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The velocity of a particle detector in granular flow can be regarded as the combination of rolling and sliding velocities.
The study of the contribution of rolling velocity and sliding velocity provides a new explanation to the relative motion
between the detector and the local granular flow. In this study, a spherical detector using embedded inertial navigation
technology is placed in the chute granular flow to study the movement of the detector relative to the granular flow. It is
shown by particle image velocimetry (PIV) that the velocity of chute granular flow conforms to Silbert’s formula. And the
velocity of the detector is greater than that of the granular flow around it. By decomposing the velocity into sliding and
rolling velocity, it is indicated that the movement of the detector relative to the granular flow is mainly caused by rolling.
The rolling detail shown by DEM simulation leads to two potential mechanisms based on the position and drive of the
detector.

Keywords: local velocity distribution, rolling velocity, inertial navigation technology, relative velocity depen-
dent (RVD) rolling friction
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1. Introduction
Traditional granular flow velocity distribution is studied

usually[1] by using the monodisperse granular flow for the ex-
ploration of flow models[2,3] while the the research of poly-
disperse particle flow focuses on the mechanism of mixing
and segregation.[4,5] However, there is a special particle flow
of a few special particles worthy of attention in the nearly
monodisperse granular flow, e.g., rock landslides with accom-
panying debris flows are examples of such particle flows.[6]

The number of special particles cannot form the statistical
characteristics to support the segregation and mixing model
exploration. The description of the movement of the special
particles relative to the granular flow is very lacking. This
process can be studied by placing inertial navigation detector
into the chute granular flow, which can provide a valuable ref-
erence for the study of the movement process of special parti-
cles.

In the absence of a unified framework, granular flows in a
chute are commonly divided into three different regimes based
on the inertial number.[7] This study focuses on the viscous-
like regime. The material flow is more like a liquid with a
shear-rate-dependent stress under this regime.[8]

The local rheology is the most widely recognized math-
ematical model for viscous-like granular flow in an in-
clined chute.[9,10] Forterre and Pouliquen[11] and Tripathi and
Khakha[12] summarized the local flow velocity distribution
model as shown in Fig. 1(a). A granular layer of thickness
h flows down a rough plane inclined at an angle 8◦ < θ < 12◦.

The force balance for steady uniform flows implies that the
ratio between shear stress and normal stress is constant and
equal to tan θ . Experimentally or numerically, the mean ve-
locity varies as the power 3/2 of the depth and increases with
inclination. The physical mechanism is the nonlinear correla-
tion between the friction coefficient µ and the inertial number
I [7,9] in the quasi static and kinetic regime, specifically

µ (I) = µs +
µ2−µs

I0/I +1
, (1)

which is shown in Fig. 1(b).
However, this model does not distinguish between the ve-

locity caused by particle sliding and that by particle rolling.
The latest research shows that rolling has an important influ-
ence on the movement of granular flow.[13,14]

Wang et al. reported a study on the granular flow layers
by using the embedded inertial navigation techniques.[15] This
provides a new method of studying particle rolling in a particle
flow. Caviezel et al. studied rockfall on Alps by using a detec-
tor equipped with a situ sensor, and successfully reconstructed
the falling trajectory of the detector.[16,17] Zhu et al. improved
the navigation techniques and applied them to the study of the
funnel flow particle rolling in the laboratory, and accurately
measured the angular velocity distribution of the tracer par-
ticles in the funnel flow.[18] It was found that there is a close
relationship between rolling and the granular flow velocity dis-
tribution. This provides an important reference for the study
of the relative particle flow motion of special particles.
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Fig. 1. Local flow velocity distribution in chute granular flow: (a) schematic
diagram of flat inclined chute and (b) nonlinear correlation between friction
coefficient and inertial number.[11,12]

