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ABSTRACT

As a part of the new energy development trend, distributed power generation may fully utilize a variety of
decentralized energy sources. Buildings close to the installation location, besides, may have a considerable impact
on the wind turbines’ operation. Using a combined vertical axis wind turbine with an S-shaped lift outer blade
and �-shaped drag inner blade, this paper investigates how a novel type of upstream wall interacts with the
incident wind at various speeds, the influence region of the turbulent vortex, and performance variation. The results
demonstrate that the building’s turbulence affects the wind’s horizontal and vertical direction, as well as its speed,
in downstream places. The wall’s effect on wind speed changing in the downstream area is thoroughly investigated.
It turns out that while choosing an installation location, disturbing flow areas or low disturbing flow zones should
be avoided to have the least impact on wind turbine performance.
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1 Introduction

The world’s mainstream wind turbines are currently large and medium-sized horizontal axis wind
turbines with mature technology and uniform standards; research on vertical axis wind turbines is
relatively lagging behind, mainly in the stage of wind tunnel experiments and field tests, with small
and medium-sized turbines. A horizontal axis wind turbine has the benefits of a high operating wind
speed, stable aerodynamic load, and relatively simple aerodynamics, but it also has the disadvantages
of a yaw wind device and high noise, making it unsuitable for use in urban areas with low wind speeds
and high turbulence intensity [1,2]. However, even in the presence of strong turbulence, the vertical
axis wind turbine can achieve a significant power coefficient and has the features of all wind directions
[3,4]. At the same time, the vertical axis wind turbine has a basic structure and few parts, making it easy
to install and maintain; the blade is often of constant cross-section design, and manufacturing costs
are minimal. In addition, the vertical axis wind turbine offers reduced operation noise, a beautiful
appearance, and takes up less area, better structural scalability, and higher system stability [5]. The
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installation in the city can enhance the beauty of the city. As a result, vertical axis wind turbines are
common in distributed generating. However, due to the limitations of the installation site, the upstream
building disturbance may have an impact on the downstream space in terms of wind speed, direction,
and turbulence intensity, and the aerodynamic performance of downstream wind turbines may be
influenced further when these parameters are changed. Therefore, it is necessary to clarify how the
building turbulence impacts the performance of downstream wind turbines.

Early international scientists used a two-dimensional flow field to simulate and determine the
aerodynamic performance of vertical axis wind turbines, and the applicability of sliding mesh in the
computation of vertical axis wind turbine blade technology was validated [6–8]. In 1998, the British
scientist Dr. Derek Taylor [9] first proposed building a roof wind energy system, with the roof designed
to improve the function of wind power and wind turbines installed on the roof. In 2009, Hong Kong
Scholars Lu et al. [10] used the CFD numerical analysis approach to investigate the feasibility of wind
energy utilization in high-rise buildings and to improve wind energy utilization. Wind energy use can be
improved by increasing wind speed and modifying building structures. In 2010, Salame’s team [11] at
the IEEE PES general conference summarized the forms and characteristics of building-wind-turbine
combinations from around the world, demonstrating the enormous potential of wind turbines in urban
settings. Xu et al. [12] simulated the roof structure layout and surrounding buildings using the CFD
method on the outer wall face of a science and technology museum, as well as the roof structure layout
and adjacent buildings, under various wind directions and wind speeds. The calculations show that
under various wind directions and speeds, the layout of buildings and buildings will generate differing
degrees of airflow interference.

Turbulence intensity can increase mechanical stress on turbine components and reduce turbine
life. For small wind turbines, obstacles such as buildings and trees may cause high levels of free flow
turbulence [13–15]. Abohela et al. [16,17] used CFD techniques to model and examine the wind around
buildings and the rationale that affects the location of wind turbines. Scholars in the United States
have investigated the performance of H-type and S-type vertical axis fans in terms of wind speed and
turbulence, as well as roof pitches under various wind directions, to modify the wind downstream and
manage the operating efficiency of downwind wind turbines [18–22]. The research object in this work is
a combined vertical axis wind turbine with �-type outer blades as lift blades and S-type inner blades
as resistance blades. By varying the wind speed and replicating the working conditions under both
wall-existing and wallless settings, the impact of wall turbulence by a disturbance on the performance
of vertical axis wind turbine generators is investigated.

