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A three-dimensional CFD-DEM model is proposed to investigate the aeolian sand movement. The results show that the mean
particle horizontal velocity can be expressed by a power function of heights. The probability distribution of the impact and
lift-off velocities of particles can be described by a log-normal function, and that of the impact and lift-off angles can be ex-
pressed by an exponential function. The probability distribution of particle horizontal velocity at different heights can be de-
scribed as a lognormal function, while the probability distribution of longitudinal and vertical velocity can be described as a
normal function. The comparison with previous two-dimensional calculations shows that the variations of mean particle hori-
zontal velocity along the heights in two-dimensional and three-dimensional models are similar. However, the mean particle
density of the two-dimensional model is larger than that in reality, which will result in the overestimation of sand transporta-
tion rate in the two-dimensional calculation. The study also shows that the predicted probability distributions of particle veloci-

ties are in good agreement with the experimental results.

aeolian sand movement, CFD, DEM, three-dimensional simulation
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Research studies have increasingly focused on the aeolian
sand movement, for it is responsible for a series of serious
environmental problems, such as desertification and sand
storms. The movement of particles can be divided into creep,
saltation and suspension, and saltation is the most important
type of movement, accounting for about three fourths of the
total sand flux [1]. Therefore, saltation is the key point of
the research on the aeolian sand movement. The model cre-
ated in this paper mainly simulates the aeolian sand move-
ment in the region near the surface of the sand bed, includ-
ing creep and saltation. The distributions of particle veloci-
ties in this region are used to reflect the creep and saltation
motion state.

The collision and lift-off of particles are very important
in the region near the surface of the sand bed. Particles
transfer air momentum to the sand bed surface and splash
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more particles into the air by the collisions with the surface
of sand bed. The collision processes determine not only the
distribution of particle lift-off velocities, but also the status
of the whole aeolian sand field [2]. Therefore, this paper
also focuses on the probability distributions of particle im-
pact velocity, impact angle, lift-off velocity and lift-off an-
gle.

Field observations, wind tunnel experiments, numerical
simulations and theoretical analysis are the main approaches
taken by the researchers to the aeolian sand movement.
With the set up of the Aeolian sand physics by Bagnold,
remarkable progress has been made in wind tunnel experi-
ments and field observations. Zou [3] used high-speed pho-
tography methods to study particle saltation movement in
the wind tunnel, and the results showed that the distribution
of particle velocity along the height followed the power
function pattern. Dong [4] measured the sand flux above the
sand bed surface with a sand trapper, and his results showed
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that the exponential function can describe the variation of
sand flux with height. Kang [5] got the probability distribu-
tions of particle impact and lift-off velocities on bed surface
and the particle velocity distributions at different heights in
a wind tunnel with the PDPA (Phase Doppler Particle Ana-
lyzer) measurement technology. The results showed that the
probability distribution of impact and lift-off velocities of
sand grains can be expressed by a log-normal function, and
that of impact and lift-off angles complies with an exponen-
tial function. Kang also suggested describing the probability
distribution of particle vertical velocity with a normal func-
tion.

At the same time, an increasing number of scholars
simulate the aeolian sand movement through some mathe-
matical models. In recent models, the aeolian sand move-
ment is generally divided into four different processes, such
as aerodynamic entrainment, grain trajectories, grain-bed
impacts, and wind field modification. In the model created
by Ungar [6] and McEwan [7], collisions between particles
and sand bed are described by a splash function. However,
the research of Anderson [8] showed that the number of
grains due to aerodynamic entrainment is rare at a steady
state, and particle impacts mainly cause the saltating grains
to jump from sand bed into air. Huang [9] created a model
which considered the effect of mid-air collisions of particles,
and found that the mass flux at heights and the sand trans-
port rate are much closer to the corresponding experimental
values than those results when the mid-air collision is not
considered. Hence, it is important to study the collisions
between the particles and sand bed, but mid-air collisions of
particles should not be neglected. The model in this paper
considers the two kinds of collisions.

