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With the method of large-eddy simulation, the equation of spherule motion and the
method of immersed boundary condition, numerical simulations of three-dimen-
sional turbulent aeolian motion and the formation of sand ripples under three-di-
mensional turbulent wind and the mutual actions of saltation and creeping motion
were carried out. The resulting sand ripples have the form that is flat on the upwind
side and steep on the leeward, which is identical to the sand ripples in nature. We
also realized the self-restoration process of three-dimensional sand ripples, which
shows the correctness of the method of numerical simulation and the models of
saltation and creeping. Finally, We analyzed the influence of sand ripples on the
three-dimensional turbulent wind field, and found that due to the appearance and
development of sand ripples, in the normal direction of ground there exists
stronger energy exchange, and moreover, there is close correspondence between
the forms of sand ripples and the vorticity close to the ground surface.
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1 Introduction

As a significant global environment problem, desertification has received extensive attention. The
desertification leads to land degradation in agricultural productivity, and loss of large areas of
fertile land resources. It may also threaten industries, transportation, basic infrastructures and
human lives and cause substantial economic damage. The desertification directly causes the gen-
eration of sand storms, which not only leads to serious casualties and property loss, but also greatly
affects the quality of communication and power transmission.
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The main presentation form of desertification is the acolian motion of sand, which is the origin
of soil erosion and sand storms. Therefore, the research of the mechanism of aeolian motion has
attracted great attention. It is shown that there is no other way to understand the mechanism of wind
erosion, transportation and deposition of sand particles and the process of desertification than to
fully understand the mechanical mechanism of aeolian motion.

Aeolian sand ripples are the basic landforms under the effect of wind, which are closely related
to the transportation process of sand and are the basis of understanding other aeolian landforms.
Traditionarily, based on the conclusions of field observations and wind tunnel experiments, some
experiential formulae are used to describe the variation of sand bed and fluid field, and by a simple
solution process the formation and the evolution processes of sand ripples were revealed™—. With
the development of computer science, the method of numerical simulation gradually becomes an
important method in the study of formation mechanism of acolian sand ripples.

The numerical simulation of acolian sand ripples started in the mid 1980s. Anderson™—! first
applied the theoretical model of collision to numerically simulate the formation of sand ripples.
Their results preliminarily recovered the formation process of sand ripples in nature, but there are a
few disadvantages, e.g. the simulation is two-dimensional, which did not consider the motion of
sand in the span-wise and the discreteness of attack angles, and assumed all saltation sands rebound;
this is not seen in nature. In the simulation, it is assumed that the velocity of wind and saltation
particles is in a steady state, without considering unsteadiness of velocity and direction of wind and
the feedback effect of sand on the wind field.

Recently, Zheng’s research group carried out a fruitful study of aeolian sand motion. Zheng et
al. obtained the collision model of sands with ground, the initial jumping velocity, the distribution
of probability density of horizontal velocity and rotational angular velocity of sands.

Zheng et al.™® gave the distribution of concentration of sand along the height in acolian flow, and
indicated that the concentration is not simply an exponential decay with the height. Zheng et al.”!
carried out the wind tunnel test of electrified sand particles in an aeolian flow and found the rule
and distribution of aeolian electric field for the first time, demonstrated the relations of
charge-mass ratio and strength of electric field with the wind speed and particle sizes, and at the
same time showed the influence of electrified sand particles on the saltation of sands.

Nishimori and Ouchi™®, using a very simple method and considering the effect of saltation and
creeping on the formation of sand ripples, successfully reproduced the formation and evolution
process of acolian sand ripples on a small scale.

Walter and Werner™ put out a 3-D computational model for aeolian sand ripples. They pointed
out that the results obtained with Anderson’s and Kennedy’s models are contradictory with the
results of in-field observation and numerical simulations, because among small sand ripples there
is nonlinear merging taking place.

Nino and Atala™ proposed a simplified 2-D discrete model. In their model the forces on a
single particle on the sand bed were studied in detail, and the moving speed of sand ripples was
found to decrease with the increase of wave height.