2 Generator Installation and Specific Parameters

Turbulence formed as the incoming wind comes in from the wall and passes over the wind turbine
due to the presence of the wall, and the presence of turbulence will have a substantial impact on the
wind turbine’s performance. As a result, more research into the turbulence distribution induced by the
flow field through the building is needed.

The research object in this work is a 700 W mixed vertical axis wind turbine. The wind turbine
is located in the Jinchuan Development Zone, Hohhot, Inner Mongolia Autonomous Region’s
experimental base, which is situated in an open area with sufficient wind resources throughout the
year, as shown in Fig. 1.

This study focuses solely on the wind turbine’s wind wheel. The characteristics affecting the wind
turbine and the wall are depicted in Table 1.
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Figure 1: Example of decentralized wind power generation (test site live shooting)

Table 1: The parameters involved in the wind turbine and wall

Calculation parameters Parameter data

Wind turbine type and rated power [W] 700
Blade type �-shaped drag inner blade, S-shaped lift

outer blade
Rated wind speed [m/s]/rated speed of wind turbine
[rpm]

12/415

Blade height of wind turbine internal resistance [m] 0.446
Part height/sweep diameter of wind wheel [m] 1.547/1.92
Cut-out speed [m/s] 25
Endurance wind speed limit [m/s] 60
Wall height [m]/thickness [m] 3/0.5
Distance between wall and wind turbine [m] 4

3 Numerical Simulation Method
3.1 Geometric Modeling

The 700 W vertical axis wind turbine is simulated and modeled in this work. The vertical axis
wind turbine is simplified since some components have little impact on aerodynamics. The diameter
of the wind turbine’s internal resistance blade is 0.357 m, the height of the internal resistance vanes is
0.446 m, the height of the wind turbine is 1.547 m, and the sweeping diameter of the wind turbine is
1.92 m after simplification. The dimensions of the model are displayed in Fig. 2.

The relative height between the upper edge of the wall and the wind turbine’s wind wheel is � H
= 0 m, the horizontal relative distance is 4 m, and the thickness is 0.5 m to establish a general trend of
the wall’s impact on the wind turbine’s performance. The oncoming wind blew past the wind turbine
and over the wall. The incoming wind direction is depicted, as well as the placement diagram of the
wall and wind turbine generator in Fig. 3.
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Figure 2: Modeling sketch of horizontal axis wind turbine

Figure 3: Drawing of wind turbine position

3.2 Calculation Domain Creation and Meshing
3.2.1 Calculation Domain Creation

In the computation domain, the method of managing blockage rate Q is used. The calculation
domain for this paper is 20D×6D×6D (D denotes the sweeping diameter of wind turbines). According
to the dimensions of the wind turbine indicated above, the blockage rate is between 2.5% and 7%, which
fits the criteria throughout the entire calculation region [23,24]. The size of the calculation domain is
shown in Fig. 4.

3.2.2 Meshing

In this paper, the hexahedral unstructured grid is chosen for a grid division. The wind turbine
and its wake area, as well as the wind turbine rotation area and wake area, are subjected to grid
densification to better monitor wind speed and turbulence variations surrounding the wall, as shown
in Figs. 5 and 6.
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Figure 4: Computational domain size

Figure 5: Wind turbine and rotating domain

Figure 6: Mesh around the wall and rotating domain
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For meshing, a three-layer hexahedral mesh boundary is chosen, and a set of five meshes that
converge satisfactorily under rated conditions is collected to validate their independence from one
another. According to the calculations shown in Table 2, the power change rate between Groups 1
and 3 is greater than 1.45%, implying that grid numbers ranging from 2 million to 4 million can have a
significant impact on the outcomes. Groups 3 to 5 disclose no more than 0.4% of the change rate when
the grid number exceeds 4 million, implying that the grid number plays a minor influence in this range.
As a result, in future numerical calculations, a grid number of 4 million is used to save computational
time and resources.

Wind turbine power is an important metric for determining a wind turbine’s functioning
capability.

P = T × n/9550 (1)

T——Wind turbine impeller torque, Nm;

n——Wind turbine blade speed, rpm.