The Aeolian sand movement is a complex gas-solid
two-phase flow and the momentum exchange between air
and particles is also complicated. The results of field obser-
vations showed that the wind profile followed a logarithmi-
cal function in the near-bed layer before the aeolian sand
movement started. However, after the movement occurred,
the wind profile was modified due to the drag of particles.
For that reason, a model that considers the coupling effect
between the two phases better fits the aeolian sand move-
ment simulation. Huang [10] developed a model in which a
set of experimentally determined nonlogarithmic wind pro-
files are employed and found that the trajectory heights and
lengths of particles obtained by nonlogarithmic wind pro-
files are very different from those calculated by the loga-
rithmically distributed profiles. Huang [11] also created a
numerical model which took into consideration the effect of
thermal flux from the surface to the atmospheric boundary
layer to simulate the fine structure and development of a
dust devil, and indicated that the formation mechanisms of a
dust devil could be explained with the theory of thermal
convection. Zheng [12] set up a model which considered the
drag force between fluid and particles, gravitational force
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and electrostatic force to simulate the aeolian sand move-
ment and reported that all three forces affected the move-
ment. Kang [13] created a two-dimensional model which
treats particles as plates with an identical diameter, intro-
duced the soft sphere model for particle-bed and parti-
cle-particle collisions and considered the coupling interac-
tion between the saltation particles and air, and got the dis-
tributions of particle velocity and sand flux. However, the
statistical sand flux results are still in need of further im-
provement because the simulation is only two-dimensional.

A three-dimensional CFD-DEM model, which applies
the soft sphere model for inter-particle collisions with the
coupling effect between the gas phase and solid phase taken
into consideration, is created in this paper to simulate the
aeolian sand movement in the region near the surface of
sand bed. The distribution of mean particle horizontal ve-
locity, the probability distributions of particle impact veloc-
ity and angle and particle lift-off velocity and angle, and the
probability distributions of particle horizontal, longitudinal
and vertical velocity at different heights and their fixed fit
expressions are got from the simulation.

1 Mathematical model

1.1 Equations of gas phase

The continuity and momentum equations of the gas phase
are as follows:

0
E(prf)"‘v'(afpfur):(), (D

0
E(prfuf) +V- (afpfufuf)
=-a,Vp+V (7)) + o pi 8 — fdrag’ 2

where subscript f indicates the gas phase, p;, u; and p

are the fluid density, velocity and pressure, respectively. g is
gravity acceleration. 7; is the fluid shear stress. o is the
volume fraction of fluid, and f,, is the volumetric

fluid-particle interaction force. %, o and f,, are ex-

pressed as follows:

2
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where . is the fluid effective viscosity, I is unit tensor,

AV and Vy are the volume of a computational cell and the
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volume of particle k inside this cell, respectively, and n,, is
the number of particles in the cell. For the three-di-
mensional flow, AV =AxAyAz, Ax, Ay and Az are the

lengths of a computational cell in the x, y and z directions,
respectively.

F,,. is the fluid drag force on particle i, which can be

described by Di Felice [14] as:

C -
Fdrag,i = é“) nds pf atz |uf _up|(uf _up)afla (6)

where y =3.7-0.65exp[—(1.5-logRe,)* /2], C,, and
Re, are the fluid drag coefficient and the particle Reynolds

number, respectively:

2
4.8
C,= [0.63 +FJ s (7

®)

As the air in the aeolian sand movement is in a turbulent
state, the effect of fluid turbulence should be considered.
The fluid turbulence can be treated with the standard k-&
turbulent model as follows:

0
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4, is the fluid dynamic viscosity and g, is the

turbulent viscosity. 4, =c, ok’ e, g =+ c
¢, =144, ¢, =1.92 and

¢,=0.09. S, and S, are the source terms of the gas tur-

¢, and ¢, are constants,

bulence kinetic energy and its dissipation rate induced by
particles. However, those terms have not yet been consid-
ered in the current simulation, and will be considered in
further research.

1.2 Equations of particle motion

The equations of particle translational and rotational motion
are expressed by
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dup,l n,
m, dr =m.g +Fdrag,1 +;(fn,lk +ft,lk)v (11)
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where m, u,, and @ are the mass, translational and an-
gular velocity of particle I, respectively. f,,, f,, and

T, are the normal collision force, tangential collision force

and torque between particles ! and k, respectively.
T, =R x(f,, +f.,) R isthe vector from the center of

particle [ to the collision point. [ is the moment of in-

is the number of

c

. . 1
ertia of the particle, I, :Empds. n

the particles in contact with particle /.