It should be noted that the PIV method and the x-
ray method will not interfere with the particle flow and
are a reliable method to measure the particle flow velocity
distribution.[19] Since x-ray may offset the inertial navigation
device, the PIV is chosen to measure the velocity distribution
of chute granular flow which is used as the baseline. However,
there are physical parameters which cannot be obtained by the
experimental technology. With the development of computer
technology, the discrete element method (DEM) is increas-
ingly used in the granular flow mechanism research field.[20,21]

The DEM can track the real-time motion of each particle, and
obtain the particle’s rotational motion information.[22] The in-
fluence of rolling friction coefficient was investigated in Yu
and Saxen’s DEM study of Silo.[23] Tripathi et al. adopted the
relative velocity dependent (RVD) rolling friction in quantita-
tive DEM simulation of non-spherical particle.[24] Taking the
rolling friction into consideration in the model, the consistency
of simulation results and experimental results is improved.

In this work, the data obtained from DEM simulation val-
idated by spherical detector experiments are used to study the
local granular flow, attempting to identify the velocity of parti-
cle as the rolling and sliding velocity in local flow velocity so

as to provide a new perspective for the study of the movement
of special particles relative to granular flow.

2. Experimental setups
2.1. Chute granular flow

Based on the theoretical model, the experimental process
in this study can be seen in Fig. 2. The chute granular flow
lasted 2.7 s on average and 2.8 s in this experiment served as
an example. At t0 = 0, the baffle is removed and the particles
started to move. The velocity distribution is unstable initially
but at t1 = 0.6 s, the chute granular flow forms a stable local
flow velocity distribution. After t2 = 1.2 s, owing to the inad-
equate thickness of the particle bed in the chute, the local flow
velocity distribution cannot be maintained.

We use the PIV technique to obtain the velocity on the
side wall of the chute, as shown in Fig. 2(d). The detector is
used as the special particle of concern (diameter of 30 mm),
surrounded by small particles (diameter of 10 mm) inside the
chute. The spherical detector can obtain the particle’s accel-
eration and rotation angular velocity. Therefore, the particle
velocities of different initial heights in the chute and the com-
position of particle velocity under different inclination angles
are studied. The position of the spherical detector is Z1, Z2, Z3,
. . ., Z6, with a spacing of 15 mm. The thickness of the filled
particles in the chute is 110 mm. The diameter of the filled
particles is 10 mm, and the diameter of the spherical detector
is 30 mm. To ensure that the velocity of the bottom particle
is 0, a rough surface with a coefficient of friction of 0.8 is set
as the bottom of the chute. More detailed description of the
system is given in Refs. [14,15].

(a) (b) (c) (d)

t0=0 s t1=0.6 s t2=1.2 s t=1 s

Fig. 2. Snapshots of chute granular flow, showing granular profile at (a) t0 = 0, (b) t1 = 0.6 s, chute granular flow formed stable local flow velocity
distribution; (c) after t2 = 1.2 s, local flow velocity distribution failing to be maintained due to the inadequate thickness of the particle bed in the chute;
(d) example displaying the granular flow at t = 1 s to show the PIV measurement results.

2.2. Spherical detector based on embedded inertial navi-
gation technology

The spherical detector is used to measure the angular ve-
locity, acceleration and other movement data during the exper-
iment through using embedded inertial navigation technology.

Any attitude in three-dimensional space can be repre-
sented concisely, intuitively by Euler angles. The aerial se-
quential Euler angles (shown in Fig. 3(a)) are used to repre-

sent the attitude of spherical detectors, ϕ , χ , Ψ , respectively,
as the roll angle, pitch angle, and yaw angle. In the carrier co-
ordinate system of the spherical detector, xb moves to the right
along the horizontal axis, yb moves forward along the longitu-
dinal axis, and zb moves along the vertical axis. In the spatial
coordinate system (E), xE is the projection of xb on the hori-
zontal plane, yE is perpendicular to xE, and zE is perpendicular
to the horizontal plane.
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Fig. 3. (a) Schematic diagram of attitude angle of spherical detector, with
ω ′x, ω ′y, ω ′z, respectively, representing the components of original angular ve-
locity of rolling around the x axis, y axis, and z axis, and ωy being the angular
velocity of rolling around the y axis; (b) results from a typical experiment
with two detectors placed side by side at Z1.[14,15]