Table 2 is derived using the formula for calculating wind turbine power (1). Calculating the wind
turbine’s speed allows us to determine the time required to rotate n degrees or the time step:

t = nπ

180ω
(2)

Table 2: Grid independence verification

Group 1 2 3 4 5

Grid number [million] 200 300 400 500 600
Power [W] 592.93 603.45 612.38 614.87 616.76

3.3 Setting of the Physical Model and Boundary Conditions
3.3.1 Setting of a Physical Model

In comparison to the standard model, the realizable model uses unique mathematical approaches
to confine normal stress and includes a turbulent viscous formula [25] to handle the problem of
negative-positive stress due to a large time-averaged strain rate. The turbulent dissipation rate has
a new transfer equation added to it so that it can better depict energy transfer in general space. The
transport equations of k and ε are:
∂(ρk)

∂t
+ ∂(ρkuj)

∂xj

= ∂

∂xj

[(
μ + μt

σk

)
∂k
∂xj

]
+ Pk + Gb − ρε − YM + Sk (3)

∂(ρε)

∂t
+ ∂(ρεuj)

∂xj

= ∂

∂xj

[(
μ + μt

σε

)
∂ε

∂xj

]
+ ρC1Sε − C2ρ

ε2

k + √
vε

+ Cε1

ε

k
Cε3Gb (4)

In the formula:

μt = Cμρ
k2

ε
, Cμ = 1

A0 + AS

U∗k
ε
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C1 = max
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√

Sij Sij + �ij �ij

�ij = �ij − 2εijkωk, �ij = �ij − εijkωk

Among them, A0 = 4.04, σk = 1.0, σε = 1.2, Cε1 = 1.44, C2 = 1.9; When the main direction is
parallel to the direction of gravity, Cε3 = 1.0. When the shear flow is perpendicular to the gravitational
direction in the mainstream direction, Cε3 = 0. �ij is a time-averaged rotational velocity tensor
observed in a reference system with angular velocity ωk. For the irrotational flow field, the second
item in the root of the formula U∗ is zero, which is used to characterize the effect of rotation.

A realizable model is more accurate in predicting rotational flow, strong adverse pressure gradient
boundary layer flow, separated flow, and secondary flow. The treatment of strong bending streamlines,
vortices, and rotating flows is superior to other models. The disadvantage of this method is that
the effect of average rotation is taken into account when defining turbulent viscosity, so the natural
turbulent viscosity cannot be provided when calculating the rotational and static flow regions [26].
This model can ensure good accuracy and be better applied to bending, rotating, and rotating
streamlines [27].

3.3.2 Boundary Conditions

Three-dimensional models, hidden transient solutions, separation solvers, gas, and equations are
among the options available. In the Realizable turbulence model, the rotation rate is set to n = 415
rpm, and the vertical axis wind turbine is numerically simulated at five different wind speeds (v1 =
6 m/s, v2 = 9 m/s, v3 = 12 m/s, v4=15 m/s, v5 = 18 m/s). With a relative pressure of 0 Pa, the computation
domain consists of wind speed as the entrance and pressure as the outlet.

3.4 Time Step Setting for Calculating Model Parameters
Calculating the wind turbine’s speed allows us to determine the time required to rotate n degrees

or the time step:

t = nπ

180ω
(5)

The maximum physical time in this article is 5 s, the time step is 0.001 s, and the internal iteration
is 5.

4 Analysis and Verification of Simulation
4.1 Numerical Simulation Results under Wallless Turbulence

The basic mechanics of a wind turbine is simulated at different incoming wind speeds ( v1 = 6 m/s,
v2 = 9 m/s, v3 = 12 m/s, v4=15 m/s, v5 = 18 m/s) to understand the performance of the wind turbine
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and test the accuracy of numerical calculations. The calculation results of incoming wind speeds of
12 and 15 m/s are selected for comparison to facilitate observation and analysis. This paper will use
the ratio of the distance L from the wind turbine in the horizontal direction to the wind turbine radius
R to draw the curve and the curve of the change of speed ratio to assess the wake of a vertical axis wind
turbine under different wind speeds (the ratio of maximum speed to incoming wind speed is VL/V0).

