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Abstract: Low-coverage line-belt-pattern protective forests offer significant advantages in terms of
wind and sand control measures. It is important to study the windbreak effectiveness of sand-fixing
forests with different spacing for the construction and optimization of plant shelterbelt configurations.
The effect of plant spacing on the flow field around a row of trees was investigated using the k-
ε turbulence model coupled with the porous media model. In order to accurately simplify the
complex and stochastic plant constitutive features, we simplify the plant canopy to a circular platform
geometry, which introduces a porous media model, and the plant trunk is simulated as a solid cylinder.
The simulation results show that windbreaks only affect wind profiles up to 1.25-times the height of
the tree; on the leeward side of the canopy, large-spaced shelterbelts provide greater protection in
the near-wake zone, while small-spaced shelterbelts are more effective at reducing velocity in the
re-equilibration zone. The flow field recovery properties of the trunk and canopy indicate that the
canopy wake zone is longer. In this study, we also quantitatively analyze the relationship between
average wind protection effectiveness as a function of plant spacing and streamwise distance from
the leeward side of the canopy, and the given parameterized scheme shows a power exponential
relationship between wind protection effectiveness and plant spacing and a logarithmic relationship
with streamwise distance. This scheme can provide a predictive assessment of the effects during the
implementation of the plant shelterbelt.

Keywords: forest canopy flow; porous media model; wind protection performance; plant
configuration; sand control

1. Introduction

In arid and semi-arid areas, plant-based sand control measures are renewable and
can also increase the water-holding capacity in the desert, which is considered to be a
fundamental, economic and effective measure [1]. However, due to the constraints of
water resources, the density of afforestation of sand fixation forests should not be too
high. Consequently, it is imperative to minimize wind velocities within the reserve by
employing the minimum number of trees. The selection of tree species and configuration
of the shelterbelt structure have a significant impact on wind protection [2].

The line-belt pattern is a composite vegetation pattern that consists of a combination of
forest belts and natural vegetation restoration belts, where “line” refers to one or more rows
of trees in a plantation and “belt” refers to the space between the forest belts, also known as
the vegetation restoration belt [3]. There are a number of factors that affect the effectiveness
of protection in line-belt wind and sandbreak forests [4]. For single plants, the height [5],
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porosity [6], shape [7], branch and leaf flexibility [8] of their canopy all have an impact
on the wind field. Dong et al. found that the higher the porosity, the less resistance the
airflow encounters as it passes through the vegetation, and the wind speed is weakened less.
When porosity is very low, the airflow encounters greater resistance and is lifted upwind of
the vegetation, creating a strong vortex in the vicinity of the vegetation, thus shortening
the protection distance [9]. Therefore, there exists an optimal porosity to maximize wind
protection effectiveness. Due to the huge number and complexity of plant branches and
leaves, in numerical simulation, researchers usually consider the canopy as a porous region
and make various simplifications of its shape. Svensson et al. and Gash simplified the 3D
canopy to a 2D rectangle to study the flow field distribution characteristics [10,11], but the
two-dimensional flow field ignores the vertical and lateral flow of the airflow, which makes
the simulation result deviate a little from the actual one.

