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Numerical Simulation of a Wind-Sand Flow
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Abstract: A theoretical model for wind-sand flow is developed by consideration of coupling among wind flow,
sand particle motion and the Magnus effect under different atmospheric stability conditions. Using this model,
the characteristics of the movement of wind and sand in the wind-sand flow are discussed in detail. The results
show that the atmospheric stability and the Magnus effect both have a strong effect on wind profiles and on
the trajectories of sand particles and that these effects produce results with different characteristics from those
previously reported in the study, which apply only to neutral stability: The saltating sand reaches a greater
height under non-neutral stability than under neutral stability, while the maximum horizontal distance is higher
under unstable conditions and is smaller under stable conditions than under neutral stability.
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INTRODUCTION

The wind-sand flow is a kind of two-phase (gas-solid)
turbulent fluid movement that occurs within the
atmospheric turbulent boundary layer (Zhu et aof., 2001).
This flow is an issue of central importance in the physics
of blown sand and thus, is of central importance in
developing basic theories of aeolian sand landforms,
desertification and wind sand control engineering. The
focus of this two-phase flow is the interaction between
the wind and the sand particles; that is, the sand is
affected by the wind, meanwhile, the moving sand also
has retardatory effects on the wind. This coupled
interaction between the wind and saltating particles leads
to so-called “self-regulating feedback mechanism” in
wind-sand flow. That is to say, for a specific reference
wind velocity, the movement of wind-blown sand will
attain an equilibrium state when the number of moving
sand grains and the resulting sand transport rate reach a
certain value and the wind profile will subsequently
remain stable (Bagnold, 1941; Owen, 1964; Ungar and
Haff, 1987; Anderson and Haff, 1991; Huang and Zheng,
2003, 2006; Zheng et al., 2003, 2006).

Systematic studies of the wind-sand flow can be
dated back to the 1930s and began with field observations
and experimental studies (Bagnold, 1935, 1936, 1941;
Chepil, 1951; Owen, 1964). Several scholars and experts
began to study the characteristics of the wind-sand flow
using numerical simulation after the symposium on the
physics of blown sand held in the Aarhus University,
Denmark in 1985 (Anderson, 1987, Ungar and Haff, 1987,
Anderson and Haff, 1988, 1991; Werner, 1990; McEwan

and Willitts, 1991, 1993; Haff and Anderson, 1993, Spies
et al., 2000, Leenders et al., 2005). Ungar and Haft (1987)
proposed a single-way theoretical model by considering
the mutual coupling interaction between wind flow and
sand movement. This model relied on the description of a
stable 2-D wind-sand saltation. However, the model used
a simplification that assumed identical motion for all sand
particles; that is, it assumed that every sand particle hits
the sand bed and lifts another particle and that all the
sand particles jump vertically from the sand bed at the
same speed. In addition, the equation for sand motion in
this model only accounted for gravity and aerodynamic
drag. Therefore, even though the model represented a
conceptual breakthrough at the time, it is toe simplistic. In
addition to the effects of gravity and drag, the movement
of sand particles is also affected by the Magnus effect
created by the rotation of the moving sand (Chepil, 1951;
White and Schulz, 1977) and they found that the sand
particles are in high speed rotation for the collision among
them during their saltation movement by means of
experiment. White and Schulz (1977) simulated the
influence of the Magnus effect on the trajectories of
saltating sand particles using a numerical model. Their
results indicated that the Magnus effect exerts a
significant influence on the trajectories of sand particles
and can increase the height of sand motion by 20%.
However, they did not consider the counterforce exerted
by the sand on the wind, therefore, their numerical model
cannot be one for a coupling model.

