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ABSTRACT This paper discusses the quantitative effect of windbreaks on wind velocity
in the reclaimed land at Saemangeum in South Korea. The effectiveness of windbreaks to
reduce the velocity to prevent the generation and diffusion of dust are very critical. Using
CFD simulations, the effects of porosity, height, and distance between the adjacent fences
as well as the effect of tree windbreaks were investigated. A wind tunnel test was
conducted and data gathered were used to develop and validate the CFD models. From
the experiments and CFD simulations, the overall percentage difference of the measured
velocities was 7.20% which is acceptable to validate the CFD models. In the case of tree
windbreak simulation, the methodologies to model the real effect of tree windbreak were
conducted and compared such as the application of tree porosity, inertial resistance and
input velocity. Results have shown that a windbreak fence with porosity of 0.2 and a
height of 0.6 m and constructed in array at 6 m distance between them is necessary.
Initial simulation of tree windbreak also has shown that the effect of trees on flow fields
using inertial resistance can be appropriate to model the real condition, although this
should still be strongly validated in field studies or in wind tunnels. This study proved
that CFD can be an effective tool to investigate wind flow affected by windbreaks.
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INTRODUCTION The sandy land known as Saemangeum is the biggest land
reclamation project in South Korea. The project reclaimed 11,800ha of freshwater lake
and 28,300ha of land. However, the generation of dust from and its diffusion to the
surrounding areas has become a problem. This happens because of high velocity in the
area. The absence of natural barriers, which control velocity, and the flat topography of
Saemangeum have worsened the problem. Hwang et al. (2006) measured the amount of
dusts in the area with respect to the vertical height and found substantial amount of dusts
approximately 700ug at a height of 0.80m from the ground. The value was doubled when
measured at 0.4m height, showing significant amount of dust near the ground. The dusts
also contain high amount of sodium chloride (NaCl) which is very harmful to plants.
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To prevent the generation of dust, artificial windbreak fences made of bunches of rice
straw and coconets were constructed (Fig. 1). The use of natural windbreaks such as trees
were also being planned to be planted in the affected areas to prevent the entry of the dust.
Trees have been very effective to protect farmlands for crops and livestock production, to
control soil erosion, etc. Generally, the basic functions of windbreaks are to reduce wind
velocity and change its direction around windbreaks. The functions depend on the height
(H), width or thickness, porosity and orientation of the windbreaks.

Windbreaks provide a sheltering effect by decreasing the wind speed in large zones
behind the fences (Santiago et al., 2007). A review of the effect of windbreak structures
on wind flow was done by Heisler and Dewalle (1988). They found that the efficiency of
windbreaks greatly depends on the type, height and shape, and porosity of the windbreak.
The most influential, however is porosity. Low porosity can produce high maximum
reductions. They can create more turbulence downwind than the medium and high
porosity windbreaks. Porosity can be described by optical porosity g and aerodynamic
porosity a. The optical porosity is the ratio of the open surface to the total surface of the
windbreak. The aerodynamic porosity a is the ratio of mean wind speed at leeward from
the bottom to the top of the windbreak to that upwind before windbreak interference.
Guan et al. (2003) suggested the relationship between the porosities to be o = p%.

Windbreaks normally have the shape of a rectangle and usually the higher the windbreak,
the larger the protected zone. Horizontal distances and wind speed are usually expressed
in terms of height of the windbreak (H) and approach wind speed (Uapproach), respectively.
Windbreak influence extends from -5H (windward) to 30-35H (leeward). Minimum wind
speed is achieved in the near lee, at distances of 4-6H. Further leeward, at about 20H,
wind speed recovers to 80% of the approaching wind speed. For very dense windbreaks,
the wind profile shows a lower minimum wind speed but a faster wind speed recovery
near the lee (between OH and 10H), compared to a porous windbreak (Eimern et al.,
1964; Heisler and Dewalle, 1988; Plate, 1971; Ucar and Hall, 2001; Vigiak et al., 2003).

Although a number of experimental studies on dust diffusion had been conducted, a
thorough investigation on the quantitative effect of the constructed fences as well as tree
windbreaks has yet to be done. Field experiment for this kind of research is necessary but
may take some time and require big amount of money and intensive labor given the site’s
vast land and variable climate. Due to the complex nature of Saemangem reclaimed land,
at this time, it would be wise to conduct model simulation.