The Euler angle is adopted in the measurement system to
represent the attitude, and a quaternion is used to represent the
attitude when it is solved.[25,26] The attitude update equation
of the inertial measurement unit (ωx, ωy, and ωz are the values
that are measured by the gyroscope) is given as follows:

q(k) =
(

N+
1
2

Ω
n
nbT
)

q(k−1), (2)

Ω
n
nb =


0 −ωx −ωy −ωz

ωx 0 ωz −ωy
ωy −ωz 0 ωx
ωz ωy −ωx 0

 , (3)

where q is the quaternion expression. N is the unit matrix,
Ω n

nb is the skew matrix of angular velocity, and T is the time
interval.

Therefore, the attitude of the spherical detector is con-
verted into a quaternion representation through the following
equation during the attitude solution:

q =


q0

q1

q2

q3

=
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)
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)
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 . (4)

After the attitude solution is completed, the attitude is
converted into Euler angles throughthe following equation:ψ

θ

ϕ

=

 arctan2(2(q0q3 +q1q2) ,1−2(q0
2+q1

2))

arcsin(2(q1q3−q0q2))

arctan2(2(q2q3 +q0q1) ,1−2(q2
1 +q2

2))

 . (5)

Through multiple experiments, the experimental results
of spherical particle wireless measurement technology based
on inertial navigation technology are validated and can be used
to measure the angular velocity and translational velocity of
particles in the chute system.[15,18]

Figure 3(b) shows a typical experimental results obtained
by using two spherical detectors placed at Z1. It can be found
that the movement process of the detectors can be divided into
stable stage and unstable stage by the rotating speed.[14] To
discuss the rolling and sliding of the detector, we focus on the
relationship between the particle flow velocity distribution and
the special tracer particle velocity characteristic from 0.6 s to
1 s (stable stage).

2.3. DEM simulation
2.3.1. DEM contact model

The most important step in DEM is to choose a reasonable
physical contact model. The model of Hertz–Mindlin (no slip)
with RVD rolling friction adjusts the calculation method of

rolling friction to ensure that three dimensions have the proper
functionality without affecting the calculation time. It is espe-
cially suitable for strong rotation systems that have strict re-
quirements for particle rotation characteristics.[24] Therefore,
in this paper DEM is used based on the model of the Hertz–
Mindlin (no slip) with RVD rolling friction contact to simulate
the discharge process of spherical particles in a chute. Accord-
ing to the relative rotational velocity between contact particles,
the particle rolling friction is calculated as follows:[27] 𝜏 =−µrFnR∗ω̂rel,

Fn =
4
3

E∗
√

R
∗
δ

3/2
n ,

(6)

where torque 𝜏 represents the rolling friction of the particles,
µr is the rolling friction coefficient, Fn is the normal force
between particles, R∗ is the equivalent radius between parti-
cles, ω̂rel is the unit vector of relative rotational velocity, E∗ is
the equivalent Young’s modulus, and δn is the normal overlap
amount.

The equivalent radius R∗ and the equivalent Young’s mod-
ulus E∗ are calculated from the following equations:

1
R∗

=
1
Ri
+

1
R j

,

1
E∗

=
(1−v2

i )

Ei
+
(1−v2

j)

E j
,

(7)
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where i and j represent the two particles in contact, Ri and R j

are the radii of the contact particles, vi and v j are the Poisson’s
ratio, Ei and E j are the Young’s moduli.