In addition, past research only focused on the neutral
atmospheric stability (i.e., the temperature of the air
equals that of the earth’s-surface and does not change
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with height, the clean wind profile obeys the rule of the
wall) and they ignored the influence of thermal factors
(i.e., changes in the temperature of the earth’s-surface and
the atmosphere) and the vertical wind velocity produced
by the thermal factors. Previous studies suggested that
the strong solar radiation in gobi and desert of the arid
and semi-arid areas creates variability in the temperature
of the earth’s surface and of the atmosphere in the
boundary layer and that this temperature gradient has an
obvious influence on the flow strength in the boundary
layer and on the particle concentration in the saltation
layer (Liu, 1960, Zhang et al, 2004). Under different
stability conditions, the temperature gradient and the
wind profile obey different laws. Under the unstable
conditions, the surface temperature is higher than that of
the atmosphere above that surface and this difference
generates a kind of upward buoyancy, that reinforces the
wind intensity within the turbulent boundary layer
(Stull, 1988; Cai et al., 2002; Liu et al., 2002; Hu et al.,
2004; Zhang et al., 2004). Under this condition, the clean
wind profile can be demonstrated by a concave-upward
curve on the semi-logarithmic coordinate. Under the
stable conditions, the surface temperature is lower than
that of the atmosphere above the surface and this
difference generates a vertical downward buoyancy,
that restrains the wind intensity in the turbulent
boundary layer (Stull, 1988, Cai et al, 2002; Liu et al.,
2002; Hu et al., 2004; Zhang et al., 2004) and the clean
wind profile can be illustrated by a convex-upward curve
under the semi-logarithmic coordinate. Under the neutral
condition, the atmospheric temperature doesn’t change
with height and no buoyancy effect occurs, thus the
effect of temperature can be ignored in models. So far as
the interaction between wind and sand is concerned,
under non-neutral conditions, the trajectories of moving
sand particles and the wind profile will change
correspondingly with the change in wind intensity and in
the temperature gradient. In order to thoroughly
understand the characteristics of the wind-sand flow, we
cannot emphasize only dynamical factors in our models;
we must also pay careful attention to thermal factors.

Based on the analysis above, we developed a
theoretical simulation model that considers both the
effects of dynamic factors and the effects of thermal
factors. By means of numerical simulation, we describe the
trajectories of moving sand and the wind profiles under
non-neutral conditions and discuss their important
differences between neutral and non-neutral stability
cases.

THE MOTION EQUATIONS FOR
SALTATING SAND PARTICLES

For simplicity, we have assumed that the sandy
surface is composed of spherical grains with identical
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diameter, D, and that m, is the mass of a sand particle.
Congider a 2-D rectangular Cartesian coordinate system
with x and z axes in which the motion of the sand is
steady, the x-axis represents the horizontal direction
parallel to the wind flow and the positive z-axis represents
the vertical direction above the sand bed. By accounting
for the effective gravitational force, the drag force exerted
by the wind and the Magnus effect, the motion equations
for saltating sand particles can be written as follows
(White and Schulz, 1977):
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Where, x and z are the coordinates of sand particles,
the sand velocity
directions,u and w are the wind velocity in the x and z
directions, p 1s the air density, t 1s the time, ¥ 1s the
coefficient of kinematical viscosity of air and 8 is the sand
particle’s angular velocity.

xand 7 are i the x and z

THE NAVIER-STOKES EQUATION
FOR WIND-SAND FLOW

After considering the mteraction between the wind
flow and the moving sand in the saltation layer, the effect
of saltating particles on the air can be depicted by adding
extra body force F in Navier-Stokes equation. So we can
write the Navier-Stokes equation for the wind flow (Whte,
1974):

p%+p(ﬁ-V)ﬁ:—VP+V-f—pg+ﬁ 2

Where 7 is the wind velocity vector, P is the
pressure of the air, T is the shear-stress tensor, F
denotes the volume force per unit volume. As we known:
the mteraction between the wind and saltating particles
leads to so-called “self-regulating feedback mechanism”
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in wind-sand flow, so we can given steady (3/Jt = 0) and
horizentally uniform (8/9z>>3/9x) flow (Anderson and
Haff, 1991, McEwan and Willitts, 1993), we can rewrite the
equation as follows:

au ot

w— =—2Z + | (3.a)
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According to the Boussinesq assumption (Fu, 1995):
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Where, v, is the eddy viscosity. Under conditions of
neutral and non-neutral stability, we use different
parameterization for v, (Ungar and Haff, 1987, Shao and
Lu, 1999).