The advent CFD in the 70s and its continuous development has paved the way to study
aerodynamic phenomena in a more realistic way. The application of CFD technique in
studying the effect of several windbreak structures had been conducted (Dong et al.,
2007; Li et al., 2007; Santiago et al., 2007; Qiu et al., 2004; Wilson and Yee, 2003). The
analysis of the flow characteristics of these studies were based on the use of the
windbreaks with emphasis on the effects at the lee. In the Saemangeum where prevention
of dust generation and diffusion is the main goal, quantitative reduction on velocity in the
dust source areas is a significant research to undertake. Conventionally, this type of study
can be done in wind tunnels and in field experiments. However, such approaches are
always expensive and time consuming (Li et al., 2007). Using CFD technology provides
a quick and economical alternative to wind tunnel test approach for practical use with
adequate computer expertise.
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The objective of the study is to measure the quantitative effect of fences as well as trees
on wind flow. In case of the artificial fences, the effect of porosity, height and distance
between them is analyzed and the optimum parameters of the fence suitable in the area
are determined. In the tree simulation, the quantitative effect of trees in reducing wind
velocity as well as the extent of its effect in the horizontal direction is determined.

Fig. 1. (a) Windbreak fence made from rice straw and (b) fence made from coconets which were installed
in Saemangeum area; and (c) trees as windbreak.

MATERIALS AND METHODS
Wind Tunnel

A wind tunnel is a research tool developed to assist in studying the effects of air moving
over or around solid objects, or vice versa. The approach is focused on producing
controlled airflow to study its effect on objects moving through the air or the effects of
moving air on stationary models. A wind tunnel is an economical and safe method to
collect valid data. However, the dimensional difference between the full-scale and small-
scale models, airflow characteristics, etc., must be carefully managed to ensure accuracy.
A wind tunnel at the Institute of Agricultural Engineering (IAE) of Korea was used.

Computational Fluid Dynamics (CFD)

CFD is a powerful tool to study fluid flows where computers and numerical techniques to
solve problems involving fluids are used. The CFD technique solves the Navier-Stokes
equations within each cell of the domain. The mass, continuity, and energy conservation
equations (Egs. (2), (3), and (4), respectively), were used (Fluent manual, 2006).
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where: F: force vector (N m™); g: gravitational acceleration (m s); J;: diffusion flux (kg
m?2 s1); k: enthalpy (J kg™'); K: conductivity (W m™ K™); p: pressure (Pa); 5,.: mass
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source (kg m™s™); 5,: entropy (J K?), T: temperature (K); t: time (s); «;: velocity (m s%);
x;: length (m); o: fluid density (kg m™); 7;;. stress tensor (Pa).

Gambit (ver. 2.2, N.H., Fluent, Inc.) was employed for the pre-processing of the models,
in which the final geometries were designed and developed. The CFD solver Fluent (ver.
6.2, N.H., Fluent, Inc.) was used as the module to perform the CFD calculation.

Advantages of simulation in this study are: a) an artificial condition depicting the real
atmospheric conditions can be set-up; b) the effect of various fence and tree
configurations can be individually studied; c) the effect of porosity can be easily
modelled and investigated; d) wind flow characteristics, and how are they affected by the
various parameters, can be visualized; and e) this technique saves time, money, and effort.

Experimental procedure
Wind tunnel experiment

A wind tunnel experiment was conducted to determine the theoretical logarithmic
velocity profile. This was achieved by setting up wooden blocks at the test section of the
wind tunnel to create turbulence. Trial and error was used to determine the appropriate
number, size and arrangement of blocks at the test section. The velocity profile was
measured at a distance of 120 cm after the last formation of blocks. After the desired
profile was obtained, the fences were set up and arranged according to the case to be
tested. The summary of cases is presented in Table 1. For similarity of velocity, Froude
number was used as (Eg. (1); Simiu and Scalan, 1996; Cook, 1997) where: V is the
velocity (m s); g is th gravitational acceleration (m s?), and B is geometrical dimension
of the structure (m).