1.3 Inter-particle collision model

The soft sphere model is used to describe inter-particle col-
lisions as it is suitable for treating the multiple particle col-
lisions. According to the linear spring model [15], the nor-
mal and tangential inter-particle forces can be described as
follows:

fn,lk =-k0, =Y (13)
-k .o, — , S |

» :{ sO TV i |-fr,lk| < 4, |-fn,lk| (14)
~H, fn,lk|t’ |ft,lk| > M fn,lk|’

where subscripts n and ¢ indicate the normal and tangential
directions. k; and 7 are the stiffness and damping coeffi-
cients, respectively. 4 is the friction coefficient. Jis the di-
splacement vector between two contacting particles, and v is
the relative velocity vector between two contacting particles,
Vou =W, -mn, v, =v, —v V=V, —v, +@ xR, —

n,lk n,lk?

@, xR,. n is the unit vector from the centre of particle /

to that of particle k, n=R, / |Rl|. ¢t is the unit tangential

vector, t= v,l,k/|v, ,k|.

2 Simulated conditions

The computational domain is a 0.03 m-long, 0.002 m-wide
and 0.3 m-high three-dimensional cubic region as shown in
Figure 1. The periodic boundary condition is used for both
the front-back and left-right boundaries. For gas, the gas
velocity of the outlet is given to the inlet. For particles,
when a particle leaves from the inlet or the outlet, it will
enter the domain via the other. On the top boundary, the
constant shear stress 7 is set for the gas (7 is different in
different cases, and the corresponding friction velocity us is
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defined as u. =,/7,/p; ), and the reflective boundary con-

dition is used for particles, which means that if a particle

leaves the top boundary at the velocity of (u,,v,,w,), an-

r’
other particle will enter the boundary at the velocity of
(up,vp,—wp) . On the bottom boundary, the non-slip condi-

tion is used for gas. The particle-wall collision is treated in
the same manner as a particle-particle collision, and the wall
is considered one particle with an infinitely large radius, an
infinitely large mass and a zero velocity vector.

When the fluid field driven by the constant shear stress
of air on the top boundary is static, N particles are gener-
ated randomly in the region 50 mm high from the bottom
boundary of the computational domain (N is the number of
the particles, and N is different in different cases). Because
of the results of a stable state as our concern, the initial state
of simulation can be inconsistent with the actual condition,

but the initial state must be able to converge to a stable state.

The sand bed in true aeolian sand movement is very thick,
but not all the layers can move. In a few layers below, the
sand particles are almost static. Therefore, we set the bot-
tom boundary as a stationary plate (equivalent to a static
particle with an infinitely large radius), and use it to replace
all the particles below it. For the movement of many parti-
cles above, this substitution is in general equivalent, but it
will cause some error. The more sand layers we choose, the
smaller the difference between the actual situation and the
condition we set is. However, the more sand layers we
choose, the much more time the simulation will take. Out of
a comprehensive consideration of the two factors above, we
chose a compromised number of particles, which is the
number when particles accumulated 12 layers in the vertical
direction. These particles are generated in the region 50 mm
high from the bottom boundary when ¢=0, and their ini-

tial positions are random and their initial velocities are all 0.
Setting initial conditions as described above can make par-
ticles collide with each other when they drop to form the
sand bed, which is helpful to start the aeolian sand move-
ment. When the total sand mass flux in the computational
region does not change any more (random fluctuations will
exit), it indicates that the aeolian sand movement has
reached a static state.

The fluid field shaped by the transmission of the constant
shear stress can save computational time if particles are
generated after the fluid field is static. Moreover, generating
particles randomly in the region 50 mm high from the bot-
tom boundary can make particles collide with each other

Table 1 The description of simulation cases
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when they drop to form the sand bed, which is helpful to
start the aeolian sand movement and reach the static status.

The particles diameters in each case are identical (parti-
cle diameter d, is different in different cases). The particle
density is 2650 kg/m’. The stiffness coefficient is 1500 N/m,
the damping coefficient is 0.002 N s/m, and the friction co-
efficient is 0.4. The computational time-step for particles is
chosen as 2.0x107° s, and the time-step for fluid is 2.0x107
s. Haff [16] noted that the precise value of friction coeffi-
cient had little overall effect on the impact event when the
friction coefficient is between 0.25 and 2.0. Yuu [17] found
that in the order of 1000 N/m, the value of stiffness had
little effect on the particle behaviour. Hence, the friction
coefficient is 0.4, the stiffness coefficient is 1500 N/m, and
the damping coefficient is 0.002 N s/m in this paper. The
particles are softer in order to get a larger time-step and
fewer iterations. As the particle diameter is bigger, a larger
friction velocity is chosen than that in real aeolian sand
movement so as to drive more particles. All these methods
are used for reducing the computational time and getting the
converged results faster.