2.3.2. Simulation setup

Figure 4(a) shows the theoretical model of chute flow de-
fined three layers based on the velocity distribution.[28] The
experimental results presented in Ref. [15] indicate that the
rolling contribution rate is an important factor affecting veloc-
ity composition. Figure 4(b) shows the simulation chute cross-
sectional surface sliced into 30×60 grids, and each grid is the
smallest statistical unit with a size of 10 mm×20 mm×10 mm.
In the simulation, the average movement information of the
particles in each grid is used. The simulation process is the
same as the experimental process shown in Fig. 2. Three
particles (d = 1 cm) in each layer are marked. A detector
(d = 3 cm) is placed in the granular bed at Z point, near parti-
cle B.

During the simulation, the time interval for collecting par-
ticle motion data is set to be 0.01 s. In order to ensure the
stability of experiment, the minimum time step in experiment
is set to be 2.71×10−5 s, which is less than the Rayleigh time
of particle 5.82×10−5 s.[29] Other system parameters of DEM

simulation are shown in Table 1.
Among them, the friction coefficient between particles

µp−p is obtained by measuring the repose angle of particle ac-
cumulation, and the coefficient of restitution e is obtained by
the particle rebound experiment.[30]

Z

x

z

x

A

B

C

(a)

(b) z θ

h

l

b

vx

Surface layer

Core layer

Basal layer

Fig. 4. Simulation based on the velocity layers: (a) schematic model of the
chute system and (b) geometry of chute with an initial packed bed.

Table 1. Physical parameters employed in experiments and simulations.

Parameter Symbol Value

Simulation

particle
density ρ (kg·m−3) 1400

Young’s modulus Ep (Pa) 2.835×109

Poisson’s ratio ν 0.35

wall
density ρ (kg·m−3) 1180

Young’s modulus Ep (Pa) 4.76×109

Poisson’s ratio ν 0.4

particle-particle interaction
static friction coefficient µp−p 0.6

rolling friction coefficient µr p−p 4.2×10−5

restitution coefficient ep 0.87

particle-wall interaction
static friction coefficient µp−w 0.6

rolling friction coefficient µr p−w 27.1×10−5

restitution coefficient ew 0.88

Experiment

particle
density ρ (kg·m−3) 1400

Young’s modulus Ep (Pa) –
Poisson’s ratio ν –

wall
density ρ (kg·m−3) 1400

Young’s modulus Ep (Pa) –
Poisson’s ratio ν –

bottom static friction coefficient µb 0.8

particle-particle interaction
static friction coefficient µp−p 0.6

rolling friction coefficient µr p−p –
restitution coefficient ep 0.87

particle-wall interaction
static friction coefficient µp−w 0.6

rolling friction coefficient µr p−w –
restitution coefficient ew 0.88

3. Results and discussion

3.1. Relative motion between detector and granular flow

In the local granular flow model, it is believed that the
flow velocity vx (z) is positively correlated with z3/2. The rela-

tionship between the flow velocity and the height of the chute
can be expressed as (also known as Silbert’s formula)[7]

v(z) = I(tanθ)
2
3

√
ρgcosθ

d
h3/2

[
1−
(

h− z
h

)3/2
]
, (8)
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where I is the inertial number which increases with inclination
angle θ , increasing, h is the thickness of the filling particle,
ρ is the density of the filling particle, g is the acceleration of
gravity, θ is the angle between the chute and the ground, and z
is the height of the chute. Based on Eq. (8), the calculated ve-
locity of the granular flow is shown by the red line in Fig. 5(a)
when θ is 12◦.
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Fig. 5. (a) Comparison between theoretical curve and experimental curve of,
chute height versus particle flow velocity, with red line representing veloc-
ity based on Eq. (8), where I = 0.178, black line denoting averaged velocity
measured by PIV method. and blue triangles referring to the velocities mea-
sured by using a spherical detector at six marked locations; and (b) curve of
chute height versus relative velocity between the detector and the granular
flow.