Neutral stability: Under the condition of neutral stability,
we adopt a popular and well-known one-and-half order
parameterization scheme of turbulent kinetic energy (k)
and the dissipation rate of turbulent kinetic energy (€)
(Shao and Lu, 1999) and this closure techmque for
turbulent modelling can give us more information about
turbulent kinetic energy (k) and the dissipation rate of
turbulent kinetic energy (€):
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The reduced form for Eq. 6-7:
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Where, o, C,., C,, and o, are constants with the
values 1.0, 1.44, 1.92 and 1.3, respectively (Launder and
Spalding, 1974). The air density can be derived from the
continuity equation:

a(pU;
. (PU;) _ 0

ot X

(8)

Substituting Eq. 4 and 5 mto Eq. 3, considering the
temperature does not change with the height under
neutral stability and thus, the buoyancy effects do not
arise, we can only focus on the wind in the x direction,
then we can get the equation under neutral stability:

2
p.o_ogk_auJ
g 0z

3

Z

-F, (9)

Where, F, i1s the horizontal body force per umit
volume on the wind by the saltating sand particles.

Non-neutral stability: Under the condition of non-neutral
stability, we adopt the prandlt’s mixing-length (McEwan
and Willitts, 1991):

Vi :12 (10)

oz

Where, 1 is the mixing-length, which changes as a
result of dynamical and thermal factors. According to
Liu et al (1991):

1= Azl—e (1 1)
Where A = kzf) and depends on the stability
parameter ¢ and on the surface roughness length z;.
Under unstable conditions:
—1<e<0 (12)
The lower the value of, the greater the degree of
instability. Under stable conditions:
0<e~<l (13)

The higher the value of e, the greater the degree of
stability.
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Then:
—e
Lkz[i} (14)
Zy
Where k is Von Karman’s constant (k = 0.4).
Substituting (14) into Eq. 10:
(13)

—Ze au
Zy 0z

The temperature will change with height under the
condition of the atmospheric instability and this generates
the hot buoyancy that affects the vertical flow within the
atmosphere. Therefore, we must consider not only the x
direction of the wind, but also the z direction. Thus, we
can get the equations of the wind under the non-neutral

conditions:
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(Ungar and Haff, 1987)

Where, S is the total number of sand particles ejected
from the bed per umt area and umt time, on the
assumption that the sand particles eject vertically from the
sand bed at the same speed; the subscripts ‘T and ‘I
represent  ascending and  descending  particles,
respectively; 7 ; and Z | are the vertical components of the
velocity of ascending and descending sand grains at a
given height and Fp, and Iy, are the drag forces on a
single sand grain in the x and z directions, respectively.
Above the sand saltation level, F,=0and F, = 0.

PARTICLE-BED IMPACTS
The mteraction between saltating sand particles and

the sand bed can be described using a so-called “splash
function”, S(v,, v,), where S is the total number of sand
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particles ejected from the sand bed per unit area and unit

time. For sumplicity, we have employed a sinple delta

formula of splash function proposed by Ungar and Haff
v

(1987
vo—B—
ng

The meaning of Eq. (18) 1s that for a given umpact
velocity, v;, there are those sand particles of number
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ejected from the sand surface at the same vertical ejection
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For the condition of steady motion, we have,
2
A

ng
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Where, A 1s a dimensionless constant that depends
on the surface roughness, the shape of the sand, the
friction between sand particles and the nature of the
sandy surface.

SCHEME OF CALCULATIONS

The initial and boundary conditions for the model: In
order to solve the nonlinear equations, we have defined
the boundary conditions for Eq. 9 and 16 and the initial
conditions for Eq. 1 and 6-8. The initial conditions are as
follows:

t=0:
D o
x=0,z=—2 x=0,z=v,and0 =9, (19a)
30
k=3x107U%e=0.09"7 x (19b)

K" (kz),p = pg

Here, v, is the vertical component of the initial
velocity of the sand particle, 8, is the original rotation rate
of the moving sand particle and p; = 1.23 kg m .

For Eq. 9 and 16, the boundary conditions are as
follows:

The lower boundary conditions:
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B |0k G dp| du AU
z=D,/30:U= 0,{5,555} =0 and Az ¢ Z—> 00U = kz(zj d—(non-neutral condition)
Zy z
Where, ¢ is a constant to be adjusted. The upper
boundary conditions: Modified wind profile
_ ){akzag’ap’au}_o Intial wind profild
O 0n O 02 — Mo > o

du . : . .
Z—5 00U = sz(neutral condotion) Fig. 1: Scheme of calculations used in the model
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Fig. 2: Influence of the Magnus effect on the wind profiles and trajectories of blowmng sand under different types of
atmospheric stability
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Calculation approach for the model: The main steps to
solve the nonlinearly coupled equations can be seen from
the literature of Zheng et al. (2003) and the calculation
procedure for the model 1s illustrated mn Fig. 1.