For a community structure formed by the combination of multiple plants, the line-belt
pattern has obvious advantages in the comprehensive consideration of wind-preventing
and sand-fixing effects, water use efficiency, and later maintenance and management
factors, and the factors affecting the wind protection effectiveness of plant communities in
the line-belt pattern are row spacing, belt spacing, plant spacing, belt width, etc. The study
found that the higher the number of rows in the forest belt, the more effective it is in wind
protection [12,13]. Cheng et al. investigated the variation in the wind protection effect of
forest belts with one to five rows and found that the number of rows in the shelterbelts
increases, and its windbreak effect increases gradually but in a nonlinear manner [8]. For
example, Rosefeld found that the protection distance of a multi-row forest belt increased by
only 10% compared to a single-row forest belt [14]. However, for wind and sand control,
the width of the forest belt does not follow the pattern of the greater the better, and there is
a critical value. Li et al. studied the effective protection area of shelterbelts with different
numbers of rows and found that, between two rows and six rows, the higher the number
of rows, the higher the shelter efficiency of the shelterbelts, but the shelter efficiency of
the eight-row shelterbelts was not as good as that of the six-row ones, which indicated
that the width of the forest belt was not positively correlated with the shelter efficiency
after a certain point [2]. Comprehensively considering the wind protection effect and water
use efficiency and other factors, for plants with well-developed root systems, it is ideal
to arrange them in single-row or double-row arrangements to prevent wind and fix the
sand [3]. The above work focuses on the research and analysis of the relatively complex line-
belt pattern structure, but, so far, our analysis of spacing of plants in line-belt windbreaks
on the flow structure and the mechanism of its effect on wind and sand conservation is
still insufficient, which limits the analysis of sand and windbreaks and the optimization of
arrangement patterns under the multi-line-belt pattern model. Therefore, this study takes
the simplest one-row forest belt as the basis, simplifies plant canopies into porous media,
studies the effect of plant spacing on the wind field, and proposes the relationship between
the spacing of the one-row shelterbelts and windbreak effectiveness, so as to provide a
reference for the optimization of the configuration of artificial protection forests in arid and
semi-arid areas.

2. Materials and Methods
2.1. Modeling of Porous Media in Plant Canopies

The canopy of the tree is very different from the trunk, and it forms a windbreak that
plays a significant role in reducing wind speeds, consolidating sandy soils, and improving
the climate [3]. However, in arid and semi-arid areas, the climate and soil conditions are
very harsh so the tree species for afforestation should meet the characteristics of drought
and barrenness tolerance. In this regard, Yang et al. gave more than ten sand-fixing
tree species suitable for low-coverage line-belt silviculture, such as Ulmus pumila, Salix
matsudana, and Populus euphratica, with different canopy patterns [3].

In this study, we simulate the trees with a spherical canopy shape and describe the
complex structure inside of the canopy as the porous media. There are many examples of
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using porous media to simulate the plant canopy [15–18]. Compared to using numerical
methods to directly simulate the interaction of fluids and solids in the canopy, the latter
requires high-resolution meshes to characterize small-scale structures, and the computation
takes a tremendous amount of time and memory. But the additional source term method
is used to model the action of porous media by adding a source term to the momentum
equation, which is computationally fast and feasible [19]. Endalew et al. attempted to
establish a very complex physical model for calculation according to the real situation
of plants and, compared with the standard homogeneous porous model of the canopy,
found that the former is not only computationally inefficient but, also, the results of the
two calculations are basically the same [20].

Figure 1 shows a velocity vector comparison between the porous media canopy and
the impenetrable solid canopy on the leeward side. It can be seen that the deceleration
zone on the leeward side of the porous media canopy is obviously longer than that on the
leeward side of the impenetrable solid canopy, and there exists a certain size of the reflux
zone on the leeward side of the impenetrable solid canopy, which is almost invisible on the
leeward side of the porous media. This is due to the fact that the flow characteristics behind
the canopy with a void nature are significantly different from those in the leeward zone
of the impenetrable solid; this difference has been observed in wind tunnel experiments
and in the field [21]. This is shown by the longer reflux zone and less turbulence [22] in the
leeward region of the void structure, meaning that the wind velocity has a longer distance
to return to the incoming velocity after being weakened [23], so using the porous media
model more accurately describes the problem described in this study.
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The source term of the momentum equation consists of the viscous loss term and the
inertial loss term with the following expression:

Si = −
[

3

∑
j=1

(
Dijµui

)
+

3

∑
j=1

(
Cij

1
2

ρ|u|ui

)]
(1)

where Cij and Dij are resistance coefficient matrices.
In the model in this study, the Reynolds number of the airflow is relatively large, and

the viscous loss term is not in the same order of magnitude as the inertial loss term, so the
viscous loss term can be neglected, and Si is simplified as:

Si = −1
2

Ciρ|u|ui (2)

where Ci is the inertial resistance factor.