Wang et al."2¥ simulated 2-D sand ripples with three models of saltation, creeping and stable
state. Sun and Wang™! gave another explanation of the formation of sand ripples. They found that
in the motion the sand particles constantly collide with each other, and since the exchange of
momentum happens in a very short time, the impulsive force is much larger than the gravity, drag
and friction forces between sands, and only the change of velocity needs to be taken into account at
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this very short moment. Based on this consideration, they built a discrete model of particle dy-
namics, which includes sand-sand and sand-fluid actions.

As mentioned above, it can be found that much work has been done on the process of aeolian
saltation and the formation of sand ripples, but none studied these two motions together as a whole
system. Since in nature, the saltation of sand particles and the formation of landform are two sides
of a system, and they interact with each other, any research that separates these two parts will be
incomplete. The goal of this study is to combine them together, in order to understand the genera-
tion and evolution of 3-D sand ripples under the mutual actions of turbulent aeolian saltation and
creeping motion and the self restoration process of 3-D sand ripples.

2 Numerical algorithm of large-eddy simulation of turbulence and the
verification of code

The pseudo-spectrum method is used to numerically solve the incompressible Navier-Stokes
equations and continuous equation to get the background wind field. When the wind carrying sands
moves in the air, the reaction of sands to the wind field is realized by means of the immerse
boundary method.

2.1 Numerical algorithm

The filtered non-dimensional continuous equation and momentum equations of incompressible
flow with constant density are as follows, respectively:

au;
OX; )
or o __  op 1 o Ot
—t+ Gl =——+——————+FK(,
OX; oX;  Re. 0x;0x;  OX;

where 7; =Ry —3J;Ry, Rj =Uu; —GT;, Re is the Reynolds number based on the friction
velocity on the wall, %é‘ij Ry are isotropic turbulent stresses, and F;(t) are the reaction force of

immerse boundaries to the flow, as can be found in eq. (6).
To make the equations close, one should adopt proper models for the sub-grid stress 7;;. In this

study, we use the Smagorinsky vortex viscosity model as follows:

Tij :_2vr(§ij - <§u>)’ (2)
where
Q —l ﬂ_FaE
Si=5 ox; o )
v, =(c,A) |§ , 3)

A= (A1A2A3 )1/3’

S1=[2(5, - ()5 - (5))]

( > is the plan averaged on the plane parallel to the ground.
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For the space discretization of control equations (1), in span-wise and stream-wise directions,
the spectrum method is applied, and along the vertical direction the central difference algorithm
with second order precision is used. For the time marching, the Crank-Nicolson semi-implicity
algorithm is used for the viscous terms, and for the convection terms, the Adams-Bashforth algo-

rithm is applied. The details of numerical method can be referred to ref. [16].

The computational area is 2n mx%n mx1m, and the orthogonal meshes are used. The grid

numbers are 64 x 64 x 64 . In stream-wise and span-wise directions, uniform grids are applied, and
in the direction perpendicular to the ground, the uneven grids which are denser to the ground are
used, and the rule of distribution of grids is shown in eq. (4). Let X, be the non-dimensional coor-

dinate vertical to the ground, —1<X; <0, and in this direction, the grid number is N3, then the

positions of local grids can be found with the help of the following formula:
1 .
Xs.j :;th(cfjth a), (4)
where &;=-1+(j-D/(N;-1),j=1, 2, ---, N;, and « is an adjustable parameter, 0 <a <l.

The larger the value of « , the denser the grids to the ground. Within the viscous sublayer (z* <11),
there are at least four grids, where z* =z,u, /v is the coordinate of the wall, and z,, is the dis-
tance to the ground.

For the boundary conditions, in the stream-wise and span-wise directions, there are periodical
boundaries, respectively; on the ground, the non-slip boundary condition is applied, and the top
boundary is a free slip boundary. In span-wise and stream-wise directions, there must be enough
sand ripples contained in the computational region, and the results show that this requirement is
met. Since the motion of sands mainly is close to the ground surface, we choose a vertical height of
the computational region that contains most of suspended sands.

Since the initial condition of real wind field is unknown, firstly, we take the velocity distribution
of a traditional boundary layer as the initial condition, then after a while when the averaging wind
field almost reaches the steady state, we write down the velocity distribution of wind field and use
it as the initial field in the computation carried out afterward. Within this initial wind field, it
contains regular and irregular disturbances.