RESULTS AND DISCUSSION

The parameters of the sand gramns used in this model
are as follows:

pg = 2650kgm °,D,, =0.25mm

Influence of atmospheric stability and the Magnus
effect upon saltation

Figuer 2 shows the influence of the Magnus effect on
the wind profiles and trajectories of sand motion under
three different stability conditions. Tt shows that the
Magnus effect has a strong effect on the trajectories of
sand particles for each form of stability and that the
magnitude of the effect increases as the rotation rate of
the particle increases. Talke unstable situation for example,
when the original rotation rate of the sand particle is zero,
i.e. 8, =0, the horizontal distance and maximum height of
the saltating sand particle are 190 and 20.6 mm,
respectively, versus 217.9 and 22 8mm, respectively, at 8,

= 150rev 57", 232.6 and 24.2 mm for 6, = 275rev s and
255.1 and 25.4 mm for 8, = 420rev s—'. As we known, the
Magnus effect becomes greater In addition, Fig. 2
llustrates that the wind profile within the saltation layer
shows remarkable difference from that at the outer
saltation layer.

Figure 3 displays the effect of the different types of
stability on the wind profile and trajectories of sand
particles under rotation rates of 8, = 275 (top graphs) and
420 rev s' (bottom graphs). Figure 3 shows that the
saltating sand reaches a greater height under non-neutral
stability than under neutral stability, while the maximum
horizontal distance is higher under unstable condition and
15 smaller under stable condition than under neutral
stability. In addition, the wind profile is clearly different.
For example, at 0, = 420 rev s, the wind velocity at a
height of 2 mm is 1.68 m s~ under neutral condition, 1.98
m s~ under instability and 0.7 m s~ under stability.

Influence of the stability intensity upon saltation: The
results presented above suggest that the atmospheric
stability has a remarkable influence on the characteristics
of the wind-sand movement. Figure 4 shows the influence
of stability intensity with an original rotation rate 8, = 100
and 200rev s~ Inthis fig.,, e is the stability index, with
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Fig. 3: Influences of atmospheric stability on the wind profiles and trajectories of saltating sand for two different original

rotation spining rates of the sand particles
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higher values of e (e > 0) representing increasing
atmospheric stability. Figure 4 suggests that the stability
strength has a noticeable effect on the wind profile and on
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Fig. 4: Influences of stability intensity on trajectories of sand particles and on wind profiles

trajectories of sand particles. For example, under

unstable conditions and 6, =100 rev s, the horizontal
distance and height of sand motion were 145.6 and 18.5
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mm, respectively, for e = -0.1, versus 201 and 21.7 mm for
e=-03and323.2 and 27.0 mm for e = -0.5. The results in
Fig. 4 thus suggest that under unstable conditions, both
maximum height and maximum horizontal distance increase
with increasing stability intensity. Similarly, the wind
profile shows obvious differences with respect to stability
mtensity.

Consequently, it 1s of great sigmficance to carry on
further study on the influence of different atmospheric
stability, 1.e. the effect of thermal factors.

CONCLUSION

In this study, we discuss the effects of thermal factors
on the characteristics of a wind-sand flow by developmg
a theoretical model of the wind-sand flow that couples
wind flow, the motion of sand particles and the Magnus
effect under different atmospheric stability conditions.
Our results show that the nature of the atmospheric
stability (neutral, stable, or umstable), the degree of
stability and the Magnus effect have strong effects on
wind profiles and the trajectories of saltating sand
particles: The maximum heights reached by sand particles
under non-neutral condition are greater than those
attained under neutral condition, whereas the maximum
horizontal distance is greatest under unstable conditions
and smallest under stable conditions. These results
indicate dramatic differences with the results obtained
under the assumption of neutral condition, which was the
case in many previous studies. The Magnus effect also
has a strong effect on the wind profiles and on the
trajectories of saltating sand particles and the magnitude
of the effect increased as the rotation rate increased. Our
results ndicate that 1t will be important to perform further
studies of the characteristics of wind-sand movement
under varying levels of atmospheric stability to improve
our understanding of the mechanisms that govern soil
erosion by the wind thoroughly.

In our study, we assumed a steady (3/0t = 0) flow, this
assumption can not simulate the whole developing
process of the wind-blown sand movement. Therefore we
should perform further simulations on unsteady flow.
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