2.2. Governing Equations

The continuity equation and the momentum equation with an added source term are
written, respectively:

∂ui
∂xi

= 0 (3)

ρ
∂uiuj

∂xj
= − ∂p

∂xi
+

∂

∂xj
µ

(
∂ui
∂xj

+
∂uj

∂xi

)
− ρ

∂

∂xj

(
ui

′uj
′
)
+ Si (4)

where ui is the i component of the average air velocity, ui
′ is pulsation value of the average

speed ui, xi and xj are Cartesian coordinates, µ is the dynamic viscosity, ρ is the density, p is
the pressure, and Si is the momentum source term, which exists only in the canopy.

The Reynolds stresses are modeled as:

−ui
′uj

′ =
µt

ρ

(
∂ui
∂xj

+
∂uj

∂xi

)
− 2

3
kδij (5)

where µt is the turbulent viscosity and δij the Kronecker delta; k is turbulent kinetic energy.
In this study, we use ANSYS Fluent software (https://www.ansys.com/products/

fluids/ansys-fluent) to solve the governing equations, and the standard k-ε model, which
is the most widely used, is adopted. Its turbulent kinetic energy and dissipation rate
equations are, respectively:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ µt

(
∂ui
∂xj

+
∂uj

∂xi

)
∂ui
∂xj

− ρε (6)

∂(ρε)
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+

∂(ρεui)
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=

∂
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[(
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µt

σε

)
∂ε

∂xj

]
+

µtC1εε

k

(
∂ui
∂xj

+
∂uj

∂xi

)
∂ui
∂xj

− C2ερ
ε2

k
(7)

From the recommended values given by Launder et al. combined with later ex-
perimental verification, the empirical constants (C1ε, C2ε) and Prandtl numbers (σε, σk)
corresponding to turbulent kinetic energy dissipation rate ε and turbulent kinetic energy k
take the values of C1ε = 1.44, C2ε = 1.92, σε = 1.3, σk = 1 [24].

2.3. Model Validation

The complexity of the tree canopy and the uncertainty of the branch and leaf distri-
bution make it difficult to determine the value of the inertial resistance factor. In order
to determine the value of the canopy inertial resistance factor (Ci), we first simplify the
canopy as a cylinder, with a diameter of 0.1 m and a height of 0.2 m. By comparing with

https://www.ansys.com/products/fluids/ansys-fluent
https://www.ansys.com/products/fluids/ansys-fluent
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the results of wind tunnel experiments [25], it is found that Ci taking 17.5 m−1 is in better
agreement with the measured results (Figure 2).
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2.4. Computational Modeling and Boundary Conditions

As shown in Figure 3, in order to simulate a tree with a spherical canopy, in this study,
the plant trunk is approximated as a solid cylinder, with a diameter of 0.02 m and a height
of 0.07 m, and the plant canopy is approximated as a circular platform, with a height of
0.13 m, a top diameter of 0.02 m, and a bottom diameter of d = 0.1 m. Combining the above
studies, the canopy was simulated as porous medium, inertial resistance factor Ci was
taken as 17.5 m−1, and the height of the whole plant model h = 0.2 m. The computational
domain was 5.1 m in length (5 h before and 20 h after the plant model), 1 m in width (5 h),
and 1 m in height (5 h), which corresponds to the minimum computational domain height
recommended by Blocken [26].
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Three plants were set up in the center of the wind field, which was modeled as a row
of trees by the symmetry boundary. The spacing of the “one line and one band pattern”
of windbreaks was taken as L = 0.78 h (1.56 d), 1 h (2 d), 1.25 h (2.5 d), and 1.5 h (3 d),
respectively, and the length and height of the computational domain were constant, with
its width varying with plant spacing. However, no matter how the width is changed, the
origin of the coordinate system is always taken at the bottom of the plants in the center of
the forest belt, and the coordinate axes in three directions are shown in Figure 2.

The left boundary of the computational domain is set as the inlet, and the inlet wind
velocity is given in the form of a logarithmic profile:

u0z =
u∗
κ

ln
(

z
z0

)
(8)

where u* is the frictional velocity, k is the von Karman constant, and z0 is the aerody-
namic roughness.

