where such config-

urations are found– a better understanding of the flow dy-

namics would be essential not just to design better equip-

ment for granular particle processing and handling but also

to better grasp the dynamics of flows where thermal agita-

tion plays no role.

Granular flows around an object have been the focus of

numerous analytical [1–3], experimental [1, 2] and simu-

lation studies [1, 4].The formation of plane shock waves

[5], when a granular medium is perturbed faster than the

velocity of sound, has been reported by previous studies.

Experimental studies [6, 7] have shown that a stagnant

zone formation, similar to the classical “bow-shock” de-

tachment (see Fig. 1), is possible in granular flows. An-

alytical relations [5] for granular shocks have been devel-

oped and Discrete Element Modelling (DEM) simulation

studies [4, 8] of single component granular flow past ob-

stacles have been reported in literature.

The present study analyses results from soft particle

DEM simulations of two component granular flows over

a bluff body. The structure and nature of the oblique

shock wave developed when a quasi-two dimensional flow

of spherical granular particles streams past an immersed,

fixed cylindrical obstacle forms the focus of this study.

The aim is to analyse the bow-shock structure in a binary

granular mixture and contrast it with well-known predic-

tions for related molecular gas flows.
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Figure 1: Schematic of bow-shock structure in molecular

gas flow over a bluff body. The sonic line demarcates the

subsonic and the supersonic regions, while δ denotes the

detachment length.

Simulation Parameter Value
Particle diameter, d (m) 0.001
Time-step (s), Δt 5 × 10−7
Upstream solid fraction, φ∞ 0.1
Obstacle diameter, D 10d/50d/100d
Upstream Velocity, U∞(m

s ) 0.475/1/2.375
Simulation domain size, x × y 500d × 500d
Upstream Mach Number, Ma∞ 2.64/5.9/13.7

2 Configuration and Numerical Method

The flow configuration is shown in Fig. 2 and the simula-

tion details are given in Table 1.The DEM simulations are

carried out by employing a modified version of the open-

source software LIGGGHTS [9]. The granular flow con-

sists of a binary mixture of steel and aluminium particles

which flow over a cylindrical shaped obstacle, of length
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Table 1: Simulation details



Figure 2: Schematic of the simulation domain. D and d
denote the diameters of the cylindrical obstacle and granu-

lar particle, respectively, while x and y represent the cross-

wise and streamwise directions, respectively. The particle

insertion region spans 2d along the streamwise direction

and 500d along the crosswise direction. The simulation

domain is binned into square regions of side 3d for the

calculation of macroscopic fields.
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d, modelled as aluminium. The Young’s modulus (E) of

steel and aluminium are taken as 210 GPa and 69 GPa,

respectively, while the corresponding Poisson’s ratios (ν)
are taken to be 0.303 and 0.33; the material density of steel

is taken as ρS teel = 7850 kg/m3, with ρS teel/ρAl = 2.907;
the effective mass is me f f = mS teelmAl/(mS teel + mAl). The

coefficient of restitution (e) of all particles is set to 0.5.
The particles have equal contribution to the upstream solid

fraction of 0.1, representing an equimolar binary mixture.

The normal and tangential forces between particles are

calculated, respectively, as:

Fn = knδn + γnv
rel
n (1)

Ft =

⎧⎪⎪⎨⎪⎪⎩ktδt + γtv
rel
t , if |Ft | ≤ μ f |Fn|

μ f |Fn|, otherwise
(2)

Here, μ f is the coefficient of Coulomb friction while sub-

scripts n and t denote the normal and tangential compo-

nents, respectively. The parameters kn, kt, γn and γt are

calculated from the Young’s modulus (E), Poisson’s ratio

(ν) and the coefficient of restitution (e) as given in Table 2.

For all results presented in this study, μ f is set to zero.

The total simulation time consists of 5 seconds of real

time, of which the production run lasts for 4 seconds. The

positions, velocities and the forces on each particle are

noted and the macroscopic properties of interest are calcu-

lated by post-processing the particle trajectory data using

an in-house post-processing code; the simulation domain

is divided into a number of square bins of side 3d (see

Fig. 2) and the macroscopic fields (density, granular tem-

perature, Mach number, etc) in each bin are calculated by

averaging over the entire production run.

In each bin of volume Vbin , the number-density of

species α (steel or aluminium) is calculated from nα =
Nbin
α /Vbin where Nbin

α is the ‘average’ number of particles

of type α in that bin (averaged over time), and the local

mass-density of species α is defined as

�α = mαnα ≡ ραφα (3)

where ρα is the “material” density of species α and φα is

its volume fraction in a particular bin. The mixture/total

mass-density is � =
∑
α �α = �S teel + �Al. The mean

velocity of each species is calculated from uα = 〈cα〉,
where cα is the instantaneous velocity of species α, with

the angular bracket denoting averaging over time. The

“mixture” velocity is defined as the mass-averaged veloc-

ity u =
∑
α �αuα/�. The “species” granular temperature is

calculated from

Tα =
1

D〈mα(cα − u)2〉, (4)

and the “mixture” granular temperature is T =
∑
α ξαTα,

where ξα = nα/n is the “local” (binwise) number fraction

of species α.
Given the dilute nature of the flows considered, the

flow regime can be understood to be inertial. The upstream

Mach number, Ma∞ is calculated via

Ma∞ =
U∞
a∞
, (5)

where the adiabatic sound speed, a, is given by [10]:

a =

√(
∂P
∂ρ

)
s
=

[
T
m

(
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2
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φ

F
dF
dφ
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F
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(6)

whereD is the dimensionality of the system and

F(φ) = 1 + (D− 1)(1 + e)φg(φ), m =
∑
α

mα (7)

and g(φ) is the radial distribution function

g(φ) =
16 − 7φ

16(1 − φ)2 . (8)

Since the granular temperature varies along the streamwise

direction, we have calculated the upstream sound-speed

a∞ by using T and φ averaged over two-bins from the inlet.