The horizontal speed variation trend under different incoming wind speeds is generally the same,
as shown by the variation curve of wind speed variation in Fig. 7a, and the speed at −2R has a
decreasing trend. The wind speed at the position of the wind turbine generator −1R∼1R will change
considerably, and the wind speed at position 0 of the wind turbine will reach its maximum. The wind
speed ratio at the wind turbine position reaches its maximum, and the maximum wind speed ratio can
reach 1.4 when the incoming wind speed is 18 m/s, indicating that the wind energy utilization rate at
the wind turbine position reaches its maximum, according to the change curve of the wind speed ratio
in Fig. 7b. The wind speed ratio is the lowest at 1R at the trailing edge of the wind turbine, and it is
only 0.2 when the incoming wind speed is 6 m/s, which is when the wind energy loss is the greatest. This
is because when the wind passes through the fan, the fan’s rotation causes a substantial disturbance
in the wind speed at the fan’s wake area, and the disturbance effect at 1R at the trailing edge of the
wind turbine wheel has reached its maximum. When the entering wind speed is 6, 9, or 12 m/s, the
wind speed ratio in the fan’s wake area tends to 1 at 5R, and when the incoming wind speed is 15 and
18 m/s, it tends to 1 at 7R and 8R, respectively. This demonstrates that the wind speed variation trend
in the vertical axis fan’s wake region is consistent under various incoming wind speeds and eventually
approaches the incoming wind speed, the length of the wake will vary depending on the speed of the
approaching wind and the greater the wind speed is the greater the wake’s influence ranges.
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Figure 7: Curve of horizontal wind velocity variation with inlet wind velocity

The power using coefficient reaches the decide value when the turbine speed and the wind speed
achieve the optimal ratio, according to the Betz theory. Therefore, when the optimal tip speed ratio of
the wind turbine is 3.48, as can be observed in Fig. 8a, the power increases as the incoming wind speed
increases. The power increasing rate tends to be flat when the incoming wind speed reaches 15 m/s.
The wind pressure on the wind turbine blade surface increases as the wind speed increases, increasing
the lift on the outer blade and the thrust on the internal resistance vanes, resulting in increased blade
torque and output power. Furthermore, the numerical simulation power curve’s growing condition is
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compatible with the power curve provided by the Wind turbine manufacturer, and the error is within
the permissible range, confirming the simulation’s accuracy.
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Figure 8: Variation curve of power and power coefficient with incoming wind speed without wall
disturbance

The variation curve of the wind energy utilization coefficient, as shown in Fig. 8b, shows that the
wind energy utilization coefficient shows a changing growth trend when the incoming wind speed is
6, 9 m/s and that the wind energy utilization coefficient decreases with increasing wind speed after
9 m/s. This is because the fan’s power is only 23.9 W when the incoming wind speed is 6 m/s, and the
wind energy utilization coefficient improves greatly when the wind speed is 6∼9 m/s; when the wind
speed surpasses 9 m/s, the blade’s rotation speed remains unchanged. The larger the loss of wind energy
traveling through the blade and the lower the wind energy utilization coefficient, the higher the wind
speed.

4.2 Numerical Simulation and Results under Wall-Existing Turbulence
Fig. 9 shows that as the incoming air travels through the wall, there is a region of swirling

turbulence in the upper and lower regions of the fan, and the wall-generated tangential wind velocity
has a major impact on the wind turbine performance. The monitoring stations are placed within a
specified ratio area, including the ratio of a certain horizontal distance to the wind turbine radius, to
examine the effect range of the turbulent region on the wind turbine (L/R = −6, . . . , 14, scale 1) and
the ratio of the vertical distance to the wind turbine height (H/h = −3, . . . , 3, scale 0.5). The velocity
ratio (the ratio of the maximum speed to the incoming wind speed, v/v0) and the change curve of
the velocity ratio (the ratio of the maximum speed to the incoming wind speed, v/v0) are displayed
alongside the average maximum wind speed at the monitoring point.

Fig.10 implies that for both walled and wallless settings, the tendency of how wind speed varies
with incoming wind speed is the same. However, because there is a 4 m wall in front of the fan, the
wind is turbulent on the horizontal axis in the upstream and downstream sections of the fan—the
higher the entering wind speed is, the larger the wind speed changes. In the 2R∼13R interval, the wind
speed reaches the wind turbine cutoff, which is 25 m/s, and the wind turbine ceases to generate power.
The wind speed in the range of 6R∼10R exceeds the wind speed limit (60 m/s) after reaching 18 m/s;
therefore, the wind turbine structure will be destroyed in this range. The area where wall turbulence
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can damage the wind turbine downstream is also approximately 14R when the wind speed ratio at
the 14R position approaches 1. The wind speed is plotted against the incoming wind speed in graphs
(c) and (d). The bottom edge of the wind turbine (at approximately 0.5 H of height) will disrupt the
wind speed here to some extent due to wind turbine rotation. The wind speed ratio is reasonably stable
and close to 1 in the height range of 0–1 H, indicating that the extent of the wall disruption is less
influenced. The position at 1.5H is the most influenced by wall interference. In conclusion, the wind
turbine should be installed as far away from the turbulence area or low disturbance area as practicable.