The right boundary is set as outflow boundary, the top and lateral boundaries are set
as symmetry boundaries, the bottom and trunk surfaces are set as stationary walls with no
slip, and the canopy surface is set as internal boundary.

The structured grid is delineated using ICEM, with the maximum grid size set at
0.02 m and encrypted near the canopy and at ground level, using a total of about 2 million
grids. The control equations are solved using ANSYS fluent, and the SIMPLE algorithm
is chosen to decouple velocity form pressure. The discretization method used is the
second-order upwind scheme. The steady-state simulation calculations are considered
converged when the residuals of each term fall below 10−6, which typically requires several
thousand iterations.

3. Results and Discussion
3.1. Flow Field Analysis of a Single Plant

Figure 4a represents the airflow flow on the windward side of a single plant canopy,
which is componentized in the X, Y, and Z directions due to the obstruction of the porous
media. Firstly, the effect of individual plants on the x-direction velocity is analyzed. As can
be seen in Figure 4b, the velocity on the leeward side of the canopy is reduced, which is
the result of the effect of canopy resistance. After that, the velocity gradually recovered,
and the wind velocity recovered to about 90% of the incoming wind velocity at 4 h on the
leeward side, which is consistent with Liu’s results [25]. The pressure field in the symmetry
plane is shown in Figure 5, and it can be found that the large pressure is at the windward
leading edge of the canopy because the airflow is obstructed by the canopy, and part of
the airflow will flow in the opposite direction, so the airflow stagnation area is formed
on the windward side of the canopy, which produces a large positive pressure area. The
obstruction of airflow by the canopy also caused the blockage effect, giving rise to cross
flow perpendicular to the direction of incoming flow.

In general, cross flow will exist both laterally and vertically, but in reality, the geometry
of the obstacle has a significant impact on the flow of the airflow [27]. The shape of the
canopy modeled in this study is a circular platform that is narrow at the top and wide at
the bottom, and this irregular shape can lead to uneven pressure [14], so the upward flow
was observed to be much larger than the downward flow in front of the plant (x = −0.5 h),
and its velocity also increased with height, reaching a maximum at the top of the canopy,
as shown in Figure 4d, which is also in accordance with Moshe Rosenfeld’s findings [14].
This part of the upward airflow merges with the original airflow at the top of the canopy,
creating a high-wind-speed zone above the plant [28], as shown in Figure 6a.
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variations (x = −0.5 h, y = 0).
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The lateral cross flow is faster compared to the vertical cross flow, which is also due to
the shape of the canopy. As can be seen in Figures 4c and 6b, the lateral cross flow on both
sides of the canopy gradually increases within the canopy, reaches a maximum velocity at
the edge of the canopy, and gradually decreases in velocity as it flows out of the canopy,
with the lateral wind speed decreasing to less than 0.01 of the incoming wind speed beyond
y > 0.75 h. At this point, we consider the effect of the plant on the wind field here to be
negligible, so the furthest plant spacing in this study is chosen to be 1.5 h (3 d).



Atmosphere 2024, 15, 602 8 of 18

Atmosphere 2024, 15, x FOR PEER REVIEW  7  of  19 
 

 

   

Figure 4. Flow field distribution near the canopy of a single plant: (a) airflow on the windward side 

of the canopy (the red arrows indicate the blood flow, the green arrows indicate the lateral cross 

flow and the blue arrows indicate the vertical cross flow); (b) the x-component velocity variations 

(y = 0, z = 0.5 h); (c) the y-component velocity variations (x = 0, z = 0.5 h); (d) the z-component velocity 

variations (x = −0.5 h, y = 0). 

 

Figure 5. The pressure distribution in the vertical plane at y = 0. 