3 Results and Discussion

The simulations with (i) three different obstacle diameters

(D = 10d, 50d and 100d) and (ii) three upstream Mach

numbers (M∞ = 2.64, 5.9 and 13.7) have been analysed.

Note that the upstreamMach number Ma∞ has been varied

by varying the upstream inflow velocity U∞ (see Table 1).
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Table 2: Hertzian contact force model



Figure 3: Solid fraction (φ) field calculated by bin-

averaging over the entire production run, for (a) D = 50d
and (b) D = 100d. Both cases are for Ma∞ = 5.9.

3.1 Identification of Shock Front

The visualisation of particle trajectories at the end of the

production run clearly shows a region of higher density

around the cylindrical obstacle, reminiscent of a “bow

shock”, which is evident from the color-map of solid frac-

tion in Fig. 3. Interestingly, the structure of the bow

shock formed is qualitatively different from that known of

a molecular gas (viz. Fig. 1) such that the region behind the

obstacle (along the streamwise direction) is almost devoid

of particles (Fig. 3) in the case of granular flows.

Analysing the dimensionless temperature field in

Fig. 4, we find that a region of high temperature occurs

between the shock wave front and the cylindrical obstacle.

This seems counter-intuitive given the fact that one would

expect the solid fraction and the granular temperature to

be inversely dependent. However, this relationship is valid

only for dilute granular flows. As the solid fraction fields

(Fig. 3) have revealed, the solid fraction in the region be-

tween the shock front and the cylindrical obstacle is nearly

0.5, which cannot be considered dilute. This calls for an

analysis of the stress-field behind the shock front, which

can be taken up in future.

Figure 4: Granular temperature (T/mavU2∞) field, with

mav =
∑
α mα/2; the parameter values are same as in Fig. 3.

The right panel in (b) displays a vertical-strip of the simu-

lation box (enclosed by two yellow lines in the main panel)

with a lower range of temperatures.

3.2 Detachment Region and the Sonic Line

To quantify the shock structure, the local Mach numbers

(Ma) are calculated, see Fig. 5. An Ma = 1 iso-Mach line

(i.e. the sonic line) is computed from the data which is

zoomed as an inset panel in Fig. 5. The sonic-line (located

just behind the shock-front) demarcates the subsonic and

the supersonic regions of the flow – the shape of the sonic-

line looks much different from its molecular analog (see

the schematic in Fig. 1). Comparing the Mach-number

fields in Fig. 5 with the corresponding temperature-fields

in Fig. 4, we find that the high temperature region is a re-

gion of low Ma, representing a sub-sonic flow (since this

region is clearly enveloped by the sonic-line). It has been

verified that the high temperature region is a region of low

velocities but of high velocity fluctuations (i.e. of higher

values of granular temperature and sound speed) - this ob-

servation is in qualitative agreement with experimental re-

sults [6].

It must be pointed out that, for dissipative granular

flows, the upstream Mach number Ma∞ can be quite mis-

leading. Due to inelastic collisions, the temperature (T )
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Figure 5: Local Mach number field for (a) Ma∞ = 5.9 and

(b) 13.7 with D = 100d. The inset is a magnified view of

the detachment region, showing the sonic-line (Ma = 1).
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Figure 6: Non-dimensional detachment length, δ/D, plot-

ted against obstacle diameter, D/d, for different Ma∞.

(the right panel in Fig. 4b) and consequently the sound

speed (a) decays downstream – this in turn increases

the “local” Mach number as the particles progress down-

stream. The upstream Mach number can thus be a mis-

leading metric to characterize the “granular” shock since

the obstacle would see a different (and in-fact larger) Mach

number upstream from the point of collision with granular

particles. A similar conclusion has recently been noted in

the case of plane granular shock waves [5].

The non-dimensional detachment length, δ/D, (see

Fig. 1 for its definition) is plotted against D/d in Fig. 6. It

is seen that δ/D decreases with increasing Ma but remains

nearly constant, with varying D/d, implying that the de-

tachment length (δ) is a function of obstacle diameter (D)

for a given upstream Mach number, at least for the range

of Ma∞ considered in this study.

4 Summary and Outlook

DEM simulations of quasi-two dimensional dilute flows

of bi-disperse spherical granular particles past a fixed

cylindrical object were carried out. A high temperature

region is observed in the “subsonic” detachment region,

between the bluff body and the bow-shock front. It is

found that inelastic collisions result in a decay of the

temperature field along the flow direction, resulting in

varying downstream Mach numbers (greater than Ma∞).
The detachment length (δ) is found to be a function of

obstacle diameter (D) for the range of Ma∞ studied. The

future work should focus on a better understanding of the

bow-shock and the shape of the sonic line by quantifying

the effects of (i) the mean density, (ii) the molar-fraction

of binary mixture, (iii) the material parameters and (iv)

the upstream Mach number.
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