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Abstract In order to clarify the effects of windbreaks on the flow and to determine where to set windbreaks for best
prevention of wind erosion in a complex terrain, a three-dimensional numerical model for simulating wind distribution over a
real complex terrain with a variation of relative height less than 100m is developed. The three-dimensional, time-dependent
Navier-Stokes eguation written with peneralized coordinates and the Smagorinsky-type scheme for turbulent parameterization
are use in the model, Numerical simulations of windbreak effect on wind speed distribution over 2 sand dune are carried out by
erecting windbreak hedges at different places. The influence of topography and windbreaks on wind distribation, for example
the location of the maximum wind speed reduction, are well simulated. Thus, the best setting place of windbreak for prevention
of wind erosioa may be decided by simulating the wind distribution around real terrain using the model. An example, using a
2m high windbreak hedge for preventing sand shifting around a barchan sand dune which is 5m high, 64m wide and 96m long,
is given and effect of the windbreak hedge is discussed. The simulation results show that the best place should be at 18m-22m
in front of the top of the sand dune.

1. INTRODUCTION distribution around a barchan sand dune with 5m high and

96m long by erecting windbreaks at different place. The
Windbreaks incleding forests, nets, fences and hedges influences of topography and windbreaks on wind are well
have been used for centuries for prevention of wind simulated.

erosion, increasing productivity, promoting environmental
sustainability, and improving the quality of life throughout

the world. All the effectiveness of a2 windbreak may be 2. MODEL DESCRIPTION

illustrated by the modification of air flow patterns and so

that improvement of micro-climate.  Reviews of rtecent 21 The Equations

researches have been given by van Eimern at al. (1964),

McMaughton (1988), Heisler and DeWalle (1988). For our purpose, we consider that windbreak is about 10m
Recently, we have done some works on windbreak effects and that the variation of complex terrain is less than 100m,
in arid land (Du and Maki, 1993, 1997; Maki et al,, 1993, which are less than the height of the atmosphere boundary
1995, 1997) and 1ealized that it is necessary to clarify the iayer, so the effect of Coriolis force and thermodynamic
effects of windbreaks on the flow over complex terrain. As variety deduce by topography and windbreak may be
shown by some recent useful numerical simulations (e.g. neglected. We limit our attention to neutral stratification
Wilson, 1985; Wang and Takle, 1995a, 1995b, 1996} and and, in order {0 catch the influence of sharp variation of
wind tunnel investigations fe.g. Maki, 1982; Judd et al,, topography, use generalized terrain-following coordinates
1996}, it is relatively easy to observe or to estimate the {E, W, &) which is defined as follows. The vertical line § is
effect of windbreak when the windbreak located in a flat or orthogonalized to ground surface and T=0is at ground
smoothed place. However, It is difficalt to know the effect surface, orthogonal relations are also exited between

of a windbreak on wind and to determine where to set
windbreak for best prevention of wind erosion in a
complex terrain or even around a sand dume. To our
knowledge, there are no theoretical and numerical studies
_ that address boundary layer flow near windbreaks over
complex terrain, although some works have shown
numerical simulation of wind flow over a sand dune and

vertical coordinate line and other coordinate lines, &, 1.
Thus, we have following relations between the generalized

terrain-fotlowing coordinates (E, 1, T} and Cartesian
coordinate (%, v, Z).

U=L u+f v+l -w

sand dune movement {e.g. Wippermana and Gross, 1986; Vit ru et vy -w M
Fisher and Galdies, 1988). W=l usE, vaE, w

Our purpose is establish a simple numerical model o

simulate the mean air flow near windbreaks over complex E E E

terrain in order to clarify the effects of windbreaks on the oy

flow and to determine where 1o set windbreaks for best J o= LU @
prevention of wind erosion. This paper presenis a three- £.¢,¢.

dimensional numerical model for simulating mean wind
distribution over a real complex terrain with a variation of
reiative height less than 100m and some numerical ] o .
simulation results of windbreak hedge effect on wind speed coordinates (E,, ) component velocities respectively,

where U, V, W are the generalized terrain-following
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u, v, w are Carteslan coordingstes (%, ¥, z) component

velocities respectively, B, E,, &, W Wy W, and Ty, G G
are differential caiculus for the subscript (x, ¥, z, e.g.

£, =0&/dxet.), Jis Jacobian.