Results of the three cases are got in this paper (Case 1,
Case 2 and Case 3). The differences of simulated conditions
of the three cases are shown in Table 1, and the other condi-
tions remain the same as described above.

3 Results and discussion

3.1 Variation of mean particle horizontal velocity with
height

The variation of mean particle horizontal velocity with

L.

Figure 1 The sketch of the computational domain.

Y

Serial number Simulated particle numbers N

Particle diameter d;, (m) The shear stress of top boundary 7, (Pa)

Case 1 6480
Case 2 17000
Case3 17000

0.00033 14.7
0.00020 14.7
0.00020 75
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height is important in studying the kinetic energy distribu-
tion, which determines the variation of erosion intensity
with height [18]. Therefore, the sand velocity is a key pa-
rameter in the study of aeolian sand movement.

Results of the variation of mean particle horizontal ve-
locity with heights of three cases are shown in Figure 2. It
can be seen that the mean particle horizontal velocity in-
creases with height, and the wvariation of the
non-dimensional mean particle horizontal velocity with
height can be described by a power function as follows:

LA, (15)

where u, is the mean particle horizontal velocity (m/s), u.

is the friction velocity (m/s), & is the height (m), d, is the
particle diameter (m), and A and B are the fitting parame-
ters.

Table 2 lists the fitting parameters of the mean particle
horizontal velocity distribution. R* is the correlation coeffi-
cient. It can be seen that the correlation coefficients of the
three cases are more than 0.97, which means the power
function can reasonably describe the mean particle horizon-
tal velocity distribution. Dong [4] and Zou [5] have also
found that the horizontal velocity distribution of particles
can be expressed by a power function from their
experimental observations.

The effect of particle diameter and wind speed on the
mean particle horizontal velocity distribution can be seen in
Figure 2. Under the condition that particle diameters remain
the same, with the increase of the wind speed the particle
horizontal velocity also increases. When the wind speed
remains the same, smaller particles move faster than bigger

Table 2 Fitting parameters of the mean particle horizontal velocity

Serial number A B R’
Case 1 0.10901 0.53367 0.97436
Case 2 5.61003 0.13146 0.99911
Case 3 1.82639 0.23396 0.99048

16

14

124 = Case1
o Case2

101 A Case3

e

200 400 600 800 1000 1200
Non-dimensional height

o N A O @
1
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o

Figure 2 Variation of the mean particle horizontal velocity with height.
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particles. Moreover, the no-dimensional fitting functions for
the three cases are in the same form, but parameters of each
other are different.

3.2 Comparison of results of two- and three-dimen-
sional models

Figures 3 and 4 show the comparisons of particle velocity
and sand mass flux from the three dimensional model in this
paper (Case 1), the similar two dimensional model [13] and
the similar experiment. d, is the particle diameter in ex-
periments, and uy, is the free-stream wind velocity at mid
height of the wind tunnel. It can be seen from Figure 3 that
the results of the mean particle horizontal velocity from the
two models are basically consistent with the experimental
result [19]. However, Figure 4 denotes that the results of
sand mass flux from the two-dimensional model are much
more than the three-dimensional results and the experimen-
tal result [20], while the latter two are almost identical (ac-
cording to the reference [20], the sand mass flux here is the
product of the sand mass transport rate per unit area and the
unit height of the sand trap). This is because after particles
lift off from the sand bed, they should disperse in the re-
spective x, y and z directions. However, the effect of the

14+
" 121
3 A 3D &8
210 02D ¢
8 = Experiment f
2 84  d,=030-0.36mm o
£ Up=11.1m/s L
§ 61 [ IQA
= " q
2 44 -
< m O
©
8 2 Sot
Ol
-
0 |A T T 1
1E-3 0.01 0.1 1
Height (m)

Figure 3 A comparison of the simulated mean horizontal velocity with
experimental data.
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Figure 4 A comparison of the simulated sand mass flux with experimen-
tal data.
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dispersal in the y direction can not be considered in the
two-dimensional model. Hence, the mean particle density is
magnified unreasonably. This is the most irrational aspect in
the two-dimensional model, which results in the obvious
overestimation of the sand mass flux. Therefore, the three-
dimensional model improves significantly on the two-di-
mensional model in this aspect.