{:_;jlr"aﬂci - I::.!i'l%;:llr'--:: (1)

For similarity of dimensions, 1/5 scale was chosen to provide enough space for allowing
an airflow similar to the actual airflow. Solid materials made of plastic 0.01 m thick and 2
m long were used to model the fences. The height of the model fences and the adjacent
distance between them were 12, 16, and 20 cm and 40, 80, and 120 cm, respectively.

CFD simulations

Several 3-D geometries were designed from Gambit with varied mesh value from coarse
to dense. In the calculation, the RNG «-¢ turbulence model, which is very popular for
general CFD simulations (Launder and Spalding, 1972), was employed. The RNG «-¢
equations shown in Egs. (5) and (6) were derived from the application of a rigorous
statistical technique (Renormalization Group Method) to the instantaneous Navier-Stokes
equations (Fluent manual, 2006). All simulations performed assumed steady-state
conditions, with the inlet airflow assumed to be turbulent and incompressible.
Dk
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By

where C.. and C;.: constant (1.42 and 1.68, respectively); c;.:tanh || (4. and u; are the

flow velocities parallel and perpendicular to the gravitational vector, respectively); t: time
(s); &: dissipation rate (m®s™): k: kinetic energy (m? s); p: density (kg m™); : viscosity
(m?s); xi: length (m); Gy: generation of turbulent kinetic energy due to the mean velocity
gradients (kg m™ s?); Gy: generation of kinetic energy due to the buoyancy (kg m™* s?);
o kinetic energy due to the mean velocity gradients (kg m™ s2); a,: kinetic energy due
to buoyancy (kg m™* s?): R: gas-law constant (J kgmol™® K™); Yw: contribution of the
fluctuating dilatation in compressible turbulence to the overall dissipation rate (kg m™ s7).

The velocity profile from the wind tunnel test, the turbulent kinetic energy (x) and
dissipation rate (o) were the inputs used in the model. The x and o values at different
heights were calculated from the measured wind tunnel data using Egs. (7) and (8)
(Fluent manual, 2006) where ¢, is a constant specified in the turbulence model (0.09);
U IS the average velocity (m s™): 1 is the turbulence intensity; | is the turbulence length
scale. The general flow chart of the CFD process is shown in Fig. 2.

k= % ':Uavg*r:]: (7)

5= ':.;;4 k;: (8)

For the simulation of fences, three fence heights (A;: 0.6, Az: 0.8, and Asz: 1.0 m), three
distances between the adjacent fences (Bi: 2, B,: 4, and Bs: 6 m), and four fence
porosities (C1: e =0, C2: €=0.2, C3: € = 0.4, and C4: € = 0.6) were the parameters varied.
This gave a total of 36 model cases. The measured wind velocities from CFD simulations
and wind tunnel experiments were compared and analyzed. After establishing the
reliability of the CFD models, simulation of the remaining cases followed.

The effect of the simulated cases were evaluated by comparing velocities measured at
different height of the inlet to the velocities measured at different height in between the
adjacent fences and at the leeward. First, the percentage decrease of velocity was
calculated at every height, and then the percentage decrease in every measuring location
was determined by taking the average of the percentage decreases at every height. The
percentage decrease up to a height of 0.6 m from the ground surface was used as the base
height. Finally, the overall average percentage decrease was determined by taking the
average of the percentage decrease at each measuring location.
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Fig. 2. General flowchart of the CFD process.
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RESULTS AND DISCUSSION
Vertical wind velocity profile from wind tunnel test

The trial and error approach in determining the number, size and the arrangement of the
wooden blocks was very tedious to conduct but very necessary to obtain accurate results.
This procedure took at least 2 days to come up with the desired result. A total of 73
wooden blocks comprising of 23-7x7 cm, 30-5x5 cm, and 30-3x3 cm blocks was
determined to create the desired logarithmic wind profile.

Table 1. Cases tested in the wind tunnel.

Combination
Case* Actual dimension (m) Scaled dimension (cm)
Fence height Distance b/t fence Fence height Distance b/t fence
1 0.6 2.0 12 40
2 0.6 4.0 12 80
3 0.6 6.0 12 120
4 0.8 2.0 16 40
5 0.8 4.0 16 80
6 0.8 6.0 16 120
7 1.0 2.0 20 40
8 1.0 4.0 20 80
9 1.0 6.0 20 120

*Cases 1 to 9 were modelled as solid fences therefore the porosity is zero.