Using Equations (1) and (2), and the above limitation,
under the Boussinesq approximation, the three-
dimensional, non-hydrostatic, incompressible atmospheric
continuity equation and equations of motion in the
generalized terrain-following coordinates (&, 1y, T} may be
written as

UL STy W) o 3)
ar A a5
AR 8 Uu 10} NACHES {Wu, 1T}
ar JE Jp &t
_ APy 4 WPIT) (L PIT)
) afg Y 3
6((2_;’: il y T, +§ r.:)fj) ., + P, T+, Tis)ld)
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&(("::: i thy ;z*cru)/'])
oL

(i=1,2,3; 5= Uy, U, Uz = 1, V, W) {4)
where P=p/py 1s air pressure, T; (i, j=1, 2, 3} is the trace-
free subgrid-scale Reynolds stress.

2.2 Subgrid-scale Parameterization

The Smagorinsky-type subgrid scheme (1963} are use in
our model considering the balance between shear
production and dissipation by topography and windbreak.
Thus, we have subgrid-scale Reynolds stress in the
generalized terrain-foilowing coordinates (B, 4, T) as
follows.

TU”-*U'DU
9,
D, =, ‘5‘%:‘ - aw +&, rra
du | i du
£ M B Bl 8
+5; 8‘;‘ +yr, P g, 3t

v =(C,A)(0. 52 DAy

i fml
&' = (AxAyhz) = (AEARALYIT
C, =012

(5)

where C, is called as Smagorinsky constant. At the surface
boundary, we assume thai neutral stratification can be
applied to { axis, and

k(] v
In(Az/z,)
K, =khAzu,

(6)

where u. is friction velocity, k is Karman constant (0.4},
u, and v, are wind speed conponent at first level 7, zg is
roughness length. Thus,
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T, =u D,

BT )

‘h"l/i 2 )

v= kA(Z

A={x’+y +z )”2A\’;

where (X, vy, 2:) is component of Z,, u; is wind speed at
Z.

2.3  Mumerical Method

2.3.1 Grids Formation

The initial horizontal grid is formed by introducing mesh
topography data and the interval of the grids is determined
depending on topography data and caleulation problem.
The wvertical grid is formed by making the transformed
coordinates from given terrain using eiliptic equations.
Three Poisson like equations are
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where (X, Y, Z) are the Cartesian coordinaies in the
transformed generalized terrain-following coordinate grid.
R(C) is a grid control function for attraction of coordinate
line to surface. a, B are empirical parameters. The number
of vertical level and general interval can be got by input
parameters. In the simulation ¢, P are taken as (.1 and 0.2,



respectively. By using the function and iterating of the
Poisson lke equations, grids (X, Y, Z} can be obtained.
The boundary condition of the Poisson equations are at the
grid boundary (E=0, {=0, E=E,.,, Y=Pme) and also at the
top boundary (C=z={,,) the two coordinates become the
same. That is

aY/ak =5Z/9E =0 for E=0, E=En,,,
axjoy =8Z/gy =0 for =0, Y=tho,,
ax/of =aviel =0 for T=0, T=Caans

(10}

For ground boundary, £=0 is at ground surface, and due to
orthogonal relations between vertical coordinate line and
other coordinate lines at the surface, we have

Z =z, (X(Ew0.YE w0
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After we get the grid coordinates, &y, E;, E2 Wy, Wy, W and
T Gy G, andt Jacobian can be get:

aE Y Az v 4z

dx  dy 4L

3T ap

e

¥

dr AL 4 A& of
Loy K ara
dy AL Ak aE ag
b B Y
Tz 4L A& 45 af
a5 @Y o aY a2

LA LI R Y

ax  aE Yy IE

ay ag ay  dy 4g

At ax 8y ax ay

el @ Z

az Ak dyp P &
a¥ #Y 02  aX 9Y 42

PR
3E gy AL aw ab ak AL Ak sy AL aw aE
a¥ aY aZ  ax ay az

dy Ak af  8E af ay

y,

N

-
by

(12)

ax av @2  aX aY a2

2.3.2 Numerical aspect

Main routine controls time integration. Advection terms
are calculated with 3rd-oder upstream scheme and other
terms with central difference scheme. Pressure is evaluated
from solving Poisson equation as follows:

)
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where (PX, PY, PZ) are the pressure terms of motion
equations and (AX, AY, AZ) ) arc the advection and
diffusion terms of motion equations, D' is divergent at
previous time step &

24  Ipitial and Boundary Conditions

The initial flow is given automatically by using logarithmic
profile to all grids. Simply terrain-following coordinate {x,
y, 1) is used as initial guess of Heration for coordinate
transform. Therefor, topography with vertical surface can
not be treated in cur model.