3.3 Probability distribution of impact velocity and an-
gle of particles near the sand bed surface

In the following results, the impact particles and lift-off
particles are defined as: in the region above the sand bed
surface Imm, if the vertical velocity of a particle is down-
ward, it is considered an impact particle, otherwise it is the
lift-off particle. Particle impact and lift-off velocities are
resultant velocity in the x, y, z directions of impact and
lift-off particles, respectively. The particle impact angle is
the angle between the particle impact velocity and the hori-
zontal face. The particle lift-off angle is the angle between
the particle lift-off velocity and the horizontal face.
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The probability distribution of the particle impact veloc-
ity is shown in Figure 5. The histogram is the probability
from calculation, and the line is the fitting curve. It can be
seen from Figure 5 that the probability distributions of the
particle impact velocity can be described by a log-normal
function as follows:

P(u;) =

2
_(ny, -InC) J a16)

A
————exp
V2nBu, [ 2B

where P is the probability, u, is the particle impact veloc-

ity (m/s), and A, B and C are the fitting parameters.

Table 3 lists the fitting parameters of the particle impact
velocity distribution. Ris the correlation coefficient. It can
be seen that the correlation coefficients of the three cases
are more than 0.96, which means the log-normal function
can fairly describe the particle impact velocity distribution.
The probability distribution of the particle impact angle is
shown in Figure 6. The histogram is the probability from
calculation, and the line is the fitting curve. It can be seen
from Figure 6 that the probability distributions of the parti-
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Impact velocity (m s™) Impact velocity (m s™) Impact velocity (m s™")
Figure 5 Probability distribution of the particle impact velocity.
Table 3 Fitting parameters of the particle impact velocity distribution
Serial number A C R’
Case 1 0.07266 0.39728 0.4755 0.99876
Case 2 0.0519 0.01095 29.80632 0.98638
Case 3 0.05807 0.02218 9.43039 0.96983
0.40 0.25 0.40
0.35 mm Case 1 mm Case 2 0.35 mm Case 3
0.30 0.20 0.30
>
§ 0.20 0.20
£ 0.5 0.10 0.15
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Figure 6 Probability distribution of the particle impact angle.
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cle impact angle can be described by an exponential func-
tion as follows:

P(a,) = Aexp(—Ba,), (17)

where P is the probability, ¢, is the particle impact angle

(°), and A and B are the fitting parameters.

Table 4 lists the fitting parameters of the particle impact
angle distribution. R” is the correlation coefficient. It can be
seen that the correlation coefficients of the three cases are
more than 0.98, which means the exponential function can
describe the particle impact angle distribution well.

3.4 Probability distribution of lift-off velocity and an-
gle of particles near the sand bed surface

The probability distribution of the particle lift-off velocity is
shown in Figure 7. The histogram is the probability from
calculation, and the line is the fitting curve. It can be seen
from Figure 7 that the probability distributions of the parti-
cle lift-off velocity can be described by a log-normal func-
tion as follows:

Plu,) = (18)

_(nu, —In C)ZJ

A
exp
N2nBu, ( 2B

where P is the probability, u; is the particle lift-off velocity
(m/s), and A, B and C are the fitting parameters.

Table 5 lists the fitting parameters of the particle lift-off
velocity distribution. R” is the correlation coefficient. It can

0.25 4 0.07 -
0.20 4 mm Case 1 0.06 -
0.05
50151 0.041]
=2
S 0.10+ 0.03+
a 0.02
0.05 - 0.01
0.00 - 0.00

Lift-off angle (°)

Figure 7 Probability distribution of the particle lift-off velocity.

0.40 0.100
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0.30 0.075
025
5020 0.050
8 0.15
% 0.10 0.025
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¥ —— T T T T 1 0.000
0 20 40 60 80 100 120 140 160 180
Lift-off angle (°)

Figure 8 Probability distribution of the particle lift-off angle.
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be seen that the correlation coefficients of the three cases
are more than 0.96, which means the log-normal function
can describe the particle lift-off velocity distribution well.