2.2 The moving boundary method

When the sand moves in the wind field driven by the wind, it produces a reaction force to the flow,
and affects the wind field. Therefore, the wind field and sands together constitute a two-way cou-
pling system. And moreover, due to the motion of sands, the shape of landform changes constantly,
which forms a moving boundary problem. It is clear that using the method of body-fitting moving
meshes to study the sand motion and the changes of shape of landform is unrealistic, since the scale
of sands is too small and the amount of sands is too large. In this study, the reaction of sands to the
wind field and the changes of landform shape are treated with the method of immerse moving
boundary.

The method of immerse moving boundary is a kind of Eulerian-Lagrangian method. The control
equations of flow are solved in the fixed Cartesian coordinates, and the moving boundaries are
tracked in the Lagrangian way. There are two advantages of using the immerse boundary method,
i.e., on the one hand, it greatly simplifies the grid generation process; on the other hand, it does not
need special treatment of control equations, and is very easy to be used in the program.
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The immerse boundary method is first put forth by Peskin®, in order to simulate the heart beat
and blood flow. Whereafter, researchers made a lot of efforts to improve this method. The key point
of this method is how to put the boundary conditions to the immerse boundary, which is also the
sign that one immerse boundary method distinguishes from the other ones. According to the dif-
ferent ways of treating boundary conditions, the methods of immerse boundary can be divided into

U8 which are the methods of continual force field and discrete force field, respectively.

two classes
In this study, we use the method of continual force field.

Among existing methods, when dealing with the elastic boundary and the rigid boundary, the
treatment method is different, but the basic idea is the same, i.e., construct a reaction force and add
it to the momentum equations, to reflect the boundary effect on the flow.

For the rigid boundary, the method put forward by Goldstein et al.™?! is a typical one. The re-

action force representing the effect of rigid fixed boundary is defined as
F()=af u@dr+pu), (5)

where u(t) is the velocity of flow field at the immerse boundary. From the physical point of view,

it can be explained as a damping vibrator.
For the rigid moving boundary, the reaction force can be defined as

t
F® =af [u@) - u,(@)ld7 + Alu(t) - u, @), (6)
where F(t) is the reaction force of the resultant force of sands to the flow, as shown in the next

section, and U, (t) is the velocity of flow field at the immerse boundary. The fixed rigid boundary

can be viewed as a special case with U, (t) =0.

According to Newton’s first law of motion, the force of a sand particle acting on the wind is
equal to that of wind acting on the sand particle. Since the size of the sand particle is much smaller
than the size of a grid, we only decompose the reaction force to the vertexes of the grid where the
sand particle is located; in other words, the influence of every sand particle is limited within one
grid.

3 Physical models

3.1 Saltation model

First, let’s analyze the forces acting on a single particle of sand, in order to get the control equations
of sand motion.
Set up the coordinate 0xyz as shown in Figure 1. Suppose a spherical sand particle with di-

ameter D and density p, moves in the space, and its equation of motion is the Newton’s second law
of motion. The forces acting on a sand particle in the air with the motion of saltation are the drag of
air, the Saffman force, the Magnus force, the Basset force, the virtual mass force and the gravity
force, but among them the most important forces are the gravity F, and drag F4. Besides, the
influences of lift F|, the Magnus force Fy,, and the electrostatic force F, etc. on the motion of sand
are also not neglectable.

For a spherical sand particle, the gravity of sand F, can be shown as

1
F, =-mg =-—aD’p,g, ()
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Figure 1 The forces acting on a sand particle.

where p, =2650 kg/m®.