In  general,  cross  flow will  exist  both  laterally  and  vertically,  but  in  reality,  the 

geometry of the obstacle has a significant impact on the flow of the airflow [27]. The shape 

of the canopy modeled in this study is a circular platform that is narrow at the top and 

wide at  the bottom,  and  this  irregular  shape  can  lead  to uneven pressure  [14],  so  the 

upward flow was observed to be much larger than the downward flow in front of the plant 

(x = −0.5 h), and its velocity also increased with height, reaching a maximum at the top of 

the canopy, as shown in Figure 4d, which is also in accordance with Moshe Rosenfeld’s 

findings [14]. This part of the upward airflow merges with the original airflow at the top 

of the canopy, creating a high-wind-speed zone above the plant [28], as shown in Figure 

6a. 

 

Atmosphere 2024, 15, x FOR PEER REVIEW  8  of  19 
 

 

 

Figure 6. The x-component velocity distribution of the flow field: (a) on the vertical plane y = 0; (b) 

on the horizontal plane z = 0.5 h. 

The lateral cross flow is faster compared to the vertical cross flow, which is also due 

to the shape of the canopy. As can be seen in Figures 4c and 6b, the lateral cross flow on 

both  sides  of  the  canopy  gradually  increases within  the  canopy,  reaches  a maximum 

velocity at the edge of the canopy, and gradually decreases in velocity as it flows out of 

the canopy, with the lateral wind speed decreasing to less than 0.01 of the incoming wind 

speed beyond y > 0.75 h. At this point, we consider the effect of the plant on the wind field 

here to be negligible, so the furthest plant spacing in this study is chosen to be 1.5 h (3 d). 

3.2. Sensitivity Analysis of the Plant Spacing Variation 

3.2.1. Vertical Velocity Profiles 

In order to analyze the effect of plant spacing on the wind field at different heights 

and distances  on  the  leeward  side  of  the  forest  belt,  the  variation  in  vertical  velocity 

profiles along the streamwise direction in the center of the forest belt with different plant 

spacings was plotted at y = 0, as  shown  in Figure 7.  It  can be observed  that  the wind 

profiles are significantly distorted on the leeward side when the airflow is obstructed by 

plants, followed by a gradual recovery of the velocity; after 3 h on the leeward side, flow 

perturbations  by  the  windbreak  are  smoothened  until  the  approaching  wind  is 

reestablished [29]. The longer trails of horizontal wind speed shown in Figure 7 compared 

to the actual situation may be attributed to the relatively low canopy resistance coefficient, 

which prevents  the wind  speed  from  recovering quickly  to  the  incoming wind  speed. 

Alternatively,  it could be due  to  the  limitations of  the model based on  the Boussinesq 

hypothesis. 

 

Figure 7. Velocity variation distribution along streamwise in the vertical plane at the center of the 

forest belt (y = 0, z/h = 0–2). 

Above the plants, due to canopy obstruction, similar to the flow field of a single tree, 

part of the airflow also flows upward, creating an acceleration zone above the forest belt 

(Figure 7). The acceleration zone wind speed increases with decreasing plant spacing, and 

Figure 6. The x-component velocity distribution of the flow field: (a) on the vertical plane y = 0;
(b) on the horizontal plane z = 0.5 h.

3.2. Sensitivity Analysis of the Plant Spacing Variation
3.2.1. Vertical Velocity Profiles

In order to analyze the effect of plant spacing on the wind field at different heights
and distances on the leeward side of the forest belt, the variation in vertical velocity profiles
along the streamwise direction in the center of the forest belt with different plant spacings
was plotted at y = 0, as shown in Figure 7. It can be observed that the wind profiles are sig-
nificantly distorted on the leeward side when the airflow is obstructed by plants, followed
by a gradual recovery of the velocity; after 3 h on the leeward side, flow perturbations by
the windbreak are smoothened until the approaching wind is reestablished [29]. The longer
trails of horizontal wind speed shown in Figure 7 compared to the actual situation may
be attributed to the relatively low canopy resistance coefficient, which prevents the wind
speed from recovering quickly to the incoming wind speed. Alternatively, it could be due
to the limitations of the model based on the Boussinesq hypothesis.
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Above the plants, due to canopy obstruction, similar to the flow field of a single tree,
part of the airflow also flows upward, creating an acceleration zone above the forest belt
(Figure 7). The acceleration zone wind speed increases with decreasing plant spacing, and
this acceleration zone gradually moves upward with streaming distance. Before the log-law
boundary layer flow is reestablished, this acceleration zone can move up to 1.25 h.