The boundary conditions are defined as follows:
{a) At ground surface:

us=v=w=0, JP/HE =0
{b) At the top of the domain:

du dv ar

{c) At the in-flow boundary:
d=ly, V=vp, W=wg, gP/d =
(d) At the out-flow boundary:
du v dw 3P

ot or o ac
3. APPLICATIONS TO FLOWS OVER SUND
DUNE AND WINDBREAK HEDCGES

3.1 Simulation Description

Figure 1: Sand dune, windbreak and grid system used in
the simulation,

The mode were used for simuiate wind flow around a2 5m
high windbreak hedge and a barchan sand dune which is
Sm high, 64m wide and 96m long. Simulaticns of
windbreak effect on airflow distributions were carried out
by erecting Zm high windbreak hedges at different places
over and around the sand dune. As shown in Figure 1, the
horizontal grids were 80+80 by Zm interval as indicated by
letter X and Y. Vertical level was ten (include surface
level) and the upper limit of the domain is 18m for quick
caiculation. The windbreak was (% porosity 3m or 2m
high hedge. As shown in Figure 1, the hedge was 5m or 2m
width at the bottom and sharp at the top. The 2m hedge
was placed in three different positions for simulation the
windbreak effects on airflow over the sand dune: 18m up
wind of the dune (x=9}, directly in front of the dune (x=18}
and 18m upwind of the summit of the dune (x=32),
respectively,

The initial wind was 5.0 m/s to the hedge, dune and dune
with hedge. That is up=5.0m/s, ve=wy=0. Time interval was
0.1s. The results of 2,000 step or after 3 minutes and 20
seconds, when the stationary of the flow field was
obtained, were used for the evaluation.
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Figure 2: Vertical cross section of wind vectors passes
over a 5m high hedge.
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Figure 3: Vertical cross section of wind speed passes over
a 5m high hedge.

3.2 Resuit For 5m High Windbreak Hedge

Figure 2 presents the vertical cross section of wind vectors
for airflow pass over the 5m hedge. Figure 3 presents the
vertical cross section of wind speed. It is clear that an
attached recirculating bubble in the lee appears and wind
reduction region and overspeeding region exits. As shown
in Figures 2 and 3, a 5m high windbreak hedge reduces
wind speed from over 18m {due to no data) upwind to 68m
(10H, H is height of windbreak) downwind from its place.
This result is in good agreement with observed data. The
reversed current has a maximum value at 2H down wind,
0.4H height. The location of separated flow and upstream
and downstream tegions are in good agreement numerical
simulation {Wang and Takle, 1995a}, although Wang and
Takle presented a result of windbreak of 6% porosity. On
the other hand, our results air similar to the wind tunnel
experiment results (Maki, 1982), Maki (1982) shown that
the location of separated flow was located near 5H and
near surface, which was due to a 0.5cm gap exited between
the hedge and wind tunnel surface. Thus, our model can be
applied to vary sharply changed and nearly vertical surface
topography and windbreak.

3.2 Result For 5m High Barchan Sand Dune

Figure 4 shows horizontal distribution of wind speed and
Figure 5 shows herizontal distribution of wind vectors of
first level {(about 1.5m about the grouad) around and over a
Sm high barchan sand dune. Figure 6 shows horizontal
profiles of wind speed af the first 8 level {about 1.5m,
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3.2m, 4.9m, 6.8m, 8.9m, 11.0m, 13.2m, and 15.6m) at the
center line of the sand dune with topography of the dune
(side view, not a cross section). As shown in Figures 4 to
6, there was a speedup region around the windward side of
the barchan sand dune and a reduction region in the
leeward side of the dune. Wind was strongest on the
windward side of the dune summit and grew weaker once
it had passed the summit. It was also weak on both wings
of the leeward slope of the dune. It can therefore be
conjectured that when the wind gains in strength the dune
will move or roll downwind retaining its barchan shape.
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Figare 4: Horizontal distribution of wind speed of first
level (about 1.5m above the ground) around and
over a Sm high barchan sand dune.
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Figure 5: Horizontal distribution of wind vectors of first
level (about 1.5m zbove the ground) around and
over a 5m high barchan sand dune.

Comparing to 5m high hedge, the separated rtegion and
reversed wind was not clear in the leeward area of the 5m
high sand dune. This can be explained by the enfluence of
strong overspeeding rigion appeared and the enfluence of
the wings of the dune. As shown in Figure 6, the
overspeeding area at surface Jayer began at the foot of the



dune and reaches the summit of the dune. It moved to
downward and became smaller with height increasing.
Between the two wings in the leeward side, wind was vary
weak and was separated to two directions along the wings
for keeping the wings move or roll downward. These
characieristics of recirculation in the lee of dune are vary
different from that simulated by Wippermann and Gross
(1986). Wippermann and Gross presented an unreliable
reversed flow area, which was as large as the area
occupied by the windward side of the dune. Although there
is lack of observational data to check our model, it still can
conclude that the overspeeding in the winward flow and
reduction of leeward flow deduced by barchan sand dune
are also well simulated and that the model gives correct
prediction of wind distribution over complex terrain.