Whether the sand in ascend or descend motion, the drag F; is the function of velocity V,, and
its direction is the same as the one of relative velocity, which can be shown as
F, =0.5C,Ap,V.V,, ®)

]]/2

where V, =[(x,— u)’ + v, V)2 + (2 —w)*1"2, u is the wind speed at the location of the sand,

X, 1s the position of the sand, A= 2 D? is the area of the cross section of the sand, the density of

airis p, =1.23 kg/m’, and C, is the coefficient of drag, which is a function of Re,. Here we

use the empirical formula of White2%:
c, = 24.0 N 6.0
Re, 1.0+ /Re,

+0.4, 9)

V. D . . . . . _
where Re, =——, and v is the kinematic viscosity of air, v =1.46x10 > m?%/s.
1%

The Magnus force is generated by the rotate motion of sand and the viscosity of fluid, which is

shown as2H

D3
Fn Zﬂpa?(wxvr)- (10)

In this study, the rotating speed @ of sand is set between 0 to 600 rad/s.

When studying the orbit of motion of a sand particle in saltation, Anderson and Hallet** be-
lieved that the lift is generated by the shear stress, and the pressure gradient results in the shear
stress that is orthogonalized in the direction of velocity increasing, hence the value of the resulting

lift F; can be expressed as
1 2 2 2 2 2 2
I:l = EpaCIA[(utop - ubot) + (Vtop - Vbot) + (Wtop = Wt )]7 (1 1)
where Uy, Vg, Wy, and Uy, Vi, W, are the velocities of air at the top and the bottom of
sand, respectively, C; is the coefficient of lift, and usually it can be set to 0.85C,.
Based on experimental results, Schmidt et al.22! put forward the formula of acolian electric field

950 WU Chuidie et al. Sci China Ser G-Phys Mech Astron | Aug. 2008 | vol. 51 | no. 8 | 945-960



E,i.e.,

E(z) =51000.0(100.0z)"°. (12)
The electrostatic force produced by this electric field on the sand is
Fe, =mcE(z,), (13)

where C is the charge-mass ratio, i.e., the charge carried by every kilogram of sands. In this study,
we take it between —60 nC/kg and 60 uC/kg.

After the detailed analysis of the forces acting on a sand particle, we can obtain the equation of
motion of a saltation sand particle as

d’x,
dqt? =fi = Fax + Fnco
d’y
P _ s _
7= f, =—Fy, (14)
d’z,
m—-= f,=—mg-F, +F,+F,+h.
dt
The initial condition is
t:O:xp:O, yp:O, zp:—l, Xp =0, yp:O, Zp=Wpy. (15)

When simulating the saltation motion of sand particles, the Lagrange method is used to trace the
track of every particle in saltation motion. The fourth order Runge-Kutta method is used to nu-
merically solve the motion equations of saltation of sand particles, coupled with the control equa-
tions of wind field, to get the tracks of saltation of sand particles. The procedure of numerical
simulation is as follows:

(1) Setup the initial positions of sand particles X, ;
(2) Solve the control equations of wind field to obtain the solution of flow field;

(3) Decide in which mesh unit the particle X, is located, and get the coordinates of eight ver-

texes of the cuboid unit that contains the particle X ,, then from the solved flow field, one can get

p0 >
the velocities of these eight points;

(4) From these eight velocities, the fluid velocity u, of X, can be obtained with interpolation;

(5) Put the velocity of fluid u, into the control equations of saltation of sand to get the saltation

velocity of sand particles u;
(6) Use the time step At and the saltation velocity of sand particles u,, to get positions of sand

particles X ;:
Xp1 = Xy + U,AL (16)
Let
Xpo = Xp1- 17)
(7) Output X3
(8) From eq. (14), one can get the force acting on a sand particle, then interpolate the force onto
the eight vertexes of the mesh unit where the particle is located;
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(9) Repeat (2)—(8) to get the tracks of all saltation sand particles.

In the computation, sometime sands could move out of the computational region. Therefore, it is
necessary to setup the boundary condition of saltation particles, together with the boundary con-
dition of flow field. Since in the stream-wise and spanwise directions, the flow field has periodical
boundary conditions, therefore in these two directions, the boundary conditions of saltation parti-
cles are also set to be periodical; at the bottom the boundary condition is a non-slip one; for the top
boundary, since there are very few particles flying out of the boundary, they will be directly dis-
carded once they exit.