The probability distribution of the particle lift-off angle
is shown in Figure 8. The histogram is the probability from
calculation, and the line is the fitting curve. It can be seen
from Figure 8 that the probability distributions of the parti-
cle lift-off angle can be described by an exponential func-
tion as follows:

P(a;) = Aexp (—BaL ), (19)

where P is the probability, ¢y is the particle lift-off angle (°),
and A and B are the fitting parameters.
Table 6 lists the fitting parameters of the particle lift-off

Table 4 Fitting parameters of probability distribution of the particle
impact angle

Serial number A B R?
Case 1 0.56145 0.13596 0.98844
Case 2 0.21069 4.37467 0.98115
Case 3 0.54787 2.85421 0.98569

Table 5 Fitting parameters of the particle lift-off velocity distribution

Serial number A B C R?
Case 1 0.06333 0.34673 0.3678 0.99871
Case 2 0.04683 0.01029 29.63447 0.98871
Case 3 0.0369 0.01941 9.33828 0.9687

0.10 q
mm Case 2 0.08 mm Case 3
0.06 1
0.04 1
0.02 1
T . , 0.00 y r T . !

31 32 33 34 8
Lift-off angle (°)

00 04 08 12 16 20 24 28 32 28 29 30

©
-
o
-
=
-
N
-
w
-
N
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Table 6 Fitting parameters of probability distribution of the particle
lift-off angle

Serial number A B R?
Case 1 0.41243 0.09571 0.99
Case 2 0.09553 3.75323 0.95928
Case 3 0.14637 2.05612 0.96901

angle distribution. R” is the correlation coefficient. It can be
seen that the correlation coefficients of the three cases are
more than 0.98, which means the exponential function can
describe the particle lift-off angle distribution well.

The comparison of the non-dimensional impact velocity,
impact angle, lift-off velocity and lift-off angle between the
simulated results from Casel in this paper and the published
experimental results by Kang [5] are shown in Figure 9. The
non-dimensional impact velocity is defined as the ratio of
the particle impact velocity to its average. The non-dimen-
sional impact angle is defined as the ratio of the particle
impact angle to its average. The non-dimensional lift-off
velocity is defined as the ratio of the particle lift-off velocity
to its average. The non-dimensional lift-off angle is defined
as the ratio of the particle lift-off angle to its average. Kang
has found that the probability distribution of impact and
lift-off velocities of particles can be expressed by a log-
normal function, and that of impact and lift-off angles can
be expressed by an exponential function. It can be seen
from Figure 9 that the simulated probability distribution of
the impact and lift-off velocities and the impact and lift-off
angles in this paper are accordant with the experimental
results.
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3.5 Particle velocity distributions at different heights

The particle velocity distribution at different heights is a
reflection of the movement of saltation particles [5]. Two
heights at the bottom and middle parts, 4 and 20 mm, are
selected for analysis. Because the probability of particles
reaching higher height is small, and the velocity distribution
at a higher height has no much value, no higher height is
selected.

The probability of the particle horizontal velocity at dif-
ferent heights is shown in Figure 10. The histogram is the
probability from calculation, and the line is the fitting curve.
It can be seen that the distributions all have a typical peak
and show a positive skewed-ness. The distribution can be
expressed by a log-normal function, and this is accordant
with the experimental results by Kang [5]. At the 4 mm
height, the mean value of the particle horizontal velocity is
lower, and the changed range of the particle horizontal ve-
locity is smaller, while at the 20 mm height, the mean value
is higher, and the changed range is larger. This is because
most particles move in the bottom part of the saltation layer,
and only a few particles can reach the higher height by the
acceleration of air. So the mean horizontal velocity of these
accelerated particles is higher, and the changed range is
larger.

The probability of the particle longitudinal velocity at
different heights is shown in Figure 11. The histogram is the
probability from calculation, and the line is the fitting curve.
It can be seen that at the 4 mm height, the distribution is a
normal distribution symmetric to zero point. At the 20 mm
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Figure 9 A comparison of the simulated impact and lift-off velocity and angle with experimental data.
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Figure 10 Probability distribution of the particle horizontal velocity.

height, the distribution is similar to a normal distribution
symmetric to zero point. This result denotes that the move-
ment of particles in the longitudinal direction is symmetric,
which means the probability of particles moving positively
equals that of moving negatively. However, the two-dimen-
sional simulation can not give the information in the longi-
tudinal direction.

The probability of the particle vertical velocity at differ-
ent heights is shown in Figure 12. The histogram is the
probability from calculation, and the line is the fitting curve.