0 0 w4 % # 18
1)

Figure 6: Horizontal profiles of wind speed at the first 8
tevel at the central line of the sand dune with
topography of the dune (side view),

3.4 Effect of 2 High Windbreak Hedge On Ajrflow
Cver Sand Dune

Figure 7 shows horizontai distribution of wind speed of
first level (about 1.5m about the ground} around and over
the barchan sand dune with a 2m high windbreak hedge
installed 18m windward of the summit of the dune.
Compared with Figure 2, it can be find that the
overspeeding area in the windward side, which exited
when there is no windbreak, disappeared when the hedge
erected 18m windward of the summit of the dune. The area
of wind speed over 2.0m/s was only on the windbreak
hedge while that was about 1/3 of the area occupied by the
windward side of the dune. However, aisflow around and
over the sand dune did not change much when the 2m high
windbreak hedge placed directly in front the dune. When
the windbreak hedge was setup 18m windward of the dune,
there was no influence on the airflow over sand dune since
a 2m high hedge only reduce wind speed from 10m (5H)
windward to 20m (10H) leeward of its location. Figure 8
presents the vertical cross section of wind vectors for
airflow pass over the dune with the hedge installed 18m
windward of the summit of the dune. As shown in Figures
7 and 8, the location of maximum wind speed reduction
antt the separated flow are well simujated. There were two
separated recirculations when a windbreak placed 18m in
froni of summit of the sand dune. One was small and
located in the leeward of windbreak which was deduced by
the hedge. Another was big and located in the leeward of
the dune which was deduced by the dune. As mentioned
above, this separated recirculation was not so large as that
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simulated by Wippermann and Gross (1986) and was only
within 10m in the lee of the dune.
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Figure 7: Horizontal distribution of wind speed of first
level (about 1.5m above the ground) around and
over a 5m high barchan sand dune with a 2m high
windbreak hedge at 18m windward of its summit.
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Figure 8: Vertical cross section of wind vectors over the
central line of a barchan dune with a Zm high
hedge installed 18m windward of the summit of
the dune.

The effect of windbreak hedge on the airflow is different
when the hedge installed at different places in a comlex
terrain due to the intergrated effect of topography and
windbreak as shown in Figure 9. Figure 9 shows horizontal
distribution of wind speeds at first level {about 1.5m above
the surface) over the center line of the barchan dune
(¥=40) with, respectively, no windbreak, a hedge 18m
windward of the dune, a hedge directly in front of the dune
and a hedge 18m windward of the summit of dune. Cross
section of the dune and windbreaks along the center line is
also shown at the bottom of Figure 9. It is clear that strong
wind was mostly reduced when hedge located 18m
windward of the summit of dune. When the windbreak
hedge was setup 18m windward of the dume, wind
recovered when it reached the dune. When the windbreak
hedge was setup in front of the dune, wind reduction was
smallest due to overspeeding of sand dune. When hedge
located i8m windward of the summit of dune, the
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Figure 9: Horizontal distribution of wind speeds at first leve] (about 1.5m above the surface) over the center line of the
barchan dune {¥ =40} with, respectively, no windbreak (u}, a hedge 18m windward of the dune (ul}, a hedge
directly in front of the dune {u2) and a hedge 18m windward of the summit of the dune (u3). Cross section of the
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dune and windbreaks along the central line is also shown at the bottom ().

reduction of windspeed was about two times of that when
hedge located directly in front of the dune. This result
shows that the best place should be at 18m-22m in front of
the top of the sand dune using a 2m high windbreak hedge
for preventing sand shifting around a barchan sand dune
which is 5m high, 64m wide and 96m long,.

4. CONCLUSONS

By introducing generalized terrain-following coordinates
and Smagorinsky nonlinear eddy viscosity subgrid closure,
a three-dimensional numerical model is developed. We
have used the model io simulate airflow pass over
windbreak hedge and a barchan sand dune and than
discussed windbreak effect on airflow distribution by
erecting windbreak hedges at different places. The
influence of topography and windbreaks on wind
distribution, for example the location of the maximum
wind speed reduction and reversed flow are well simulated.
Thus, our model can gives correct predictions of airflow
over complex terrain with and without windbreak hedge so
that the best setting place of windbreak for prevention of
wind erosion may be decided by simulating the wind
distribution around real terrain using the model.

Our purpose is not only simufate airflow over real complex
terrain but also simulate boundary layer flow near various
porosity windbreaks over complex terrain. The present
model does not introduce porosity windbreak effect on
airflow. In near future, we will include additional term
representing the drag imposed by the porosity windbreak
to the model.
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