Let the computational region of sand bed be 27 m x gn m, and the number of sand particles

usually reaches the order of 10° . It is not difficult to trace each particle, but it needs a huge amount
of computation to trace all particles in the simulation. Even with parallel computation, the time
needed is still unbearable. In order to solve this problem, we put forward a model of sand mass,
which is in concept similar to that of fluid particle, i.e., a sand mass contains a lot of sand particles
but from the macroscopic point of view, it is still small enough to be treated as a mass point. We set
the maximum number N« of particles contained in a sand mass, then use a random number r to
stochastically decide the number of sand particles n, contained in the sand mass, i.e., N, =n_,.T,
r<(0,1].

When the wind blows over a flat ground, every sand particle on the surface has the possibility to
jump up, but on the ground with concavo-convex shape, the sand particles on the upwind side jump
up, and those on the leeward deposit. Therefore, we first randomly choose the positions of sand
particles that jump up, and then determine whether it is on the upwind side. If it is not, then repeat
the above process, i.¢.,

Xp0 = Ixr’
Yoo =1 (18)
ZpO = Z(Xp()a ypO)a

where Xo, ¥,0, Z,o i the initial coordinate of jumping sand, respectively; I, I, is the length of

y
the computational region in X, y direction, respectively; I is a random number; Zy9 is the coordi-

nate of particle (X,,Y,,) Inzdirection, which means that once sand particles jump up and move

p0>
in a saltation style, the thickness of sand bed will be different, i.e., the surface shape of sand bed
will become curved.

Because the mechanism of sand jumping up is still unknown, in our physical models we do not
consider the details of the jumping process. But the jumping speed can be obtained with the help of
the distribution function of sand’s jumping speed. Li-Hong He at Lanzhou University examined a
lot of distribution functions of vertical jumping speed of sand, and found that the Weibull distri-
bution function is the best one, therefore in our study we use Weibull distribution function as the
distribution function of vertical speed W, , as shown below:
wpo)“

F(Wpo,a,ﬂ):l—e_(T : (19)

where « and f are the shape parameter and the scale parameter of Weibull distribution function,
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respectively. a and g for different diameters of particles and wind speeds can be found in ref. [24].
After the distribution function of vertical jumping speed was determined, the initial jumping
speed of each particle can be found. Let F(W,,,)=r, wherer is a random number, and put-

ting it into eq. (19), one can get the vertical jumping speed of sand particles as

WpO = ﬂ[ln(l ~ Nandom )_l :|; . (20)
The horizontal jumping speeds U, and v, are always zero. From eq. (20), we can find the

initial jumping speed of every sand particle. In order to examine whether or not the jumping speed
is consistent with Weibull distribution, we show the statistical result of vertical jumping speeds of
100000 particles in Figure 2, compared with the Weibull distribution function. From the figure, it is
clear that the statistical result of eq. (20) is in good agreement with Weibull distribution.

1.4

—— Caculated result
———- Weibull

0.2

O'%.O 0.5 1.0 1.5 2.0

Vertical liftoff velocity (m/s)

Figure 2 The comparison of our statistical result with Weibull distribution.

Finally, let’s determine the number of jumping particles in every time step as
n = sAAt, (21)
where n is the number of particles which jump up in the period of time of At, S is the rate of jumping
particles, and A is the area of the sand bed.
3.2 Creeping model

(i) Creeping velocity. For the creep motion, we use the Eulerian method, i.e., view the creeping
velocity of sand particles in the sand bed as a velocity field, which is obtained via the velocity of
wind above the sand bed, under the reaction of sand ripples to the wind field.

The forces driving the creeping sand particles are the pressure force of wind ahead and the
impact force of saltation particles. We assume that the creeping motion is driven by the pressure
force of wind ahead alone, then the creeping velocity is the function of wind velocity as

u, = f,(u,v,w),
v, = f,(u,v,w), (22)
w, =0,
where U, v, W are the velocities at the locations of creeping particles, and the vertical creeping
velocity is set to zero. Due to the complexness of creeping motion, the mechanism involved is still

unknown, and thus it is impossible to get the precise expressions of f,(u,v,w) and f,(u,v,w).In
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this study, we follow the way of try-and-correct, i.e., firstly assume an expression of creeping
velocity, then correct it with the comparison of results with the nature phenomenon. If they agree
well, then it means that the expression is basically correct; otherwise, make correction and do it
again.