Table 7 Fitting parameters of the particle horizontal velocity distribution
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It can be seen that the distribution basically accords with a
normal distribution symmetric to zero point, with a little
leftward skewed-ness. The particle vertical velocity gener-
ally changes between —2.5 and 2 m/s, which is consistent
with the experimental results of Dong [4] and Kang [5].

Tables 7, 8 and 9 list the fitting parameters of the distri-
butions of particle horizontal velocity, longitudinal velocity
and vertical velocity, respectively. The probability distribu-
tion of particle horizontal velocity can be described by a
log-normal function as follows:

Serial number Height (mm) A B C R’
Case 1 4 0.0775 0.3766 0.53513 0.99679
20 0.18542 0.37818 2.82232 0.89007
Case 2 4 0.06814 0.01142 30.8439 0.99493
20 0.12994 0.02179 36.24339 0.99416
Case 3 4 0.06577 0.02652 10.11297 0.98719
20 0.14733 0.07393 13.31765 0.97205
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Table 8 Fitting parameters of the particle longitudinal velocity distribution

July (2010) Vol. 53 No.7 1315

Serial number Height (mm) A B C R’
Case 1 4 0.06984 0.25714 —0.00465 0.99089
ase
20 0.08653 0.84124 0.14271 0.81785
Case 2 4 0.04872 0.40461 —-0.00434 0.99957
ase
20 0.08823 1.07494 —-0.01349 0.97875
Case 3 4 0.06255 0.35482 —-0.00004 0.99811
ase
20 0.07706 1.06808 -0.0124 0.9453
Table 9 Fitting parameters of the particle horizontal vertical distribution
Serial number Height (mm) A B C R’
Case 1 4 0.06865 0.21055 0.0287 0.98738
20 0.09801 0.95167 0.08782 0.9198
Case 2 4 0.05535 0.37979 0.02092 0.99607
ase
20 0.07908 0.96267 0.04083 0.98974
Case 3 4 0.06221 0.3097 0.03476 0.98817
ase
20 0.08449 0.90444 0.06061 0.97823
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Figure 11 Probability distribution of the particle longitudinal velocity.
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Figure 12 Probability distribution of the particle vertical velocity.

P(u,) =
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A
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where P is the probability, u, is the horizontal velocity (m/s),
and A, B and C are the fitting parameters. The probability
distribution of particle longitudinal velocity can be de-
scribed by a normal function as follows:

2(u, - C)?
€X — ~
T P B’

—B
2

P(u,)= , 1)

where P is the probability, u, is the longitudinal velocity
(m/s), and A, B and C are the fitting parameters. The prob-
ability distribution of particle vertical velocity can be de-
scribed by a normal function as follows:
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A exp(
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where P is the probability, u, is the longitudinal velocity
(m/s), and A, B and C are the fitting parameters. R’ is the
correlation coefficient. It can be seen that all the correlation
coefficients of the three cases are more than 0.9, which
means the selected functions can describe the particle ve-
locity distributions at different heights well. However, it can
be also found that while the distributions of the three cases
are similar, there are still different aspects. Further research
will focus on analyzing these differences.

The comparison of non-dimensional particle horizontal
velocity and particle vertical velocity between the simulated
results from Case 1 in this paper and the published experi-
mental results by Kang [5] are shown in Figure 13. The
non-dimensional particle horizontal velocity is defined as
the ratio of the particle horizontal velocity to its average.
The non-dimensional particle vertical velocity is defined as
the ratio of the particle vertical velocity to the average of
particle horizontal velocity. Kang found that the probability
distribution of particle horizontal velocity can be expressed
by a log-normal function. It can be seen from Figure 13 that
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Figure 13 A comparison of the simulated horizontal and vertical velocity with experimental data.

the simulated probability distribution of the particle hori-
zontal velocity and the particle vertical velocity in this pa-
per are generally accordant with the experimental results.