Development and validity of the 3-D CFD models

The 3D CFD models were developed based on the wind tunnel tests results. The
velocities from the models were compared against the velocities measured from wind
tunnel. The total length of the models for the cases with 2, 4, and 6m distances between
the fences were 15, 19, and 23m, respectively. The height was uniform at 6m, and the
width of the fence was 0.5m with both ends simulated as symmetrical. The thickness of
the fences was 0.04 m to allow at least two mesh counts within the fence. To model the
fences, the volumes were zoned as solid for solid fences and liquid for porous fences.

The average percentage differences of the measured velocities from wind tunnel and
simulation results were determined and the computed maximum and minimum
differences were 12.79% and 3.20%, respectively. The overall difference was computed
to be 7.20% which is acceptable to establishing the reliability of the CFD models.

A comparison of the wind profiles measured from wind tunnel test and the simulation
results of cases 1 is presented in Fig 3. The figures show a similar trend in all measuring
points, which strengthened the reliability of the simulations. A good agreement between
the wind tunnel test and simulation is also observed for the remaining cases.

Simulation analysis
Fence windbreaks

The highest percentage decrease in velocity was attained at 0.2 porosity, 0.8m height and
2m distance between the adjacent fences. The lowest percentage decrease was attained at
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0.6 porosity, 0.6m height and 2m distance. The highest and lowest percentage decrease
was computed to be 93% and 22% respectively (Fig. 4). Generally, a higher percentage
decrease is observed between fence 2 and fence 3. This makes sense because the wind
velocity was already reduced when the wind passed through the first and second fences.
The effect of the porosity, height, and distance is presented in the following sections.

N Between fences 1 and 2 Between fences 2 and 3 Leeward
. v v -
Experiment
__________________________________________________________________________________________________ ‘ - -

1.6 . » p Simulation
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Fig. 3. Comparison of vertical wind profiles measured from wind tunnel tests and simulations for Case 1.
Similar results were obtained for the other remaining cases.

Simulation results revealed that a porosity of 0.2 gave the largest decrease in wind
velocity (75-93%), regardless of height and distance between the adjacent fences. The
quantitative effect of the fences with 0, 0.4, and 0.6 porosities were 50-85%, 60-80%, and
20-45%, respectively (Fig.4). Simulation showed that the solid fences caused re-
circulating flows in the region bounded by the adjacent fences and at the leeward. This
counteracts the direction of flow, creating more turbulence causing a lesser reduction in
velocity. This scenario can also generate more suspended dusts. No re-circulating flows
are observed when the fence porosity is 0.2, and the velocity is significantly reduced.
Comparing the wind velocities at the bounded regions at 0.3 m height, the velocities at
regions bounded by fence 1 and fence 2 is slightly higher. However, the velocities are
still lower than the threshold velocity. No re-circulating flows were observed with fence
porosity values of 0.4 and 0.6; however, the decrease in velocity is very minimal, and the
airflow penetrating the fences is dominant.

For the solid fences, the effect of fence height in reducing the velocity is decreased as the
height is increased. However, this is not true for porous fences for which no significant
difference in the reduction of velocity is observed; therefore, it can be argued that fence
height has no significant effect in reducing velocity at regions bounded by the fences. If
the sheltering effect at the horizontal direction is the concern, the fence height is one of
the main factors. Studies have shown that the horizontal effect can be proportional to the
windbreak height, and the effect can go as far as 50H to the lee, and rarely, even farther
with a reduction of 20% or more may extend to about 25H from the windbreak (Heisler
and Dewalle, 1988). Focusing on fences with 0.2 porosity, the decreases in wind velocity
for the 0.6, 0.8, and 1.0m fence heights were 84%, 89%, and 81%, respectively (Fig.4).