In this study we let f,(u,v,w)=u;_, and f, (u,v,w)=v,_,, then the equation of creeping ve-

locity takes the form:

uc = uifl’
V. =V, (23)
w, =0,

where U;_; and V,_, are the velocities at the upwind nodes of the mesh where the creeping par-

ticle is located, respectively.

In the computation, the sand bed is divided into two-dimensional grids on the X — Y plane, which

are consistent with the grids of wind field on x —y section. At the initial time, the number of par-
ticles in each grid is the same, i.e., at first the sand bed is flat, and sand particles lay one by one and
layer by layer. Using the previously got creeping velocity field and assuming that all particles on
the surface join the creeping motion, the creeping velocities of particles in the same grid are the
same; then using the creeping velocity and the time step, we can get the positions of particles on the
surface. In this way, one can find which particle moves into which grid, and then at next time step,
the new creeping velocity of that grid is used to find the new creeping velocity.
(i) The boundary condition on the ground surface. Under the mutual action of saltation and
creeping motions, the ground surface is no longer flat, and becomes wavy and rugged. If we still set
the boundary condition at certain height to be non-slip, then the effect of landform on the flow field
cannot be taken into account. Therefore, the immerse boundary method is used to reflect the reac-
tion of changing landform to the flow field. For the grids under the ground surface, their velocities
are set to be zero.

4 Analysis of results

4.1 The evolution process of three-dimensional sand ripples

Figure 3 shows the complete evolution process of sand ripples. In Figure 3(a), there are no sand
ripples appearing, but only very small wavy rugae on the sand bed. In Figure 3(b), there appear
small sand ripples, but their heights are rather low. From Figures 3(c) to (f), the sand ripples
gradually develop, the outlines become clear and the heights of sand ripples rise. From Figures 3(g)
and (h), it can be seen that the height and the length of sand ripples have essentially no change,
which indicates that the sand ripples have reached a fully developed stage and gradually settled
down.

The two sections of sand ripples in Figure 4 are taken from Figures 3(g) and (h) aty =0.59,

respectively. From the figure, it is clear that the height and the length of sand ripples do not change,
and the sand ripples move ahead as a whole, which indicates again that the sand ripples have
reached a fully developed stage. The average height of sand ripples is 8§ mm , and the shapes of

upwind side of sand ripples are flat, and the ones on the lee side are steep, which are identical to the
ones found in nature.
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1.217 s;

0.109 s; (b) t=10.391s; (c)t=0.800s; (d) t=1.081s; (e) t=

Figure 3 The evolution process of sand ripples. (a) t

1.440s.

1.327s; (g)t=1.392s; (h) t=

)t
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Figure 4 The sections of sand ripples.

4.2 The self-restoration process of sand ripples

In nature, the sand ripples are the typical physical substances that have the property of nonlinear
self-organization. For example, wiping off a square area of sand ripples on the surface of desert and
waiting for a while, the wiped sand ripples will reappear, which are very naturally mergered with
surrounding sand ripples and show no sign of having been wiped out.

Here, we reproduce this process numerically. In Figure 5, after sand ripples appear, we wipe out
a square area of sand ripples, then let the simulation go on. After a while, at the place where sand
ripples have been wiped out, the sand ripples gradually reappear, and finally completely merge into
surrounding sand ripples. This numerical experiment shows from the other point that the numerical
method and the saltation and creeping models used in this study are correct and reasonable, by
which one can recover the typical physical feature of evolution of sand ripples.

4.3 The influence of sand ripples on the flow field

Next, let’s take a look at the interactions of near ground turbulent field and sand ripples. In fact, on
the one hand, sand ripples are the imprints of near ground turbulent field on the surface of desert;
on the other hand, sand ripples can also influence the structures of near ground turbulent field.

Figure 6 is the vector diagram of a section of turbulent field, aty = 1.69 m and t=2.2 s. From the
figure, one can find that since at different positions along x axis the heights of sand ripples are
different, the different wind profiles are produced.