Raupach summarizes the profiles of single-point turbulence statistics measured in
some separate experiments [30]. We compared the vertical velocity profiles above the plants
with them and found general agreement (Figure 8). The reason for this difference is that
the vertical velocity profiles summarized by Raupach are mainly for forests, which have
larger porosity. But we studied a row of trees, where the porosity is smaller and the drag
coefficient is also smaller, so the obstruction effect on the airflow is not so strong and will
not make the airflow flow upward too much, so the wind speed we calculated is lower
above the height at 1 h and higher below the height at 1 h.
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In contrast, below 1.25 h of height, the presence of the forest belt significantly reduced
the wind speeds. Upon analyzing Figure 7, it is evident that while both the plant canopy and
trunk reduce wind speed, the degree and mechanism of velocity reduction differ between
the upper and lower layers. The difference in degree between the two is particularly evident
in the significant reduction in velocity on the leeward side of the canopy of porous media,
and the gradual increase in the efficiency of velocity reduction from the top of the canopy
to the bottom of the canopy, with the efficiency of wind protection reaching its maximum at
the bottom of the canopy. However, the trunk is a relatively weak speed barrier. Therefore,
the understory leeward of the tree has a higher velocity. On the leeward side of the forest
belt, there is a constant exchange of momentum between the high-velocity underlayer and
the low-velocity upper region, so a log-law boundary layer flow is reestablished [25].

In order to analyze the difference between the effects to the wake region of the canopy
and the trunk, we will examine each of them individually.

3.2.2. Influence of Canopy on the Flow Field

In order to analyze the obstruction of the wind field by the canopy, 1/2 of the height
of the tree was taken for the study, as shown in Figure 9. Figure 10 shows the variation in
velocity along the characteristic line for forest belts with different spacing.
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As can be seen in Figure 10, similar to a single tree, the airflows are all slowed down
by the obstruction of the porous media and flow out in the form of the bleeding flow. On
the leeward side of the plant, the bleeding flow from the canopy exchanges momentum
with the displaced flow passing around the plant, and the velocity gradually recovers [27].
The recovery curve shows an exponential pattern of “first fast, then slow”, which has been
found in many studies [5,8].

Using the distance d20 at which the wind speed on the leeward side of the forest
belt returns to 80% of the incoming wind speed to define the protection distance of the
shelterbelt [21,31], it can be found that the protection distances of the four windbreaks are
between 1 h and 2 h. This result is similar to Cheng’s study on single rows of trees [8].

Analyzing the velocity on the characteristic line shown in Figure 9, it was found that
the minimum value of velocity (umin) appeared at the same location in the wind field with
different spacing, and its values were in the following order from smallest to largest: u1.5h,
u1.25h, u1h and u0.78h. However, at 20 h on the leeward side of the forest belt, the velocities
on the median axis of the forest belt at different spacing were, in descending order: u0.78h,
u1h, u1.25h and u1.5h. This suggests that large-spaced forest belts provide better protection in
the near-wake region, while small-spaced forest belts have a more pronounced weakening
effect on the wind field in the re-equilibration zone.

We compared the extent to which different spacings at different distances from the
leeward side of a forest belt weaken the velocity on the median axis: At 0–0.5 h, the larger
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the plant spacing, the greater the wind protection efficiency; at 8.5–20 h, the smaller the
plant spacing, the greater the wind protection efficiency; however, between 0.5 and 8.5 h, the
relationship between wind protection efficiency and plant spacing is difficult to determine.
But it is worth mentioning that at 0.5–3 h, the forest belt with a spacing of 1.5 h was the
most effective against velocity, while at 3–8.5 h, the forest belt with a spacing of 0.78 h
weakened velocity the most.