The velocity only decreased gradually when the distance between the adjacent fences is
increased, regardless of porosity or height. Focusing on 0.2 porous fences, the velocity at
regions bounded by the fences is greatly reduced regardless of the fence height. The
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decrease in velocity for 2, 4, and 6 m distances were 91%, 85%, and 79%, respectively
(Fig. 4). It was initially thought that the effect of distance would be significant because
the gap between the fences can allow the wind to regain strength before approaching the
next fence; however, the results showed otherwise. The successive difference is only 3-
5% with higher reduction observed in the first fence. In general, in an array of fences, the
efficiency of successive windbreaks is less than that of the first windbreak.
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Fig. 4. Average percentage decrease in wind velocity as influenced by porosity, height, and distance.
Tree windbreaks

Several approaches to model the effect of tree windbreak were conducted such as the
application of porosity, velocity profile and inertial resistance. Initial simulation have
shown that the use of porosity and velocity profile has some limits in capturing the effect
of trees on wind flows while inertial resistance shows promising results. Optical porosity
of different tree species were measured by Loeffler et al. (1992) and found out that
porosity within the tree is different at every height and using the average porosity is not
enough to show the effect of tree on wind flow. Making a velocity profile within the tree
is another option but limited if successive trees are included. The velocity profile is
measured using the equation (9) proposed by Zhu et al. (2004) where the profile is
dependent on the wind velocity outside the tree crown. If successive trees are included in
a row, this equation cannot be applied because the velocity profile in the successive trees
is dependent on the velocity at the leeward of the first row of trees.

Uin{'z) = Uout{'z) exp [_“s (1 - %)] (9)

where z: interest height in the canopy (m); H: height of the canopy top (m); Uouz: wind
speed outside the crown (ms™); as: constant (dimensionless).

Using inertial resistance show some promising results where the effect of trees in wind
velocity can be correctly simulated. Inertial resistance can also be applied to all trees if
additional row of trees are included. Presented in Fig. 5 is a contour profile of wind flow
when porosity, velocity profile and inertial resistance were used.
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Porosity: 0.2

Fig. 5. Contour of wind velocity using different methods of simulating the effect of trees on wind flow.

Presented in Fig. 6 are the average velocities measured at 1.5 m height for one-row, two-
rows and two-rows alternating tree windbreaks when inertial resistance was used. It is
very clear that alternating two-rows of trees gives the highest decrease. This is absolutely
true in actual situation because the alternating arrangement allows the windbreak to close
up faster. The prevailing wind is slowed down at ground level, but wind is still able to
pass through the trees which depend greatly on the inertial resistance. Stronger air
currents stay high above the trees.
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Fig. 6. Comparison of average measured wind velocity for one-row, two-rows and two-rows of tree
windbreaks.

CONCLUSIONS

In this study, the gquantitative reduction of wind velocity for fence windbreaks and tree
windbreaks were measured. In case of the fences, a porosity of 0.2 was found the
optimum. This is in agreement with the study by Li et al. (2007) where high-density
windbreaks (0.2-0.3 porosity) are recommended to reduce wind speed over large areas.
The effect of fence height at regions bounded by the adjacent fences was not significant.
However, this finding is not true if the horizontal extent of the windbreak effect is to be
considered, because fence height is a major factor and the location of measuring the wind
velocities is focused and extended on the horizontal leeward plane. It is usually assumed
that the horizontal effect of a windbreak is proportional to the windbreak height, and the
effect can go as far as 50 h, where h is the fence height. Since no significant differences
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were found on the effect of fence height, the 0.6 m fence height is recommended for
practical reasons. The effect of the distance between adjacent fences was found to
significantly decrease the wind velocity to approximately 75% at 0.2 porosity, therefore,
constructing fences in an array, 6 m apart, is very reasonable and appropriate.

Initial simulation results have also shown that the use inertial resistance can correctly
simulate the effect of tree windbreaks on wind flows. Two-rows of trees alternating show
the highest decrease in wind velocity. However, this should still be validated by
conducting field experiments or wind tunnel test.

Finally, in this study, it was shown that the CFD technique has the potential to be a very
powerful tool for investigating wind flow characteristics as affected by artificial
windbreaks and natural windbreaks such as trees. The developed skills and expertise in
using CFD to study this kind of research would lead us to investigate the effect other
natural wind barriers, such as crops, which were grown in the area.
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