Figure 9: Wind turbine speed distribution diagram under wall-existing conditions
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Figure 10: Variation curves of wind speed with incoming wind speed under wall-existing conditions

4.3 Comparison and Analysis of Simulation Results with Wall-Existing and Wallless Turbulence
The average wind speed is observed at the upper edge, lower edge, center, and windward blade of a

wind turbine under two distinct scenarios to study the influence of building turbulence on wind speed
at a wind turbine. The wind speed ratio (the ratio of wind speed under wall-existing conditions to that
under the wallless condition, vw/v0) is computed and plotted against the flow wind speed curve.
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Figure 11: Variation curves of the wind turbine position velocity ratio with incoming wind speed

Fig. 11 shows that when the incoming wind speed is below 12 m/s, the wind speed at the wind
turbine position is higher than when the incoming wind speed is below 12 m/s, and when the incoming
wind speed is above 12 m/s, the wind speeds at both the wind turbine center and blade position are
lower than when the incoming wind speed is above 12 m/s. The bottom edge of the wind turbine is most
affected by the whirling turbulence of the wall, while the higher edge is least affected. This phenomenon
can be illustrated using the velocity distribution map of the wall in Fig. 6. The vortex turbulent zone
of the wall is not separated from the fan’s bottom edge and the leeward blade location at wind speeds
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below 12 m/s. The wind speed in the turbulent part of the vortex is higher than the entering value, and
some turbulent regions will increase the wind speed at the wind turbine location.

The power variation and the wind energy utilization coefficient under the two operating conditions
are plotted based on the calculation results, as shown in Fig. 12.
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Figure 12: Variation curves of power and power coefficient

In both cases, the power and wind energy utilization coefficient curves in Fig. 12a illustrate that
power increases as wind speed increases. When the wind speed is larger than 12 m/s, the power grows
gradually, but when the wind speed is less than 12 m/s, the power is higher than in the wallless condition.
Because the wind speed at the windward blade and the central location of the wind turbine is higher
under the wall situation when the incoming wind speed is less than 12 m/s, the increased torque will
result in a power increase. When the entering wind speed is 6 m/s, the growth rate is relatively high,
resulting in a fivefold increase in power over the wallless state. The power under the wall-existing
condition is lower than the power under the wallless condition for incoming wind speeds greater than
12 m/s, and it drops by 43.36 percent at 18 m/s. Under wall-existing conditions, Fig. 12b also shows
a decreasing trend of the wind energy utilization coefficient with increasing wind speed. The wind
energy utilization coefficient under the wall working condition is higher than that under the wallless
working condition at wind speeds less than 12 m/s, and its increase rate is relatively large at 6 m/s,
approximately 5.46 times higher than that under the wallless working condition. When the wind speed
exceeds 12 m/s, however, the wind energy utilization coefficient under wall conditions falls below that
of wallless working conditions. When the entering wind speed is 18 m/s, the drop rate is approximately
44.01%.

5 Conclusions

The following results are obtained from a performance study of distributed vertical axis wind
turbines under building turbulence:

1. The evolution of the numerical simulation power curve is compared to the wind turbine
manufacturer’s power curve. The growth is consistent, indicating that the numerical simulation
is accurate and genuine.
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2. In the downstream locations, the building turbulence will impact the wind speed and flow
direction horizontally and vertically. As a result, the wind speed in the downstream section
exceeds the wind turbine’s cut-out and endurance wind speed limits.

3. At low wind speeds, the wind turbine is placed in the vortex area of a turbulent wall, where
the wind speed is higher than the incoming wind speed, resulting in increased wind power and
a higher wind energy utilization coefficient. The wind turbine, what’s more, is removed from
the turbulent vortex at high wind speeds, resulting in a lower wind speed at the wind turbine
position than the incoming speed, as well as a lower power and energy utilization coefficient.

4. The impact of the wall on wind speed fluctuations in the downstream area is thoroughly
investigated. It turns out that to have a minimal impact on wind turbine performance,
disturbing flow areas or low disturbing flow areas should be avoided while selecting an
installation location.
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