We use the PIV method to obtain the averaged velocity
profile on the side wall of the chute, and the detector to obtain
the average velocity of special tracer particle during the stable
period. It is shown in Fig. 5(a) that the averaged velocity mea-
sured by the PIV method is similar to that obtained from the
theoretical model, Eq. (8). The red line shows that the granular
velocity at the bottom is not 0, whereas in Eq. (8) the grain at
the bottom should not slip. This is because the chute does not
use particle bed as bottom, so the granular layer at the bottom
does not form complete stable state.

The velocity measured by the detector at different values
of h (as shown by the blue points) is larger than the PIV results
and increases linearly. This indicates that the detector moves
faster than the surrounding particles. The relative velocity be-
tween the detector and the granular flow is shown by Fig. 5(b).
The biggest difference in velocity appears at the bottom.

3.2. Rolling velocity and sliding velocity

During the experiment, it can be observed in Fig. 2 that
the particles in the chute have not only sliding motion, but
also rolling motion. The velocity of the spherical detector is a
combination of sliding velocity and rolling velocity as shown
in Fig. 6.

vr

vs

vx

Fig. 6. Composition of velocity: sliding velocity vs and rolling velocity vr.

The velocity along the flow direction vx (z) of the spheri-
cal detector can be expressed as

vx (z) = vs (z)+ vr (z) , (9)

where vs (z) is the sliding velocity and vr (z) is the rolling ve-
locity.

The rolling velocity vr (z) can be calculated from

vr (z) = ωy(z) ·R, (10)

where ωy(z) is the average angular velocity of the spherical
detector around the Y axis, and R is the radius of the spherical
detector. Figure 7 shows the averaged angular velocity ωy(z)
of particles for different values of inclination chute angle, θ ,
of 8◦/10◦/12◦, respectively.
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Fig. 7. Curves of chute height versus averaged angular velocity ωy(z) of the
spherical detector at different inclination angles.

Figure 7 shows that the chute height decreases with aver-
age rolling angular velocity ωy(z) increasing for all inclination
angles. The increasing of the inclination angle of the chute will
increase ωy(z). At the bottom of the chute, the variation of θ

has a greater influence on the average rolling angular velocity
ωy(z). On the free surface, the effect of θ is minimal.

v′s (z) = vx (z)− vr (z) . (11)

After obtaining ωy(z), the sliding velocity v′s of particle is
obtained according to Eqs. (10) and (11). The magnitudes of
sliding velocity v′s (z) of particles at different inclination angles
are compared with the calculated results from Eq. (8).
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Fig. 8. Comparison of particle sliding velocity vs (z) among different val-
ues of inclination angle θ , with solid lines representing velocities calculated
from Eq. (8), triangles denoting velocities measured by the spherical detec-
tor. Inertial number I = 0.178 when θ = 12◦, I = 0.140 when θ = 10◦.
I = 0.125 when θ = 8◦.

As shown in Fig. 8, the sliding velocities measured by
detector and calculated from Eq. (8) are matched. At the free
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surface of the chute, the growth pattern of particle sliding ve-
locity vs (z) tends to be flat. This is one of the characteristics
of the local flow model, indicating that the sliding velocity of
the detector is mainly driven by the local granular flow. Cor-
respondingly, the velocity of the detector relative to the sur-
rounding particles is mainly due to rolling.

3.3. Relative motion based on simulation results

Using the detector and PIV technology, the measurement
results show that rolling and relative motion are statistically
correlated. For further investigation, the results obtained from
the DEM simulation (Fig. 4) are analyzed. The area in the
middle of the chute is considered as the area that contains
valid granular flow velocity distribution as shown in the in-
set of Fig. 9. The velocities of each particle are shown by the
black triangles. Calculations from Eq. (8) are shown by the
red line. It can be observed that the simulation results are in
line with the experimental results as shown by the blue line
(the same as the red line in Fig. 5). The slight difference in
I between 0.178 in experiment result and 0.182 in simulation
result may be due to the ideal shear process obtained by simu-
lation.
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Fig. 9. Simulated velocity distributions, with inset showing measured
area, triangles representing velocities of particles in measured area, red line
(I = 0.182) and blue line (I = 0.178) denoting calculations from Eq. (8)
based on the simulation and the experimental results.