Figure 10 only shows the wind field information on the central axis behind the leeward
side of the forest canopy, but considering the information on only one characteristic line is
relatively one-sided. In order to obtain as much information as possible about the wind
field, 1/2 of the height of the canopy was taken, and we extracted the variation in wind
speed along the lateral direction at different distances from the leeward side of the forest
belt with different spacings, as shown in Figures 11 and 12. From Figure 13a, it can be seen
that for a row of trees, each tree generates the lateral crosscurrent of equal magnitude and
in the opposite direction. They cancel each other out at the split in the forest band, creating
zones of high velocity on either side of the canopy, as shown in Figure 14. However, as the
plant spacing decreases, the lateral crossflow is gradually suppressed, and there is more
flow upward or through the canopy, as shown in Figure 13b, leading to an increase in
velocity near the leeward side of the canopy. It is also because of the reduction in lateral
crossflow velocity that the velocity at the forest belt slit will also decrease with decreasing
plant spacing, which will also result in a slower velocity recovery on the leeward side of
the plant, allowing for a more favorable average wind protection effectiveness and a longer
protection distance.
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Figure 11. Within the height of the canopy characteristic line selection location (1/2 of the height of
the canopy).

Analyzing the fluctuation in velocity in the wind field and the change in its average
velocity, it can be seen that the farther away from the forest belt, the average velocity
on the leeward side of the forest belt with different spacing gradually increases, and the
difference in the velocity between the leeward side of the canopy and the slit of the forest
belt gradually decreases, which means that the stability of the wind field becomes more
powerful. But the stability of the wind field is not only controlled by the distance from the
leeward side of the forest belt; a reduction in the spacing of the forest belt will also lead to
an increase in the stability of the wind field.

Also controlled by plant spacing and distance to the leeward side was the average
velocity. In order to find the quantitative relationship between the average wind protection
effectiveness of the forest belt and the plant spacing and distance from the leeward side,
the plant spacing and the average wind protection effectiveness at different distances from
the leeward side of the forest belt were fitted, and the relationship equation (Figure 15)
between the average wind protection effectiveness and the plant spacing was obtained, as
shown in Equation (9):

E = AD−1.05 (9)
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where E is the average wind protection effectiveness on the leeward side of the forest belt,
and the formula is shown in Equation (10). A is the parameter related to the distance from
the leeward side of the forest belt, see Table 1. D is defined as dimensionless spacing (L/d).

E = 1 − u1

u0
(10)
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Figure 12. This text describes the variation in velocity and average velocity on the characteristic line
at different distances from the leeward side of the canopy of a forest belt. Distance to leeward side:
(a) 1 h; (b) 3 h; (c) 5 h; (d) 7 h; (e) 9 h, where the straight line represents the average velocity.
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Table 1. Variation in parameter A at different distances from the leeward side of the forest belt.

Leeward Distance Parameter A

1 h 0.13912
3 h 0.11737
5 h 0.10001
7 h 0.08868
9 h 0.0804

Fitting the distance to the leeward side of the forest belt to parameter A yields the
following relationship (Figure 16):

A= 0.14184 − 0.0268 ln(X) (11)

where X represents the distance to the leeward side of the forest belt (x/h), and X > 0.25
when the characteristic point is outside the canopy, so the above equation is physically
meaningful only when X > 0.25.
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Combining Equations (9) and (11) yields an equation for the relationship between
average wind protection effectiveness and plant spacing and distance from the leeward
side of the forest belt:

E = [0.14184 − 0.0268 ln(X)]D−1.05 (12)

The correlation factors of all the fitted formulas in this study are above 0.99, with high
goodness of fit.