Since in a boundary flow, all characteristic lengths are functions of positions along the
stream-wise direction, it is impossible to give a unique Reynolds number. But from Figure 6, we
can use the approximated average thickness of the boundary layer (about 0.045 m), average wind
speed (10 m/s) and the kinematic viscosity of air (v=1.46x10" m?/s) to estimate the Reynolds
number at the moment, which is about 30822.

Figure 7 shows the streamlines in the wind section of y = 1.96 in the area of 0—10 cm above
ground surface at different moments, and on the background it is the distribution of spanwise
vorticity. We can find from the figures that at beginning the streamlines are rather calm, and there is
almost no vertical velocity in the field; along with the increase of heights of sand ripples, the ver-
tical velocity gradually increases, and when the heights of sand ripples reach 8 mm, the air flow in
the vertical direction is very violent, so the variation of landforms is an important factor which
influences the saltation motion of sands.
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Figure 5 The self-restoration process of sand ripples. (a) t = 0.556 s; (b) t = 0.804 s; (c) t=1.110s; (d) t = 1.261 s; (e) t =
1.361s; (f)t=1.475s; (g)t=1.594s; (h) t=1.751s.
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Figure 7 2-D streamlines of wind field. (a) t = 0.195 s; (b) t = 0.557 s; (c) t = 0.800 s; (d) t=1.081 s; (e) t = 1.327 s; () t =
1.440s (g)t=1.555s;(h)t=1.676s; (1)) t=1.806s; (j) t=1.948 s.

Figure 8 shows 3-D streamlines and 3-D vortex lines, i.e., the lines along X direction are
streamlines, and the ones perpendicular to streamlines are vortex lines. In Figures 8(a)—(d), one
can see the variation process of sand ripples from low to high, and at the same time the obvious
changes of streamlines and vortex lines are observed. In Figure 8(a) the streamlines are completely
parallel to the flow direction without any inclination or fluctuation, and the vortex lines are exactly
perpendicular to the streamlines, which shows that the flow is not affected by the small wavy ups
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and downs on the ground. In Figure 8(b), the streamlines have slight wavy motion, and the varia-
tion of vortex lines is far more distinct from straight to winding, but their positions are still close to
the ground, which means that the vortices generated by the interactions of turbulent field and sand
ripples only influence the near ground wind field. Due to full development of sand ripples, the
vertical fluctuations of streamlines in Figures 8(c) and (d) are more obvious, and vortex lines ex-
tend to higher positions, which signifies that due to the appearance and development of sand ripples,
there is stronger energy exchange of turbulence in the vertical direction, and this might be one of
the mechanisms of sand storms starting up. The interactions between sand ripples and near ground
turbulent vortex structures are very complicate, and need further study. From Figure 9, we can find
that there are strong correspondences between near ground vorticity and sand ripples, which once
again shows the understanding that sand ripples are the imprints of turbulent wind field left on the
desert ground.

(c) (d)
Figure 8 3-D streamlines and 3-D vortex lines. (a) t=0.557s; (b) t=0.915 s; (c) t = 1.806 s; (d) t =2.096 s.

5 Conclusions

With the method of large-eddy simulation, the equation of spherule motion and the method of
immersed boundary, numerical simulations of three-dimensional turbulent aeolian motion are
carried out, together with the studies of the formation of sand ripples under three-dimensional
turbulent wind and the mutual actions of saltation and creeping motion. The resulting sand ripples
have the form identical to the sand ripples in nature, which is flat on the upwind side and steep on
the leeward. We also realized the self-restoration process of three-dimensional sand ripples, which
shows the correctness of the methods of numerical simulations and the models of saltation and
creeping. Finally, We analyzed the influence of sand ripples on the three-dimensional turbulent
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Figure 9 The 2-D projection of sand ripples and the vorticity near the ground at t = 1.676 s. (a) The 2-D projection of sand
ripples; (b) the vorticity near the ground.

wind field, and found that due to the appearance and development of sand ripples, in the normal

direction of ground there exist stronger turbulent energy exchanges, and moreover, there is close
correspondence between the forms of sand ripples and the vorticity close to the ground surface,

which might be useful for understanding the mechanism of sand storms starting.
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