4 Conclusions

The three-dimensional model which applies the soft sphere
impact mode for particle impact simulation and which con-
siders the coupling effect between phases can simulate the
aeolian sand movement well. Some conclusions are summa-
rized below:

(1) The mean particle horizontal velocity can be ex-
pressed by a power function of heights. This is accordant
with the published two-dimensional results and experimen-
tal results;

(2) The probability distribution of impact and lift-off ve-
locities of particles can be expressed by a log-normal func-
tion, and that of impact and lift-off angles can be expressed
by an exponential function. This is consistent with the pub-
lished experimental results;

(3) The probability distribution of particle horizontal ve-
locity at different heights can be described as a lognormal
function, while the probability distribution of longitudinal
and vertical velocity can be described as a normal function.
This is consistent with the published experimental results;

(4) The mean density and sand mass flux from the
two-dimensional models which assume particles as plates
are larger than experimental results. The three-dimensional
model in this paper can correct those errors. As the mean

density and sand mass flux are two key factors in the ae-
olian sand movement, the three-dimensional model serves
the accurate and quantitative study of aeolian sand move-
ment better.

This work was supported by the National Natural Science Foundation of
China (Grant No. 10972223) and CAS Innovation Program.

1 Bagnold R A. The Physics of Blown Sand and Desert Dunes. London:
Methuen, 1941
2 Cheng H, Zou X Y, Zhang C L. Probability distribution functions for
the initial liftoff velocities of saltating sand grains in air. J Geophys
Res, 2006, 111: D22205
3 ZouXY,WangZL, Hao Q Z, et al. The distribution of velocity and
energy of saltating sand grains in a wind tunnel. Geomorphology,
2001, 36: 155-165
4 Dong Z B, Liu X P, Wang H T, et al. The flux profile of a blowing
sand cloud: a wind tunnel investigation. Geomorphology, 2002, 49:
219-230
5 Kang L Q, Guo L J, Liu D Y, Experimental investigation of particle
velocity distributions in windblown sand movement. Sci China Ser
G-Phys Mech Astron, 2008, 51: 986-1000
6 Ungar J E, Haff P K. Steady state saltation in air. Sedimentology,
1987, 34: 289-299
7 McEwan I K, Willetts B B. Adaptation of the near-surface wind to
the development of sand transport. J Fluid Mech, 1993, 252: 99-115
8 Anderson R S, Haff P K. Wind modification and bed response during
saltation of sand in air. Acta Mech, 1991, (suppl.1): 21-51
9 Huang N, Ren S, Zheng X J. Effects of the mid-air collision on sand
saltation. Sci China Ser G-Phys Mech Astron, 2008, 51: 1416-1426
10 Huang N, Zhang Y L, D'Adamo R. A model of the trajectories and
midair collision probabilities of sand particles in a steady state salta-
tion cloud. J Geophys Res, 2007, 112: D08206
11 Huang N, Yue G W, Zheng X J. Numerical simulations of a dust



1318

13

14

15

16

YANG JieCheng, et al.

devil and the electric field in it. J Geophys Res, 2008, 113: D20203
Zheng X J, Huang N, Zhou Y. The effect of electrostatic force on the
evolution of sand saltation cloud. Eur Phys J E, 2006, 19: 129-138
Kang L Q, Guo L J. Eulerian-Lagrangian simulation of aeolian sand
transport. Powder Technol, 2006, 162: 111-120

Di Felice R. The voidage function for fluid-particle interaction sys-
tems. Int J Multiphase Flow, 1994, 20: 153-159

Crowe C T, Sommerfeld M, Tsuji Y. Multiphase Flows with Droplets
and Particles. Boca Raton: CRC Press, 1998

Haff P K, Anderson R S. Grain scale simulations of loose sedimen-
tary beds: The example of grain-bed impacts in aeolian saltation.
Sedimentology, 1993, 40: 175-198

Yuu S, Abe T, Saitoh T, et al. Three-dimensional numerical simula-

Sci China Phys Mech Astron

18

19

20

July (2010) Vol. 53 No.7

tion of the motion of particles discharging from a rectangular hopper
using distinct element method and comparison with experimental
data (effects of time steps and material properties). Adv Powder
Technol, 1995, 6: 259-269

Zou X Y, Wang Z L, Hao Q Z, et al. The distribution of velocity and
energy of saltating sand grains in a wind tunnel. Geomorphology,
2001, 36: 155-165

Kang L Q, Guo L J, Gu Z M, et al. Wind tunnel experimental inves-
tigation of sand velocity in aeolian sand transport. Geomorphology,
2008, 97: 438-450

Dong Z B, Liu X P, Wang H T, et al. The flux profile of a blowing
sand cloud: A wind tunnel investigation. Geomorphology, 2002, 49:
219-230




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