3.2.3. Influence of Solid Trunk on the Flow Field

To analyze the wind obstruction caused by the trunk, we focused on the half of the
height of the trunk, as shown in Figure 17. Figure 18 shows the effect of forest belts with
different spacings on the velocity at the tree trunk level; it can be seen that in the same
way as in the canopy, within the height of the trunk as the plant spacing decreases, the
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average velocity of the whole wind field decreases, and the stability of the whole wind
field is increased as the decrease in the plant spacing suppresses the lateral flow.
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Figure 18. This text describes the variation in velocity and average velocity on the characteristic line
at different distances from the leeward side of the trunk of a forest belt. Distance to leeward side:
(a) 1 h; (b) 3 h; (c) 5 h; (d) 7 h; (e) 9 h, where the straight line represents the average velocity.
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However, unlike the porous media canopy, the trunk has less influence on the wind
field. From the lateral characterization line of the wind field, at 1 h on the leeward side,
the velocity of the forest belt with a spacing of 1.5 h at the slit is hardly affected, which is
caused by the shape of the model in this study (Figure 18a). In the design modeled here,
the trunk is only 1/5 the diameter of the bottom of the canopy.

And, from the streamwise point of view, the velocity on the leeward side of the trunk
recovered quite fast, and the velocity at 1 h on the leeward side of the trunk recovered to
85% of the incoming velocity, while the average velocity recovered to more than 98% of the
incoming velocity. Interestingly, however, the average velocity of the wind field within the
height of the trunk tends to decrease with increasing distance from the leeward side of the
forest belt, which is very different from the porous media canopy.

This phenomenon also occurs precisely because of the differences between porous
media and impenetrable solid exhibited in the wind field. We analyzed this distinction
in detail in the previous section, at the same distance; the leeward side of the forest belt,
within the height of the canopy, has a slower speed recovery and lower velocity, and within
the height of the trunk, below, has a faster return of wind speed and higher velocity. The
upper and lower layers are brought close to each other’s velocities by a constant exchange
of momentum, and, finally, a log-law boundary layer flow is reestablished, so that the
average velocity within the height of the canopy gradually increases, while the average
velocity within the height of the trunk decreases gradually.

4. Conclusions

Under the plant canopy resistance factors taken and the plant shape conditions de-
signed in this study, the one-row forest belt affected the wind profile up to 1.25-times of the
tree height before the log-law boundary layer flow is reestablished, and the windbreaks
with different spacing had basically the same effect on the wind profile, all of which restored
the logarithmic law at 3 h on the leeward side. There are slight differences between the
simulated and actual results in terms of horizontal wind speed trajectories. This could be
attributed to the complexity of the canopy structure, as well as the limitations of the porous
media model and the k-ε turbulence model in their applications. This is likely due to the
presence of some unknown mechanisms in modeling the canopy structure, which indeed
represents an interesting and worthwhile area for further research.

In addition, large-spaced vegetative shelterbelts provide greater protection in the
near-wake region, while small-spaced forest belts are more effective at reducing wind
speed in the recirculation zone. As for the average velocity of the wind field, the smaller
the plant spacing is, the stronger weakening effect. Based on the simulation results of
several cases, a parameterization scheme of the average wind protection effectiveness with
respect to the plant spacing and the distance from the leeward side of the plant shelterbelt
is given. In arid and semi-arid regions, the scarcity of water resources has always been
an issue in the construction and maintenance of windbreaks. Our research aims were to
plant the minimum number of trees to achieve the maximum effect of wind prevention
and sand fixation. The environmental conditions and expectations for windbreaks vary
from one region to another, and the proposed relationship will assist foresters in selecting
appropriate planting distances based on their specific needs. For instance, if someone
wants to reduce the wind speed within 3 h on the leeward side to below 95% of the
incoming wind speed, they should choose a plant spacing of 2 d for the windbreak. The
windbreak designed in this study is a single row, but our research can provide insights for
multiple-row windbreaks as well. However, one limitation is that the drag coefficient and
incoming wind speed are fixed in our study, which poses significant constraints in practical
applications. So, further research is needed to address different tree species and various
wind field environments.

From the results of the simulation, there is a big difference in the weakening effect of
the canopy and the trunk from the comparison of their velocity; this is evidenced by the
fact that the distance that the wind velocity passing through the canopy recovers to the
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incoming velocity is longer, while the wind velocity passing through the trunk recovers
faster. Therefore, it is recommended that a row of shrubs be planted before and after the
tree forest belt to reduce the near-surface velocity in actual engineering practice.
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