By tracking the labeled particles, simulation results pro-
vide the accurate trajectories and real-time rolling velocities
that cannot be obtained experimentally.

Figure 10(a) shows the rolling velocities of 3 labeled par-
ticles. The rolling velocity of particle A is larger than those
of the other two labeled particles. The velocity vx of particle
A located in the surface layer (Fig. 4) is significantly higher
than those in the other layers. It takes less than 2 s to move
out of the chute. This is consistent with the theory presented
in Subsection 3.1.

The velocity ωy of particle B is slightly larger than that of
particle C in the stable stage. After 1.5 s, the values of ωy of
particles B and C are the same. By tracking the labeled par-
ticles, it is found that particle B falls in height as it follows
granular flow and approaches to particle C in a time between
0.5 s and 1.5 s. This causes relative motion between particle
B and the core layer. After 1.5 s, particles B and C follow

similar trajectories moving out of the chute. So a similar ωy is
obtained.

Because of the difference in vx, the particles in different
layers have obvious relative motions. The relative motion tra-
jectory is consistent with that of velocity ωy.

Figure 10(b) shows time-dependent ωy of the detector and
particle B. The detector moves faster, leaving the chute 0.55 s
earlier than particle B at a similar initial position. Comparing
with ωy in the moving duration, the rotation of the detector is
more stable and larger than the particle B on average. Sev-
eral larger pulses in red line indicate that particle B moves
intensely when there is a gap.
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Fig. 10. (a) Curve of time-dependent angular velocity ωy of particles A
(blue line), B (red line), and C (black line) on surface, core, and basal layer.
(b) Curve of time-dependent angular velocity ωy of detector (blue line) and
particle B (red line) located at similar initial position.
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Fig. 11. Two potential mechanisms of ωy of detector: (a) detector sur-
rounded by granular flow; (b) detector driven by the unbalanced granular
flow; (c) detector starting to surface the granular flow; (d) detector driven by
gravity.

Based on the ωy, two potential mechanisms of the detec-
tor rolling are presented in Fig. 11. During the stable stage,
the detector is surrounded by the granular flow as shown in
Fig. 11(a). Because of the difference in vx at different val-
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ues of h, the detector rolls forward under the drive unbalanced
granular flow as shown in Fig. 11(b).

During the unstable stage, the upper part of the detector
is not covered by the granular flow. Figure 11(c) shows the
moment when the detector surfaces the granular flow. It can
be observed that vx below the detector is not uniform. At this
stage, the detector is driven by gravity, moving to the region
with higher vx.

Further investigation of the detector trajectory shows that
the mechanism of ωy of the detector is correlated with the layer
at which the detector is located. In the surface and basal layer,
the detector has a higher probability of moving upwards. The
direction is similar to that shown in Fig. 11(d). In the core
layer, the trajectory of the detector is very complex. The mo-
tion directions indicated by both mechanisms occur. The re-
lationship between rolling mechanism and time-space will be
the focus of further research.

4. Conclusions

We experimentally studied a special particle moving in
the local granular flow and consider that the velocity of the
special particle should be divided into sliding velocity vs (z)
and rolling velocity vr (z). As h increases, the sliding ve-
locity vs (z) of particles increases, but rolling velocity vr (z)
decreases. The velocity vx (z) of particles presents a linear
growth, and ωy(z) can be obtained by a spherical detector, thus
the rolling velocity of the particle vr (z) can be obtained. Two
potential mechanisms of ωy are presented based on the DEM
simulation with RVD rolling friction model, and ωy of the de-
tector changes in different flow stages and layers. In further
studies, the relationship between mechanism of ωy and time-
space of the detector needs to be analyzed precisely and com-
pared with theoretical models.
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